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Abstract

Carbohydrates are ubiquitous components in nature involved in a range of
tasks. They cover every cell and contribute both structural stability as well as
identity. Lipopolysaccharides are the outermost exposed part of the bacterial
cell wall and the primary target for host-pathogen recognition.
Understanding the structure and biosynthesis of these polysaccharides is
crucial to combat disease and develop new medicine. Structural
determinations can be carried out using NMR spectroscopy, a powerful tool
giving information on an atomistic scale. This thesis is focused on method
development to study polysaccharide structures as well as application on
bacterial lipopolysaccharides. The focus has been to incorporate a
bioinformatics approach prior to analysis by NMR spectroscopy, and then
computer assisted methods to aid in the subsequent analysis of the spectra.
The third chapter deals with the recent developments of ECODAB, a tool
that can help predict structural fragments in Escherichia coli O-antigens. It
was migrated to a relational database and the aforementioned predictions can
now be made automatically by ECODAB. The fourth chapter gives insight
into the program CASPER, a computer program that helps with structure
determination of oligo- and polysaccharides. An approach to determine
substituent positions in polysaccharides was investigated. The underlying
database was also expanded and the improved capabilities were
demonstrated by determining O-antigenic structures that could not
previously be solved. The fifth chapter is an application to O-antigen
structures of E. coli strains. This is done by a combination of NMR
spectroscopy and bioinformatics to predict components as well as linkages
prior to spectra analysis. In the first case, a full structure elucidation was
performed on E. coli serogroup O63, and in the second case a demonstration
of the bioinformatics approach is done to E. coli serogroup O93. In the sixth
chapter, a new version of the CarbBuilder software is presented. This
includes a more robust building algorithm that helps build sterically crowded
polysaccharide structures, as well as a general expansion of possible
components.
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1 Introduction

1.1 Biological relevance of carbohydrates
Carbohydrates are a ubiquitous class of biomolecules, along with proteins
and lipids. They cover the surface of every cell, are major structural
components (cellulose, peptidoglycan), and play a crucial role in
metabolism, both as intermediates and for energy storage. It is in fact the
most abundant class of biomolecules, making up as much as 70% of all
biomass.1 They are distinctive in their complexity. Consequently, the
understanding of glycans in biological systems initially lagged behind during
the modern revolution in molecular biology. However, during the last few
decades, interest in the carbohydrate field has increased and by the end of
the 80s, glycobiology emerged as a new frontier. It is currently one of the
fastest growing fields in biomedical science,2 with ties across disciplines like
health, energy and materials.
Carbohydrates play a major role in cellular recognition. Many eucaryotic
cells, bacteria, viruses and parasites exploit cell-surface glycans as receptors
for recognition and attachment. As an example, Escherichia coli targets the
ȕ-D-Galp- ĺ -D-Glcp disaccharide fragment found in lactosylceramide
expressed by epithelia in the large intestine. This glycolipid is not found in
the small intestine, and consequently E. coli only colonizes the large
intestine under normal conditions.2 Conversely, polysaccharide coatings on
the bacterial cell wall are a primary target for immune responses of the host,
and modifications and detection of pathogen glycans is a continuous arms
race. However, their ubiquitous character as pathogenic epitopes can also be
benefitted from; recent developments in carbohydrate-based vaccines and
immunotherapy are promising.3

1.2 Carbohydrate structure
1.2.1 Basics
The first definition of carbohydrate structure, reflected in the name, was a
carbon-containing compound with an equal amount of water, Cn(H2O)n.
While this may hold true for some common sugars like glucose, it fails to
1

