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ABSTRACT

In this project, the structures of exopolysaccharides (EPS) produced by bacterial strains
were characterised. The current techniques utilised for structural elucidation were also
investigated.

The structure of the novel EPS isolated from the fermentation of the lactic acid bacteria
(LAB) strain, Lactobacillus helveticus Rosyjski, has been characterised. The strain of LAB
was grown on skimmed milk supplemented with glucose; the subsequent EPS produced was
isolated using established protocols. The 'H NMR spectrum identified the presence of five
anomeric monosaccharide signals corresponding to the existence of a pentasaccharide
repeating unit oligosaccharide. HP-SEC-MALLS analysis revealed the EPS has a weight
average molecular weight of less than 1.4 x10° g mol’. A combination of GC-MS and
HPAEC-PAD analysis confirmed that the structure was composed of D-glucose, D-galactose
and D-N-acetyl mannosamine in a molar ratio of 2:2:1. Linkage analysis of the EPS, by GC-
MS and 2D-NMR experiments showed that the repeating unit contains two terminal, one di-
linked and two tri-inked monosaccharides. All of the data obtained allowed for the
elucidation of the structure of the EPS produced by Lactobacillus helveticus Rosyjski.

The current techniques used for the determination of the monomers and linkages present in
EPS structures were investigated. Monomer analysis was studied by using the previously
characterised EPS, Lactobacillus acidophilus 5e2 as a model. A variety of acids were used
to catalyse the hydrolysis of the polysaccharide. The monosaccharides liberated from the
EPS were analysed by HPAEC-PAD. It was determined that hydrolysis with TFA was the
simplest technique to employ whilst also providing reliable results. Linkage analysis was
investigated by the production of a number of disaccharide-derived model linkage standard
compounds. This resulted in the creation of a number of terminally and di-linked linkage
standards which can be used as model reference compounds when characterising
previously unidentified EPS.

The bacterial strain Bifidobacterium animalis subsp. lactis A1dOxR produces EPS. Initial
inspection of the '"H NMR spectrum however displayed a complex anomeric region with
many overlapping signals. Analysis by HP-SEC-MALLS revealed multiple peaks, further
adding to the evidence of the presence of more than one EPS in the recovered ‘crude’
sample. The crude sample was subjected to dialysis and a fraction (over 100,000 Da) was
recovered and denoted as high molecular weight (HMW) EPS. Examination of the '"H NMR
spectrum from HMW EPS indicated a hexasaccharide repeating unit oligosaccharide, whilst
HPEAC-PAD and GC-MS analysis confirmed that the structure was composed of L-
rhamnose, D-galactose and D-glucose in a molar ratio of 3:2:1. Further analysis determined
that one of the galactose monosaccharides was present in the furanose form as appose to
the more commonly observed pyranose configuration. Linkage analysis of the EPS, by GC-
MS and 2D-NMR experiments, showed that the repeating unit contains one terminal, four di-
linked and one tri-linked monosaccharide. All of the data obtained allowed for the elucidation
of the structure of the HMW EPS from by Bifidobacterium animalis subsp. lactis A1dOxR.

Solubilising EPSs has been a constant challenge, however, it was hoped with the advent of
ionic liquids (IL) this issue could be solved. Ultimately, dissolution of EPS in ionic liquids
though proved to be unsuccessful, so attention was turned to combining derivatisation and
dissolution, as a method for solubilising polysaccharides. Derivatisation of a number of
model systems of di- and polysaccharides were explored. By studying both 1D- and 2D-NMR
coupled with GC-MS analysis it has demonstrated that polysaccharides such as cellulose
along with a number of common disaccharides can be successfully dissolved and modified
in ionic liquids.
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Glossary

Chemical / Reagent Terms

Ac

Ac,O
ADP
ATP

B.
BMIMCI
CoA
CPS
CDM
D,O
DMSO
DMSO-dg
DNA
EDTA
EMIMAc
EPS

f

GalA
GalNAc
GAP
GIT
GicA
GIcNAC/NAG
GRAS
HCI
H,SO,
HPr

IL

Acetyl

Acetic anhydride

Adenosine diphosphate
Adenosine triphosphate
Bifidobacterium
1-Butyl-3-methylimidazolium chloride
acetyl-Coenzyme A

Capsular polysaccharide
Chemically Defined Medium
Deuterium oxide

Dimethyl Sulfoxide

Deuterated Dimethyl Sulfoxide
Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
1-Ethyl-3-methylimidazolium acetate
Exopolysaccharide

Furanose

Galacturonic acid
N-acetylgalactosamine
Glyceraldehyde-3-phosphate
Gastrointestinal tract
Glucuronic acid
N-acetylglucosamine

Generally regarded as safe
Hydrochloric acid

Sulphuric acid

Histidine protein

lonic liquid



RTIL Room temperature ionic liquid

IBD Irritable bowel disease

LAB Lactic acid bacteria

Lb. Lactobacillus

LPS Lipopolysaccharide

Me Methyl

Mel Methyl iodide

MRS de Man, Rogosa, Sharpe media
NAD Nicotinamide adenine dinucleotide
NAM N-acetylmuramic acid

NaBH, Sodium borohydride

NADH, Sodium borodeuteride

NH, Amine

NaOH Sodium hydroxide

OH Hydroxyl

p Pyranose

PEP Phosphoenolpyruvate

PGM Phosphoglucomutases

P; Inorganic phosphate

PTS PEP transport system

PMAAs Partially-O-methylated alditol acetates
RTIL Room temperature ionic liquid
St. Streptococcus

SDM Semi-defined media

TCA Trichloroacetic acid

TFA Trifluoroacetic acid

UDP Uridine diphosphate

VOC Volatile organic solvent



Experimental Terms

1D
20

CfumL
COSY

DEPT

DP

DS

GC

GC-MS

GPC

g/’

h

HMBC
HMQC/HSQC

HPAEC-PAD

HP-SEC
MALLS
Hz

M

mg/L'1
Mins
Mpt.

M,
NMR
ppm
ROESY/NOESY
RI

rpm

One dimensional

Two dimensional

Colony forming units per millilitre

Correlation spectroscopy

Distortionless enhancement by polarisation transfer
Degree of polymerisation

Degree of substitution

Gas chromatography

Gas chromatography mass spectrometry

Gel permeation chromatography

Grams per litre

Hours

Heteronuclear multiple bond correlation
Heteronuclear single/multiple quantum coherence

High performance anion exchange chromatography pulsed amperometric
detection

High performance size exclusion chromatography
Multi-angle laser light scattering

Hertz

Molar (mol/dm's)

Milligrams per litre

Minutes

Melting point

Weight-average molecular weight

Nuclear magnetic resonance

Parts per million

Rotating frame/nuclear overhauser enhancement spectroscopy
Refractive index

Revolutions per minute

Vi



TOCSY Total correlation spectroscopy

uv Ultraviolet
w/v Weight per volume
w/w weight per weight

Vii
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Introduction Chapter 1

1. General Introduction

1.1 Carbohydrates

Polysaccharides are macromolecules more specifically described by the term complex
carbohydrates. They exist as either linear or branched chains and consist of a large number
(tens, hundreds or even thousands) of simple sugars known as monosaccharides (or their
simple derivatives) linked together through glycosidic bonds'. Structurally, polysaccharides
(Figure 1) are encountered in a wide variety of forms, this is attributed to the fact that they
are produced by a vast assortment of species including microbes, algae, plants and

animals®.

OH
OH
HO 0 5
OH
OH

Fiqure 1: Structure of Cellulose — a highly abundant polysaccharide

1.1.1 Monosaccharides

Carbohydrates are the most abundant class of molecules found in the natural environment®.
Monosaccharides (with the basic empirical formula C, (H.O), for the most basic
monosaccharides) are the simplest form of carbohydrates as they are not able to be
hydrolysed into smaller (simpler) compounds. These smaller carbohydrates are also
commonly referred to as sugars. They are categorised as either aldoses or ketoses (Figure

2).
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?HQOH
(|)HO C=0

|
(CHOH), (CHOH),
| |
CH,OH CH,OH
Aldoses Ketoses

Fiqure 2: General Formulas for Aldoses and Ketoses

For the purpose of this introduction, the main focus will be concerned with monosaccharides
containing five or six carbon atoms; these monomers are termed pentoses and hexoses.
These are of particular importance as they can exist in a variety of different conformational
structures. Using glucose as an example, it can be observed that the pentoses and hexoses
can cyclize to form either a pyranose (p) or a furanose (f) structure as demonstrated by the
Haworth projections in Figure 3. It should also be noted though that there are a number of
important 7-9 carbon atom containing sugars found in nature such as sedoheptulose

(heptose) and neuraminic acid (nonose).

CH,OH
o) Pyranose Form
CH,OH OH OH
OH HO
OH H
OH
OH X5 CH,OH
\ CHOH

Furanose Form
OH ©
OH
OH
OH

Figure 3: Furanose and Pyranose Forms of D-glucose

Which form is more stable (i.e. preferred) is determined by structural factors including the

nature of the substituent groups on the carbonyl and/or hydroxyl groups and the
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configuration about the asymmetric carbon will establish whether a given monosaccharide

prefers the pyranose or furanose arrangement.

As the group of carbohydrates being studied have more than one chiral centre, their
absolute configuration is denoted by the prefix D- or L-; this is determined by the absolute
configuration of the secondary alcohol at the highest numbered stereogenic centre (Figure

4).

0 ; NI
H——OH [, | HO——H
HO——H |3 H——OH
H——OH | 4 | HO——H
i—onl[5] ok
CH,OH [ 6 CH,OH
D-glucose L-glucose

Figure 4: Absolute Configurations of Glucose

Alcohols react readily with aldehydes (aldoses) and ketones (ketoses). When the straight
chain structures cyclise to form their favoured pyranose or furanose conformation they also
form a combination of either a and B anomers. This is determined by a phenomenon known

as the anomeric effect; a term first coined by Riiber and Sgrensen in 1933* (Figure 5).

—=g =)

n—o*
Donation

Fiqure 5: The Anomeric Effect

Unequivocal support for the conformational preferences of sugars and their derivatives was
first expressed in 1958 by Lemieux et af. Electronegative substituents on a pyranose ring

prefer to occupy an axial rather than an equatorial orientation (Figure 6)°. This occurs as one
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of the lone pairs of electrons are anti-periplanar to the C — OH bond, this causes a stabilising
effect as it can participate in a two electron interaction, represented by the resonance
structures displayed in Figure 5. At a molecular level this can be explained by the formation
of an n — o* interaction, occurring via the partial donation of the oxygen lone pair (in an n
orbital) into the anti-bonding (o) orbital of the C — OH. This causes electronic delocalisation

resulting in the observed stabilisation”®.

o-D-Glucopyranose

CHLOH
O
H
N OH
HO OH
H——OH
HO——H Cyclization OH
H——OH GHAOH
H——OH \ Q OH
CHOH OH
D-Glucose HO
OH

B-D-Glucopyranose

Figure 6: The Anomeric Effect in D-glucose

For glucose in water, however, the ratio is approximately 37% a-glucopyranose and 62% B-
glucopyranose, clearly not complying with the anomeric effect. This is thought to be due in
part to the counteraction of the anomeric effect by steric effects which force the equilibrium
of glucose in water to favour the equatorial position for the substituents over the axial

positions (Figure 7).
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CH,OH

CHOH
O

OH OH

OH

a-D-Glucofuranose
(0.5%)

CH,OH
Q oH

OH
HO

OH

B-D-Glucopyranose
(37%)

Figure 7: Tautomeric forms of D-glucose in solution

Although Haworth projections are useful for portraying monosaccharide structures; they do

not however accurately represent the true conformations of pyranose and furanose rings.

Thus the chair conformations are employed (as previously encountered in Figure 5); these

provide an accurate view of the axial and equatorial substituents (Figure 8). The most stable

conformation of glucopyranose is “C; (4 representing the highest part of the chair when

viewed from a clockwise numbered face). A number of other, less favoured confirmations

are also available through interconversion of the other conformers by way of ring flipping.

OH

OH

OH

104
1 OH
O

OH

Figure 8: Two Possible Chair forms of Glucopyranose
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1.1.2 Monosaccharide Derivatives
Many derivatives of simple monosaccharides are regularly encountered; a select few will be

discussed in the section below (Figure 9).

Sugar acids are formed by either oxidation at C1 resulting in an aldonic acid or at C6 leading
to the formation of an uronic acid. Certain uronic acid monomers, such as D-glucuronic acid,
play key roles in the xenobiotic metabolism of substances in the body®. Sugar alcohols occur
by reduction of the carbonyl group of the aldose or ketose forming alditols. Sugar alcohols,
such as sorbitol and mannitol have been commonly utilised as artificial food additives for
many years®. Deoxy sugars are an especially abundant class of sugar derivatives. They
occur when one or more of the hydroxyl groups are replaced by hydrogens, thus forming a
methyl substituent in its place. The most universally acknowledged deoxy sugar is 2-deoxy-
D-ribose, a constituent of DNA. L-Rhamnose is another common deoxy sugar, often found in
high abundance in polysaccharides'®. Amino sugars contain an amino group (either NH, or
NAc) in place of the hydroxyl group at the C2 position. Both glucosamine and N-acetyl

glucosamine are found in bacterial cell walls'".

OxO" CH,OH
OH
H——OH BN o HO——H e OH OH
HO——H HoHO on HO——H b o . o
H——OH OH H——OH HO Ho ~ OH
H——OH H——OH HO )
CH,OH  D-glucuronic acid CHOH |
D-mannitol L-rhamnose D-glucosamine

D-gluconic acid

Figure 9: Sugar Derivatives

As it can be observed, monosaccharides can be present in a wide variety of forms; this

further underlines the diversity and extensive range of polysaccharides that exist.

1.1.3 Disaccharides
Monosaccharides are joined together by glycosidic bonds (C — O — C) to form disaccharides

(Figure 10). Lactose (B-D-galactopyranosyl-(1—4)-D-glucose), the principal carbohydrate in
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milk for example is formed from B-D-galactopyranose C1 linked to glucose at the C4 position.
Whilst sucrose (B-D-fructofuranosyl-(2—1)-a-D-glucopyranoside), known universally as
common table sugar is formed by linking a-D-glucopyranose C1 to fructose at the C2
position. It should be noted there are two different types of disaccharide, reducing and non-
reducing. Lactose is an example of a reducing sugar as one monomer (reducing sugar) of
the disaccharide still possesses a free hemiacetal moiety, whilst sucrose is an example of a
non-reducing disaccharide as the two monomers involved bond through their anomeric

centres, subsequently causing neither monomer to have a free hemiacetal unit.

OH
HO R
Ho P OH HO SE
© A 0 0 OH
10 0O
HO HO OH
OH OH 2 {OH
HO
Lactose Sucrose oH

Figure 10: Example of Two Common Disaccharides

The continual addition of monomeric sugar residues through glycosidic bonds leads to the
formation of trisaccharides (3 sugar units), oligosaccharides (3 — 9 sugar units) and finally to

polysaccharides.

1.2 Polysaccharides

It is estimated that approximately 4 x 10"" tonnes of carbohydrates are biosynthesised each
year on earth by plants, animals, bacteria and other microorganisms. The majority of these

carbohydrates are produced as polysaccharides?.

Polysaccharides, also referred to as glycans, play many vital roles in the natural world being
used as storage, structural or protective materials. The most abundant of which being

cellulose (Figure 1), the major structural component of plant cell walls. Cellulose is a linear
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structure consisting of B-(1—4) linked D-glucopyranose units; it is therefore termed a
homopolysaccharide'? as it is comprised of only one type of monosaccharide. More
specifically, cellulose is categorised as a glucan — a polymer containing only glucose
monomers. Starch is a mixture of two glucans, a-amylose (a-(1—4) D-glucose) and
amylopectin (Figure 11), both of which are present in high abundance in plants acting as the
main, most common, storage material. In contrast to cellulose and a-amylose, amylopectin is
a highly branched polysaccharide, consisting of an a-(1—4) linked D-glucose backbone with

branches of a-(1—4) linked D-glucose chains, (attached at the C6 position), occurring every

O a-(1—4)
OH
$ a-amylose

OH

12-30 residues.

HO
OH 0
HO O
0 Q OH
HO S
H
o O a-(1—6)
(1 Ho&g
Amylopectin /%

Figure 11: Amylopectin (Bottom) and a-amylose (Top)
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Xanthan gum (Figure 12) is classified as a heteropolysaccharide as it consists of more than
one type of monosaccharide. It is used as a food additive and is mainly employed as a

rheological modifier due to its ability to produce large increases in viscosity®.
HO HO
H OH 0 o) O o) OH
HO o O HO n o
OH OH
4 0o 0
O - (@)
Ag(o HO o © OH
O
HsC OMO HO @ OH
HO /)\
O CH

3

Fiqure 12: Xanthan Gum

Xanthan is composed of a B-D-glucose backbone with a trisaccharide unit consisting of
mannose (with an acetyl substituent on carbon 6), glucuronic acid, and mannose (pyruvic
acid linked to carbons 4 and 6) linked at every second glucose unit. Pyruvate and acetate
however are not present on all side chains. Xanthan is produced by the fermentation of

glucose or sucrose by the bacteria Xanthomonas Campestris'*.

1.3 Bacterial Polysaccharides

A range of highly complex polysaccharides are commonly biosynthesised by different
bacterial families. The exact physical nature and indeed sometimes the chemical
composition can depend on the substance or substrates available to the bacteria and to the

growth conditions utilised'.

1.3.1 Bacteria
Bacteria are single cell microorganisms that are found all over the earth. They are typically
spherical, rod or spiral shaped cells and are a few micrometres long'®. Typically, there are

40 million bacterial cells in one gram of soil and around a million in a millilitre of fresh water.
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It is estimated that there are approximately five nonillion bacteria on Earth, forming much of

the world's biomass product'’.

1.3.2 Bacterial Growth

Bacterial growth, when considered under the conditions of a closed or batch culture system
can be separated in to four phases'® as represented in Figure 13. Bacteria are grown on a
solid or in a liquid medium. The cell concentration (recorded as Log of the colony forming
units (cfu) mL™") is measured periodically with the number of cells determined and being

measured against time; a bacterial growth curve is then plotted.

When a microbial population is inoculated into a fresh medium; initially cell growth is very
slow, this slow phase of growth is termed the lag phase; the length of this period is
dependent on the culture history and the growth conditions present. In this stage cells adapt
to the new environment and therefore require time to synthesise essential constituents. As
more nutrients become available for uptake, growth in volume and then in number begins to

increase.

Once the lag phase is complete cell growth increases and cells enter the exponential (or log)
phase where cell division and consequently population doubling is at its greatest. The
number of new cells forming per unit time is proportional to the present growth. Again the
rate of growth is controlled by the growth conditions (temperature, composition of culture
medium) as well as the genetic characteristics of the specific organism itself. At some point

cell growth slows and the system enters into the stationary phase.

The stationary phase occurs when the available nutrient resources are depleted and often
also because of a build up of toxic products. No net increase or decrease in cell numbers is
observed as bacterial growth is equal to the rate of bacterial death (cryptic growth)'’.

Ultimately new cell production ceases and the system enters the death phase.

10
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Death phase occurs when the bacteria have exhausted the nutrients and begin to die. The
death phase of the growth cycle is also exponential. The rate of cell death though is usually

much slower than that of cell growth in the exponential phase.

A
Log, or
Exponential growth
phase
Stationary
phase
o
5
3
2 Lag
o
5 phase
L
5
(o))
S
Time

Figure 13: Batch Culture Bacterial Growth Curve

1.3.3 Bacterial Cell Walls

Almost all bacterial cell walls have a strong protective peptide-polysaccharide layer called
peptidoglycan. This material provides rigidity and gives bacteria their characteristic shapes
whilst protecting the cellular contents. The polysaccharide repeating unit component of
peptidoglycan consists of linear chains of alternating B-(1—4) linked N-acetylglucosamine

(NAG) and N-acetylmuramic acid (NAM)'®.

Bacteria are classified into two sub-groups as either Gram-negative or Gram-positive,
depending on the chemical and physical properties of their cell walls. The differentiation is
achieved by subjecting bacteria to the Gram staining method developed in 1884%. Heat-

fixed cells are repeatedly treated with a crystal violet dye and iodine, they are then destained

11
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with either ethanol or acetone. Gram-positive cell walls (Figure 14) are thicker (containing 50

— 90% peptidoglycan) and therefore retain the dye more strongly — staining the cells purple.

Gram-positive bacterial cell walls are much less complex than Gram-negative cell walls.
Gram-positive are a great deal thicker as they contain a larger amount of peptidoglycan to
compensate for the lack of an outer membrane®. The cell walls also have acidic
polysaccharides called teichoic acids embedded in them. Teichoic acids that are associated
with the phospholipids are termed lipoteichoic acids. The peptidoglycan layer is also

populated with wall associated/surface proteins.

Teichoic acid

Lipoteichoic acid

Peptidoglycan

NAM NAG

Peptide

Cytoplasmic

membrane

Fiqure 14: Cross Section of a Gram-Positive Bacterial Cell Wall

Ll
Gsel [seenae

Phospholipid

Gram-negative cell walls (Figure 15) however contain much less peptidoglycan (~10%);

resulting in a much lighter pink stain being observed®.

As stated Gram-negative bacterial cell walls contain much less peptidoglycan, this is
compensated for by the presence an additional (outer) membrane which is coated with

highly complex bacterial polysaccharides known as lipopolysaccharides (LPS)%. They

12
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incorporate a lipid group which is inserted into the outer membrane and connected to a
polysaccharide made up of repeating unit structures composed of a variety of different
monosaccharides. Presently a substantial number of these LPS have been isolated and
characterised®. The inner side of the outer membrane contains lipoprotein complexes which

are small proteins that act as an anchor between the outer membrane and the

peptidoglycan.

Protein .
Protein

Porin \ LPS

_ O Polysaccharide
l —— Lipid A

Outer membrane

Lipoprotein

Peptidoglycan

T

Phospholipid

Cytoplasmic

membrane

s f ==

Figure 15: Cross Section of a Gram-Negative Bacterial Cell Wall

1.3.4 Bacterial Polysaccharides

The majority of bacterial species when grown under appropriate culture conditions secrete
mucoid substances external to the rigid cell wall structures, this material is normally of
polysaccharide nature® and of high molecular weight®. This material may either be attached
to the cell surface in the form of capsular polysaccharides® (CPS) or completely separated

from the cell in the form of exopolysaccharides®’ (EPS).

13
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Bacterial polysaccharide species represent a diverse range of macromolecules that include
peptidoglycan, LPS, CPS and EPS. There is a tremendous amount of variation observed in
the structure and function (many of which are yet to be determined) of this class of

polysaccharides’'.

Initially many structural studies on EPS focused on polysaccharides produced by Gram-
negative species and some Gram-positive bacteria. Much work originally centred on
pathogenic organisms though presently, the interest has shifted towards the analysis of
Gram-positive bacteria such as lactic acid bacteria (LAB); which has recently produced a
large number of structures®. For the purpose of this project, only the structure, function and

characterisation of EPS produced from Gram-positive bacteria will be explored.
14 LAB

Lactic acid bacteria are classified as non-sporulating, low GC (DNA guanine + cytosine base
ratio well below 50 %), Gram-positive bacteria. They appear as either rod or cocci in shape
and produce lactic acid as a sole or major product of their fermentation process. They are
widespread in nature and are also found in the human digestive system. LAB grow
anaerobically, but unlike a large proportion of anaerobes most LAB are not sensitive to O,
and can grow and thrive in its presence or absence alike. They have complex nutritional
requirements and are dependent on the presence of fermentable carbohydrates in order to
actively grow®. LAB are further classified into two sub-groups determined by the end

product(s) formed by the process of carbohydrate fermentation.

1.4.1 Homolactic Fermentation

Homolactic fermentation produces lactic acid (> 95 % from glucose) as the end product of
carbohydrate fermentation. This is due to the presence of the enzyme aldolase, which is the
key enzyme required for glycolysis — the metabolic pathway that converts glucose into 2

pyruvates.

14
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Homolactic fermentation is carried out by several genera including streptococcus,
pediococcus, enterococcus, lactococcus and a number of lactobacillus species. A number of
these species play active roles in the dairy industry especially in the production of a variety
of cheeses. They are also utilised in food preservation, being used in the fermentation of

various meat products®. The Homolactic fermentation pathway is displayed in Figure 16.

Glucose
ATP
ADP
ATP
ADP
Fructose-1,6-bisphosphate
Aldolase
Glyceraldehyde-3-phosphate + Dihydroxyacetone phosphate
2P
2NAD* ¥ —=~__
2NADH--~_ |
)|
1,3-bisphosphoglyceric acid : :
ADP | |
[
ATP : :
Lo
Lo
[
i Lo
ADP o
[
ATP : :
Lo
2 Pyruvates ) :
)

Fiqure 16: Homolactic Fermentation Pathway

As previously mentioned glucose is converted to two moles of pyruvate, this occurs in order

to extract the chemical energy in the form of adenosine triphosphate (ATP) from the glucose.

15
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The overall reaction (glycolysis) involves one glucose being broken down into two pyruvates.
This process involves two adenosine diphosphates (ADP) being converted to two ATP, the
addition of two inorganic phosphates (P;) and the reduction of two molecules of nicotinamide
adenine dinucleotide (NAD") yielding two molecules of NADH. The two molecules of NADH
are then oxidised back to NAD" in the conversion of two pyruvates into two molecules of

lactate (lactic acid). The overall reaction is summarised in Equation 1.