describe a large part of the glycosphere. Current definitions instead state that
carbohydrates are polyhydroxylated carbonyl-containing compounds, either
in the form of an aldehyde (aldose) or a ketone (ketose). A common way of
classifying carbohydrates is to separate them into four groups: i)
monosaccharides, which are the simplest carbohydrate building blocks that
cannot be hydrolyzed into smaller units, ii) oligosaccharides, larger
molecules of 2-10 monosaccharides linked together, iii) polysaccharides,
glycan chains longer than 10 residues, and iv) monosaccharide derivatives
such as carbasugars.4
This classification can be further subdivided. In the case of
monosaccharides, there are naming conventions based on the number of
carbons, from the simplest triose (3 C atoms) to nonose (9 C atoms). One
noteworthy feature is the chirality of these molecules. All monosaccharides,
with exception for the simplest ketotriose dihydroxyacetone, will have at
least one chiral carbon and, as the number of carbons increases, the number
of stereoisomers will rise by a factor of 2n. The relative configuration of
these stereogenic carbons will determine the identity and absolute
configuration of the glycan. When showed in a Fischer projection (Figure
1.1, middle), the monosaccharide is shown as an open chain in a flat
representation seen from above and the carbonyl function is given the lowest
possible numbering counting from the top; one in the case of aldoses. The
structure is drawn with implicit stereochemistries, horizontal lines are
coming out of the plane towards the viewer while vertical lines are pointing
away. The stereochemistry of the highest numbered chiral carbon is then
used to designate absolute configuration, D when pointing to the right and L
when pointing left. This system is used together with trivial names given for
carbohydrates containing up to four chiral centers. Higher aldoses (or
ketoses) combine the aldose trivial names with a configurational prefix in
groups, where the groups starting at a lower numbering is named to have as
many stereocenters as possible. As an example, the heptose residue present
in many bacterial LPS cores is named L-glycero-D-manno-heptose.
The structures discussed so far have been shown as an open chain, but
they can also adopt an energetically more favorable cyclic form, and the
open chain is only present in trace amounts. The ring closure proceeds via an
intramolecular nucleophilic attack by one of the hydroxyl groups on the
carbonyl function, forming a hemiacetal. This can result in either a five- or a
six-membered ring, called furanose and pyranose, respectively. This reaction
is reversible and can, in general, occur from either face, and the newly
formed stereogenic carbon is called the anomeric carbon. If the OH groups
of the anomeric carbon and the configurational carbon point the same
direction (Figure 1.1, right) it LVUHIHUUHGWRDVWKHĮ-anomer, and when they
point opposite direction (Figure 1.1, left LWLVFDOOHGWKHȕ-anomer.
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The number of permutations possible on monosaccharide configuration
makes it an incredibly diverse class of biomolecules. Compared to proteins
that are made up from 20 amino acids, more than 100 different
monosaccharides have been found as components in bacterial
polysaccharides.5
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Figure 1.1 Ring closures of an open chain D-glucose residue (middle), shown with a
Fischer projection. Another possibility is a nucleophilic attack by the hydroxylgroup
in position four, counting from the top, which will give rise to a glucofuranoside
(not shown).

1.2.2 Carbohydrate conformation
The aforementioned configurations play an obvious part in determining
the 3D structure of carbohydrates, but a full picture is not available without
also considering their conformations. Both furanoses and pyranoses have a
range of conformations they can adopt (Scheme 1.1). All pyranose
conformations can be described by four atoms forming a plane and the
remaining two being above or below that plane. The relative position
between the two out-of-plane atoms can be as a 2+2 pair (chair, C; or boat,
B), as four neighboring atoms (half-chair, H) or as 3+1 (skew, S). The
orientation of the out-of-plane atoms is denoted with sub- or superscript,
according to their position with respect to the plane. As an example, the most
stable form for D-glucose is the 4C1 chair where C4 and C1 atoms are above
and below the plane, respectively. Most naturally occurring D-sugars
predominantly adopt the 4C1 conformation, while L-sugars are found as 1C4.
The furanose case is slightly simpler with only two possible conformations:
twist (T) or envelope (E) defined by either a 3- or 4-atom plane.
Interconversion between conformers follows the paths shown in Scheme 1.1,
where there are six possible initial “twists” to go from a 4C1 to a half-chair.
A full discussion and description on the interconversion wheel of pyranose
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conformations has been described by Stoddart.6 An interconversion wheel of
furanose conformations can be found in Appendix 9.2.
Pyranoses
O