1 CeH1206 + 2 ADP + 2 P, + (2 NAD") — 2 CHzCHOHCOOH + 2 ATP + (2 NAHD) + 2 H,0 + 2 H

Equation 1: Overall Reaction of Homolactic Fermentation

1.4.2 Heterolactic Fermentation

Heterolactic fermentation is carried out by Leuconostoc and various Lactobacillus species.
Leuconostoc being of particular importance in both the fermentation of wines®' and the
t%.

production of sauerkrau Some heterolactic strains of Lactobacillus are used in the

production of the fermented milk drink Kefir®,

Heterolactic fermentation produces ethanol and CO, along with lactate (Figure 17). This
process proceeds via the phosphoketolase pathway due to the lack of the enzyme aldolase
(observed in homolactic fermentation). Glucose is phosphorylated at C6 (via ATP to ADP
conversion) to produce glucose-6-phosphate which is oxidised and decarboxylated to yield
6-phosphogluconic acid (via NAD" reduction to NADH). Next CO, is produced as 6-
phosphogluconic acid is converted to ribulose-5-phosphate (via NAD* reduction to NADH).
Ribulose-5-phosphate is isomerised to xylulose-5-phosphate which is cleaved (via
phosphoketolase and with the addition of P;) to glyceraldehyde-3-phosphate (GAP) and
acetyl phosphate. GAP is converted to lactate (via pyruvate) as observed in the homolactic

pathway. Acetyl phosphate is reduced to ethanol via successive NADH to NAD" oxidations.
The overall reaction is summarised in Equation 2.

CeHi206 + 1 ADP + 1 P; + (3 NAD") — 1 CH3;CHOHCOOH + C,HsOH + 1 ATP + (3 NAHD) + 1 CO,

Equation 2: Overall Reaction of Heterolactic Fermentation

16
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Figure 17: Heterolactic Fermentation Pathway
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Exopolysaccharides can be divided into two groups: homopolysaccharides or
heteropolysaccharides. Homopolysacchrides produced by LAB can be further subdivided
into two main categories: those made up entirely of D-glucose (glucans) or those containing
only D-fructose (fructans). Glucans can again be further classified depending on whether

they are made up of a-D-glucose or B-D-glucose®.

Table 1: Homopolysaccharides Produced by Lactic Acid Bacteria

Subgroups Lactic Acid Bacteria Strain Polysaccharide Produced

Leuconostoc mesenteries subsp.

mesenteroides a-1,6 — linked D-glucose,
Leuconostoc mesenteroides variable degree’s of branching
_ at C3, less frequent at C2 and
subsp. dextranicum C4 (strain dependent)
Dextrans

a-D-gl n
glucans Streptococcus mutans

Streptococcus sobrinus

Mutans | a-1,3 — linked and a-1,6 —
linked D-glucose

Leuconostoc mesenteries

Alternan

Pediococcus spp. B-1
B-D-glucans
Streptococcus spp. B-1

,3 — linked D-glucose with
,2 — branching

Streptococcus salivarius _ _
B-2,6 — linked D-fructose with

Levans | Some B-2,1 —branching

Fructans
Streptococcus mutans

Lo B-2,1 — linked D-fructose
Inulin-like

It should also be noted that the strain Lactococcus lactis subsp. lactis H414 produces a

polygalactan composed of a/B-1,3 and 1,4 — linked D-galactose™®.

The species of LAB that produce heteropolysaccharides can be split into two groups
depending on the temperature at which the bacteria grow best at. Mesophilic strains grow

best at moderate temperatures typically ranging from 20 — 40°C, whilst thermophilic strains
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grow best at elevated temperatures, generally above 40°C. An example of several

mesophilic and thermophilic LAB strains are given in Table 2.

Table 2: Mesophilic and Thermophilic LAB Strains Producing Heteropolysaccharides

Subgroups Lactic Acid Bacteria Strains

Lactococcus lactis subsp. lactis
Lactococcus lactis subsp. cremoris

Lactobacillus casei

Mesophilic
Lactobacillus sake
Lactobacillus rhamnoses
Lactobacillus paracasei
Lactobacillus acidophilus
Lactobacillus delbrueckii subsp. bulgaricus
Thermophilic

Lactobacillus helveticus

Streptococcus thermophilus

1.4.3 LAB in the Food Industry and Possible Health Affects

As mentioned previously in sections 1.4.1 and 1.4.2, LAB are implemented in a wide range
of food related applications. Some LAB are used routinely in the food industry in a variety of
areas, the LAB utilised include: Lactobacillus, Lactococcus, Streptococcus, Pediococcus,
Leuconostoc, Aerococcus, Carnobacterium, Oenococcus, Tetregenococcus and Weisella®™.
A number of LAB secrete EPS into the surrounding media as well as producing lactic acid,
these properties are especially utilised in fermented dairy products (consisting of cheeses,

yoghurts and milks)*’

. LAB, and consequently the EPS they secrete are ‘generally
recognised as safe’ (GRAS), meaning that they are acceptable for utilisation in food

preparations.

Lactate metabolism by LAB (Lactobacillus, Pediococcus, etc) has implications for cheese

flavour, texture, appearance and functionality, especially in relation to low-fat products®.
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Cheese quality is determined by flavour, rheological properties and visual appearance,
however during the production of low-fat cheeses there is a constant challenge to maintain
good flavour and textual character as the two products (low-fat and full-fat) differ greatly in
composition. LAB are introduced as either starter cultures or they are already present in the

t*°. The introduction of

original milk or have entered through the manufacturing environmen
specific starter cultures can help overcome the problems encountered with the change in

flavour and texture experienced in low-fat cheese production.

There is a consistent need for the manufacture of good quality dairy based products
(particularly milks and yoghurts), that have good texture, ‘mouth-feel’ and stability*®. An
alternative way to improve yoghurt texture and viscosity is to use slime-producing bacteria in
starter cultures. Slime-producing thermophilic strains of LAB have demonstrated an increase
in viscosity and a decrease in the susceptibility to syneresis*'. Production of these milk-
based foods depends on LAB fermenting lactose in milk to form mainly lactic acid which
imparts a fresh acidic flavour to fermented milks and yoghurts. LAB also assist in curd
coagulation, texture formation and the low pH helps to suppress the growth of pathogens
and organisms that cause spoilage®. In Scandinavian countries slime-producing mesophilic
LAB are used regularly in a commercial capacity in the manufacture of many fermented
drinks. One such example is the presence of a slime-producing strain of Lactococcus lactis
subsp. cremoris in the Finnish fermented milk “Viili’, which is essential for proper

consistency®.

LAB and the EPS they produce may also be disadvantageous in the food industry by
causing spoilage. Food spoilage is any change in the appearance, smell, or taste of food
product that makes it unacceptable to the consumer. The EPS from LAB play an important
role in in vivo biofilm formation and biofouling processes. Biofilms are an aggregate of
microorganisms that adhere to a surface, bacterial biofilms are supported by a matrix partly

composed of EPS*. Biofouling is due to the biofilm formation in the equipment used for the
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processing of dairy products®, such as cheese* and milk*. LAB can also cause spoilage in

the production of a number of alcohol beverages including beer*, wine*” and cider*®.

In addition to their roles in the food industry it has been claimed that LAB EPS possess a
number of putative health benefits. These include antitumor®, antiulcer®,
immunomodulating® and also the lowering of blood cholesterol levels®. It can be
summarised that there is a great deal of current and potential uses for EPS from LAB with a

view to combing their functional food usage with possible health benefits.

Prebiotics are defined as non-digestible food ingredients that beneficially affect the host by
selectively stimulating the growth and/or activity of a limited number of bacteria in the colon,
and thus improving host health®. The most common example of a prebiotic being inulin®*, B-
2,1 — linked D-fructose (with a varying degree of D-glucose branching). To date there have
been no reports for EPS produced by LAB as prebiotics. Research is however currently
being undertaken (in vitro) in the study of the prebiotic properties of exopolysaccharides from
Lactobacillus strains (2001)*. To employ EPS from LAB as potential prebiotics more studies
are currently needed. Investigation into the degradation, specifically the breakdown by
beneficial colonic bacteria and healthy effect in human hosts are required (2002)°. However,
recent initial findings have been reported for a strain of Lb. Plantarum and its possible use as

a prebiotic (2010)*’.

Probiotics are defined as a live microbial feed supplement which beneficially affects the host
animal by improving its intestinal microbial balance®®. Increasingly interest in recent years
has focused around the area of prebiotic yoghurt and milk drinks. Probiotic preparations may
consist of single strains or a formulation may contain as many as eight strains. Current
strains most commonly used include Lactobacillus acidophilus, Lactobacillus casei,
Lactobacillus lactis and a variety of species from the Bifidobacterium genus. It is also
common to co-culture a Lactobacillus species with a strain of Bifidobacteria. It should be

noted that the Bifidobacterium genus is often regarded as a member of the LAB group,
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Bifidobacteria however are phylogenetically unrelated to LAB and also differ physiologically

in that they utilise a sugar fermentation pathway unique to their particular genus®.

1.5 Bifidobacteria

Bifidobacteria were first discovered in 1900 by Tissier and were originally labelled as
Lactobacillus bifidus™. They are Gram-positive, strictly anaerobic, fermentative and non-
motile. They appear either as Y-shaped or clubbed at the ends®. Despite being recognised
as a separate (from Lactobacillus) taxon in 1924°%" it was not until 1986 they were transferred

to the genus Bifidobacterium (B.)%.

The Bifidobacterium genus is often associated with LAB as they are both present in similar
ecosystems such as the intestinal tract of humans and animals. However, they are part of a
different taxonomic phyla and do not fit in with the LAB classification as they differ in a
number of distinctive ways. Firstly they have a higher GC content (55 — 57 mol %) in their
DNA than LAB. Also their phylogenetic relatedness places them in the Actinomyces sub-
division of Gram-positive bacteria®. The fermentation end products differ to those produced
by either homolactic or heterolactic LAB fermentations; this will be discussed in more depth

in the following section.

The human intestinal microflora consists of hundreds of different species of bacteria. It is
thought Bifidobacteria may comprise up to 25 % of the cultivatable human gut microflora®,
hence the reason for the inclusion of the genus in probiotic supplements. At present 30
different species of Bifidobacteria have been recorded and identified from various sources
including: human faeces, vagina, dental caries, sewage, human and animal intestine as well
as the intestine of the honey bee®. The strains most commonly found in the human
gastrointestinal tract (GIT) are Bifidobacterium adolescentis, B. angulatum, B. breve, B.
catenulatem, B. dentium, B. longum and B. pseudocatenulatem™. B. Animalis subsp. lactis
is also detected but is thought to be from dietary origin as it is frequently isolated from

functional dairy products®’.
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1.5.1 Heterolactic Fermentation of Bifidobacterium

Bifidobacteria undergo heterolactic fermentation of carbohydrates, but utilise a unique
pathway different to that employed in LAB heterolactic fermentations. The Bifidobacteria
fermentation pathway employs a different key enzyme in the form of fructose-6-phosphate
phosphoketolase that splits fructose phosphate into erythrose-4-phosphate and acetyl
phosphate, this is referred to as the ‘fructose-6-phosphate’® or ‘bifid shunt. The
fermentation also subsequently produces markedly different ratios of end products:
producing acetic acid and lactate in a 3:2 ratio. There is also no CO, produced via this

fermentative pathway.

In the first step in the heterolactic fermentation pathway of Bifidobacteria (Figure 18) two
glucose units are phosphorylated to form two glucose-6-phosphates. The action of glucose-
6-phosphate isomerase then yields two fructose-6-phosphates. The key enzyme, fructose-6-
phosphate phosphoketolase acts to produce erythrose-4-phosphate and acetyl phosphate —
which is converted to acetate (acetic acid). An additional molecule of fructose-6-phosphate
and erythrose-4-phosphate are converted to sedoheptulose-7-phosphate and GAP (via
transaldolase), xylulose-5-phosphate and ribose-5-phosphate are produced via
transketolase. Xylulose-5-phosphate is split into two molecules of GAP which is converted to
two units of lactate (via two pyruvates). Ribose-5-phosphate is then isomerised and
epimerised to xylulose-5-phosphate which splits to two acetyl phosphates (via xylulose-5-

phosphate phosphoketolase), which in turn are converted to two acetates.
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Figure 18: Heterolactic Fermentation Pathway of Bifidobacteria
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1.56.2 Bifidobacteria — Uses, Benefits and Problems

As previously mentioned there has been an exponential rise in the number of probiotic
fermented milk and yoghurt products developed. The gut microflora plays an important role
in both human health and disease. Resident bacteria within the human gut are considered to
represent a crucial line of defence against colonisation by potentially pathogenic
microorganisms®. The presence of Bifidobacterium within the GIT has been associated with

a number of health benefits.

Bifidobacteria have been proven to provide a protective effect against acute diarrhoeal
disease’, which can be devastating to children in the developing world. The use of B.
longum has demonstrated a positive probiotic effect in the relief of lactose intolerence”".
Bifidobacteria have also been deployed in the area of effective resistance to microbial
infections: a high intake of Bifidobacterium has demonstrated a decrease in numbers of
potentially harmful Clostridium bacteria whilst other species have demonstrated a protective

effect against Listeria monocytogenes”™.

As it is thought that the intestinal microflora play a key role in the onset of Inflammatory
Bowel Disease (IBD) it was hypothesised that modifying the composition and activity of the
normal microflora may be able to lessen the observed symptoms’. Constipation alleviation
has been explored recently by the administration of a prebiotic which was observed to
enhance bifidobacterial growth’. Again, as with LAB, the possible role of Bifidobacteria on
immune function and its immunomodulating capabilities have also been explored’. Probiotic

Bifidobacteria has also been used in attempting to reduce serum cholesterol levels’®.

The most commonly employed strains of Bifidobacteria include B. animalis subsp. lactis, B.
bifidum, B. breve and B. longum biotypes infantis and longum. These strains were originally
often co-cultured with LAB including Lactobacillus delbrueckii subsp. bulgaricus and

Streptococcus thermophilus. In recent years however much focus has surrounded the co-
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culturing of Bifidobacteria and Lactobacillus acidophilus as this LAB is an indigenous

inhabitant of the GIT””.

Bifidobacteria do not grow well or at all in milk’®. Therefore much better products are
produced by combining cultures. The presence of so called ‘bifidus factors’ can influence
how well (if at all) bacteria grow in milk. It is thought that the presence of certain amino
sugars, carbohydrates and peptides play a major role in growth of Bifidobacteria in milk.
Viability is another issue to consider if Bifidobacterium species are to function efficiently as
probiotics. To produce therapeutic effects, a sufficient number of viable microorganisms
must be present throughout the entire shelf-life of the particular product’. Viability is affected
by a number of factors including pH, temperature, O, concentration and the presence of
other microorganisms®. The main problem however is overcoming the biological barriers in
the body, particularly the acid in the stomach and bile in the intestine®'. Recent work has
been undertaken to study and develop bile-resistant strains of B. animalis subsp. lactis®*®.
Another problem with using Bifidobacteria is due to the taste and texture it can impart on a
product. Bifidobacteria species follow the heterolactic fermentation pathway and as a result
are less efficient (producing more acetic than lactic acid) than most LAB used in fermented
milk and yoghurt production. They produce unwanted by-products including undesired
amounts of acetic acid which has an ‘acid sharp’ taste compared to the required ‘acid sour’
taste of lactic acid®*, problems with texture and rheology may also arise. The texture and

rheology issues may though be overcome with the use of polysaccharide producing strains

of LAB and Bifidobacteria.

1.6 Exopolysaccharides

Certain strains of LAB and Bifidobacteria are able to synthesise EPS that are secreted into
their surrounding environments, such as milk in the production of fermented dairy products.
The EPS produced have been described as ‘ropy’ (slime-forming) where as capsular

extracellular polysaccharide producing bacteria are described as ‘mucoid’. The incorporation
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of ropy cultures in mixed bacterial cultures in the production of fermented milk products is
not a new technique having been applied in Scandinavia® for many years, as previously
mentioned in section 1.4.3. Although it should be considered that due to complex physical-
chemical processes involved in the texture generation, the inclusion of a ropy strain of LAB
or related bacteria does not guarantee an optimal, creamy and smooth quality in the end
product®. EPS have increasingly important functions as natural biothickeners and are used
to improve rheology, physical stabilizers to bind water and to limit syneresis and also as

viscosifying and gelling agents.

Currently polysaccharides from plant and seaweed (e.g. alginates) sources, are employed
as biothickeners. One problem with these sources is that a degree of chemical modification
(such as cross-linking with Ca or Na ions or derivatised by sulfonation®) is usually required
to observe the desired effect. Hence, the reason for the current interest towards the use of
EPS as ‘natural biopolymers’, removing the need for chemical modification of the
polysaccharide before it can be used. One main problem, and reason as to why EPS are not
readily applied, is due to the reliability of their production and variability in the amount
generated; meaning the available supplies are not sufficient to match the demand®. A very
small number of EPS have unique properties which have led to their commercial production.
Current industrially important EPSs include dextrans, pullulan (homopolysaccharides) and

xanthan (as previously referred to in Section 1.2) and gellan (heteropolysaccharides)®.

Xanthan (See Section 1.2), produced by Xanthomonas campestris® is produced by various
companies and is widely applied as a thickening, gelling and stabilising ingredient in the food
industry. Even though xanthan is readily used in the food industry Xanthomonas campestris
is a non-food-grade bacterium®, as is Sphingomonas paucimobilis® which produces gellan.
Gellan is also produced commercially and is employed in the pharmaceutical and cosmetic

industries as well as in a number of food preparations.
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More information on the structure-function relationship of EPS in fermented products is
currently required in order to further their technological applications. Since LAB and
Bifidobacteria have GRAS status and are commonly used as probiotics, their EPS will
hopefully provide a safer and healthier option for the replacement of the chemically modified
and non-food-grade bacteria presently being employed®. This will be of great benefit
combined with the current knowledge of their health-promoting properties. EPS producing
LAB strains have recently been used in the production of low-fat mozzarella cheese to

enhance moisture retention®".

Within the natural environment the role of EPS is not a clearly established one. It is
suspected that they play a role in protecting the cell against desiccation, phagocytosis and
phage attack, providing higher O, tension, participating in uptake of metal ions, functioning
as adhesive agents, promoting interactions between plants and bacteria, and in

development systems such as those occurring in myxobacteria®.

1.6.1 Exopolysaccharide Biosynthesis

The synthesis of the vast majority of bacterial homopolysaccharides and all of the
heteropolysaccharides is a complex intercellular process in which sugar nucleotides
(normally nucleoside diphosphate sugars) provide activated forms of the monosaccharides'.
Heteropolysaccharides are made by the polymerisation of repeating unit precursors formed
in the cytoplasm®. Heteropolysaccharides are principally composed of glucose, galactose
and rhamnose; however N-acetylglucosamine (GIcNAc) and N-acetylgalactosamine
(GalNAc) can also be present, whilst L-fucose has been identified in a limited number of
EPSs. In addition a number of non-carbohydrate moieties (e.g. pyruvate) are present in side
chains, further contributing to their heterogeneity®®. The sugar nucleotides provide
monosaccharides or, if polysaccharides contain phosphorylated sugars, sugar phosphates
for the repeating unit structures. They also provide the bacterial cells with a means of
interconversion or synthesis of various monosaccharides. Through epimerisation,

dehydrogenation and decarboxylation reactions, respectively, at the sugar nucleotide level,
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sugars such as D-glucose or D-mannose can be converted to galactose, uronic acids or
pentoses. D-Mannose can also be converted to L-fucose. Acyl linkages such as acetyl and
ketal groups also require a form of activated precursor such as acetyl-Coenzyme A (CoA)

and phosphoenolpyruvate (PEP), respectively'.

EPS synthesis in LAB (assembly of the monosaccharide repeating unit) is achieved by
several EPS-specific enzymes, as initially identified in Streptococcus thermophilus Sfi6** and

Lactococcus lactis NIZO B40% (Figure 19).
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Figure 19: Generalised diagram of the conversion of lactose, galactose and glucose to
EPS and to glycolysis in LAB (Reproduced from Welman and Maddox, 2003%)

The biosynthesis process can be summarised into five distinct steps: (1) Activation of sugars

through specific sugar nucleotides; (2) Assembly of the repeating unit on an isoprenoid lipid-
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phosphate (bactoprenol, Css-isoprenoid lipid) through the sequential addition of monomers to
the lipid carrier; (3) Addition of any acyl groups to the oligosaccharide attached to the lipid
carrier”’; (4) Polymerisation of the repeat units; and (5) Excretion of the polysaccharide from

the cell membrane into the extracellular environment'.

The first step involves transporting the sugar into the cytoplasm. The most frequently
encountered system that operates in LAB functions via the PEP transport system (PTS). In
this system a phosphate group, released from the conversion of PEP into pyruvate, is
transferred to the incoming sugar by two general cytoplasmic phosphocarrier proteins;
enzyme | and histidine protein (HPr)®. There are other sugar transport systems suggested
but this particular method is energetically efficient as the sugar is translocated and
phosphorylated in a single step at the expense of one ATP that would otherwise be

generated by PEP conversion into pyruvate catalysed by pyruvate-kinase®.

Once inside the cytoplasm, the fate of the carbon feed/energy source is determined by the
state of the phosphorylation of the sugar: sugar-6-phosphates are consumed in the catabolic
pathway (Figures 17 and 18) whilst sugar-1-phosphates can participate in polysaccharide
synthesis. It is thought phosphoglucomutases (PGMs) may play a vital role in diverting flux
between the two pathways®. It is thought a-PGMs may direct the glucose-6-phosphate to a-

glucose-1-phosphates and consequently into use for EPS synthesis.
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Fiqure 20: Model of EPS Biosynthesis in Lactococcus lactis NIZO B40 (Reproduced
from Welman and Maddox, 2003%)

The sugar nucleotides required for the construction of the majority of EPS structures are
UDP-glucose, UDP-galactose and dTDP-rhamnose. The precursors of the repeating unit
observed from Lactococcus lactis NIZO B40 being a particular example. Polymerisation of
thousands of the repeating unit takes place through sequential addition of the sugar residues
by specific glycosyl transferases from the nucleotide sugars to a growing repeat unit that is
coupled to the isoprenoid glycosyl lipid carrier (Css) (Figure 20). The assembly of the repeat
unit on the lipid carrier is a process that is used for the synthesis of excreted
polysaccharides, for cell wall peptidoglycans and for cell surface oligosaccharides and
polysaccharides®. There is however only limited evidence of the presence of the lipid carrier

in LAB systems'®.

The final step involves the polymerisation of the EPS and its export into the surrounding
medium. This action requires a flippase to translocate the lipid-bound repeating units, a
polymerase to catalyse the coupling of repeating units and finally an enzyme to catalyse the
detachment of the lipid-bound polymer to control chain length®®. Both polymerisation and

transport may affect both the amount and sugar composition of the EPS generated®.
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1.6.2 Exopolysaccharide Production and Isolation

A growing bacterial strain is initially examined for its possible EPS producing ability by
testing the species to determine if it is ‘ropy’. The ropy trait is determined by the observation
of a long filament which is produced when the strain is extended with an inoculation loop
from bacteria cultured on a plate’'. The ropy characteristic can also be detected in liquid
cultures of EPS-producing bacteria that demonstrate a high resistance to flow through

serological pipettes, and form viscous strands during free fall from the pipette tip'®.

1.6.2.1 EPS Production

As previously mentioned the EPS yields for homopolysaccharides and
heteropolysaccharides varies greatly. The production of homopolysaccharides polymerised
by secreted enzymes e.g. dextran-sucrase, can reach several g L if enough sucrose
(enzyme substrate) is present and optimal growth variables are assured. The recovered
concentrations of EPS produced by LAB and related bacteria is often drastically lower, with
amounts commonly varying from 20 — 600 mg L™, this is often heavily dependent on the
species growth and optimisation of the conditions employed®. The bacteria are either grown
on solid media, in plates or in liquid media, most commonly in either Erlenmeyer (shake)

flasks (for small scale production) or in fermenters (larger scale production).

A large number of factors can affect the growth of bacteria and consequently the production
of EPS. It must also be considered that LAB are facultative anaerobes whilst Bifidobacteria
strict anaerobes. Issues to be considered include: composition of the culture media (C and N
sources and other nutrients), growth conditions (pH, temperature and O, concentration) and

incubation period'®.

Bacteria are grown in a variety of different media, the most frequently encountered of which
include milk, chemically defined media (CDM), semi-defined medium (SDM) or de Man,
Rogosa, Sharpe media (MRS). The media are usually supplemented with an assortment of

different carbon sources which can include glucose (most regularly used), fructose, sucrose,
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galactose and lactose. The choice of an adequate EPS production media is of great
importance given that some of the components could potentially interfere with EPS analysis

and quantification'".

It has frequently been reported that sub-optimal conditions for bacterial growth are often
favourable for EPS synthesis'®. Although evidence suggests that a multitude of combined
variables, with strain type being considered as one of the most significant, determines the
effect of temperature on EPS production. This is demonstrated by results observed with
Lactobacillus lactis subsp. bulgaricus that indicate the optimal temperature for its synthesis

for this species to be very close to the optimal conditions required for bacterial growth'®”.

Determining optimal pH also plays a key role in bacterial growth and EPS synthesis. The pH
can either be allowed to fall or be systematically controlled (usually with NaOH) to remain at
a constant level throughout the duration of the fermentation. The optimal pH for EPS
production was found to be close to the optimal pH for growth (5.8 — 6.5 pH) for a number of

105,106 and

EPS producing LAB strains including Lactobacillus delbrueckii subsp. bulgaricus
Streptococcus thermophilus'®'%. It has been proposed that conversion of sugar to EPS is
more efficient at pH 5.8, but sugar is more efficiently converted to biomass at pH 6.2'%. This

factor is again heavily dependent on the type of strain encountered.

As previously mentioned mesophilic strains produce the maximum yield of EPS under non-
optimal conditions for bacterial growth. It appears though that the production of EPS from
thermophilic LAB is growth associated'’®. EPS biosynthesis starts immediately, with the
maximum rate of production occurring when a culture is in its exponential growth phase and
reaches a maximum yield towards the end of the active growth period'®. It has also been
observed that not only EPS production but also molecular weight (MW) is growth

associated'".

Increased incubation periods have been found to impart an adverse effect on the yield of

EPS, a consequence of EPS degradation. This is thought to be due to a physiologically
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changing cell environment and generation of glycosyl-hydrolase activities that reduce

molecular mass''2.

It should also be noted that there is evidence that varying the fermentation conditions for a
particular strain can lead to the production of either two (or more) EPS of either differing

MW3* or in fact chemical composition''®.

1.6.2.2 EPS Isolation

The isolation method employed can also have a highly notable effect on the amount of EPS
produced (in the end product). The complexity of the method used for the isolation and
purification of EPS is dependent on the composition of the culture media used for its
production’. A couple of established methods exist for the isolation and subsequent

purification of EPS from LAB and related bacterial species.

The first step involves the removal of the milk proteins, caseins. This is performed either

using proteinase (Pronase) to hydrolyse the caseins present''

or by the addition of
trichloroacetic acid (TCA) to precipitate caseins'’>. Both methods are followed by
centrifugation steps to separate the precipitated biomass. Over recent years several
publications have reported working to optimise the concentration of TCA to 14 % (w/v). The
resulting mixture is then centrifuged to facilitate the removal of cells and proteins; the EPS is

then precipitated by the addition of either acetong®''®'1°

or now more commonly with
ethanol'”'°. The precipitated EPS is then dissolved in deionised water and dialysed to
remove any remaining salts, small proteins and remaining free sugars. The dialysed solution
is then lyophilised to produce pure solid EPS which is commonly white in appearance with a

light, fluffy texture.

Further purification steps can also be undertaken if required. Such techniques as

microfiltration''® and size-exclusion chromatography® are currently still readily utilised.
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1.7  Characterisation of Exopolysaccharides

The isolation and subsequent characterisation of EPS produced by bacterial species is
essential with regards to understanding the potential roles played by this class of molecules

in a wide range of functional applications.

As previously explained in Section 1.4, EPS can be present as either homopolysaccharides
or heteropolysaccharides. As heteropolysaccharides are constructed from more than one
type of monosaccharide they have the ability to produce a wide variety of different repeat
unit structures, such structures have been reviewed and catalogued on several occasions in
recent years®'°"'%_ Structural variation in heteropolysaccharides is further increased as the
monomeric units may be present in either a or  configuration, in their pyranose (p) or

furanose (f) forms or in either D- or L- absolute configuration.

The way in which the monosaccharide units are connected to each other through their
glycosidic bonds to form the repeating unit structure is also required. The molecular mass

must also be determined in order to complete the characterisation of the polysaccharide.

The repeating unit structure is the simplest form of the polysaccharide, the first of which was
isolated from St. thermophilus and characterised by Doco et al in 1990'"° (Figure 21).

Repeating units generally range from disaccharides up to heptasaccharide structures.

a-D-Galp
1
!
6
—3)-a-D-GalpNAc-(1—3)-B-D-Galp-(1—3)-B-D-Glcp-(1—

Figure 21: Tetrasaccharide Repeating Unit Structure of the Isolated EPS from St.
thermophilus

To identify the primary structure of the EPS repeat unit it is firstly necessary to identify the

monomer composition.
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1.7.1  Monosaccharide Analysis

Cleavage of the glycosidic linkages of the repeating unit structures is required to determine
the monosaccharide constituents of the oligosaccharide. The most readily employed method
involves the production of alditol acetates which are then analysed by gas chromatography
(GC) and where possible by gas chromatography in combination with mass spectrometry

(GC-MS).

Although the monomer analysis technique has been continually developed and revised over
the years, the most commonly employed method is derived from the methods of Albersheim
et al (1967)'® and Blake et al(1970)'?'. The current analysis procedure for monosaccharide

analysis is detailed in Figure 22.

OH OH
TFA, Heat
B W
HO o) : HO OH
oH n Hydrolysis OH
CHO CHLOH CH,0Ac
H——OH H——OH Ae.O. Puridi H——OAc
c20, Pyridine
- —_—
H——OH ; H——OH H——OAc
Reduction Acetylation
H——OH H——OH H——OAc
CH,OH CH,OH CH.,OAC

Figure 22: Alditol Acetate Formation for Monosaccharide Analysis

The polysaccharide is firstly hydrolysed with the help of an acid catalyst to form sugar
monomers. Common catalysts include hydrochloric acid (HCI), sulphuric acid (H.SO,) and
trifluoroacetic acid (TFA), which is now the most frequently used acid'??. Conditions are

chosen such that there is a trade off between incomplete cleavage of glycosidic linkages
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under relatively mild conditions and decomposition of the liberated monosaccharides under
more severe conditions (4M TFA, 120°C, 1 hour)'?®. This will be investigated further in

Section 3.3.1.2.

The monomers are then reduced to sugar alditols with sodium borohydride (NaBH,); extra
care should be taken at this stage to ensure the complete removal of borate produced as it
inhibits the proceeding acetylation step. The sugar alditols are then converted to alditol
acetates by acetylation with acetic anhydride in the presence of pyridine which acts as a
catalyst. The derivatised sugars produced are sufficiently volatile to make GC analysis
possible. These volatile sugars are then identified by comparison with monosaccharide

standards.

There are several issues with the alditol acetates method implemented for the monomer
analysis of polysaccharides, the major issue being that the process is a highly time
consuming multistep procedure. The presence of amino sugars also causes well
documented problems'®* as thermal decomposition occurs leading to under estimation of
this particular class of carbohydrates. They also suffer from poor sensitivity, long retention

times and chemical changes during the chromatographic analysis'.

1.7.1.2 Alternative Methods of Monosaccharide Analysis

In recent years, alternative methods have been developed for monosaccharide analysis.
High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD) in particular has become increasingly more widely employed as it holds a
number of advantages over the current methods used with GC analysis. The applications
and effectiveness of the technique have been reviewed on a number of occasions'®'?’
since the procedure was first brought to the forefront of carbohydrate analysis by Rocklin
and Pohl (1983)'?%. The main advantage of this method is that it allows for the determination

of intact monosaccharides (acid hydrolysis is initially required for depolymerisation) without

pre or post column derivatisation. This therefore greatly decreases analysis times whilst
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eliminating the decrease in recovery often observed due to incomplete derivatisation'®.
Although, problems still exist (as with the GC-MS technique) with the analysis of N-
acetylated amino sugars as they cannot be distinguished from amino sugars once acid

hydrolysis has been performed'®.

1.7.1.3 Absolute Configuration Analysis

As previously expressed, knowledge of the absolute configuration (D or L) of the constituent
monomers of the repeating unit structure is also required. Hydrolysed monomers are
converted to acetylated glycosides of a chiral secondary alcohol such as 2-butanol'®. The
secondary alcohol is linked at the chiral centre to the glycosidic oxygen of the

monosaccharide forming epimers which can then be separated by GC-MS.

1.71.4 Monosaccharides of Exopolysaccharides

Whilst a wide range of monosaccharide constituents have been identified in an ever
increasing number of EPS oligosaccharide repeating unit structures there are definite
common similarities with regard to their monomer compositions®. Galactose is the most
frequently observed monomer followed closely by glucose, these two monomeric units are
almost always identified but in differing ratios. Rhamnose is also a highly prevalent
monosaccharide. Glucose and galactose always appear in the D-absolute configuration
whilst rhamnose has constantly expressed the L-absolute configuration. It has also been
noted that there is a slight preference for the 8 anomer for both glucose and galactose whilst
rhamnose has a distinct preference for the a anomer. The only sugar to adopt a furanose

ring conformation is galactose''®. The presence of N-acetylglucosamine (GlcNAc)'®' and N-

119 132

acetylgalactosamine (GalNAc)' ™ along with glucuronic acid (GlcA) > and galacturonic acid

(GalA) have also been reported in a small number of structures. A number of other non-
carbohydrate substituents including phosphor-diesters, acetyl esters and pyruvate-acetals

have also been recorded'®.
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1.7.2 Linkage Analysis
Along with a large number of possible combinations of monosaccharide constituents that can
be a present in the repeating unit oligosaccharide of the EPS; each monomer can also

possess a number of different linkages to other monomeric residues within the structure.

The method used to identify how each of the monomeric units are linked together is very
similar to the basic procedure applied for the analysis of monosaccharides. The most widely
used method for determining the linkage structure of polysaccharides is methylation analysis
and involves GC-MS of partially O-methylated alditol acetate (PMAA) derivatives (Figure 23).
Initially, the polysaccharide is per-O-methylated at all unsubstituted hydroxyl groups. The
polysaccharide is then hydrolysed with an acid catalyst (TFA) to form methylated sugar
monomers. The methylated monomers are then reduced to sugar alditols with sodium
borodeuteride (NaBD,). The sugar alditols are then converted to methylated alditol acetates
by acetylation with acetic anhydride in the presence of a pyridine catalyst. The location of the
methoxy groups identifies sites of free hydroxyls, whilst the acetylated sites identify the
location of glycosidic linkages to other monosaccharides. The mass spectral fragmentation
patterns of the peaks produced by the methylated alditol acetates are analysed by GC-MS

and compared to a series of known standards for identification'®.
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Figure 23: Methylated Alditol Acetate Formation for Linkage Analysis

The initial methylation step has undergone many changes, revisions and incarnations. Firstly
performed by Purdie in 1903'* with methyl iodide (Mel) and silver oxide in methanol, this
method is still used in some laboratories today. This procedure was further developed by
Howarth in 1915 when a mixture of methyl sulphate and sodium hydroxide (NaOH) was
employed. Both methods were routinely used for preparative and analytical O-methylation of
carbohydrates for the next 50 years with very little changes to either technique. This was
until 1964 when Hakomori'®® developed a new one step method by adding a solution of

sodium methylsuphinyl carbanion (Dimsyl ion)'’

and Mel to carbohydrates dissolved in
dimethyl sulfoxide (DMSO). The ‘Hakomori’ method provided a better quality of methylation

in comparison with the earlier techniques.
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However, under methylation of carbohydrates was still an issue. This coupled with the fact
that the production of the dimsyl ion can be hazardous, laborious and requires the strict
avoidance of air, moisture and CO, to minimise the occurrence of side reactions (which can
degrade the purity of the final product) led to alternative methods to be developed. The
method of methylation currently favoured was developed by Ciucanu and Kerek in 1984,
this involves the dissolution of carbohydrates in DMSO and treatment with powdered NaOH
and Mel. The per-O-methylation is performed in one step and has been found to be not as
sensitive to moisture whilst providing very short reaction times with the production of high

yields of fully per-O-methylated carbohydrates.

Another key step in the linkage analysis and the only other change from the monosaccharide
analysis is the reduction step. Reduction of the anomeric carbon to form the corresponding
alditol eliminates the asymmetry that would otherwise result in equivocal determination of
some derivatives'?®. Reduction with NaBD, instead of NaBH, however introduces a single
deuterium atom onto the C1 position, labelling the former anomeric carbon. The deuterium is
used to differentiate between symmetrical derivatives that can often not be fully resolved by

chromatography.

1.7.2.1 Linkages in Exopolysaccharides
As with monomer analysis (see Section 1.7.1.4) the frequency at which different particular

linkages occur has also been investigated®.

A large number of the reviewed structures produced to date have branches (side-chains)
that are terminated with a galactose unit whilst rhamnose is frequently observed as a
branching point. B-D-galactose is often linked either as a branch terminus or linked to the
main backbone chain via its 3-,4-, or 6-hydroxyl group. B-D-glucose is linked via either its 3-,
4-, or 6-hydroxyl group whilst a-D-glucose is preferentially attached via either its 3- or 6-
hydroxyl group. In bonding with sugars in the main backbone chain of the repeat unit B-L-

rhamnose and a-D-galactose are frequently attached via the 2- or 3-hydroxyl groups.

41



Introduction Chapter 1

1.7.3 NMR Analysis

Along with the information obtained relating to the linkages present in the oligosaccharide
repeating unit from GC-MS analysis, NMR spectroscopy is also used for the elucidation of
glycosidic linkages. NMR is applied to determine the overall secondary structure of the EPS
by providing information on ring size (pyranose/furanose) and anomeric configuration (a/p)
of the individual monomers whilst also determining the relative orientations of the monomeric
units to each other. The importance of NMR spectroscopy as a tool for structural
determination of carbohydrates is underlined by the large number of reviews published in

recent years'¥'*2,

1.7.3.1 'H NMR Analysis

When analysing '"H NMR the spectra observed should be split and viewed as having
‘structural reporter signals’ (up field and down field) and a ‘bulk region’'*®. This approach
breaks down the spectra enabling the simpler identification of individual sugars along with

their structural features and linkage compositions.

The up field (high field) reporter region contains resonances from structural motifs. These
include ring substituents such as acyl, alkyl and acetal, ring substitutions such as N-
acetylamino groups and H6 signals of 6-deoxy sugars (e.g. rhamnose). The anomeric proton
resonances are located in the down field (low field) reporter region of the spectra between
4.4 — 5.5 ppm. These protons are shifted down field from the other ring proton signals due to
glycosylation. Integration of the anomeric resonances can be used to estimate the number of
different monosaccharide units present in the repeat unit structure. The remaining ring

protons are situated in the ‘bulk region’ located between 4.3 — 3.0 ppm.

The anomeric configuration of the individual monosaccharides can be determined using the
'H NMR spectra by examining the 3J; », (H-H) and from 2D- spectra measuring 'Jy.c coupling
constants. For pyranose sugars adopting the “*C; conformation the a-anomer resonates

down field in comparison to the B-anomer. The vicinal coupling (*J; ») between the anomeric
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H1 and H2 protons indicates the relative orientation of the two protons (Figure 24). If both
hydrogens in a pyranose structure are in the axial configuration (dihedral angle of 180°) a
large coupling constant of approximately 8 Hz is observed. Whereas if they are in the
equatorial — axial configuration (dihedral angle of 60°) the coupling constant observed is
smaller at approximately 4 Hz. The relationship between the dihedral angle and the coupling
constant is known as the Karplus relationship which is derived from the Karplus curve. It
’

must be noted however that the Karpl)Ag curve can only be applied to sugars when the
proton on the C2 is in the axial position’/e.g. glucose and galactose.

[ HA
_ 60°

H A 180° N a—corliilguration H A
O B-configuration \ O
OH H
HO
"o . OH

Figure 24: Demonstration of the Dihedral Angle - Coupling Constant Relationship

One bond heteronuclear coupling constants ('Ji.c) in pyranoses can also be determined in
order to identify the anomeric configuration. For D-sugars in the “C; conformation a sugar
with an a-anomeric configuration demonstrates a coupling constant of ~ 170 Hz whilst a -
anomeric configuration exhibits a coupling constant of ~ 160 Hz'**. These values however

are reversed for L-sugars.

1.7.3.2 DEPT 135 "*C NMR Analysis

DEPT (Distortionless Enhancement by Polarization Transfer) 135 '*C NMR provides
information on the carbon atoms that are connected to hydrogens atoms in the molecule
(attached protons). The — CHz and — CH groups both generate positive signals in the spectra

whilst — CH, groups display a negative signal.

As with "H NMR spectra, specific regions of interest relating to carbohydrates can also be

identified in the DEPT 135 '3C NMR. The — CH emanating from the ring carbons (C2 — C5)

43



Introduction Chapter 1

are located between 65 — 85 ppm, whilst carbons substituted with either an amino or methyl
group are shifted up field. The anomeric carbons (C1) are shifted down field between 95 —
105 ppm due to glycosylation. The signals for the C6 atoms appear as — CH,’'s and are

therefore represented as negative signals between 60 — 70 ppm.

1.7.3.3 Two-dimensional NMR Analysis
In combination with the 1D-NMR analysis, selective 2D- experiments can be applied to
determine the structure of the oligosaccharide unit by establishing how the monosaccharide

units are linked together.

Combinations of the following 2D- experiments are often required for unequivocal structural

determination of the repeating unit structure:

COSY - Correlation Spectroscopy

TOCSY - Total Correlation Spectroscopy

HMBC - Heteronuclear Multiple Bond Correlation

HMQC/HSQC - Heteronuclear Multiple Quantum Coherence/Single Quantum
Coherence

ROESY/NOESY - Rotating frame/Nuclear Overhauser Enhancement
Spectroscopy

1.7.3.4 Choice of Solvent

EPS are analysed in deuterium oxide (D,O) as they suffer from poor solubility in the majority
of other common NMR solvents. Samples are commonly analysed at elevated temperatures
(~ 70°C). The elevated temperature acts to shift the HOD signal observed from the D,O to
an up field position and into a clear region of the spectrum so it no longer interferes with
possible important signals. The temperature increase also helps to aid in heightening
spectral resolution due to the reduction in sample viscosity. It should also be noted that
before analysis takes place EPS samples should be exchanged in D,O, a procedure often

repeated numerous times and combined with intermittent lyophilisation'".
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1.7.4 Weight-average Molecular Weight Determination

EPS from LAB and related bacterial species generally posses molecular masses that range
from 4.0 x 10* to 6.0 x 10° g mol™ **. Molecular mass is commonly recognised as one of the
contributing factors in EPS functionality®*. In general terms, the size of a polysaccharide is
expressed by the number of monosaccharide units it contains; this is termed the degree of

polymerisation (DP).

Determination of molecular weight (MW) has often until recent times been a highly tedious
and inaccurate procedure due to EPS polydispersity. Previously, gel permeation
chromatography (GPC) has been used to indicate a range of MW by comparison with
controlled standards of a particular MW. This method however relies on the comparison with
standards and often requires a large quantity of sample. The technique is now more often

adopted as a purification method in the process of EPS isolation and purification.

The current method used to determine MW and sizes of polysaccharides is high
performance size exclusion chromatography with multi-angle laser light scattering (HP-SEC-
MALLS)'*¢. HP-SEC-MALLS works initially on the similar principal of weight and size
separation as used with GPC but instead of preparative columns the sample is run through
smaller analytical scale columns. The sample is then, generally, passed through an online
ultraviolet (UV) light detector which provides information on the presence of any residual
proteins or nucleic acids which may be present in the sample. The system is then coupled
with both a MALLS and differential refractive index (Rl) detectors which allow for the
determination of the accurate molecular mass of the EPS without the requirement of

reference materials'’.
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1.8 Dissolution of Polysaccharides

Solubility varies considerably amongst polysaccharides; this is mainly caused by a large DP
and/or a strong crystalline structure (e.g. cellulose). Even neutral carbohydrates of a low
molecular weight are soluble in relatively limited number of polar and hydrogen bonding
solvents. This prevents their use in various applications and complicates their structural
determination, thus making it difficult to elucidate the structure-activity relationship'* not only
of EPS but of carbohydrates in general. For example, as previously mentioned, this causes
issues with NMR analysis as EPS are generally insoluble (without chemical modification

such as derivatisation) in the majority of common deuterated solvents used in NMR studies.

Some improvement in solubility is often recorded using techniques such as dry milling (prior
to dissolution), sonication or gentle heating. Even if a slight improvement in solubitly is
achieved there is still the concern surrounding the application of volatile organic solvents
(VOCs) due to the environmental impact of their constant usage. As more environmentally
friendly alternatives for VOCs have been sought in recent years one group of ‘solvents’ in

particular that have garnered considerable interest are ionic liquids.

1.8.1 lonic Liquids

lonic liquids are often referred to as ‘designer solvents’. They have been continually
developed over the past decade and applied to a wide variety of applications. They are seen
as potential ‘green solvents’ and a possible replacement for traditional VOCs. They are

composed of an organic cation and an inorganic anion (Figure 25).
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Figure 25: Examples of lonic Liquids

lonic liquids possess a number of properties which make them highly desirable. They have
almost no vapour pressure resulting in low volatility. lonic liquids are non-flammable,
odourless and thermally stable reagents. They are also recyclable, a property which means

they are viewed as being extremely favourable to work with in contrast with VOCs.

These properties can be ‘tuned’ through modification of their cation and anion moieties,
allowing them to dissolve both polar and non-polar solutes. lonic liquids are solid, poorly
coordinated salts with a melting point (mpt.) below 100°C whilst some are liquid at room
temperature (room temperature ionic liquids, RTILs). They do not crystallise and remain

liquid through a wide range of temperatures.

1.8.2 lonic Liquids and Carbohydrates

These designer solvents also offer a unique opportunity to study carbohydrate structures
and their properties using a variety of modern spectroscopic and analytical methods'*.
There is a current push to use carbohydrates as readily available, relatively inexpensive and
renewable fuel feedstocks for the chemical and related industries®. The dissolution and
chemical modification of cellulose in particular has undergone a vast amount of study in
recent years'>*"*". This work prompted the investigation into the (bio)catalytic transformation

of mono-, di- and other polysaccharides in an ionic liquid reaction media, into industrially

relevant carbohydrates'®.

With the current knowledge and expanding interest in the utilization of ionic liquids as

solvents for the dissolution of carbohydrates, especially with regards to polysaccharides
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such as cellulose, it would seen a sensible step to explore the possible dissolution of EPS in

ionic liquids.

1.9 Research Aims

The research aims for this project are divided into three distinct areas and are as follows:

The first aim of the study will focus on reviewing and developing the current EPS
characterisation protocols utilised in conjunction with the established chromatographic
techniques (GC-MS and HPAEC-PAD), as detailed in section 1.7. This will be achieved by
analysing the current monomer and linkage methods used and further developing these to

achieve a more efficient and reliable procedure for the structural characterisation of EPS.

The second aim of the study will be concerned with employing chromatographic and NMR
techniques in order to characterise the repeating unit oligosaccharide structures of two EPSs
generated by the bacterial strains Lactobacillus helveticus subsp. Rosyjski and
Bifidobacterium animalis subsp. lactis A1dOxR. HP-SEC-MALLS will also be used to

determine the molecular weights of the resulting EPSs.

The third aim of this study will focus on investigating the use of ionic liquids, to prepare
derivatives of carbohydrates, leading to the possible application of the technique to be used
for: analytical structural determinations of exopolysaccharides; for the derivatisation of

polysaccharides and finally, as a medium for performing their chemical derivatisation.
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2. Experimental

2.1  General Reagents

The general materials described throughout the experimental section were all obtained from
Sigma-Aldrich Co. Ltd (Gillingham, Dorset, UK), Fisher Scientific UK (Loughborough,
Leicestershire, UK) or Avocado Research Chemicals Ltd (Heysham, Lancashire, UK) unless

otherwise stated.

2.2 Fermentation of Lactobacillus helveticus Rosyjski

This section will be concerned with the fermentation of the bacterial culture Lactobacillus
helveticus Rosyjski and the procedures and techniques utilised for the subsequent

production and isolation of the exopolysaccharide generated.

2.2.1. Bacterial Cultures
The bacterial culture Lactobacillus helveticus Rosyjski was obtained from an industrial

partner (Rhodia Food Biolacta, Poland) on slants (MRS).

2.2.1.1 Conservation and Storage of Bacterial Cultures

Cultures were revived in skimmed milk (10% w/v, provided by St. Ivel Ltd. Swindon, UK) and
streaked onto an MRS-C agar plate. After incubation at 42°C for 24 h, a single isolated
colony was removed from the plate and grown in skimmed milk. The skimmed milk media
was maintained as a frozen stock, a primary working culture (1 mL), in a cryoprotectant
(10% glycerol) on a plastic bead at -80°C according to methods described by Jones et al

(1984)"%2,

2.2.1.2 Preparation of Fermentation Inoculum
Prior to inoculation into skimmed milk for batch fermentation, a master culture was produced
first. A (1 mL) sample of primary working culture was inoculated into skimmed milk (20 mL,

10% w/v) supplemented with D-glucose (0.166M, 3% w/v), the resulting media was shaken
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and subsequently incubated at 42°C for 24 h to create a master culture. The master culture

was then used as a 1% (v/v) inoculum for the two litre batch fermentation.

2.2.2 Media
2.2.2.1 Preparation of Skimmed Milk

Skimmed milk (10% w/v, provided by St. Ivel Ltd. Swindon, UK) was used as the culture
media in both the preparation of the inoculum and as the media for the batch fermentation.
Skimmed milk powder (10% w/v) was added to deionised water, typically 20 mL for the
preparation of a master culture and two litres for batch fermentation. The media was agitated
at 70°C for 20 mins to form a homogeneous suspension. The milk was then left to stand at
room temperature for 24 h before being transferred into a fermentation vessel; the vessel

was then autoclaved at 121 °C for 5 mins.