O

O

Chair, 4C1
2+2 atom plane

O

Half-chair, OH5
4 atom plane

Skew, OS2
3+1 atom plane

Half-chair, 3H2
4 atom plane

O
Chair, 1C4
2+2 atom plane

O

Boat, 3,OB
2+2 atom plane

Furanoses
O
O
O

Envelope, 3E
4 atom plane

Twist, 3T2
3 atom plane

Envelope, E2
4 atom plane

Scheme 1.1 The interconversion between pyranose and furanose conformations. All
conformations can interconvert into two other forms. Only one example pathway for
each ring type is shown.

The general trend for the conformations mentioned above is to keep as
many substituents as possible in an equatorial position, with bulkier groups
like -CH2OH being driving forces. A notable exception to this rule can be
found for the anomeric hydroxyl group, which has less of a preference for an
equatorial orientation than expected (the ratio for D-Glucose in aqueous
VROXWLRQ LV  Į DQG  ȕ).4 This phenomenon is called the
(endo-)anomeric effect and is explained by a beneficial overlap between the
anti-ERQGLQJ RUELWDO ı  RI &-O1 and the axial lone pair in the endocyclic
oxygen (Figure 1.2a). A similar stabilization from overlap can be seen in the
hydroxymethyl group in hexopyranoses where gg or gt (g: gauche, t: trans)
orientations are preferred due to a beneficial overlap to the antibonding
orbital O5-C5 (Figure 1.2b). In cases where C4 has an axial substituent, a
1,3-diaxial arrangement will disfavor the gg, a phenomenon called the
Hassel-Ottar effect7 (Figure 1.2c). Two model residues for these interactions
are D-Glcp and D-Galp with gg:gt:tg ratios of 4:6:0 and 2:6:2 in water
solution, respectively.8
Finally, similar modes of stabilization also govern the conformation of
glycosidic bonds, the so called exo-anomeric effect. The lone-pairs of the
exocyclic oxygen can, assuming a staggered geometry, overlap with the
antibonding orbital C1-O5 (Figure 1.2d). Of the two possible orientations
giving a beneficial overlap, the one with the aglycon in a trans orientation
(using the H1-C1-O’-C’, i.e. NMR notation) suffers from steric clashes.
Consequently, the favored conformation is -4IRUĮ-D-pyranoses and +40º
IRUȕ-D-pyranoses.
4
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the hydroxymethyl rotamer distribution in hexopyranoses. The C6-H bonding orbital
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1.3 Bacterial lipopolysaccharides
1.3.1 Role and classification
Bacteria can be divided into two groups depending on their reaction with
Gram staining,9 which reflects their difference in the cell wall. The cell wall
of gram-positive bacteria consists of a lipid membrane surrounded by a thick
peptidoglycan. In contrast, gram-negative bacteria have both an inner- and
outer lipid membrane with a thinner peptidoglycan in the periplasm between
them. The outer membrane is a bilayer consisting of phospholipids in the
inner leaflet and lipopolysaccharides (LPS) in the outer leaflet. The LPS
forms a permeability barrier protecting the bacterium against environmental
stress, and also contributes to membrane stability.2 As the LPS is the
outermost exposed part of bacteria, it is also a target for pathogen-associated
recognition by the host, and it is thus under intense selection pressure.
LPS

OUTERMEMBRANE
O-ANTIGEN

n

PEPTIDOGLYCAN
OUTERCORE

PERIPLASM
INNERCORE

INNERMEMBRANE

LIPID A

CYTOPLASM

Figure 1.3 Schematic representation highlighting the position of LPS in the cell
wall of a gram-negative bacterium, and the distinct domains: lipid A, inner- and
outer core, and the outermost O-antigen. The LPS molecule is shown with SNFG
notation.10

The LPS consists of three regions: i) lipid A, which anchors to the cell
membrane, ii) an oligosaccharide called the core region which in turn is
subdivided into the inner- and outer core and finally iii) the outermost
polysaccharide called the O-antigen (Figure 1.3). These three regions show
an increasing variability the further out they are. Using E. coli as an
example, the lipid A part is conserved for all known serotypes,11 the core
region shows a bit more variation with five known types,12 and the O6

antigen, being the outermost part primarily involved in pathogen-host
interaction, is hypervariable giving rise to 181 currently known serogroups,
with well over 200 if subtypes are counted as well.13

1.3.2 Biosynthesis
There are four currently known biosynthetic pathways employed in the
assembly of the O-antigen: Wzx/Wzy-, ABC-transporter-, synthase-14 and
Wzk-dependent15 pathways. Of these, only the Wzx/Wzy- and ABCtransporter types have been found in E. coli, with the majority belonging to
the former group. The genes encoding the proteins involved are organized in
a region called the O-antigen gene cluster found between the housekeeping
genes galF and gnd in the case of the Wzx/Wzy-pathway and gnd and his in
the ABC-transporter pathway. Understanding these biosynthetic pathways is
a valuable tool in structure elucidation as characteristics and structural
elements can be determined from a pathway.
The Wzx/Wzy pathway is initiated by linking an undecaprenyl lipid
carrier to a phosphosugar (Figure 1.4). The enzymes responsible for this are
subdivided
in
two
groups,
PNPT
(polyisoprenyl-phosphate
N-acetylaminosugar-1-phosphate transferases) and PHPT (polyisoprenylphosphate hexose-1-phosphate transferases). The former use N-acetyl
aminosugars, for example WecA that use UDP-D-GlcNAc, present in E. coli,
and WbpL that use UDP-D-QuiNAc, present in Brucella. The PHPT group
of transferases use hexoses, an example being WbaP using UDP-D-Gal,
present in some Salmonella serotypes.16
After the formation of the initial lipid anchor, monosaccharides are
sequentially added to form a serogroup-specific oligosaccharide repeating
unit. This in turn is flipped to the periplasmic side of the inner membrane by
the action of the flippase Wzx. A growing polysaccharide chain is then
formed by adding the reducing end of the polymer to Und-PP-linked repeats,
a reaction carried out by the polymerase Wzy. Once the full antigen is
formed, the whole polymer is transferred to the Lipid A-core moiety by the
ligase WaaL to form the complete LPS.
The proteins involved in the biosynthesis of the O-antigen can be divided
into three separate groups, i) proteins forming the NDP-sugar precursors, ii)
the glycosyltransferases (GTs) that form the glycosidic linkages in the
repeating unit, and iii) processing proteins like Wzz (chain-length regulating
protein) and post-polymerization O-acetylation.
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Figure 1.4 Schematic representation of the key steps in the Wzx/Wzy-dependent
biosynthetic pathway.