2.2.2.2 Preparation of D-Glucose Supplement

Supplementing the skimmed milk media with D-glucose has previously been reported to
increase the yield of EPS produced from batch fermentations'. A solution of D-glucose
(0.166M, 3%) was prepared using deionised water (100 mL). The solution was autoclaved at
121°C for 5 mins, after this time the supplement was added (aseptically) to the fermentation

vessel via vacuum pressure, prior to inoculation with the master culture.

2.2.2.3 Preparation of MRS-C Agar

MRS (Oxiod Ltd, Basingstoke, UK) agar was prepared by adding of MRS powder (62.0 g)
into a 1 litre Schott bottle. The MRS agar was supplemented with L-cysteine (0.05%), the
addition of which supports optimum bacterial growth under anaerobic conditions™®. The
contents of the Schott bottle were diluted with one litre of deionised water; the media was

then autoclaved at 121°C for 15 minutes and stored in a water bath at 50°C until required.
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2.2.3 Batch Fermentation of Lactobacillus helveticus Rosyjski

2.2.3.1 Fermentation Conditions

Lactobacillus helveticus Rosyjski was grown in a two litre fermentation vessel with all of the
conditions controlled and continually maintained using a BioFlo 110 fermentor (New
Brunswick Scientific Co. Edison, NJ, USA). The temperature was maintained at 42°C using
a thermostatically controlled heating jacket. The batch was continually agitated at 100 rpm
whilst the pH was set to 5.82 and maintained by the addition of sodium hydroxide (NaOH) (4
M) via a peristaltic pump (BioFlo 110 liquid addition, New Brunswick Scientific Co. Edison,

NJ, USA).

2.2.3.2 Fermentation

The fermentation vessel was allowed to equilibrate to the set conditions as detailed in
section 2.2.3.1. The batch was inoculated with the working culture (20 mL) which was added
(aseptically) to the fermenter using a peristaltic pump (BioFlo 110 liquid addition, New
Brunswick Scientific Co. Edison, NJ, USA). The consumption of NaOH (4 M) was continually
monitored throughout the entirety of the fermentation as the up-take of NaOH provides a
crude indication of EPS growth. After 48 h the media was harvested, and initially heated to

80°C and then left to cool to room temperature.

2.2.4 lIsolation of Lactobacillus helveticus Rosyjski
The procedure employed for the extraction of EPS from the milk media was developed in the

laboratories at the University of Huddersfield'"®.

To the harvested media an 80% (w/v) solution of trichloroacetic acid (TCA) was added to
produce a final concentration of 14% (v/v) of TCA, the resulting solution was stored
overnight at 4°C. The solution was then centrifuged at 25,000 g (Avanti J-26 XPI centrifuge,
Beckman Coulter Ltd UK, High Wycombe, UK) for 35 mins at 4°C in order to remove cells
and proteins. The solution was then filtered through a grade 4 filter paper (Whatman UK Ltd,

Kent, UK). The crude EPS was precipitated by the addition of an equal volume of chilled
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absolute ethanol to the supernatant liquid; this was stored overnight at 4°C. The sample was
then centrifuged at 25,000 g for 35 mins at 4°C. After decanting off the ethanol solution the
recovered pellet was re-dissolved in deionised water (~50 mL). Gentle heating in a water
bath at 50°C was required for complete dissolution of the pellet. The dissolved crude EPS
was subjected to another precipitation step with chilled absolute ethanol, followed by
subsequent centrifugation and decantation of ethanol as described above. The pellet
obtained was then re-dissolved in a minimum of deionised water (~10 mL); again gentle
heating in a water bath at 50°C was required for complete dissolution of the pellet. Small
neutral sugars were then removed from the solution by dialysis, for 72 h at 4°C, against
three changes of deionised water per day. After three days the contents of the dialysis tubing
was collected in a round-bottom flask and subjected to lyophilisation (freeze-drying) using an
Edwards freeze-drier (Northern Scientific, York, UK). The dry weight of the EPS produced

was then determined.

2.2.41 Preparation of Dialysis Tubing

Dialysis tubing (Cellulose membrane, 12,400 M.W. Cut-off) was prepared by adding lengths
of tubing to boiling water (500 mL) containing ethylenediaminetetraacetic acid (EDTA) (0.186
g) and sodium hydrogen carbonate (10 g) and stirring for 10 mins. The tubing was then
rinsed before boiling again in deionised water for a further 10 mins. The tubing was then

rinsed once more with deionised water and stored at 4°C in deionised water.

2.2.5 Isolation of HMW EPS from Crude Bifidobacterium animalis subsp. lactis A1dOxR

The crude EPS produced by Bifidobacterium animalis subsp. lactis A1dOxR was sourced
from a collaborative partner (Instituto de Productos Lacteos de Asturias, Consejo Superior
de Investigaciones Cientificas (IPLA-CSIC), Carretera de Infiesto s/n, 33300 Villaviciosa,

Asturias, Spain).

Two methods of dialysis were used to separate and isolate the desired HMW material from

the crude Bifidobacterium animalis subsp. lactis A1dOxR.
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2.2.5.1 Dialysis using Vivaspin 20 Centrifugal Concentrators

Firstly a sample of crude EPS (20 mg) was dissolved in D,O (20 mL). The solution was then
added to a Vivaspin 20 centrifugal concentrator (Sartorius Mechatronics, Goettingen,
Germany) using a Pasteur pipette. The solution was then centrifuged at 3000 rpm (Centaur
2, MSE (UK) Ltd, London, UK) for 30 mins at room temperature. The filtrate was added to a
round bottom flask whilst the retentate was dissolved into a small amount of D,O and added
to a separate round bottom flask. Both samples were then freeze-dried as detailed in section

2.2.4.

2.25.2 Dialysis using Spectra/Por® Float-A-Lyzer®

Firsty the Spectra/Por® Float-A-Lyzer® (Spectrum Laboratories Inc., Breda, The
Netherlands) was washed with an amount of deionised water (10 mL). A sample of crude
EPS (45 mg) was dissolved in D,O (10 mL), the solution was then transferred to the float-a-
lyzer using a Pasteur pipette. The solution was then dialysed, for 72 h at 25°C, against two
changes of deionised water per day. The retentate was dissolved into a small amount of D,O
and added to a round bottom flask. The sample was then freeze-dried as detailed in section

2.2.4.

2.3  Structural Characterisation of Exopolysaccharides

This section will focus on the chromatographic and NMR techniques employed for the

structural characterisation of exopolysaccharides.

2.3.1 NMR Analysis
All NMR spectra of exopolysaccharides were run on either a Bruker Avance DPX400

400.13MHz or a Bruker Avance DPX500 500.13MHz by Dr. Neil McLay.

All samples of EPS were prepared in deuterium dioxide (D.O) (GOSS Scientific Instruments

Ltd, Nantwich, UK) and spectra were acquired using Bruker pulse sequences at a

53



Experimental Chapter 2

temperature of 70°C unless otherwise stated. Chemical shifts were expressed in ppm

relative to an internal standard of acetone.

Mild acid hydrolysis of Bifidobacterium animalis subsp. lactis A1dOxR was carried out using
a procedure adapted from Yamamoto et al (1995)'*. "H NMR spectrum of EPS prepared in
D.O was recorded prior to the addition of trifluoroacetic acid (TFA) (1% v/v). Following this,
spectra were recorded every hour for 9 h with an additional spectra being recorded after 24

h.

2.3.2 Molecular Weight Determination

The weight-average molecular weight (M,) and polydispersity (M,/M,) of the pullulan
standard and the exopolysaccharides produced by Lactobacillus helveticus Rosyjski and
Bifidobacterium animalis subsp. lactis A1dOxR were determined by HP-SEC-MALLS
analysis. It should be noted that dn/dc values for all samples have previously been

determined at the University of Huddersfield and by industrial partners.

Solutions of 1 mg mL" were prepared in deionised water. Upon complete dissolution
samples were filtered through 0.2 um PTFE Puradisc syringe filters (Whatman UK Ltd).
Filtered samples (200 pl) were injected (using a 7125i injection port, Rheodyne LLC,
California, USA) onto an analytical size exclusion column (Polymer Labs Aquagel-OH-
Mixed-H 8um particle size, 300 x 7.5mm, Polymer Laboratories, UK). Ultra pure water
delivered by a HPLC pump (Prominence LC-20AD, Shimadzu, Milton Keynes, UK) at 1 mL
min”, the neutral analytes were eluted and passed through a series of detectors. The
samples pass first through a UV detector (Prominence SPD-20A, Shimadzu) with a
wavelength set to 260 nm; this identifies the presence of any residual DNA present in the
samples. The concentration of the samples is then determined by a refractive index (RI)
detector (Optilab rEX, Wyatt Technology, Santa Barbara, USA) and finally the weight-

average molecular weight is measured using a multi-angle laser light scattering (MALLS)
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photometer with the laser set to 690nm (Dawn OES, Wyatt Technology, Santa Barbara,

USA).

Chromatographic Conditions

Pump - Prominence LC-20AD

Flow Rate - 1 mL min

Mobile Phase - Ultra pure water

Injection Volume - 200 pL

Column - Plaguagel-OH-Mixed-H 8pum, 300 x 7.5mm
Detector Calibration Constant - 2.000x10° (V)

Detectors - UV, Rl and MALLS

Run Time - 45 mins

2.3.3 Monomer Analysis
This section is concerned with the analysis of the monosaccharide compositions of
exopolysaccharides by hyphenated chromatographic techniques (HPAEC-PAD and GC-

MS).

2.3.3.1 Monomer Analysis Using HPAEC-PAD
The analysis of hydrolysis products, generated by utilising different acid catalysts, to
examine the release of neutral and amino sugars from Lactobacillus acidophilus 5e2 was

studied using HPAEC-PAD. For all hydrolysis reactions 2 mg of EPS sample was utilised.

2.3.3.1.1 Hydrolysis Reaction — Variation of Acid Type and Reaction Duration

A sample of EPS was added to a pressure tube containing TFA (1 mL of 2 M); the tube was
heated to 120°C for 1 h. After 1 h the solution was evaporated to dryness under a stream of
nitrogen gas at 50°C. This procedure was repeated with 2 M TFA for 2 h and with 4 M TFA

for1 hand 2 h.
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In a separate series of experiments a sample of EPS was added to a pressure tube
containing H,SO,4 (1 mL of 0.5 M), the tube was heated to 100°C for 1 h. After this time an
amount of barium carbonate was used to neutralise the acid and precipitate the sulphate, the
solution was then filtered and evaporated to dryness under a stream of nitrogen gas at 50°C.

This procedure was repeated with 0.5 M H,SO, for 2 h and with 1 M H,SO, for 1 h and 2 h.

In a separate series of experiments a sample of EPS was added to a pressure tube
containing HCI (1 mL of 1 M); the tube was heated to 100°C for 1 h. After 1 h the solution
was freeze-dried over night. This procedure was repeated with 1 M HCI for 2 h and with 2 M

HCI for 1 h and 2 h.

In a separate series of experiments a sample of EPS was added to a pressure tube
containing formic acid (1 mL of 90% (v/v)) and heated to 100°C for 2 h. After 2 h the solution
was evaporated to dryness under a stream of nitrogen gas at 50°C. The residue was then
dissolved in H,SO,4 (0.5 mL 0.25 M) and heated at 100°C for 12 h. After 12 h the solution
was cooled and neutralised with an amount of barium carbonate, subsequently filtered and

then concentrated by evaporation to dryness under a stream of nitrogen gas at 50°C.

Monomer analysis for the EPS produced by both Lactobacillus helveticus Rosyjski and
Bifidobacterium animalis subsp. lactis A1dOxR (HMW) was performed using 2 mg of sample

in a solution of TFA (1 mL 4 M), heated to 120°C for 1 h as previously described.

2.3.3.1.2 HPAEC-PAD Analysis

In each case, the dry residue obtained after the hydrolysis reactions was dissolved in
deionised water (1 mL) in preparation for HPAEC-PAD analysis. The reconstituted
hydrolysed EPS samples were injected (AS50 Autosampler, Dionex BioLC, Dionex Co.
Sunnyvale, CA, USA) onto an anion-exchange column (CarboPac PA20 3 x 150 mm, Dionex
Co.). Sodium hydroxide (8 mM, Isocratic) delivered by a gradient pump (GS50 Gradient
pump, Dionex Co.) at 0.5 mL min™ was used to elute the monosaccharides and the eluent

was passed through a pulsed amperometric detector (PAD) (ED50 Electrochemical detector,
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Dionex Co.). The monosaccharide standards used to obtain the linear calibration data were
prepared to the specific concentrations in deionised water and were run using the

chromatographic conditions listed.

Chromatographic Conditions

Pump - GS50 Gradient Pump

Flow Rate - 0.5 mL min”

Mobile Phase - 8 mM Sodium Hydroxide
Injection Volume - 20 pL

Column - CarboPac PA20 3 x 150mm
Detector - PAD

Run Time - 20 mins

2.3.3.2 Monomer Analysis Using GC-MS

As well as HPAEC-PAD, monomer analysis was also performed by GC-MS for the EPS
produced by both Lactobacillus helveticus Rosyjski and Bifidobacterium animalis subsp.

lactis A1dOXR (HMW).

2.3.3.2.1 Alditol Acetate Method
The monosaccharides composition analysis was determined by following the modified
procedures as developed by Albersheim et al (1967)'%° and Blake et al (1970)'?'. A structural

representation of the current method can be observed in Figure 22.

A sample of EPS (2 mg) was added to a pressure tube containing TFA (1 mL of 4 M); the
tube was heated to 120°C for 1 h. After 1 h the solution was evaporated to dryness under a

stream of nitrogen gas at 50°C.

The dried residue (hydrolysed monomers) was dissolved in deionised water (1 mL). Sodium
borohydride (40 mg) was then added in order to reduce the sugar monomers; the tube was

sealed and heated at 40 °C for 2 h. After 2 h the solution was evaporated as previously
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detailed. Glacial acetic acid (1 mL) was then added to destroy any excess borohydride
present; the solution was then evaporated to dryness. Methanol (3 x 1 mL) was added and
repeatedly evaporated to remove the borate complex (the methanol ‘mops’ up the borate to

form B(OMe)3, which is then subsequently evaporated).

Pyridine (1 mL) and acetic anhydride (1 mL) were then added to the dry residue (sugar
alditols) in the pressure tube; the sample was heated at 100°C for 2 h. After 2 h the resulting
solution was evaporated as previously detailed. The dried acetylated monomers (alditol
acetates) were suspended in deionised water (1 mL) and extracted with chloroform (3 x 3
mL); the total organic layer was then washed with deionised water (2 mL). The solution was
then dried over anhydrous sodium sulphate for 30 mins before being filtered and the
resulting solution evaporated as previously described. The dried residue was reconstituted

by dissolution in acetone (1.5 mL) in preparation for GC-MS analysis.

2.3.3.1.2 GC-MS Analysis of Alditol Acetates

GC-MS analysis was performed on an Agilent 7890A GC (Agilent Technologies UK Ltd.
Cheshire, UK) equipped with an Agilent 5975B inert XL EI/CI MSD (Agilent Technologies UK
Ltd.). Samples were eluted from an Agilent HP5-MS (30m x 250um-id, 0.25 pym) column
(Agilent Technologies UK Ltd.) eluting with helium (1 mL min™). The conditions for monomer

analysis by GC-MS are listed:

Chromatographic Conditions

Flow Rate - 1 mL min”

Mobile Phase - Helium

Injection Volume - 1 uL

Column - Agilent HP5-MS

lonisation - Electron Impact (El)

Detector - MSD

Rosyjski Method Program - 160°C for 1 min, 3°C/min to 240°C, hold
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Column Oven Temperature 240°C for 5 mins

Run Time - 32.667 mins

A1dOxR Method Program - 175°C for 1 min, 0.75°C/min to 190°C,
Column Oven Temperature hold at 190°C for 5 mins

Run Time - 26 mins

2.3.4 Linkage Analysis

This section is concerned with the conversion of a series of disaccharide compounds (into
model compounds for use as linkage standards) and exopolysaccharides (from Lactobacillus
helveticus Rosyjski and Bifidobacterium animalis subsp. lactis A1dOxR (HMW)) into per-O-

methylated alditol acetates (PMAAs), followed by analysis by GC-MS.

2.3.4.1 Methylated Alditol Acetate Method
The method employed for sugar linkage analysis is a modified technique adapted from the
previously developed method of by Ciucanu and Kerek (1984)'*® and later by Ciucanu and

Caprita (2007)"°.

A sample of EPS (or disaccharide) was added to a pressure tube containing anhydrous
dimethyl sulfoxide (DMSO) (0.7 mL) and stirred at room temperature until the formation of a
slurry was observed. Dried and crushed NaOH (70 mg) was added with stirring along with
methyl iodide (60 pL). After 20 mins the resulting solution was suspended in deionised water
(1 mL) and extracted with dichloromethane (1 mL), the organic layer was then washed with
deionised water (3 x 5 mL). The resulting liquid was then evaporated to dryness under a

stream of nitrogen gas at 50°C.

The dried residue (methylated polysaccharide/disaccharide) was then subjected to the same
procedure as previously described for GC-MS monomer analysis (Section 2.3.3.2.1), with
the only alteration to the method being the substitution of sodium borohydride with sodium

borodeuteride (20 mg) in the reduction reaction.
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GC-MS analysis of the generated PMAAs was performed as detailed in Section 2.2.3.1.2,

the chromatographic conditions for the EPS and disaccharide samples analysis are listed as

follows:

Chromatographic Conditions for PMMAs of A1dOxR and Disaccharides

Flow Rate

Mobile Phase

Injection Volume

Column

lonisation

Detector

A1dOxR Method Program
Column Oven Temperature
Run Time

Disaccharides

Method Program

Column Oven Temperature

Run Time

1 mL min”

Helium

1 uL

Agilent HP5-MS

El

MSD

155°C for 1 min, 0.75°C/min to 175°C,
hold at 175°C for 5 mins

32.667 mins

160°C for 1 min, 1.5°C/min to 200°C,
hold at 200°C for 5 mins

32.667 mins

Chromatographic Conditions for PMMASs of Rosyjski

Flow Rate
Mobile Phase
Injection Volume

Column

lonisation

60

1.2 mL min”

Helium

1 uL

SGE BPX-70 (30 m x 250 um - id,
0.25 um) (SGE Analytical Science Ltd.
Milton Keynes, UK)
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Detector - MSD

Rosyjski Method Program - 160°C for 1 min, 0.75°C/min to 200°C,
Column Oven Temperature 200°C for 5 mins

Run Time - 59.333 mins

2.3.5 Absolute Configuration

The absolute configuration of the substituent monomers in the repeating unit structure of an
EPS is determined by the GC-MS analysis of the acetylated butyl glycosides present, the
method employed is adapted from the technique previously developed by Gerwig et al

(1978)"%°.

2.3.5.1 Preparation of Acetylated Butyl Glycosides

A sample of EPS (0.5 mg) was added to a pressure tube containing TFA (0.5 mL 4 M). After
1 h at 120°C the solution was evaporated to dryness under a stream of nitrogen gas at 50°C.
Methanol (2 x 0.5 mL) was added to the dried residue and was removed by evaporation as
previously described. (S)-(+)-2-Butanol (0.5 mL) and acetyl chloride (30 pL) were added to
the tube which was then purged with nitrogen gas, sealed and subsequently heated at 80°C

for 12 h. After 12 h the resulting solution was cooled and evaporated as previously detailed.

Pyridine (0.5 mL) and acetic anhydride (0.5 mL) were then added to the dry residue (butyl
glycosides) in the pressure tube; the sample was heated at 100°C for 2 h. After 2 h the
resulting solution was evaporated as previously detailed. The dried acetylated butyl
glycosides were suspended in deionised water (0.5 mL) and extracted with ethyl acetate (3 x
0.5 mL), the total organic layer was then washed with deionised water (1 mL). The resulting
solution was then evaporated. The dried residue was reconstituted by dissolution in acetone

(0.5 mL) in preparation for GC-MS analysis.

This procedure was repeated for the butyl glycoside monomer standards (D-glucose, D-
galactose and L-rhamnose), the only alteration to the method occurring with the initial

sample size used for the monomer standards (0.15 mg).
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Chromatographic Conditions

Flow Rate - 1 mL min”

Mobile Phase - Helium

Injection Volume - 1 uL

Column - Agilent HP5-MS

lonisation - El

Detector - MSD

Rosyjski Method Program - 175°C for 1 min, 1°C/min to
Column Oven Temperature 180°C, hold at 180°C for 1 min,

0.5°C/min to 185°C, hold at 185°C
for 2 mins

Run Time - 19 mins

2.4  Analysis of Carbohydrates in lonic Liquids

The experimental details along with the analytical procedures utilised for the analysis of

carbohydrates in ionic liquids will be detailed in the following section.

2.4.1 Dissolution of Carbohydrates

A sample (typically 5 g) of ionic liquid (either 1-methyl-3-butylimidazolium chloride or 1-ethyl-
3-methylimidazolium acetate) was added to a round bottom flask containing a magnetic flea
under an atmosphere of nitrogen gas. The ionic liquid was heated to 100°C in an oil bath
with continual stirring until the crystalline solid (BMIMCI) or viscous liquid (EMIMAc) became
visibly fluid. A sample of carbohydrate (typically 10% w/w, 500 mg) was added to the flask;
the solution was then continually monitored by visual examination until complete dissolution

of the carbohydrate was observed (typically ~30 mins).
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2.4.2 Acetylation of Carbohydrates in lonic Liquids
Once samples had dissolved acetylation was initiated by the addition of acetic anhydride and

one of three acetylation catalysts (pyridine/sodium acetate/zinc chloride).

Acetic anhydride (2 mL) and pyridine (2 mL)/sodium acetate (230 mg)/zinc chloride (140 mg)
were added to the carbohydrate-ionic liquid solution (10% w/w) whilst stirring. After 2 h the

stirring was ceased and the solution cooled to room temperature.

2.4.3 Extraction of Carbohydrates from lonic Liquids

Carbohydrates, both native and acetylated were extracted from ionic liquid solutions by
liquid-liquid extraction. A sample (typically 2 mL) of the reaction product (dissolution and
acetylation) was removed from the round bottom flask using a Pasteur pipette. The reaction
product was suspended in deionised water (5 mL) and extracted with chloroform (2 x 10
mL); the total organic layer was then washed with deionised water (5 mL). The solution was
then dried over anhydrous sodium sulphate for 30 mins before being filtered and the

resulting solution evaporated to dryness under a stream of nitrogen gas at 50 °C.

2.4.4 NMR Analysis
Again all NMR spectra of carbohydrates were run on either a Bruker Avance DPX400
400.13MHz or a Bruker Advance DPX500 500.13MHz by Dr. Neil McLay. All spectra were

acquired at either room temperature or at 70°C.

Extracted samples were prepared in deuterated chloroform (CDCI;) whilst un-extracted
samples were subjected to NMR analysis by the addition of either 15% v/v of deuterated
dimethyl sulfoxide (DMSO-dg) or by using a D,O capillary insert to achieve field-frequency

lock.

2.4.5 GC-MS Analysis of Acetylated Carbohydrates
The dried residue obtained from the extraction procedure detailed in section 2.4.3 was

dissolved in acetone (2 mL) in preparation for GC-MS analysis.
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GC-MS analysis of the acetylated carbohydrates was performed as detailed in Section

2.3.3.1.2, the chromatographic conditions for this group of samples are listed as follows:

Chromatographic Conditions

Flow Rate - 1 mL min”

Mobile Phase - Helium

Injection Volume - 1 uL

Column - Agilent HP5-MS

lonisation - El

Detector - MSD

Column Oven - 140°C for 1 min, 2.5°C/min to 240°C,
Temperature Program hold at 240°C for 5 mins, 2.5°C/min to

300°C, hold at 300°C for 5 mins

Run Time - 75 mins

2.4.6 MS with MS/MS Analysis
Extracted acetylated samples, along with acetylated compound standards, were dissolved in

acetone in preparation for MS analysis.

The samples were injected directly into the nebuliser of the MS via a syringe pump (180
pL/hour) and data was acquired for 60 seconds to allow the spectra produced to be

averaged. The MS and MS/MS conditions are as follows:

Mass Spectrometry Conditions

Instrument - MicrOTOF-q with ESI interface, (Bruker

Daltonics, Billerica, USA)

Capillary Voltage - -4500 V
Dry Gas - 4.0L min™
Nebulizer - 0.4 bar
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Mass Range - 50-3000 m/z
Collision Energy - 4.0eV
Collision RF - 200 Vpp
PrePulse Storage - 6.0 us

Mass Spectrometry/Mass Spectrometry Conditions

Isolation Width - 1m/z
Collision Energy - 30 eV
Isolation Mass - [M + NaJ*

2.4.7 Recycling of lonic Liquids

Chapter 2

The aqueous portions obtained from the liquid-liquid extraction procedure detailed in section

2.4.3 were pooled and added to a round bottom flask (separate flasks for reactions utilising

BMIMCI and EMIMAc). The contents of the flask were firstly frozen and then freeze dried

overnight. The resulting viscous solution was prepared for NMR analysis by dissolution in

CDCls.
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3. Structural Characterisation of the Novel EPS from

Lactobacillus helveticus Rosyjski

3.1 Introduction

The exopolysaccharide produced by Lactobacillus helveticus Rosyjski was first isolated at
the University of Huddersfield in the year 2000. Since that time there have been numerous
fermentations undertaken along with previous attempts to identify the monomeric
constituents and how they are connected together to form the repeating unit structure of the
EPS. The chapter will discuss the structural characterisation of the EPS produced by

Lactobacillus helveticus Rosyjski undertaken as part of this research programme.