1.3.3 Glycosyltransferases
Glycosyltransferases (GTs) are a class of enzymes catalyzing the
formation of a glycosidic linkage between an acceptor (the forming
polysaccharide) and an activated donor sugar in a sequential fashion. They
tend to be highly specialized with a single acceptor and donor pair forming a
specific linkage. This specificity will also be reflected in the peptide
sequence, and GTs with a high similarity are likely to have an identical
function. As such, comparison of gene sequences can be a useful tool in
elucidating the O-antigen structure, since a known or proposed GT function
will translate to a specific structural fragment.
Another interesting aspect of sequence similarity comparison is the ability
to classify GTs into families.17 Since the mechanism is conserved within a
family,18 it is possible to directly predict the stereochemical outcome of the
glycosylation by knowing a GTs family. Examples of the application of this
in structure elucidation studies can be found in this thesis, vide infra section
5.3.2. As an example, WbuP in E. coli O114 belongs to GT family GT2,
which has an inverting mechanism. The donor sugar UDP-D-Galp has an
Į-anomeric configuration and the product should consequently have a
ȕ-configuration at the glycosidic linkage, which is consistent with the
SUHGLFWHGIXQFWLRQRIIRUPDWLRQRIDȕ-D-Galp- ĺ -D-GlcpNAc linkage.
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1.3.4 NDP-sugar precursors
Since the GTs transfer an activated donor sugar to the growing
polysaccharide chain, it is necessary to first biosynthesize these building
blocks.19 This is done in the form of a nucleotide di- or monophosphate, with
each sugar having their own unique biosynthetic pathway (Scheme 1.2).
Some of the more common components like glucose, galactose and N-acetyl
glucosamine that are used in metabolism are common motifs in glycan
structure and are encoded by all bacteria. When rare sugars are found in the
O-antigen however, their corresponding sugar nucleotide encoding genes are
often found within the O-antigen cluster. As an example, the presence of
rmlABCD is indicative of an antigen containing rhamnose. A more extensive
listing can be found under Appendix 9.3.
Since the nucleotide sugars have a fixed anomeric configuration,
knowledge of a GTs mechanism and donor substrate allows for prediction of
the product stereochemistry.
OH

OH

O
O

HO
HO

OH
P

RmlA

HO
HO

O

RmlB

H3C
O

HO
OH
dTDP

OH
dTDP

RmlC

H3C

O

dTDP

O

HO

RmlD

H3C
HO

dTDP

O

HO
OH

OH

Scheme 1.2 Biosynthetic pathway for forming the dTDP-L-Rhamnose sugar
precursor and the proteins RmlABCD responsible for each step. The product has a
ȕ-anomeric configuration.

1.3.5 Processing genes
The last group of proteins is a group with a wider set of functions, such as
transport, functionalization or control of chain elongation. Wzx and Wzy are
two plasma membrane-bound proteins involved in the polymerization of
heteropolymer O-units. They tend to share little primary sequence similarity
between serogroups16 and their function is primarily inferred based on
structural features (such as transmembrane helices) rather than by homology.
As such, it has not yet been possible to predict polymerization patterns based
on sequence similarity comparison. Conversely, the unique sequences of
Wzx/Wzy make it possible to use them as gene markers for identification of
O-serogroups.20 A third related protein is Wzz that regulates chain length.
LPSs have a distribution of chain lengths, varying between 4 to more than
100 repeating units.21 Some bacteria may even express many Wzz homologs,
each with its own range of chain lengths.22 So far, the mechanism of Wzz is
not fully understood,23 although some hypotheses exist.24,25
Another group of enzymes functionalize the O-antigen by adding
substituents or residues after O-unit formation. There are numerous
examples of O-antigens where there is an apparent discrepancy between the
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actual number of residues and the residues predicted from GTs.26–29 These
cases can be explained by post-processing glucosylation,30 where an
Į-D-glucosyl residue is added to the O-unit. In a similar way, some antigens
are O-acetylated before ligation to the core region and transportation to the
outer cell membrane. Both these modes of serotype conversion can be
bacteriophage-mediated31 and as such the genes governing these functions
are found outside the O-antigen cluster. Since these modifications also occur
after O-unit formation, such substituents are not part of any acceptor/donor
included in GT specificity.
Once the nascent LPS molecule is formed, it needs to be transported from
the periplasmic side of the inner membrane (IM) to the cell surface of the
outer membrane (OM). This feat is carried out by a group of seven transport
proteins. Four of them, LptB2FG form an ABC transporter and together with
LptC extracts the LPS from the IM. It is then transported across a
periplasmic bridge formed by LptA monomers and finally inserted into the
outer membrane by the LptDE dimer. This process is suggested to be
continuous with each LPS molecule pushing the next upwards, with the ATP
hydrolysis by the LptB2FGC complex being the driving force. A review on
the current knowledge of lipopolysaccharide transport was recently
published by Okuda et al.32

1.3.6 ECA
The O-antigen is not the only polysaccharide expressed on the bacterial
cell surface. Other notable examples are K-antigens (capsular) and
extracellular polysaccharides (EPS)33 that form an adherent slime around the
cell. All gram-negative enteric bacteria can also express an enterobacterial
common antigen (ECA).34 It appears in either a cyclic form (ECACYC)
consisting of 4 to 6 repeating units35,36 or as a linear polysaccharide.37,38 In
the latter case, it is bound to the outer cell membrane by either a
phosphoglycerol (ECAPG), or linked to the core region of LPS (ECALPS).39
The conditions which prompt expression of ECA is not yet known, but it
occurs with a high enough frequency to warrant attention.40 It consists, in all
three known forms, of the trisaccharide repeat:
ĺ -Į-D-Fucp4NAc- ĺ -ȕ-D-ManpNAcA- ĺ -Į-D-GlcpNAc- ĺ
In some strains, position 6 in GlcNAc is partially O-acetylated. Having three
N-acetyl groups and a 6-deoxy function makes it a highly recognizable
pattern in a 1H,13C-HSQC spectrum. LPS preparations having an unexpected
amount of residues that includes these signals should be investigated
carefully to verify any presence of ECA. In particular, ECACYC may also
have sharper peaks compared to an LPS component due to the difference in
10

size, meaning they will have different relaxation times. Typical NMR
chemical shifts for ECACYC, taken from the study by Erbel et al.41 are shown
in table 1.1.
Table 1.1 1H and 13C NMR chemical shifts (ppm) for a cyclic ECA tetramer,
UHIHUHQFHGWR'66 įH įC -1.84).
1

H/13C

Sugar Residue
ĺ4)-Į-D-GlcpNAc- ĺa
ĺ4)-ȕ-D-ManpNAcA- ĺb
ĺ3)-Į-D- Fucp4NAc- ĺc

1
4.97
94.1
4.86
99.5
5.12
101.9

2
3.98
54.1
4.53
54.0
3.81
68.6

3
3.84
70.4
4.06
71.1
4.07
73.8

4
3.77
79.7
3.78
78.8
4.33
50.7

5
6
4.04 3.79, 3.84
71.3
61.1
3.82
78.7
176.4
4.26
1.05
67.6
16.6

Chemical shifts for N-acetyl groups in ppm are:
a

įH 2.02 (Me); įC 23.2 (Me) 175(CO)

b

įH  0H įC 23.1 (Me) 176.4 (CO)

c

įH  0H įC 23.0 (Me) 175.2 (CO)
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2 Analytical Methods

2.1 NMR spectroscopy
2.1.1 Basic principles
All nuclei have an intrinsic spin quantum number ܫ:
1 3
 = ܫ0, , 1, , …
2 2
where species with a non-zero value are said to possess a nuclear spin, and
can thus be detected by NMR. Fortunately, most nuclei related to
ଵ
glycoscience have at least one NMR active isotope with  = ܫ. Related to the
ଶ
spin quantum number are the attributes angular momentum ܫԦ (also written as
ܲሬԦ ) and magnetic moment ߤԦ . Angular momentum is a vector with 2I+1
possible states, where I is the spin quantum number, e.g. for 1H there are two
SRVVLEOH VWDWHV GHQRWHG Į DQG ȕ  7KH PDJQHWLF PRPHQW LV GLUHFWO\
proportional to the angular momentum through a nucleus-VSHFLILFFRQVWDQWȖ
ߤԦ = ɀܫԦ
Under normal conditions, the two spin states are degenerate, but if the
system is perturbed by a strong external magnetic field (B), the difference in
angular momentum will cause the two states to have a difference in energy.
This energy gap is proportional to the external field strength and the
magnetic moment of the two states. As the magnetic moment is related to the
gyromagnetic ratio and the angular momentum, it is most commonly
rewritten as:
݄ߛܤ
2ߨ
In order to excite the system, electromagnetic radiation of a matching
energy is applied according to:
߂= ܧ