The chromatographic techniques currently employed for structural analysis and elucidation

will also be examined.

3.2 Production and Isolation of Rosyjski

This section will be concerned with the production and isolation of the resulting EPS material
produced by the fermentation of the isolated bacterial strain Lactobacillus helveticus

Rosyjski.

3.2.1 Production and Isolation of EPS

The fermentation of the bacterial species and the procedure employed for the isolation of the
solid material produced (EPS) are described in Chapter 2. The solid material recovered and
subsequently isolated from the fermentation was recorded as 194.0 mg L. The batch was
numbered XN361, in accordance with the current protocol in operation at the University of
Huddersfield. The EPS yield obtained from batch XN361 is in accordance with those
previously attained from prior fermentations of Lactobacillus helveticus Rosyjski with 237.0
mg L™ being recorded by Chadha (2009)'*® and 32.0 mg L (obtained before optimisation of

fermentation conditions) being recorded by Dunn (2002)™’. It should be noted that there is a
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degree of fluctuation between batches. The general variation between EPS yields can partly
be rationalised by taking into consideration the complexity of the isolation procedure
employed combined with the fact that the EPS producing ability of LAB is often regarded as

being unstable®.

3.2.2 |Initial Observations
'H NMR analysis along with weight-average molecular weight determinations using HP-

SEC-MALLS were carried out as initial observations on the isolated EPS sample.

3.2.2.1 'H NMR Interpretation

As was the case in previous batches of the EPS isolated from the Lactobacillus helveticus
Rosyjski, from the analysis of the 'H NMR integration identified that there were six protons in
the low field region. These have previously been shown to be five anomeric protons
(arbitrarily designated A-E from left to right) and one ring proton (B2). In older batches (such
as XN286) the three signals at the highest chemical shift appear as isolated singlets, these
are followed by two overlapping doublets at ~ 4.7 ppm and finally, immediately adjacent to

this is the ring proton (Figure 26).

HOD

D/E

B2
ABC&

T T T T T T T T
5.5 5.0 45 4.0 35 3.0 25 2.0 ppm

Figure 26: '"H NMR Spectrum of EPS from Lactobacillus helveticus Rosyijski in D,O at
70°C (Batch XN286)
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Interestingly, in later batches of the EPS (such as XN361), a shift in the position of the B2
proton was observed, this placed B2 directly beneath the anomeric doublets (see Figure 27).
With this in mind, it was decided that all NMR analysis would be carried out on spectra from
an older batch of the EPS (XN286). It is also worth pointing out that the spectra provided
evidence for the presence of an amino sugar in the repeating unit with an N-acetyl methyl

being present at 2.06 ppm.

Internal Acetone Standard

D/E + B2
B
55 50 45 40 35 3.0 25 20 ppm

Figure 27: '"H NMR Spectrum of EPS from Lactobacillus helveticus Rosyjski in D,O at
70°C (Batch XN361)

The 'H NMR spectrum, along with other 1D- and 2D- spectra will be discussed and

interpreted in section 3.3.1.

3.2.2.2 Weight-Average Molecular Weight Determination
Firstly, a standard material of known molecular weight and low polydispersity was chosen to
check to ensure the accuracy of the instrumentation. Pullulan (as previously referred to in

section 1.6) is a linear homopolysaccharide consisting solely of glucose units. The M, of the
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pullulan standard is reported in the literature™® as 800,000 g mol™ with a polydispersity

(M,/M,) of 1.23 and a dn/dc value of 0.148 mL g™

8.0
= % Light Scattering Chromatogram (Red)
L 4
6.0— ik .
| 5 Refractive Index Chromatogram (Blue)
i!
I i
vi
4.0— o
[ H
2.0 :
: 3
'2.0 1 1 1 1 | 1 1 1 1 1 | 1 L 1 1 | 1 1 1 1
0 10 30 40 50

Volume (mL)

Figure 28: A Chromatogram of the Pullulan Standard (800,000 M,)

The experimental values obtained for the pullulan standard (Figure 28) confirmed the good

accuracy of the instrumentation with M,, recorded as 806,200 and the M,/M, as 1.177.

With the pullulan standard confirming the accuracy of the HP-SEC-MALLS a sample of

Rosyjski EPS from batch XN361 was analysed. A dn/dc value of 0.1980 mL g™ was used for

the analysis, this value was previously determined from prior fermentations of Rosyjski'°.
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Figure 29: A Chromatogram of EPS Produced By Fermentation of Rosyjski Batch
XN361

The results obtained from the HP-SEC-MALLS (Figure 29) study produced an M, of
1,349,000 whilst the polydispersity (M\/M,) was recorded as 1.151. The values observed for
both weight-average molecular weight and polydispersity demonstrate a discernible
difference between those previously documented for Rosyjski fermentations'*®. The M, was
found to be higher whilst the M,/M, was found to be lower than the value previously
recorded by Chadha (M,, — 997,300 and M,/M, — 1.445). As previously explained with regard
to isolated yields of EPS, the instability of EPS production from LAB can go some way to
explaining the fluctuations observed from one batch to another. The length of time the

fermentation is conducted for can also have considerable influence on these values'''.

3.3  Monomer and Linkage Analysis for Rosyjski

This section will discuss the current procedures utilised for the monomer and linkage

analysis, namely the use of gas chromatography mass spectrometry (GC-MS) and high
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performance anion exchange chromatography with pulsed amperometric detection (HPAEC-
PAD) for both monomer and linkage analysis. An overview of these techniques and their
applications in carbohydrate analysis has previously been provided in section 1.7.1 and

1.7.2.

Monomer analysis for Rosyjski has previously been undertaken by a number of researchers
at the University of Huddersfield (Dr. Marcus Chadha and Mr. Mohammed Magsood
(unpublished results) and by De Vuyst et al (2000) at the University of Brussels (private
correspondence). Using standard techniques (GC-MS — University of Huddersfield and
HPAEC-PAD — University of Brussels), the only monomers observed were glucose and
galactose. However, as previously stated, it is clear from the NMR studies that the EPS from
Rosyjski contains an N-acetyl amino sugar which is not being detected. All of the N-acetyl
amino sugars that have been previously been identified in EPS are either N-
acetylglucosamine or N-acetylgalactosamine. Previous studies could not detect either of the

two N-acetyl amino sugars in the EPS from Lactobacillus helveticus Rosyjski.

In order to try to understand why it was not possible to detect the amino sugar using
HPAEC-PAD it was decided to review the methods that are employed for monomer analysis

and to study the analysis of monomer compositions, including amino sugars.

3.3.1 Monomer Analysis Techniques

As explained in section 1.7.1 monomer composition determination is still a problematic area
of analysis in carbohydrate (EPS) characterisation, mainly due to the difficulty in detecting
and quantifying amino sugars. Amino sugars, though, are relatively commonly observed
monomers in EPS, with N-acetylglucosamine and N-acetylgalactosamine being reported in a

number of EPS from LAB.

The difficulties in the analysis of amino sugars has been overcome to an extent in recent

years with the advent of HPAEC-PAD technology, which is now a regularly adopted
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technique for monomer analysis, often replacing the laborious and often inaccurate GC-MS
technique. Problems still also arise however as sugars are notoriously unstable when heated
at high temperatures in the presence of strong acids'®. The degradation that often occurs
due to this procedure frequently leads to the erroneous reporting of the monomeric
constituents of EPS. During acid hydrolysis N-acetyl amino sugars are deacetylated and
subsequently converted to amino sugars, whilst neutral sugars are degraded and converted

to aromatic compounds and small acids.

3.3.1.2 Acid Catalysts for Hydrolysis

Three main acid catalysts have been commonly employed for the hydrolysis of
polysaccharides over the years; these include HCI'™®®, H,SO,'® and TFA'™® (listed in
decreasing acidity), also formic acid (formolysis)'®', has been utilised to a much lesser extent
for specific carbohydrates. All of the acids employed for hydrolysis have associated
problems. HCI is often considered too harsh for hydrolysis and degrades the liberated
monosaccharides'®?. Also this method requires HCI to be removed by lyophilisation, a
technique which is particularly time consuming. Great care must also be taken to exclude
oxygen from the reaction as its presence can increase monomer decomposition. H,SO,
catalysed hydrolysis, when performed on a micro scale can also present issues as the
reaction requires neutralisation (with either barium carbonate or silver carbonate) and then
subsequent filtration, techniques which can incur sample losses. TFA is the most commonly
used acid for hydrolysis as it is milder in comparison'®® and can be easily removed from the
reaction by evaporation under a dry stream of nitrogen. Again, though, as with HCI, care
must be taken to purge the reaction vessel of oxygen in order to avoid/reduce possible
losses through degradation. Also, as glycosidic links to amino sugars are more difficult to
hydrolyse than neutral sugars, TFA analysis can lead to an under-estimation of the quantity
of this particular group of sugars'®. Formolysis, a much less frequently encountered
hydrolysis technique, employing dilute formic acid (~90% v/v) has been observed to produce

reasonable hydrolysis with minimal degradation. The main problem that arises from

73



Results and Discussion Chapter 3

formolysis is that the time for this reaction to occur has been found to be much longer than
with any of the other acids. This method is more frequently utilised with methylated
polysaccharides, rather than EPS, and can be employed as a pre-hydrolysis technique

161

before further hydrolysis with H,SO,

3.3.1.3 Monomer Analysis Utilising Differing Hydrolysis Techniques
To investigate the monomer composition analysis utilising a variety of acid catalysts a

previously characterised EPS with a known composition of monomeric constituents was

examined.
B-D-Galp

1

1

4

—6)-a-D-Glcp-(1—3)-B-D-Glcp-(1—3)-B-D-GlcpNAc-(1—3)-a-D-Galp-(1—

6
T

1
B-D-Galp-(1—4)-B-D-Glcp

Figure 30: Line Drawing Structure of EPS produced by Lactobacillus acidophilus 5e2

The EPS produced by Lactobacillus acidophilus 5e2 (Figure 30) has previously been fully
structurally characterised'®', the monomer composition analysis provided ratios of
3.1:2.9:0.7 (a whole number ratio of 3:3:1) of D-glucose, D-galactose and N-acetyl-D-
glucosamine respectively for the heptasaccharide repeating unit. It should be noted that the

original analysis utilised the GC-MS detection method employing TFA (2M, 2 Hr).

Each acid hydrolysis reaction was performed as detailed in Chapter 2 (Section 2.3.3.1.1),
the resulting peak areas (in uC) of the monomers present from the chromatograms were
converted to their corrected molar ratios (see Appendix for Standard Curve Data) (Table 3).
It should be noted that upon hydrolysis the N-acetyl-D-glucosamine moiety liberated from the

repeat unit of the EPS is de-N-acetylated to produce the monomer glucosamine.
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Table 3: Monomer Ratio Analysis Utilising Differing Hydrolysis Techniques
Monomer Ratios
Hydrolysis
Conditions Glucose Galactose glu’\c’,:gg:m;re*
H,SO, 0.5M 1Hr 2.60 3.00 1.30
H,SO, 0.5M 2Hr 2.76 3.00 1.33
H,SO, 1M 1Hr 2.94 3.00 1.47
H,SO, 1M 2Hr 3.00 2.98 1.28
HCI 1M 1Hr 1.75 3.00 0.13
HCI 1M 2Hr 3.00 1.58 2.95
HCI 2M 1Hr 3.00 1.74 1.31
HCI 2M 2Hr 2.61 1.77 3.00
TFA 2M 1Hr 3.00 2.82 0.79
TFA 2M 2Hr 3.00 2.46 1.11
TFA 4M 1Hr 3.00 2.86 1.15
TFA 4M 2Hr 3.00 2.38 1.13
Formolysis 2.99 3.00 1.25

*As glucosamine

Firstly it should be pointed out that glucose and particularly galactose are not being reported

at the correct levels in almost all of the hydrolysis conditions analysed. Consequently this will

have a bearing on the accuracy of the ratios observed, even when corrected with the

standard curve data obtained for the response factors for each monomer.

The second point to be identified from Table 3 is that HCI, as expected, is (at the

concentrations examined) too harsh to be utilised as an acid hydrolysis catalyst for

glycosidic bond cleavage. The monomer ratios observed reflected the harshness of the

procedure and were greatly distorted from those expected (3:3:1), extra peaks, attributed to

monomer degradation were also detected in the chromatograms.
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Results obtained from the H,SO, and formolysis analysis, however, established a very
comparable collection of results to those obtained previously, especially for the neutral
sugars (glucose and galactose). Despite these techniques portraying comparable results for
the neutral sugars the data collected for the amino sugar (glucosamine) demonstrated a high
monomeric proportion. Although, as previously explained, this may be due to the

degradation of the glucose and galactose monomers.

The results attained for the reactions with TFA also produced monomer ratios which were
similar to the actual, previously documented values. Additionally the amount of amino sugar
was determined to be more in accordance with the actual corrected whole number ratio of

total monomers than with any of the other acid catalyst techniques employed.

The monomeric ratio data determined here provides reasoning as to why TFA, in
combination with HPAEC-PAD analysis is now the most commonly applied method for
carbohydrate (polysaccharide) monomer qualification and quantification. HCI is too harsh
and the removal of the acid is time consuming. Whilst H,SO, and formolysis demonstrated
highly comparable monomer ratios, consequent issues with micro-scale analysis and long
reaction times respectively, signify they are a less favourable option to that of TFA analysis.
Importantly, it should be recognised that for the EPS studied here, which contains N-

acetylglucosamine, there are no problems observing the amino sugar present.

It should be noted that at the University of Huddersfield, Mr. Mohammed Magsood had
previously provided GC-MS results that supported the presence of N-acetylmannosamine in
the EPS from Lactobacillus helveticus Rosyjski. Further work was then undertaken to see fif,
under the preferred monomer hydrolysis conditions, N-acetylmannosamine could be

observed (see later discussion).

3.3.2 Linkage Analysis Techniques
As explained in section 1.7.2 the way in which one monomer of an EPS repeating unit

structure is linked to another is determined by comparing the mass spectra fragmentation
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fingerprint’ pattern obtained from partially O-methylated alditol acetates (PMAAs) to a
collection of literature standards'?®. The mass spectral data alone however can only offer a
certain degree of elucidation as the fragmentation pattern cannot differentiate between
epimeric monomers such as glucose, galactose and mannose. A further indication of the
hexose present can be obtained from the time taken for them to elute from the GC column,

but for this to be feasible it is neccessary to generate linkage standards.

3.3.2.1 Development of Linkage Standards

Generally compounds employed as standards for linkage analysis of EPS are created from
free sugars or methyl glycosides'® that are sequentially per-O-methylated and subsequently
converted to their alditol acetate form for GC-MS analysis'®>'®®. Developing standards from
free sugars can be unpredictable though, mainly due to the limited control over the
methylation procedure employed in the first step of the method. This can cause a wide range

of products which are methylated to differing degrees (mono-, di-, tri- or tetra-methyl).

It is also possible however to create a number of useful linkage standards from common
disaccharide sugars. Depending on the monomeric composition and linkage present
between the monosaccharide constituents, either one or two model compounds are created

by the conversion of disaccharides to their corresponding PMAAs.

3.3.2.2 Disaccharide Derived PMAA Linkage Compounds
Five disaccharides were chosen to be studied for the development of model linkage
standard compounds, the structure of the native disaccharides along with their names are

given in Table 4.

The PMAA analysis was performed using the method described in Chapter 2. The resulting
reaction products were subjected to GC-MS analysis following the column oven temperature
program detailed in Chapter 2. The linkage standards created were identified from data
provided in recognised literature'?, taking into consideration not only the ions present in the

MS fragmentation spectra but also the abundance ratios of the fragments observed.
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Table 4: Disaccharide Suqgars studied for Model Compounds for Linkage Analysis

Structural Name Structure
HO HO
© OH
o)
Trehalose /%7%,4\ o)
a-D-GIucopyranosyI-(j —1)-a-D- HO HO oOH
glucopyranoside
OH
OH OH
HO
Lactose o o
B-D-Galactopyranosyl-(1—4)-a-D- o oH 5
glucopyranose o on
OH
OH
HO
2-a-Mannobiose HOho
a-D-Mannopyranosyl-(1—2)-D- OH
mannopyranose %5
HOT o oH
OH
0
o HOYo
Gentiobiose OH
a-D-Glucopyranosyl-(1—6)-D- 0
glucopyranose
0
H oH o OH
OH
OH
HO
3-a-Galactobiose 0 v OH
a-D-Galactopyranosyl-(1—3)-D- HO o
galactopyranose OH
o] OH
OH
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Figure 31: MS Fragmentation for PMAA Linkage Standards — A) Terminal

Glucose/Galactose/Mannose; B) 1-2 Linked Mannose; C) 1-3 Linked Galactose; D) 1-4

Linked Glucose; E) 1-6 Linked Glucose
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3.2.2.3 Analysis of Model Linkage Standards

As trehalose is a non-reducing sugar, and as a result of its symmetry, its PMAA synthesis
resulted in one peak being observed in the GC-MS chromatogram at 8.627 minutes. Upon
interpretation of the mass spectrometry data for the fragmentation linkage standards (Figure
31) it was determined that the compound produced was 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-
tetra-O-methyl glucitol, alternatively known as a terminally linked glucose moiety (T-

Glucose).

The reaction of lactose generated two peaks in the GC-MS chromatogram at 9.216 and
11.875 minutes. Peak one was identified as 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra-O-
methyl galactitol (T-Galactose) whilst peak two was determined to be 1,4,5-tri-O-acetyl-(1-
deuterio)-2,3,6-tri-O-methyl glucitol, alternatively denoted as a 1—4 linked glucose moiety

(1-4 Glucose).

The preparation of linkage standards from the disaccharide 2-a-mannobiose produced two
peaks in the GC-MS chromatogram at 8.515 and 11.190 minutes. Peak one was identified
as 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra- O-methyl mannitol (T-Mannose) whilst peak two
was determined to be 1,2,5-tri-O-acetyl-(1-deuterio)-3,4,6-tri-O-methyl mannitol, also

labelled as a 1—2 linked mannose moiety (1-2 Mannose).

The synthesis of gentiobiose generated two peaks in the GC-MS chromatogram at 8.483
and 12.272 minutes. Peak one was identified as 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra-O-
methyl glucitol (T-Glucose) whilst peak two was determined to be 1,5,6-tri-O-acetyl-(1-
deuterio)-2,3,4-tri-O-methyl glucitol, alternatively denoted as a 1—6 linked glucose moiety

(1-6 Glucose).

The preparation of linkage standards from the disaccharide 3-a-galactobiose produced two
peaks in the GC-MS chromatogram at 9.060 and 11.193 minutes. Peak one was identified

as 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra-O-methyl galactitol (T-Galactose) whilst peak
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two was determined to be 1,3,5-tri-O-acetyl-(1-deuterio)-2,4,6-tri-O-methyl galactitol, also

labelled as a 1—3 linked galactose moiety (1-3 Galactose).

The standard linkage model compounds synthesised provide an assortment of terminally
linked and doubly linked monomers and allowed for the retention times in gas
chromatography of these specific hexoses to be determined. The compounds generated can
be utilised as comparative models for the structural characterisation of EPS (see discussion

that follows).

3.3 Structural Characterisation

This section will focus on the structural characterisation of the EPS isolated from the
fermentation of Lactobacillus helveticus Rosyjski through the use of NMR along with

monomer and linkage analysis using both GC-MS and HPAEC-PAD.

3.3.1 Structural Analysis Using NMR
In order to determine the structure of the oligosaccharide repeating unit of the EPS produced
by Lactobacillus helveticus Rosyjski a series of 1D- and 2D- NMR experiments were carried

out.

From the initial observation (see Section 3.2.2.1) of the 'H NMR spectra (Figure 26) five
anomeric proton signals have been identified and labelled A-E. Signal A appears as a
resolved doublet whilst anomeric protons B and C are single peaks, with D and E appearing
as overlapping doublets. From the chemical shift and the ®J;» coupling constant the
anomeric configuration of signal A can be labelled as possessing a-anomeric configuration

167 (

as the coupling constant is below 7 Hz™’ (see Appendix). The anomeric configurations for

signals B-E were determined using a coupled HMQC experiment. As the values for signals

45 it was determined that the

B, D and E were all observed to be over lower than 170 Hz
monomers were all of B-anomeric configuration, whilst monosaccharide C was observed to

be present in the a-anomeric configuration (see Appendix).
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Table 5: Anomeric Proton Chemical Shifts and 3J; , and 'J,.c Coupling Constants

. . A 1 3 * :
Monosaccharide Chera)l;aml)Shlft Jhc gg:s;: |’12tsc(cl)-ll£“ng Configuration
A 5.45 172,3.65 a
B 5.11 166 B
C 5.03 177 a
D 4.67 157 B
E 4.67 164 B

Along with the anomeric signals, the spectra also contains peaks corresponding to the ring

protons which are located between 3.3 — 4.5 ppm, whilst examination of the higher field

region of the '"H NMR spectrum resulted in the identification of a signal at 2.06 ppm. The

position of this signal is commonly associated with the presence of a CH; moiety and can

normally be attributed to the occurrence of an N-acetyl sugar monomer.
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N-acetyl Signals
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Fiqure 32: DEPT 135 "*C NMR Spectrum of Lactobacillus helveticus Rosyjski (Main)
Magnified Region showing Anomeric C1’s (Inset Bottom Left) Magnified Region
showing C6’s (Inset Bottom Right)

The DEPT 135 '*C spectrum (Figure 32) shows positive peaks for CHs and CHss and
negative peaks for CH,s. Upon observing the spectrum several areas of interest can be
immediately identified: anomeric carbon signals are located above 90 ppm as they appear
shifted downfield compared to the ring proton signals (65 — 80 ppm), due to the presence of
their neighbouring oxygen atom; there are 4 peaks located between 60 — 65 ppm that can be
identified as CHys (from C6s). It should be stated that 5 peaks are expected to be observed
(in accordance with the 5 anomeric signals previously identified) in this region of the
spectrum. It is therefore suspected that the largest peak, located furthest up field of the C6s,
consists of 2 overlapping signals. As previously eluded to in the interpretation of the '"H NMR
spectrum, the identification of the presence of an N-acetyl sugar monomer is further
confirmed by the 135 DEPT '3C spectrum. The signal located at 22.78 ppm is characteristic

of the presence of a CH; moiety (from an N-acetyl) whilst the signal at 53.86 ppm is also
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associated with the existence of an N-acetyl monomer representing the carbon atom (C2) of

the sugar'"'®¢,

It should be noted that, in later batches, there is some evidence for the presence of an
additional sugar; some EPS have reported labile monomers (linked via ester or pyruvate
moieties) which can be lost during the isolation procedure'®. This may account for the

movement of the signal for B2 (See Figures 26 and 27).

Structural elucidation of the oligosaccharide repeating unit of the EPS was performed by a
series of 2D-NMR experiments. Initially the COSY (H, H) experiment was performed, this
experiment showed protons attached to the adjacent carbon (linked by scalar coupling), the

'H chemical shifts along both frequency axes are therefore correlated with each other.
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Figure 33: COSY Spectrum of EPS from Lactobacillus helveticus Rosyjski

Initially beginning with the knowledge of the anomeric protons, the COSY spectrum (Figure

33) firstly allows for the H2 signals on the adjacent carbon to be established. Following the
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interconnected diagonal cross peaks a number of protons around the ring can be
determined. Protons H2 — H4 can be identified for monosaccharides A and B, whilst for
monosaccharide C protons H2 — H5 can be assigned and for monomers D and E, due to the

presence of overlapping protons, only H2 — H3 signals can be confidently identified.

Another important spectrum to be examined for identifying which protons belong to which
monosaccharide ring is the TOCSY spectrum (Figure 34). By selectively exciting the
resonance of a single proton in the sample this experiment allows for the detection of all of
the protons in the same coupled spin system. The “range” within the molecule for detecting
a correlation is critically dependent on the length of the mixing time during which the spin-

lock is applied'”.
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Figure 34: TOCSY Spectra of EPS from Lactobacillus helveticus Rosyjski
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By overlaying spectra from TOCSY experiments subjected to different mixing times (30 —
210 ms) it is possible to view not only the short range coupling (usually due to the proton on
the adjacent carbon), but also peaks of lesser intensities become visible; which are usually

due to the protons on the next but one carbon.

The H2 — H5 protons can be identified for all monosaccharides A — E. Again, due to the
appearance of several overlapping peaks, primarily for D and E, identification of the
remaining ring protons was achieved in conjunction with the analysis and comparison of
several spectra including a "H-"C HMBC spectrum (Figure 37), a '"H-">C HSQC (Figures 35

and 36) spectrum and a HSQC-TOCSY spectrum (Figure 34).

Table 6: '"H NMR Chemical Shifts of EPS Recorded in D,O at 70 °C

'H Chemical Shift (ppm)
Monosaccharide H1 H2 H3 H4 H5 H6 H6’
A 5.45 418 4.01 4.30 4.07 3.81* 3.81*
B 5.11 4.62 3.77 3.51 3.90 3.79* 3.79*
C 5.03 3.93 4.07 4.43 3.50 3.73* 3.93*
D 4.67 3.36 3.59 3.78 3.62 3.73* 3.93*
E 4.67 3.40 3.41 3.41 4.35 3.73* 3.93*

*Represents partially overlapping H6 and H6’ resonances

Analysing the values assigned to the H4 chemical shifts of each of the monosaccharides, the
designation of whether each sugar is a D-glucose or a D-galactose monomer can be
achieved. The H4 resonance for D-galactose, regardless of either anomeric configuration or
the presence of any linkages to the molecule, is downshifted in comparison to that of a D-
glucose monomer. Generally H4 resonances for D-glucose occur between 3.75 — 3.46 ppm
whilst H4 resonances for D-galactose occur between 4.26 — 3.83 ppm'’". D and E can

therefore be designated as D-glucose monomers whilst monomers A and C can be
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confirmed as D-galactose. The identification of monosaccharide B will be determined in

Section 3.3.2 using a combination of these results and chromatographic methods.

With the complete assignment of the proton signals for monosaccharides A — E (Table 6) the
correlating carbons are designated by inspection of the '"H-">C HSQC experiment (Figures

35 and 36). This spectrum contains a cross peak for each unique proton attached to the

coupled "*C.
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Figure 35: 'H-"*C HSQC Spectrum of EPS from Lactobacillus helveticus Rosyjski
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Figure 36: '"H-"C HSQC Spectrum Anomeric Region of EPS from Lactobacillus
helveticus Rosyjski

As can be observed from both figures 35 and 36, all the anomeric and ring carbons have
been assigned. As was stated earlier, C2 for sugar B (highlighted in Figure 32) is shifted to
53.86 ppm and is therefore not observed in Figure 35. The *C chemical shifts are given in

Table 7.

Table 7: *C NMR Chemical Shifts of EPS Recorded in D,O at 70 °C

3C Chemical Shift (ppm)
Monosaccharide C1 Cc2 C3 C4 C5 Cc6
A 100.62 69.03 78.86 77.32 73.08 60.97
B 100.32 53.86 72.95 76.95 67.96 61.52
C 100.07 68.73 79.27 76.95 75.42 61.84
D 104.56 74.34 76.71 76.75 78.15 61.84
E 104.97 74.50 76.71 70.67 70.67 61.84

*Highlighted values indicate linkages

The position of the C4 atom is used as an indicator for the determination of whether sugar

residues are present in either the furanose (5-membered ring) — C4 above 81 ppm or
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pyranose (6-membered ring) form — C4 below 81 ppm'”2. The chemical shifts indicate that all

the monosaccharides are present in the pyranose form.

In order to establish the way in which the sugar residues are connected to form the 5
monomer repeating unit, a combination of '"H-"°*C HMBC and 2b- 'H-'"H ROESY are used
for sequence determination. The 'H-"°C HMBC experiment focuses on long range coupling
between protons and carbons two or three bonds away, allowing for the observation of both
intra and inter-molecular coupling through the glycosidic bond (from one sugar residue to

another).

The 'H-"3C HMBC spectra (Figure 37) shows the intra-residue couplings highlighted in red

with the inter-residue couplings highlighted in yellow.
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Figure 37: 'H-"*C HMBC Spectra of EPS from Lactobacillus helveticus Rosyjski

The spectra identifies inter-residue cross peaks from coupling between C H1 and A C4

confirming an A (1—4) C linkage; D H1 and C C3 confirming a D (1—3) C linkage and lastly
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an inter-residue cross peak is observed between E H1 and A C3 confirming a E (1—-3) A
linkage. Possibly, also observed is an inter-residue cross peak indicating a linkage between
B (1—4) C, although this cannot be confidently confirmed as C4 of both monomers B and C

are overlapping. A number of intra-residue couplings are also visible.

To complete the structural conformation, leading to the elucidation of the sequence in which
the monosaccharides are linked to form the repeating unit oligosaccharide, a final 2D-NMR
experiment was consulted, a '"H-'"H ROESY spectrum. The 'H-'H ROESY experiment again
provides information on both the intra-residue and inter-residue coupling in the molecule.
This experiment however provides information on the coupling of proton nuclei in close

spacial proximity (distance smaller than 5A) rather than coupling through bonds’.
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The "H-"H ROESY spectra (Figure 38) shows the intra-residue NOEs highlighted in red with
the inter-residue NOEs highlighted in yellow. NOE cross peaks are observed between A H1
and B H4 confirming the A (1—4) B linkage previously inferred from the 'H-"°C HMBC
interpretation. Inter-residue cross peaks are also observed between B H1 and C H4 and
between C H1 and A H4 confirming the linkages B (1—4) C and C (1—4) A respectively.
Again, as with the '"H-"C HMBC spectra a number of intra-residue couplings are also

visible.

3.3.2 Structural Analysis using GC-MS and HPAEC-PAD
In order to corroborate the compositional and structural information obtained about the
oligosaccharide repeating unit structure from the NMR interpretation, monomer and linkage

analysis were performed.

3.3.2.1 Monomer Analysis

Firstly, the identification of the monomers comprising the repeating unit of the EPS was
performed by the conversion of the monomer components to alditol acetates using the
methods'® "' described in Chapter 2. The resulting reaction products were then subjected

to GC-MS analysis using the column oven temperature program listed in Chapter 2.

The chromatogram obtained (see Appendix) displayed three distinct peaks at 12.796, 13.088
and 20.757 minutes, as has previously been reported by Mr. Mohammed Magsood et al
(unpublished results) (2007). The mass spectrometry fragmentation patterns generated by
each peak were subsequently analysed. The fragmentation observed for peaks 1 and 2
(12.796 and 13.088 minutes) displayed near identical MS fragmentation, characteristic with
the presence of aldohexoses such as glucose (Figure 39A), galactose or mannose in the
sugar alditol acetate form. The fragmentation of peak 3 (20.757 minutes) was found to be
characteristic of belonging to an amino sugar such as glucosamine, galactosamine or
mannosamine (Figure 39B) in the sugar alditol acetate form. A series of alditol acetate

standards (see earlier discussion) with known retention times were run in order to determine
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which sugar monomer gave rise to which particular peak in the chromatogram. It was
resolved that peak 1 at 12.796 minutes was confirmed as glucose whilst peak 2 at 13.088
minutes was confirmed as galactose. Peak 3 at 20.757 minutes was denoted as arising from

the presence of mannosamine.
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Figure 39: MS Fragmentation for Sugar Alditol Acetate Monomers of A) Glucose and
B) Mannosamine

Unfortunately, the ratios of monomers observed by GC-MS analysis (Glu 3, Gal 2.98, Mann
0.23) were not as anticipated. As previously stated, amino sugars are difficult to quantify

when analysed by GC-MS analysis.

Monomer analysis using HPAEC-PAD is frequently utilised as an alternative option to the
GC-MS method of detection. HPAEC-PAD is often used as it involves a simple, quick and

efficient one step acid hydrolysis procedure as described previously in this chapter.

As the monomers give different responses upon their interaction with the PAD in the HPAEC
system (dependent of the pK, of the sugars), standard curves were obtained for the three
sugars present in order to correct the overall ratios of sugar monomers present in the EPS

(see Appendix).
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Fiqure 40: HPAEC-PAD Chromatogram of EPS from Lactobacillus helveticus Rosyjski
Monomers

The identities of the 3 peaks observed in the HPAEC-PAD chromatogram (Figure 40) were
determined by spiking of the sample with standard compounds. Peak one was identified as
mannosamine, whilst peaks 2 and 3 were identified as galactose and glucose respectively.
The corrected molar ratio of the sugars monomer was found to be 2.19:2:1.45 for galactose,
glucose and mannosamine respectively. It should be noted that mannosamine is over
represented. However, it is not clear why this should be the case; one possible explanation
is that the sodium hydroxide concentration used for the development of the standard curves

was not identical to that employed in the analysis of the Rosyjski monomers.

3.3.2.2 Linkage Analysis
The results of the "H-"H ROESY spectrum coupled with the information gained from the "H—
'3C HMBC spectrum indicated a number of linked sugar residues. In order to further confirm

the presence of the previously identified linkages between monomers and determine the
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structure of the oligosaccharide repeat unit structure, linkage analysis (of alditol acetates)

was performed by GC-MS'®,

Analysis of the linkage data (see Appendix) identified several peaks which, when coupled
with the corresponding mass spectra (Figure 41 A — D), were confirmed as matching the

linkages previously recognized by NMR interpretation.

A) B)
~ CHDOAc ./  CHDOAc /
..... (249{_ H——O Me S 102 277 H——0OMe ',,..-‘-'118 102
> 162 162"
217 ’ ..... 205 H _— O Me %46 ’ ..... 233 H —_— O Me
1 291 ii ..... 161.‘::‘_ H——OMe '.'_.-"'206 11 3» '''' 173 X : H——OAc
102, H——OAc “ H——O0Ac
s  CHOMe . CH,0Me
C) D)
CHDOAc X CHDOAc 4117
i H——OMe 1 T H—— N=GAS P
y, H——O0Ac | e 23;’. H——OMe 2%
" H——O0Ac 173 H——OAc
- H——O0Ac " X < H OAc X
STTTCH OMe ST CH, OMe
45 45

Figure 41: Mass Spectra Fragmentation A) Terminal Glucose/Galactose; B) 1-4 Linked
Glucose/Galactose; C) 1, 3, 4 Linked Glucose/Galactose; D) 1-4 Linked N-
acetylmannosamine

The linked monomers were identified from data provided in the literature'®, taking into
consideration not only the ions present in the MS fragmentation spectra but also the

abundance ratios of the fragments observed.
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Peaks 1 and 2 was identified as 1, 5-di-O-acetyl-(1-deuterio)-2, 3, 4, 6-tetra-O-methyl hexitol
(terminally linked glucose/galactose); this was confirmed by the presence of the
characteristic m/z peaks 102, 118, 129, 145, 161, 162 and 205. Peak 3 was identified as 1,
4, 5-tri-O-acetyl-(1-deuterio)-2, 3, 6-tri-O-methyl hexitol (1-4 linked glucose/galactose); this
was confirmed by the presence of m/z peaks 102, 113, 118, 162, 173, 203 and 233. Peak 4
was identified as 1, 3, 4, 5-tetra-O-acetyl-(1-deuterio)-2, 6-O-methyl hexitol (1, 3, 4 linked
glucose/galactose); this was confirmed by the presence of m/z peaks 118 and 205. Peak 5
was identified as 1, 4, 5-tri-O-acetyl-(1-deuterio)-(2-N-methylacetamide)-3, 6-di-O-methyl
hexitol (1-4 linked N-acetylmannosamine); this was confirmed by the presence of m/z peaks

117,159, 173, 203 and 233.

The specific identities of peaks 1, 2 and 3 were confirmed by the spiking of the linkage
sample with disaccharide standards prepared in Section 3.3.2.2, the sample was firstly
spiked with lactose (B-D-Galactopyranosyl-(1—4)-a-D-glucopyranose) and then secondly
with trehalose (a-D-Glucopyranosyl-(1—1)-a-D-glucopyranoside). Upon the addition of the
acetylated lactose standard a distinct increase was observed in the abundance of peaks 2
and 3. This evidence therefore enabled peak 2 to be assigned as a terminally linked
galactose whilst peak 3 was confirmed as emanating from the presence of a 1-4 linked
glucose monomer. When spiked with trehalose the Rosyjski linkage sample demonstrated
an increased abundance for peak 1, therefore confirming the presence of a terminally linked

glucose monomer.

3.3.3 Absolute Configuration

Absolute configuration analysis was performed by Mr. Yucheng Gu at the University of
Huddersfield. Galactose and glucose were both confirmed as having D- absolute
configuration. No standard was available for comparison of the N-acetylmannosamine

moiety.
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3.3.4 Structure of the EPS produced by Lactobacillus helveticus Rosyjski
The structure that has been proposed is based upon a combination of the information

provided from NMR and GC-MS interpretation.

—4)-B-D-ManNAc-(1—4)-a-D-Gal-(1—4)-a-D-Gal-(1—
3 3
T T
1 1
B-D-Glu B-D-Glu

Figure 42: Line Drawing of EPS Repeating Unit Structure from Lactobacillus
helveticus Rosyjski

As mentioned in Section 3.3.1, the presence of an additional sugar has been previously
described. This may account for the discrepancies observed between the NMR and GCMS
results. The 1-4 linked glucose and terminally linked galactose monomers additionally
identified in the GCMS chromatogram could conceivably arise from the loss of an additional
sugar linked to the C4 position of monosaccharide D. This would explain the slightly elevated

chemical shift value observed for D documented in Table 7.

H

NH
2AC (B) B-D-N-acetylmannosamine

o (C) a-D-galactose
0o H
O OH OH
o (A) a-D-galactose

(D) B-D-glucose Q
H
OH O /
OH
@) @)
(E) B-D-glucose HO
HO
OH
H

\

Figure 43: Structure of EPS produced by Lactobacillus helveticus Rosyjski
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The anomeric proton on each sugar residue is highlighted in blue. The backbone of the
pentasaccharide repeating unit structure consists of three monosaccharides; two D-
galactoses and one N-acetylmannosamine. The main chain contains two branched side
chains comprised of two glucose units, each 1—-3 linked to the backbone. It should be noted
that the sugar N-acetylmannosamine has never before been identified as being present in an

LAB exopolysaccharide. The proposed structure presented is a novel EPS.
34 Future Work

Future work could potentially include the synthesis of a wider range of standard alditol
acetate compounds from di- and possibly trisaccharides to be utilised for GC-MS linkage
analysis. Creating an extensive library of partially-O-methylated alditol acetates would allow
for the rapid, efficient and reliable identification of the way in which monomers of an EPS

repeating unit are linked together.

Further work could be carried out with the EPS produced by Lactobacillus helveticus
Rosyjski to address the discrepancies observed in the NMRs between some batches of the
EPS (as discussed in sections 3.2.2.1 and 3.3.1). This may be investigated in a number of

different ways.

The fermentation procedure could potentially be extensively explored, examining the
protocol of the initial fermentation along with the EPS extraction technique. The fermentation
could also be strictly monitored over a set period of time, with portions of the media being
removed at regular intervals to analyse whether there is a change in either the molecular
weight of the EPS or in the composition of the repeating unit structure over time. This
process has previously been explored by Laws et al with the EPS produced by Lactobacillus
acidophilus 5e2'"". Scrutinising the EPS production and isolation could possibly identify the
cause of the inconsistency constantly observed from one isolated batch of EPS to another.
Using alternative techniques in the isolation procedure, such as incorporating the use of

Pronase and DNAse instead of using TCA could also be investigated.
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3.5 Appendices
3.5.1 HPAEC-PAD Monomer Standard Curves

3.5.1.1 Glucose
Area pC* Min GIUCOSE
0.04
y =0.00139x + 0.00024
0.035

R? = 0.99881 /
0.03 /
0.025 /
0.02

0015 / @ Glucose
0.01
0.005 ~
0 1/ . : : . . .

° > 10 ppm 1 20 25 30
3.5.1.2 Galactose
Area pC* Min Galactose
0.035
0.03 y = 0.00123x + 0.00026 .
R?=0.99617
0.025 ®
0.02 -
0.015
/ ¢ Galactose
0.01 /
0.005 /
0 = T T T . : I
0 5 10 15 20 25 30
ppm

99



Results and Discussion Chapter 3
3.5.1.3 Glucosamine
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3.5.2

Anomeric Configuration Determination

Chapter 3

3.5.2.1 Coupled HMQC NMR Spectrum of EPS from Lactobacillus helveticus Rosyjski;

Inset — Expanded "H NMR spectrum showing Anomeric Proton A
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3.5.3 GC-MS Monomer Analysis
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3.5.4 GC-MS Linkage Analysis
3.5.4.1 GC-MS Chromatogram of Rosyjski EPS Linkages
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2000004
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4. Structural Characterisation of the Novel EPS from

Bifidobacterium animalis subsp. lactis IPLA-R1 (A1dOxR)

41 Introduction

This chapter will discuss the characterisation of an exopolysaccharide produced by the
bacteria Bifidobacterium animalis subsp. lactis. More specifically the bile-adapted derivative
A1dOxR strain; created by the progressive adaption of the parental A1 strain of the bacteria
to increasing concentrations of bile salts'”®. Another bile-adapted derivative strain was also
isolated (A1dOx) from the parental A1 strain but neither of these two strains conferred the

ropy phenotype as seen with A1TdOxR'".

4.2 Isolation and Preparation of A1dOxR

This section will be concerned with the isolation and preparation of EPS from the crude
fermentation broth of Bifidobacterium animalis subsp. lactis A1dOxR through the use of two
differing dialysis techniques. The EPS was characterised using 1D-NMR experiments along

with weight-average molecular weight determinations using MALLS.

4.2.1 Analysis of Crude Sample
Initially, the crude A1dOxR polysaccharide was subjected to 1D-'H NMR analysis. This
spectrum showed signals for all of the protons present in the repeating unit of the EPS

(Figure 44).
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Anomeric Region
ey i e g
T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 ppm

Figure 44: '"H NMR Spectrum of Crude EPS from Bifidobacterium animalis subsp.
lactis A1dOxR in D,O at 70°C

Although, when the anomeric region (4.7 — 5.6 ppm) was more closely inspected it could be
observed that a number of the proton signals were both highly complex and overlapping.
After inspection of the integrals for the anomeric protons it became clear that the crude
sample was comprised of more than one regular repeating unit structure (Figure 45), with

different integral heights being observed for different protons.

T T T T T T T T T T T 1
5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7 4.6 4.5 pPpm

Figure 45: Expanded Anomeric Region 'H NMR Spectrum of EPS Crude EPS from
Bifidobacterium animalis subsp. lactis A1dOxR
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The identification of the presence of more than one regular repeating unit from the EPS was
further confirmed by the detection of more than one peak when the sample was analysed by

size exclusion chromatography (SEC) (Figure 46).

Light Scattering Chromatogram (Red)

Refractive Index Chromatogram (Blue)

20 1 1 I 1 I 1 1 1 1 I I 1 1 1 I I 1 1 1 I 1 1 1 1
0 10 20 30 40 50
Volume (mL)

Figure 46: A Chromatogram of Crude EPS from Bifidobacterium animalis subsp. lactis
A1dOxR

Three closely eluting peaks were visible in the chromatogram. The high molecular weight
(HMW) peak produced a weight-average molecular weight (M,) of 3.527 x 10° Da, whilst the
two lower molecular weight peaks demonstrated M, of 2.586 x 10° and 4.430 x 10°
respectively. The HMW peak was observed to be comparable to the SEC-MALLS results
previously reported by Ruas-Madiedo et al in 2010. The lower molecular weight peaks
identified however were found to be largely over estimated (Ruas-Madiedo et al 2010). This
is due to the presence of phosphate, which gives the lower molecular weight material a

negative charge, thereby affecting the M, interpretation of the chromatogram on a system
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operated with water as the eluent as appose to sodium nitrate, which is used for the

detection of negatively charged materials''.

4.2.2 Isolation of High Molecular Weight material from Crude A1dOxR
In order to separate the larger polysaccharide (high molecular weight — above 100,000 Da)

from the other material in the crude A1dOxR sample a separation technique was required.

4221 Ultrafiltration using Vivaspin 20 Centrifugal Concentrators

The first method that was used in an attempt to separate the different components from
A1dOxR was ultrafiltration. Initially a Vivaspin 20 cartridge was loaded with a solution of EPS
in D,O with a concentration of 1 mg mL™". The cartridge was then subjected to the procedure
detailed in Chapter 2 section 2.2.5.1. Upon recovery of the retentate (material above

100,000 Da) a 'H NMR spectrum was obtained (Figure 47).

Glycerol H
\\
HO  OH
5‘.0 4‘.5

Figure 47: "H NMR Spectrum of High Molecular Weight Material Recovered from
Vivaspin 20 (Main) Magnified Anomeric region (Inset)

The 'H NMR spectrum of the retentate illustrates the isolation of the high molecular weight

material from the original crude sample as a single polysaccharide: this is demonstrated by
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the less complex pattern of peaks displayed in the anomeric region of the spectrum (shaded
red) and the whole number ratio of the peak integrals observed. The peaks correspond to six
anomeric protons labelled A, B, C, D, E and F respectively in order from high chemical shift
to low chemical shift — these are identified as the monomer units that comprise the regular

repeating unit structure of the high molecular weight material.

This method of separation however introduced a series of extraneous peaks (shaded
purple), that were not visible in the original A1TdOxR sample. After investigation, involving
subjecting blank samples of D,O to the Vivaspin 20 separation procedure followed by 'H
NMR it was concluded that the peaks had arisen from contamination introduced from the

filters in the Vivaspin concentrators, glycerol, which is used as a humectant.

4222 Dialysis using Spectra/Por Float-A-Lyzer

To overcome the issue of contamination experienced when using the centrifugal
concentrators a second dialysis technique was applied to the crude sample: dialysis using a
float-a-lyzer. The float-a-lyzer was loaded with a solution of EPS in D,O with a concentration
of 4.5 mg mL". The cartridge was then subjected to the procedure detailed in Chapter 2
section 2.2.5.2. Upon recovery of the retentate, including the high molecular weight material,

a "H NMR spectrum was obtained (Figure 48).
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i

5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm

Figure 48: '"H NMR Spectrum of High Molecular Weight Material Recovered from
Spectra/Por Float-A-Lyzer

From inspection of the spectrum it can be clearly seen that separation of the high molecular
weight material from the crude has again been successful; more importantly, the area of the
spectrum that had previously displayed peaks corresponding to glycerol contamination (3.9 —
4.25 ppm) is much cleaner as the signals present now correspond only to that of the high

molecular weight regular repeating unit being studied.

The isolation of the high molecular weight material was further confirmed by subjecting the

sample to HP-SEC-MALLs analysis (Figure 49).
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Fiqure 49: A Chromatogram of High Molecular Weight material isolated from Crude
A1dOxR using Spectra/Por Float-A-Lyzer

The chromatogram, when compared to that previously obtained for the crude sample now
shows predominantly a single peak, relating to the HMW species. The M,, was determined to
be 3.539 x 10° Da. It must be noted however that the peak identified did not contain purely
the HMW material. Small traces of the lower molecular weight material, previously identified

in the crude sample were also detected.

4.3  Structural Characterisation

This section will focus on the structural characterisation of the high molecular weight material

isolated from the crude A1dOxR EPS through the use of NMR, GC-MS and HPAEC-PAD.
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4.3.1 Structural Analysis using NMR
In order to determine the structure of the oligosaccharide repeating unit structure of the EPS
produced by Bifidobacterium animalis subsp. lactis A1dOxR a series of 1D- and 2D-NMR

experiments were carried out.

The first experiment performed was a 'H NMR (Figure 48); this spectrum can be used to
determine the number of monomer units in the oligosaccharide repeating unit structure. As
can be seen, there are 6 proton signals in the anomeric region labelled A — F (from left to
right). A — D appear as single peaks or unresolved doublets whilst E and F are clearly
resolved doublets. From the chemical shifts and °J;, coupling constants the anomeric
configuration of signals E and F can be labelled as possessing 3-anomeric configuration as

167 (

they have coupling constants greater 7 Hz™" (see Appendix). The anomeric configurations

for signals A — D were determined using a coupled HMQC experiment. As the values for
signals A — D were all observed to be over 170 Hz it was determined that the monomers

145 (

were all of a-anomeric configuration'™ (see Appendix).

Table 8: Anomeric Proton Chemical Shifts and 3J; , and 'J,.c Coupling Constants

Monosaccharide Cher(npi;?rll)Shift 1J“'°§2::t‘g r"z:sc(?_;'))"ng Configuration
A 5.33 173 a
B 5.20 175 a
C 5.06 174 a
D 5.05 173 a
E 4.70 7.78* B
F 4.50 7.60* B

Upon examining the high field (low frequency) region of the spectrum, the presence of
proton signals characteristic of CH; moieties was noted. After integrating the peaks it was

determined that there were 9 proton signals; subsequently corresponding to the presence of

110



Results and Discussion Chapter 4

three methyl groups. The identification of methyl groups at ~ 1.5 ppm is generally recognised
as an indication of the presence of methyl pentoses such as rhamnose or fucose or other

commonly encountered EPS moieties such as pyruvate.

CH3S .

Cis

C6s

105 100 95 920 85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm

Figure 50: DEPT 135 '*C NMR Spectrum of High Molecular Weight EPS from
Bifidobacterium animalis subsp. lactis A1dOxR (Main) Magnified Region showing
CHss (Inset Top) Magnified Region showing C6s (Inset Bottom)

The DEPT 135 '*C Spectrum (Figure 50) shows positive peaks for CHs and CHgs and
negative peaks for CH,s. The anomeric carbons (C1s) appear downfield (above 90 ppm)
due to the presence of the neighbouring ring oxygen atom and as expected 6 unique signals
were observed. There are 3 peaks that can be identified as CH,s (from the C6s); these are
located between 60 — 65 ppm and three CHss (characteristic of the presence of a methyl

pentose) signals appear between 10 — 20 ppm; again confirming the presence of 6 hexoses.

In order to fully characterise the structure of the oligosaccharide repeating unit of the EPS a

series of 2D-NMR experiments were performed. Initially the COSY ('H, 'H) experiment was
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performed, this experiment showed protons attached to the adjacent carbon (linked by scalar

coupling), and the 'H chemical shifts along both frequency axes are therefore correlated with
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each other.
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Figure 51: COSY Spectrum of High Molecular Weight EPS from Bifidobacterium
animalis subsp. lactis A1dOxR

Starting with the knowledge of the positions of the anomeric protons the COSY spectrum
firstly allows the identification of the H2 signals on the adjacent carbon. Following the
interconnected diagonal cross peaks a number of other ring protons can be determined. The
spectrum in Figure 51 permits the naming of H2 and H3 for A, B, C and E. Whilst H2 — H4

can be identified for monosaccharides D and F.

Another important spectrum to be examined for identifying which protons belong to which
monosaccharide ring is achieved are TOCSY spectra (Figure 52). By selectively exciting the
resonance of a single proton in the sample this experiment allows for the detection of all of

the protons in the same coupled spin system. The “range” within the molecule for detecting

112



Results and Discussion Chapter 4

a correlation is critically dependent on the length of the mixing time during which the spin-

lock is applied'”.

TN

' WW w \}IM

5.0 45 4.0 F2 [ppm]

Figure 52: Overlaid TOCSY Spectra of High Molecular Weight EPS from
Bifidobacterium animalis subsp. lactis A1dOxR

By overlaying spectra from TOCSY experiments run at different mixing times (30 — 210 ms)
it is possible to view not only the short range coupling (usually due to the proton on the
adjacent carbon), but also peaks of lesser intensities become visible; which are usually due
to the protons on the next but one carbon. The H2 — H5 protons can be identified for
monosaccharides B — F. Only H5 for A is not observed in either the COSY or TOCSY

experiments.

Overlaying the COSY spectrum with that of the TOCSY spectrum (Mixing Time — 150 ms)
enables the H6s for B and C to be individually assigned (Figure 53). The overlay allows for
the identification of H6s by the overlap of the H5 COSY peaks with the corresponding peaks

present in the TOCSY spectrum. The identification of the H6s for monosaccharides B and C
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allowed for the position of the H5 proton for A to be determined. This was achieved using the
information of the positions of the H5 protons for B and C in conjunction with the knowledge

of the A H6 proton.
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Figure 53: TOCSY (150 ms) Spectrum with COSY Spectrum Overlaid of High Molecular
Weight EPS from Bifidobacterium animalis subsp. lactis A1dOxR

With the assignment of the complete proton signals for monosaccharides A — F (Table 9) the
correlating carbons are designated by inspection of the '"H-">C HSQC spectrum (Figures 54
and 55). This spectrum contains a peak for each unique proton attached to the coupled *C

considered. The '*C chemical shifts are given in Table 10.
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Table 9: 'TH NMR Chemical Shifts of EPS Recorded in D,O at 70 °C

Chapter 4

'H Chemical Shift (ppm)
Monosaccharide H1 H2 H3 H4 H5 H6 H6’
A 5.35 4.08 3.89 3.40 3.67 1.25 -
B 5.21 4.08 3.83 3.42 3.72 1.29 -
C 5.07 4.35 3.98 3.60 3.77 1.31 -
D 5.06 4.11 4.25 3.86 3.78 3.68* 3.90*
E 4.71 3.40 3.73 3.60 3.60 3.68* 3.90*
F 4.50 3.65 3.86 4.39 3.61 3.68* 3.90*

*Represents partially overlapping H6 and H6’ resonances

From the determination of the H4 position of the remaining unassigned sugar residues (D, E

and F), the designation of whether each sugar is a D-glucose or a D-galactose monomer can

be identified. The H4 resonance for D-galactose, regardless of either anomeric configuration

or the presence of any linkages to the molecule, is shifted downfield in comparison to that of

a D-glucose monomer. Generally H4 resonances for D-glucose occur between 3.75 — 3.46

ppm whilst H4 resonances for D-galactose occur between 4.26 — 3.83 ppm'’". D and F can

therefore be designated D-galactose and E as D-glucose.
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Figure 54: "H-"*C HSQC Spectrum of High Molecular Weight EPS from

Bifidobacterium animalis subsp. lactis A1dOxR
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Figure 55: "H-'*C HSQC Spectrum — Anomeric Region of High Molecular Weight EPS

from Bifidobacterium animalis subsp. lactis A1dOxR
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Table 10: '*C NMR Chemical Shifts of EPS Recorded in D,O at 70 °C

3C Chemical Shift (ppm)
Monosaccharide C1 C2 C3 C4 C5 C6
A 100.35 78.28 70.84 73.09 69.80 17.40
B 100.25 79.02 70.17 73.25 69.80 17.23
C 101.33 77.49 80.74 71.86 69.81 17.44
D 102.12 76.78 7413 81.50 71.09 61.61
E 104.37 7417 75.22 80.37 75.30 61.41
F 103.45 71.06 73.88 76.47 71.92 61.22

*Highlighted values indicate linkages; Underlined value indicates presence of a furanose

As previously referred to in Chapter 3 the position of the C4 atom is used as an indicator for
the determination of whether sugar residues are present in either the furanose (5-membered
ring) or pyranose (6-membered ring) ring structures. The chemical shifts indicate that all the
monosaccharides are present in the pyranose form with the exception of D, which is either

present in the furanose form or participates in a C4 glycosidic linkage.

In order to establish the way in which the sugar residues are connected to form the 6
monomer repeating unit, a combination of '"H-'*C HMBC and 2p-'H-'H NOESY spectra are
used for sequence determination. The 'H-">C HMBC spectra (Figure 56) shows the intra-
residue couplings highlighted in red with the inter-residue couplings highlighted in yellow.
The spectra identifies inter-residue cross peaks from coupling between A H1 and F C4
confirming an A (1—4) F linkage; B H1 and C C2 confirming a B (1—2) C linkage; D H1 and
B C2 confirming a D (1—2) B linkage and lastly an inter-residue cross peak is observed
between C H1 and A C2 confirming a C (1—2) A linkage. A number of intra-residue

couplings are also visible.
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Figure 56: '"H-">C HMBC Spectrum of High Molecular Weight EPS from
Bifidobacterium animalis subsp. lactis A1dOxR

To complete the structural conformation leading to the elucidation of the sequence in which
the monosaccharides are linked to form the repeating unit oligosaccharide a final 2D-NMR
spectrum is required. As with the '"H-'"H ROESY experiment (Chapter 3) the 'H-'H NOESY
experiment provides information on both the intra-residue and inter-residue coupling in the
molecule. Again providing information on the coupling of proton nuclei in close spacial

proximity (distance smaller than 5A) rather than coupling through bonds.
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The 'H-"H NOESY spectrum (Figure 57) shows the intra-residue NOEs highlighted in red
with the inter-residue NOEs highlighted in yellow. Strong NOE cross peaks are observed
between A H1 and F H4 and between B H1 and C H2 further confirming the A (1—4) F and
B (1—-2) C linkages identified by the '"H-"C HMBC spectrum. Strong NOE cross peaks are
also observed between D H1 and B H2 confirming a D (1—2) B linkage and between E H1
and C H3 confirming an E (1—3) C linkage and finally F H1 and E H4 confirming a F (1—4)
E linkage. Medium and weak NOE cross peaks are observed between A H1 and F H6 and
D H1 and B H4. These cross peaks occur due to the NOE coupling through space between
monosaccharides present in close proximity. Again, as with the '"H-"C HMBC spectrum a

number of intra-residue couplings are also visible.

4.3.1.1 Mild Acid Hydrolysis of the Oligosaccharide Unit
From the "H-"C HMBC and 'H-"H NOESY interpretation, coupled with the prior knowledge
gained from previously characterised EPS structures® it can be determined that a side-chain

is present in the oligosaccharide repeat unit.

Mild acid hydrolysis was performed in situ in an NMR tube following the method'** detailed in
Chapter 2 section 2.3.1. A '"H NMR spectrum (Figure 58) was recorded prior to the addition
of acid, following this spectra were recorded every hour for 9 hours with an additional

spectra being record after 24 hours.
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The first change to be observed is a shift in the position of A H1, the signal shifts up field by
0.06 ppm, this occurs rapidly upon addition of the acid. This is thought to be due to a slight
change in hydrogen bonding in the molecule. Secondly, the shape of the overlapping
anomeric signals assigned to C H1 and D H1 begins to change. This is attributed to the
cleavage of monosaccharide D from the oligosaccharide repeating unit. The change is
observed in accordance with the appearance of two new doublet signals at 5.25 ppm and
4.56 ppm. This occurs as monosaccharide D is now free in solution and therefore present in
both the alpha (4.56 ppm) and beta (5.25 ppm) anomeric forms (Figure 59). This in turn

reveals signal C H1 as a singlet peak.

Mild Acid
Hydrolysis

HO
OH

B-D-galactofuranose a-D-galactofuranose

~o OH H
S~al o) o)
o H H
Cleavage
HOy,,,, H HOy,,,, OH
OH HOC OH
2 HZ

HOC
H

Figure 59: Mild Acid Hydrolysis Effect on EPS Repeat Unit Structure

Further examination of the spectra reveals a shifting in the position of the anomeric signal for
residue B to 5.16 ppm. This shift is a consequence of the cleavage of the connected
monosaccharide D (D (1—2) B linkage as indicated by the '"H-'"H NOESY experiment). As
the glycosidic bond to D is hydrolysed over time, the environment of the anomeric proton of

monosaccharide B is affected. This is due to the short distance (3 bonds) between the
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anomeric proton at B H1 and the point on the monosaccharide at which residue D was
previously attached, B C2. Finally it can be noted that as the oligosaccharide unit becomes
smaller over time (due to the loss of residue D) the anomeric signals for monosaccharides E

and F become increasingly sharper.

4.3.2 Structural Analysis using GC-MS and HPAEC-PAD
To characterise the EPS oligosaccharide repeating unit structure, established
chromatographic techniques were implemented for determining its monomer composition

and the linkages of the sugars.

4.3.2.1 Monomer Analysis

Initially the monomer identification was performed by GC-MS analysis (Alditol Acetates)
using the methods'®'?' described in Chapter 2 section 2.3.3.2. The resulting reaction
product was then subjected to GC-MS analysis following the temperature program as

detailed in Chapter 2 section 2.3.3.1.2.
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Figure 60: GC-MS Chromatogram of HUW EPS Monomers
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The chromatogram obtained displayed three distinct peaks (Figure 60) at 7.568, 16.940 and
17.384 minutes. The mass spectrometry fragmentation patterns generated by each peak
were then analysed. The fragmentation observed for Peak 1 (7.568 minutes) was
characteristic of belonging to a 6-deoxy hexose (methyl pentose) in the sugar alditol acetate
form; either rhamnose (Figure 61A) or fucose. Peaks 2 and 3 (16.940 and 17.384 minutes)
displayed almost identical MS fragmentation, characteristic of belonging to aldohexoses
such as glucose (Figure 61B), galactose or mannose etc in the sugar alditol acetate form. A
series of alditol acetate standards with known retention times were run in order to determine
which sugar monomer arose from which particular peak in the chromatogram. It was
resolved that peak one at 7.568 minutes was denoted as arising from the presence of
rhamnose. Peak two at 16.940 minutes was confirmed as glucose whilst peak three at

17.384 minutes was confirmed as galactose.

" CHOAc 3 ’ CHLOAC 73
o o e idor e
- 231 H——OAc "::':289 ..... 7 289‘.::‘,, AcO——H -""“217 IIIII 'l;87
VI | PP Y o 259 217__.-:: AcO——H 2 ,259
57" AcO——H 145':”. H——O0Ac *'"
15" CH, e CH,0 Ac

Figure 61: MS Fragmentation for Sugar Alditol Acetate Monomers of A) Rhamnose
and B) Glucose

Unfortunately, the ratios of monomers observed by GC-MS analysis were not as anticipated.
Under estimation of sugar residues when analysis is carried out by GC-MS is often observed
due to the under derivatisation (pre column) of the constituent monomers; therefore an

alternative method of quantification is often sought'”®.
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Monomer analysis using HPAEC-PAD is frequently utilised as an alternative option to the
method involving GC-MS detection. HPAEC-PAD is often employed instead of GC-MS

methods due to the simple, quick and efficient one step acid hydrolysis procedure'?®'%°

as
described in Chapters 2 and 3. Initially however, again the sugar monomers ratio was not as
expected from the NMR analysis. This was credited to a problem with the online mixing of
the mobile phase eluent used in the HPAEC (sodium hydroxide and water) to form the
required concentration of dilute sodium hydroxide essential to accurately perform the
analysis. Subsequent work undertaken at the University of Huddersfield by Mr. Glenn
Robinson however gave the expected and correct results for the monomer ratios (Figure 62).
As the monomers give different responses upon their interaction with the PAD in the HPAEC

system, standard curves were obtained for the three sugars present in order to correct the

overall ratios of sugar monomers present in the HMW EPS (see Appendix).
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Figure 62: HPAEC-PAD Chromatogram of HMW EPS Monomers
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The response factor for each monomer was corrected in accordance with the standard curve
data obtained, from the monomer analysis it was determined that the HMW EPS repeating
unit was composed of rhamnose, galactose and glucose in a molar ratio of 3:2.07:0.84. It is

noted that the glucose residue is still very slightly under determined.

43.2.2 Linkage Analysis

The results of the "H-"H NOESY spectrum coupled with the information gained from the 'H—
'3C HMBC spectrum indicated a number of linked sugar residues. In order to further confirm
the presence of the previously identified linkages between monomers and determine the
structure of the oligosaccharide repeat unit structure, linkage analysis (of alditol acetates)

was performed by GC-MS'®,

It must be noted that, as the HMW EPS could not be separated entirely from the lower
molecular material originally present in the crude sample other peaks not corresponding to
the structure of the HMW EPS do appear in the chromatogram for the linkage data. It is
estimated that ~ 10% of the lower molecular weight material was still present in the HMW

EPS sample.

The linkage data (see Appendix) identified several peaks which, when coupled with the
corresponding mass spectra (Figure 63 A — D) were confirmed as matching the linkages as

previously indicated by NMR interpretation.
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Fiqure 63: Mass Spectra Fragmentation A) 1-2 Linked deoxy hexose; B) 1-4 Linked

hexose; C) 1, 2, 3 Linked deoxy hexose; D) Terminal hexose (f)

The linked monomers were identified from data provided in the literature'®, taking into

consideration not only the ions present in the MS fragmentation spectra but also the

abundance ratios of the fragments observed.

Peak 1 was identified as 1, 2, 5-tri-O-acetyl-(1-deuterio)-3, 4-di-O-methyl-6-deoxy hexitol (1-

2 linked deoxy hexose); this was confirmed by the presence of m/z peaks 131, 190 and 234.

Peak 2 was identified as 1, 4-di-O-acetyl-(1-deuterio)-2, 3, 5, 6-tetra-O-methyl hexitol

(terminally linked hexofuranose); this was confirmed by the presence of m/z peaks 89, 102,

118, 162, 205 and 278. Peak 3 was identified as 1, 2, 3, 5-tetra-O-acetyl-(1-deuterio)-4-O-

methyl-6-deoxy hexitol (1, 2, 3 deoxy hexose); this was confirmed by the presence of m/z
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peaks 131 and 262. Peak 4 was identified as 1, 4, 5-tri-O-acetyl-(1-deuterio)-2, 3, 6-tri-O-
methyl hexitol (1-4 linked hexose); this was confirmed by the presence of m/z peaks 102,
113, 118, 162, 173 and 233. Peak 5 was identified as 1, 4, 5-tri-O-acetyl-(1-deuterio)-2, 3, 6-
tri-O-methyl hexitol (1-4 linked hexose); this was confirmed by the presence of m/z peaks

102, 113, 118, 162, 173 and 233.

Peak 4 was further analysed and confirmed as 1-4 linked glucose by spiking the linkage
sample with the disaccharide lactose (B-D-Galactopyranosyl-(1—4)-a-D-glucopyranose) in its
per-O-methylated alditol acetate form as described in Chapters 2 and 3. As well as
producing an increased response for peak 4 (indicating the presence of 1-4 linked glucose),
a new peak (attributed to terminally linked galactopyranose) was also observed between
peaks 2 and 3 further confirming the lack of this particular monomer residue in the

hexasaccharide repeating unit.

4.3.3 Absolute Configuration

Finally, to complete the characterisation of the hexasaccharide repeat unit structure the
absolute configurations (D- or L-) of the substituent monomers are required to be determined.
The absolute configuration is determined by the preparation of acetylated butyl ((S)-(+)-2-
butanol) glycosides', using the method described in Chapter 2 section 2.3.5.2. Although all
of the EPS structures identified to date express rhamnose in the L- configuration with
glucose and galactose in their D- configurations it is still important to determine the absolute
configurations of the constituent monomers in order to fully communicate and validate the

structure of the oligosaccharide repeating unit structure.

The chromatogram obtained (see Appendix) contained five distinct peaks. The identity of
these peaks was determined by comparison with standards of acetylated butyl ((S)-(+)-2-

butanol) D-glucose, D-galactose and L-rhamnose (Figure 64).
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Figure 64: Acetylated Butyl ((S)-(+)-2-butanol) Glycosides

Each monomer should generate two peaks due to the (S)-(+)-2-butanol bonding to both the
a and B anomers of the respective monomers. Peak 1 was determined to originate from L-
rhamnose; the retention time and mass spectra data were compared to the standard for
confirmation. It should be noted that the epimers of L-rhamnose were not able to be
separated by the GC-MS column temperature program utilised. Peaks 2 and 5 were
confirmed as D-galactose; the retention time and mass spectra data were compared to the
standard for confirmation. Peaks 3 and 4 were confirmed as D-glucose; the retention time

and mass spectra data were compared to the standard for confirmation.
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4.3.4 Proposed Structure of the HMW EPS produced by Bifidobacterium animalis subsp.
lactis IPLA-R1 (A1dOxR)

Using the information provided from NMR and GC-MS interpretation the following structure

for the EPS is proposed:

OH
H
(F) lact o
B-D-galactose o O\
') OH
H;C
HO o H (A) a-L-rhamnose
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O
HoL © H
OH (C) a-L-rhamnose
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OH O (0]
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H
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Figure 65: Structure of HMW EPS produced by Bifidobacterium animalis subsp. lactis
A1dOxR
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—4)-B-D-Glcp-(1—3)-a-L-Rhap-(1—2)-a-L-Rhap-(1—4)-B-D-Galp-(1—
1

!
2

a-D-Galf-(1—2)-a-L-Rhap

Figure 66: Line Drawing Structure of HMW EPS produced by Bifidobacterium animalis
subsp. lactis A1dOxR

The anomeric proton on each sugar residue is highlighted in blue. Rhamnose is the most
abundant sugar monomer present. The backbone of the hexasaccharide structure consists
of four monomers: two L-rhamnoses and one each of D-glucose and D-galactose. The main
chain has a branched side chain attached at a rhamnose unit; the side chain section
consists of a 1—2 linked rhamnose connected to a terminal galactofuranose monomer. It
should also be noted that the galactofuranose moiety is an infrequently encountered sugar in
documented characterised EPS structures''®'’®; with galactose usually occurring in its more
commonly observed and preferred pyranose form. This is a novel EPS and its proposed
structure in currently awaiting publication.

4.4 Initial Analysis of LMW _ Fraction of Crude Material from Bifidobacterium
animalis subsp. lactis A1dOxR

As discussed previously in this chapter the original crude sample material of A1dOxR
contained not only the isolated and characterised HMW EPS but other material believed to
possibly be EPS. The material obtained from the supernatant recovered from the dialysis of

the crude sample was retained and designated low molecular weight (LMW) EPS material.

4.4.1 Comparison and Examination of LMW, HMW and the Original Crude EPS Sample
Upon examination of the 'H proton NMR spectra for the HMW, LMW and crude (neither
dialysed nor ultra filtrated) samples (Figure 67) it can be observed which signals in the crude

are present in either the LMW, HMW or in fact appear in both samples.
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Figure 67: Anomeric Region '"H NMR Spectra of Crude (Black), HMW (Red) and LMW
(Green) material from Bifidobacterium animalis subsp. lactis A1dOxR

Observation of the anomeric region of the LMW spectrum revealed several peaks. Amongst
these peaks it is noted that monomers C (and possibly D) appear in both the HMW and
LMW EPS material (shaded yellow band in Figure 67). This is further supported by the
existence of peaks corresponding to methyl groups; indicating the presence of at least one

rhamnose monomer.

The anomeric region however is highly complex, indicating the presence of an even lower
molecular weight species not corresponding to an EPS. As with the isolation of the HMW
EPS from the original crude sample it is neccessary to employ a further dialysis or ultra
filtration step in order to interpret and characterise the EPS present in the LMW fraction. This

work is currently on going and will form the research program for another PhD student.
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4.4.2 Comparison and Examination of A1, A1dOx and A1dOxR
Along with the bile adapted A1dOxR strain of Bifidobacterium animalis subsp. lactis, two

other strains also exist; the parental A1 strain and the minimally bile adapted strain A1dOx.

As with A1dOxR strain, the isolated material from these strains was supplied for initial NMR
analysis. The 'H proton NMR spectra for each sample were compared along with the

isolated LMW material from the original crude A1dOxR strain (Figure 68).
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Figure 68: Anomeric Region 'H NMR Spectra of LMW material isolated from Crude
A1dOxR (Black), A1 (Red) and A1dOx (Green)

Firstly it is immediately apparent that the spectra for all 3 samples are similar. This indicates
that the LMW material produced by all 3 strains (A1, A1dOx and A1dOxR) is of a similar
composition. There are however minor differences in the spectra as represented by the red
dashed circles in Figure 67. However this may be due to the occurrence of a minor amount
of HMW EPS still present in the sample. As previously eluded to regarding the LMW

(isolated from crude A1dOxR) it will be necessary to also perform a dialysis or ultra filtration
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procedure on both the A1 and A1dOx samples in order to remove the obvious impurities in

order to characterise the EPS material present.
4.5  Future Work

Future work could potentially include further analysis of the LMW EPS material isolated from
the crude EPS from Bifidobacterium animalis subsp. lactis A1dOxR. This could involve
further purification of the sample to remove the remaining traces of the HMW EPS by using
preparative size exclusion chromatography. Upon the isolation of a pure sample of LMW
EPS, characterisation of the material could be performed by the same methods (NMR
analysis coupled with the employment chromatographic techniques) as utilised in the
structural elucidation of the HMW EPS repeating unit structure as observed throughout this

chapter.

The eps cluster for Bifidobacterium animalis subsp. lactis A1dOxR has been successfully
sequenced by Ruas Madiedo et al (awaiting publication). The cluster includes the genes
involved in EPS formation, including the presence of genes coding for rhamnose precursors.
The eps cluster however contains two priming-glycosyl transferase (p-GTF) genes,
responsible for EPS synthesis activation. This is an unusual observation as eps clusters only
require one p-GTF for EPS synthesis. This, however, could explain the presence of the LMW

EPS material isolated from Bifidobacterium animalis subsp. lactis A1dOxR.

Many of the beneficial health effects attributed to probiotics rely on the ability of the probiotic
strains to adhere to the intestinal mucosa'”.The tolerance of such bacteria to biological
barriers such as gastric acidity and high bile salt concentrations in the intestine is also an
important criteria to consider when selecting probiotic strains®. It has been suggested that
the production of an EPS may enhance a probiotics ability to resist degradation by biological
barriers and aid in the adherence for the probiotic helping it to colonise the intestinal

mucosa®®. For this reason it is essential to characterise the identity of the EPS produced by
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Bifidobacterium animalis subsp. lactis A1dOxR to greater understand the relationship

between EPS structure and bacterial adherence.
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4.6 Appendices
4.6.1 Anomeric Configuration Determination

4.6.1.1 Coupled HMQC NMR Spectrum of High Molecular Weight EPS from Bifidobacterium
animalis subsp. lactis A1dOxR
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4.6.1.1 Expanded 1H NMR Spectrum of High Molecular Weight EPS from Bifidobacterium
animalis subsp. lactis A1dOxR
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4.6.2 HPAEC-PAD Monomer Standard Curves
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4.6.2.3 Galactose
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4.6.3 GC-MS Linkage Analysis
4.6.3.1 GC-MS Chromatogram of HMW EPS Linkages
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4.6.4 Absolute Configuration Analysis

4.6.4.1
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5. lonic Liquids and Carbohydrates

5.1 Introduction

This chapter will discuss the dissolution and reactions of carbohydrates in two different ionic
liquids: 1-butyl-3-methylimidazolium chloride (BMIMCI) and 1-ethyl-3-methylimidazolium
acetate (EMIMAC). Firstly, cellulose will be examined as it has been widely studied in a
variety of ionic liquids mediums. Following this the dissolution and chemical modification of a

series of mono- and disaccharides in ionic liquids will also be examined.

5.1.1 EPS and lonic Liquids

The initial aim of this work was to study the dissolution of EPS in ionic liquids with the
intention of analysing their structures and performing derivatisation on the sample in situ.
Initially two previously characterised EPS samples were selected for analysis, these were
derived from the strains Lactobacillus acidophilus 5e2'' and Lactobacillus delbrueckii

subsp. bulgaricus NCFB2074'"".

Firstly '"H and "*C NMR spectra were obtained for each of the two ionic liquids (Figures 69 —
72). The samples of EPS (10% w/w) in the ionic liquids were prepared via the general
dissolution method (see Chapter 2) and were subjected to 'H and '*C NMR analysis with
D.O as the deuterated solvent present in the form of a glass insert inside the NMR tube.
Analysis of the spectra revealed no signals corresponding to the presence of either of the
two EPS structures. An attempt to increase the amount of EPS solubilised in the ionic liquids
to greater than 10% w/w proved unsuccessful, dry milling of the samples prior to dissolution

also did not result in an increase in solubility.

After extensive attempts to employ ionic liquids as alternative solvents for the dissolution and
study of the native EPS structures it was determined that the technique would not be a
viable venture. Very poor spectra were obtained that could not be used for structural

characterisation. It is likely that a combination of factors including low sample solubility,
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potential degradation of the EPS during dissolution and the preparation of solutions with high

viscosity is responsible for the poor spectra.
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Figure 69: '"H NMR Spectrum of BMIMCI with D,O Insert at 70°C
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Figure 70: "*C NMR Spectrum of BMIMCI with D,O Insert at 70°C

6
O
+ CH
3 N/ ° )L 7 F
N O~ “CH,

N
4K 5

CH,

5
3 2 6
1 4

L

‘M

i
il i

ﬁ

42.97

ppm

Figure 71: "H NMR Spectrum of EMIMAc with D,O Insert at 25°C
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Figure 72: "*C NMR Spectrum of EMIMAc with D,O Insert at 25°C

5.2  Cellulose Dissolution and Modification in lonic Liquids

As previously discussed, cellulose has undergone numerous studies in ionic liquids in recent
times'”’. Cellulose dissolution and modification has been widely studied as it is the most
abundant biorenewable material on earth and there is an ongoing demand for the
development of new cellulosic materials. Current technologies and methods involving
cellulose however are seen to be of a non-environmentally friendly nature, hence the reason
for the development of a new, ‘greener’ media for the processing and derivatisation of

cellulose.

5.2.1 Cellulose Dissolution
Cellulose (Figure 1) consists of polydisperse linear D-glucose polymer chains (n = 400 —
1000) which form H — bonded supramolecular structures (Figure 73). Cellulose is insoluble in

water as well as most common organic solvents, hence making its study in solution and
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subsequent modification a challenging issue. Solubility is related to the molecular weight of

the cellulose to be analysed, which in turn is controlled by the DP'?®,

Figure 73: Cellulose Supramolecular Structure

It was decided that the initial ionic liquid work with cellulose and cellulose related materials
undertaken by Swatloski et al in 2002'° and continued with NMR studies by Moulthrop et al
in 2005'*" would be examined. Minor changes were made to the referenced methodology as
the concentration of cellulose was increased to 10% w/w (from 5%) whilst the spectra where
recorded at the lower temperature of 70°C (instead of 90°C). The samples of cellulose were
prepared via the general dissolution method (see Chapter 2) using both BMIMCI and
EMIMAc; the resulting media were subjected to *C NMR analysis with DMSO-ds as the
deuterated solvent in each case (Figure 74). Precautions were taken to exclude any
presence of H,O from the reaction media as its presence can significantly decrease

cellulose solubility due to competitive hydrogen bonding to the cellulose ™.
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Figure 74: '*C NMR Spectra of Cellulose in Solution BMIMCI/DMSO-d, 5% w/w at 90°C
— adapted from Moulthrop et a/2005™'; B) BMIMCI/DMSO-ds 10% w/w at 70°C; C)
EMIMAc/DMSO-ds 10% w/w at 70°C

It should firstly be noted that the small amount of DMSO-ds was selected as the lock solvent
as it does not interfere with potential areas of interest in the spectra. From the initial
inspection of all three spectra it can be observed that they share the same main peaks. The
C1 and C4 signals can be identified in both spectra B) and C) and demonstrate similar
chemical shifts when contrasted to those previously obtained by Moulthrop et al®' (spectra
A)) (Table 11). Direct comparison of the BMIMCI/10% with the EMIMAc/10% spectra

indicates that the peaks in the latter are more resolved.
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Table 11: Recorded *C Chemical Shift Values for C1 and C4 for Samples A), B) and C)

3C Chemical Shift (ppm)
Cellulose
Sample C1 C4
A) 103.2 80.2
B) 101.9 79.0
C) 103.3 79.7

Also visible in the BMIMCI spectrum were a number of small impurity peaks, indicating a
degree of cellulose degradation. The implications of possible polymer degradation will be
further explored in the following sections with the dissolution and chemical modification of a

series of disaccharides.

EMIMAc was chosen to be studied along with BMIMCI as they both possess a similar
general structural motif but confer differing properties. For example, the decrease in chain
length of the alkyl moiety (from butyl to ethyl) on the cation portion of the ionic liquid
decreases hydrophobicity therefore reducing the viscosity of the solution'*®. This difference
in viscosity could account for the greater resolution of the signals observed in the EMIMAC
spectrum. Another difference to be noted is that EMIMAC is a room temperature ionic liquid
(RTIL) (mpt. < 20°C), whilst BMIMCI has an mpt. of ~ 70°C, traditionally RTILs are easier to
work with for obvious reasons. The potential effects due to the properties of the anion must
also be considered. The CI ion in the BMIMCI complex has been proven to be highly
effective in breaking the strong hydrogen bonding present in cellulose. Hydrogen bonding
between carbohydrate hydroxyl protons and CI ions of the ionic liquid has demonstrated the

presence of a 1:1 stochiometry'”® (Figure 75).
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BMIM >

Fiqure 75: Cellulose Hydrogen Bonding Disruption by BMIMCI

5.2.2 Cellulose Modification to Improve Dissolution

As previously mentioned due to the vast availability combined with its highly renewable
nature, cellulose is a common target for the development of new cellulosic based polymers.
However along with this development of new functionalised cellulose polymers, alternative
methodologies for established and currently commercially produced functionalised forms of
cellulose, including acetates, nitrates and carboxymethyls are also being continually
developed'®. An alternative method for preparing EPS samples suitable for analysis would
be to form derivatives that were soluble in ionic solvents. Laws et al (2005)'"" have

previously achieved solubility of EPS samples by per-methylation.

The acetylation of cellulose to form cellulose acetate is a well documented reaction with
cellulose acetate being produced on a commercial scale for a variety of uses. Cellulose
acetate is conventionally made by treatment with acetic anhydride in the presence of

sulphuric acid (acting as a catalyst)'®’

. With the advent of ionic liquids and the current drive
towards their use as an alternative reaction media for carbohydrate dissolutions and
functionalisations, many common methods including cellulose acetylation have previously
been reported'”’. In an attempt to observe if EPS could potentially be per-acetylated in ionic

liquids an initial investigation was performed to determine the best conditions for acetylating

cellulose.
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In this study, the acetylation of cellulose employing conventional reagents (pyridine and
acetic anhydride) in both BMIMCI and EMIMAc was explored. The samples of cellulose (5%
w/w) were prepared via the general dissolution method using both BMIMCI and EMIMAc,
and acetylated following the general acetylation protocol (see Chapter 2 section 2.4.1 and
2.4.2). The samples were then extracted using the liquid — liquid extraction procedure (see
Chapter 2 section 2.4.3). Both samples were subjected to a series of 1D- and 2D-NMR

experiments with all spectra recorded at 70°C in deuterated chloroform (CDCls).

The first spectra recorded (in CDCl;) were 1D-'"H NMR (Figures 76) and 1D-'°C spectra; from
this, the regions of interest can initially be identified. The methyl hydrogens of the acetyl can
be identified occurring between 1.75 — 2.2 ppm whilst the ring protons of the glucose
monomer can be observed between 3.5 — 5.2 ppm. The carbonyl carbons of the acetyl can
be observed between 169 — 171 ppm whilst the methyl carbons of the acetyl can be
identified between 20 — 21 ppm (Figure 77). The ring carbons of the glucose monomer can
be observed between 60 — 105 ppm. The NMR data observed is in accordance with

previously reported literature values'®. Only BMIMCI data shown.

Acetyl
CHSS
Ring Protons
Al
| 7‘.5 7‘.0 6‘.5 s‘.o 5‘.5 5.‘0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2.‘0 1‘.5 1.‘0 0‘.5 ppm

Figure 76: 'H NMR Spectrum of Cellulose Acetylated in BMIMCI at 70°C in CDCl,
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Figure 77: *C NMR Spectrum of Cellulose Acetylated in BMIMCI at 70°C in CDCl,

In order to assign the identity of the position of each of the protons present in the monomer
ring a COSY (H, H) experiment was performed (Figure 78). Starting with the knowledge of
the position of the anomeric proton at 4.34 ppm (See Figure 79), all of the remaining ring

protons could be successfully elucidated.
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Figure 78: COSY Spectrum of Ring Proton Region of Cellulose Acetylated in BMIMCI

at 70°C in CDCl;

With the assignment of the complete proton signals for the acetylated cellulose monomer the

correlating carbons can be identified on the '"H-"*C HSQC experiment (Figure 79).
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Figure 79: 'H-"*C HSQC Spectrum of Ring Proton Region of Cellulose Acetylated in
BMIMCI at 70°C in CDCl;

The 'H and "*C chemical shifts are detailed in Table 12.

Table 12: 'H and *C NMR Shifts of Cellulose Acetate in CDCI; at 70 °C

Chemical Shift (ppm)

Cellulose H1 H2 H3 H4 H5 H6 H6’
Acetate 4.34 4.72 5.00 3.64 3.46 4.39 3.99
(BMIMCI) C1 Cc2 C3 C4 C5 Cc6
100.47 71.92 72.58 76.09 72.88 62.05

It can be observed from the examination of the NMR spectra that the cellulose sample is
fully acetylated (at positions C2, C3 and C6)'®. The degree of substitution (DS) of the
cellulose acetate generated (by both reactions — BMIMCI and EMIMAc) was also determined

by 'H NMR.
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The DS of acetyl cellulose was determined by using the ratio of 1/3 three methyl protons
integration between 1.75 — 2.2 ppm divided by 1/7 of the total cellulose ring proton CH areas
observed between 3.5 — 5.2 ppm. The DS for cellulose acetylated in BMIMCI was
determined to be approximately 2.15 whilst the DS for cellulose acetylated in EMIMAc was
determined to be approximately 1.91'®*. These results are comparable with data obtained by
Wu et al in 20048 using another ionic liquid, 1-allyl-3-methylimidazolium chloride (AMIMCI).
It should be noted that ideally, for NMR analysis a DS of 3 is usually required. It should be
noted that, the other acetyl peaks in the spectrum occur as a result of free glucose residues

which have been fully acetylated.

Again, as with the initial dissolution of cellulose, possible polymer degradation products, this

time acetylated, were identified from the NMR spectra.

5.2.2 lonic Liquid Recycling
A desirable feature often attached to ionic liquids is their ability to be recycled and
subsequently used again. This attribute has been repeatedly demonstrated with a variety of

ionic liquids in a variety of reactions’”’.

The two ionic liquids employed in this section were successfully recycled on more than one
occasion. As the ionic liquids are miscible in water the aqueous portion obtained from the
liquid — liquid extraction procedure (used to isolate the synthesised products) was retained.
The aqueous sample was then dried via either rotary evaporation at a heightened
temperature or by lyophilisation overnight. A sample was then subjected to 'H NMR analysis
(D20 insert at 70°C) for examination of its purity. Whilst the recycled BMIMCI was slightly
contaminated with acetic anhydride the EMIMAc sample was observed to be free of any

starting materials or reaction end products (see Appendix).
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5.3 Disaccharide Dissolution and Modification

As well as cellulose, many other carbohydrates have undergone dissolution and
modifications in a variety of ionic liquids. Moulthrop et al (2005) also studied the dissolution

1

of cellulosic oligomers™' whilst Liu et al (2005) examined the solubility of sucrose and

149

lactose ™, (amongst other compounds) and their behaviour in ionic liquids.

5.3.1 Analysis of Cellobiose in lonic Liquid Systems — A Simplified Model for Derivatisation
Reactions

Following on from the dissolution and acetylation of cellulose in BMIMCI and EMIMAc it is a

logical step to examine the properties of cellobiose (see Table 4, Chapter 3) in solution.

Cellobiose was used as a model system; the aim of the reactions was to see if degradation

could be reduced whilst producing fully acetylated derivatives. Cellobiose is the smallest

repeating unit (n = 1) of cellulose (Figure 1), comprised of two B-(1—4) linked glucose

monomers.

5.3.1.2 Dissolution of Cellobiose in BMIMCI
Initially a 10 % w/w sample of cellobiose was prepared via the general dissolution method
(see Chapter 2) using BMIMCI; the resulting solution was subjected to *C NMR analysis

with DMSO-dg as the lock solvent (Figure 80).
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Figure 80: Cellobiose Displayed in Both Reducing End Conformations (Above) **C
NMR Spectra of Cellobiose in Solution BMIMCI/DMSO-ds 10% w/w at 70°C (Below)

From the spectra it can be observed that cellobiose is readily soluble in the ionic liquid. The
anomeric carbons can immediately be identified (a’ — 102.49 ppm, B — 96.36 ppm and a —

91.70 ppm) and these values are comparable to literature values'®°.

5.3.1.3 Acetylation Catalysts
The following section will focus on the acetylation of cellobiose in ionic liquids; this will be
documented and analysed through the use of NMR, GC-MS and MS with MS/MS. A number

of other, alternative acetylation techniques will also be explored.

As previously referred to, acetylation is a technique applied in carbohydrate chemistry not

only for hydroxyl group protection but also for purification and structural elucidation

purposes'®. Pyridine is the most frequently employed acetylation catalyst and also can be

used as the reaction solvent, whilst sodium acetate is also commonly utilised, however a

number of other alternative catalytic reagents have also been explored. Such alternative
187.

catalysts include: - Lewis acids e.g. zinc chloride™’; phase-transfer catalysts e.g. tetra-n-

butylammonium bromide-sodium hydroxide'®; heterogeneous catalysts e.g. inorganic solid
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acids such as Montmorillonite K-10'®%; enzymatic catalysts e.g. lipases'®. lonic liquids have
also been applied in the acetylation process as either solely in the capacity as a solvent or

as a catalytic solvent'®"'%,

The three classical and most frequently encountered catalytic reagents were selected to be
studied as they provide differing degrees of anomeric specificity. In acetylation of
monosaccharides, pyridine produces a mixture of a and B anomers as acetylation occurs
faster than mutarotation about the anomeric carbon (caused by the electrophile catalysing
the epimerisation of the anomeric centre); therefore producing a ratio of anomers that
corresponds to the anomeric mixture in the free sugar starting material. Sodium acetate is a
weak base and consequently the reaction is required to be performed at an elevated
temperature (100°C). This allows for mutarotation to occur faster than the acetylation,
thereby allowing the more nucleophilic B-hydroxyl preference in the reaction permitting the
selective formation of the B-product. The addition of zinc chloride as a catalyst however
confers a preference for the a anomer. This occurs as the a anomer is thermodynamically
favoured by the anomeric effect which takes prominence in the reaction as the zinc chloride

catalyses the equilibration of the final product®.

5.3.1.4 Acetylation of Cellobiose in BMIMCI

In this study, the acetylation of cellobiose was achieved initially by employing conventional
reagents (pyridine/acetic anhydride, zinc chloride/acetic anhydride and sodium acetate/
acetic anhydride) in BMIMCI. The samples of cellobiose (10% w/w in BMIMCI) were
prepared via the general dissolution method and acetylated following the general acetylation
protocol (see Chapter 2). The products were then extracted using the liquid — liquid
extraction procedure (see Chapter 2). Firstly the samples were subjected to 'H proton NMR

with all spectra being recorded at 70°C in CDCls.
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Figure 81: '"H NMR Spectrum of Cellobiose Acetylated in BMIMCI with Pyridine at 70°C

in CDCI;; Inset - Magnified Region showing Reducing End anomeric Signals

The acetylation of cellobiose with pyridine led to the generation of the fully acetylated

octaacetate product (Figure 81). The expected ratio of a/f anomers (for the reducing end of

the cellobiose molecule) was also observed as 29.95 % and 70.05 % for a and

respectively, this was determined by the analysis of the signal heights in the NMR spectra.

As further confirmation, the product was also subjected to GC-MS and MS with MS/MS

analysis.
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Figure 82: GC-MS Chromatogram of Cellobiose Acetylated in BMIMCI with Pyridine

In GC-MS analysis the product produced four distinct peaks in the GC-MS chromatogram
(Figure 82). The two most abundant peaks (at 60.309 and 60.610 minutes) were identified
as arising from each of the a and B cellobiose octaacetate anomers, this was confirmed by
comparison with a standard of a-cellobiose octaacetate (see Appendix). The two smaller
peaks (at 22.350 and 22.596 minutes) were identified as a and B glucose pentaacetate. It
was not clear however whether the degradation products (a/f glucose pentaacetate) were

generated during the acetylation reaction or as a result of the GC-MS analysis.

The MS (Figure 83) with MS/MS (see Appendix) data also provided further confirmation of

successful acetylation of the cellobiose.
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Figure 83: MS Spectrum of Cellobiose in BMIMCI with Pyridine
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The molecular ion for cellobiose octaacetate (MW 678.59) can be identified as a sodiated

ion, [M + Na]*, visible as the peak observed at 701.18 m/z. A peak corresponding to the ion

[2M + Na]* was also detected at 1379.37 m/z. The [M + Na]" ion located at 701.18 m/z was

examined further by MS/MS to determine the fragmentation pattern, this data is located in

the appendix.
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Figure 84: Anomeric Region of '"H NMR Spectrum of Cellobiose Acetylated in BMIMCI
A) Sodium Acetate and B) Zinc Chloride at 70°C in CDCl;

The results obtained for the acetylation reactions catalysed by sodium acetate and zinc
chloride however were not as expected. Examination of the 'H NMR spectra initially
indicated the desired octaacetate product had been successfully synthesised in both
reactions. Although the ratios of a and B anomers did not conform to the proportions

expected (Figure 84).

As previously noted the reaction catalysed by sodium acetate was expected to produce
primarily the B product. It was identified however that the ratio of a/ product was 37.81%
and 62.19% respectively. Whilst the reaction catalysed with zinc chloride, instead of
producing exclusively the a product as predicted, exhibited a ratio of 42.29% a anomer and

57.71% B anomer.

As with the pyridine catalysed extract, both the GC-MS and MS (with MS/MS) data
confirmed the successful synthesis of the fully acetylated product for both the sodium

acetate and zinc chloride catalysed reactions.

For the zinc chloride catalysed reaction a fully acetylated product was observed whilst the
presence of a number of additional peaks ascribed as degradation products were also visible
in the GC-MS chromatogram and the 'H NMR spectra (highlighted in Figure 84). A marked
increase was also observed in the abundance of the peaks attributed to glucose

pentaacetate as previously described with regards to the pyridine catalysed acetylation
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product. Again the GC-MS chromatograms for the zinc chloride and sodium acetate

catalysed reaction products are located in the appendix.

5.3.2 Acetylation of Other Disaccharides in BMIMCI

Following on from the acetylation of cellobiose a number of other commonly encountered
disaccharides were also acetylated in BMIMCI, samples of each disaccharide (10% w/w in
BMIMCI) were prepared via the general dissolution method and acetylated following the
general acetylation protocol (see Chapter 2). The products were then extracted using the

liquid — liquid extraction procedure (see Chapter 2).

5.3.2.1 Trehalose
Trehalose (see Table 4, Chapter 3) is comprised of two a-(1—1) linked glucose monomers.
As trehalose is linked via carbon one for both glucose monomers the disaccharide is

subsequently a non-reducing sugar.
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Figure 85: '"H NMR Spectrum of Trehalose Acetylated in BMIMCI with Pyridine at 70°C
in CDCI;; Inset - Magnified Region showing Single Anomeric Signal
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As expected the acetylated trehalose demonstrated a single anomeric signal in the '"H NMR
spectrum (Figure 85) with a single sharp doublet visible at 5.26 ppm. Also as might have
been predicted the GC-MS chromatogram (see Appendix) produced a single peak, further
confirming the synthesis of a single species — a,a-(1—1) trehalose octaacetate'®. It should
be noted that no degradation was observed in either the NMR spectrum or the GC-MS
chromatogram (including the presence of any degradation (glucose pentaacetate) post
reaction during GC-MS analysis). This is due to the (1—1) bond present in trehalose; this
bond is extremely strong and allows trehalose to withstand exposure to high temperatures

and acidic conditions without breaking (degrading).

5.3.2.2 Lactose
Lactose (see Table 4, Chapter 3) is comprised of glucose and galactose linked through a -
(1—4) glycosidic bond. The acetylation of lactose has been studied many times in recent

189,193

years incorporating both unconventional catalysts and employing a variety of ionic

liquid systems'®".
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Figure 86: 'H NMR Spectrum of Lactose Acetylated in BMIMCI with Pyridine at 70°C in
CDCI;; Inset - Magnified Anomeric Region
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The interpretation of the '"H NMR spectrum (Figure 86) combined with the comparison of the
spectra with an a-lactose octaacetate standard (see Appendix) confirmed the synthesis of a
variety of a-anomers and -anomers (42.11% a / 57.89% B). Analysis of the NMR spectra in
conjunction with the GC-MS data (Figure 87) indicates that the disaccharide has undergone

a degree of degradation during the acetylation reaction.
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Figure 87: GC-MS Chromatogram of Acetylated Lactose in BMIMCI with Pyridine

There are multiple overlapping peaks observed in the NMR spectra along with four extra
peaks (other than the two expected corresponding to a/f lactose octaacetate) in the GC-MS
chromatogram identified as arising from the presence of a and 3 glucose pentaacetate and a
and B galactose pentaacetate. Again the GC-MS chromatogram suggests a substantial
amount of degradation has occurred during the GC-MS analysis; this is confirmed by
comparison with the chromatogram produced by the a-lactose octaacetate standard (see
Appendix).This indicates that the degradation is occurring primarily during the GC-MS

analysis and not during the course of the acetylation reaction.
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5.3.2.3 Sucrose
Sucrose (Figure 88) is comprised of one glucose and one fructose monomer linked together
through an a-(1—2) glycosidic bond. Again as with trehalose, sucrose is also classified as a

non-reducing sugar'*.

OH
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Figure 88: Sucrose

Sucrose, even more than the previously investigated disaccharides, has undergone

194,195

extensive study in recent times in terms of both dissolution and acetylation reactions in

191

1% and ionic liquids'".

traditional solvents
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Figure 89: 'H NMR Spectrum of Sucrose Acetylated in BMIMCI with Pyridine at 70°C in
CDCI;; Inset — Magnified Anomeric Region
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From the '"H NMR spectrum (Figure 89) it can be determined that the sucrose octaacetate
has been formed but has also decomposed, as anomeric signals for both a (31.85%) and 3
(68.15%) glucose pentaacetate (see Inset in Figure 88) are observed along with one (or
possibly a mixture) of other compounds present from the degradation of fructose (identified

by red boxes in Figure 89).

The data obtained from the GC-MS (Figure 90) analysis confirmed the synthesis of the
sucrose octaacetate product by the presence of a single peak in the chromatogram at
56.777 minutes. Also identified from the chromatogram, once again, were two peaks
corresponding to both a and B glucose pentaacetate. However, comparison of the '"H NMR
spectrum produced by the resulting reaction with a standard of a-sucrose octaacetate (see
Appendix) confirmed that a degree of the degradation observed in the spectrum occurred

during the acetylation reaction.
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Figure 90: GC-MS Chromatogram of Acetylated Sucrose in BMIMCI with Pyridine

Given the complex nature of the products generated from the acetylation reactions, it was

decided to abandon attempts to use the acetylation procedures for the derivatisation of EPS.
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5.4 Appendices
5.4.1 'H NMR Spectra of Recycled lonic Liquids
5.4.1.1 "H NMR Spectrum of Recycled BMIMCI with D,O insert at 25°C
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5.4.1.2 "H NMR Spectrum of Recycled EMIMAc with D,O insert at 25°C
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5.4.2 a-Cellobiose Octaacetate Standard
5.4.2.1 'H NMR Spectrum with CDCl; at 25 °C
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5.4.2.1 GC-MS Chromatogram
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5.4.3 Cellobiose Acetylated in BMIMCI with Pyridine
MS/MS Spectrum
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5.4.4 Zinc Chloride and Sodium Acetate Catalysed Acetylation Products
5.4.41 GC-MS Chromatogram Cellobiose Acetylated in BMIMCI with Zinc Chloride
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5.4.4.2 GC-MS Chromatogram of Cellobiose Acetylated in BMIMCI with Sodium Acetate

Abundance
1700000,

1600000
1500000
1400000
1300000
1200000
1100000, 60.326
1000000
900000 L6576
so0ac0 B
700 Cellobiose Octaacetate H
600000 |
500000/
400000
300000
0| Z5E Glucose Pentaacetate

100000{ Q| 22-3F€

|
[ _Jl L

T L e L B o o o B B L o o e B LN e e B B e
Time—> 2200 24.00 28600 2800 30.00 32.00 3400 36.00 38.00 4000 4200 4400 4600 4800 50.00 5200 5400 56.00 58.00 60.00 62.00 &4.00

168



Results and Discussion

Chapter 5

5.4.5 Trehalose Acetylated in BMIMCI with Pyridine
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5.4.6.2 GC-MS Chromatogram
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