߂ߥ݄ = ܧ
As one of the spin states will have a lower energy, it will have a slight
population excess. The collection of spins in the lower energy state will give
rise to a bulk magnetization vector pointing in the direction of the external
12

magnetic field. When an orthogonal electromagnetic pulse is applied to the
system, the net magnetization vector is tilted towards the x-y plane (where
the z-axis is defined as parallel to the external magnetic field) and will
precess at a frequency characterized by the magnetic field experienced by
the nucleus. It is this oscillation that is detected in NMR, as it will induce a
small voltage in the detection coils around the sample. The resulting signal is
a collection of oscillations that decreases in intensity over time, referred to as
the FID (free induction decay). In order to extract individual frequencies a
Fourier transform is applied, changing the data representation from time
domain to frequency domain.

2.1.2 Some basic techniques employed in carbohydrate
NMR
The previously described experiment is the simplest application of NMR.
However, due to the long lifetime of excited nuclear spins, it is possible to
apply multiple pulses separated by delay times to acquire a multitude of
information. Heteronuclear correlations can be extracted by the use of
1
H,13C-HSQC (single bond correlations), where a multiplicity edited version
allows easy identification of CH2-groups,42 1H,13C-H2BC (two bond
correlations)43,44 and 1H,13C-HMBC (multiple bond correlations).45 The latter
is routinely employed to determine linkage positions in polysaccharides as it
can map correlations from anomeric atoms over the glycosidic linkage. In
cases where the carbon resonances suffer from overlap in a 1H,13C-HSQC
spectrum, 1H,13C-HETCOR provides an alternative with increased resolution
in the heteronuclear dimension. 1H,1H-TOCSY is a common homonuclear
experiment used to trace magnetization transfer through a spin system.46 The
relay depends on the coupling constant between neighboring protons ଷܬୌ,ୌ
and a lack of transfer suggests of a small coupling, e.g. ଷܬୌସ,ୌହ in a D-Galp
residue. Since the ଷܬୌ,ୌ coupling constants depend on the relative geometry
for two coupled nuclei, e.g. a cis or trans orientation give large coupling
constants while a clinal arrangement gives small values,47 they can be
directly correlated to configuration.
Through space correlations can be obtained by the use of 1H,1H-NOESY48
and is a complement to 1H,13C-HMBC when determining glycosidic linkage
positions. It is also an absolutely essential tool for determining the 3D
structure of polysaccharides as it can be used to calculate atom-atom
distances. A plethora of pulse sequences is available in addition to these, but
the aforementioned experiments should give a hint at what sort of
information can be extracted by NMR spectroscopy.
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2.1.3 Chemical shift
As explained, the resonance frequency for each nucleus depends on the
external magnetic field experienced. This will change depending on the local
environment and each molecule will have its unique fingerprint. The
difference stems from the local electron density around a nucleus. According
to Lentz’s law, as the external field is introduced the electrons around the
nucleus will start to circulate within their orbitals, similar to an induced
current (Figure 2.1). This motion will give rise to a small magnetic field
opposing the external field. The actual resonance frequency can then be
written as:
ߥ=

ߛܤ (1 െ ߪ)
2ߨ

ZKHUHıLVFDOOHGWKHVKLHOGLQJFRQVWDQW1XFOHLH[SHULHQFLQJKLJKHUHOHFWURQ
density will be more shielded, and consequently have a slower precession.
For example, sodium 3-trimethylsilyl-(2,2,3,3-2H4)-propanoate (TSP) will
have the proton resonance greatly shielded, and is thus commonly used as a
reference to define the lower frequency limit. The shielding constant in itself
is a suboptimal measure of chemical shift, since it will also depend on the
VWUHQJWKRIWKHH[WHUQDOPDJQHWLFILHOG7RFLUFXPYHQWWKLVWKHSDUDPHWHUįLV
defined as:
ߜ = 10 ൫ߪ െ ߪ൯; ߪ  ا1
which is given in ppm and is independent of magnetic field strength. The
references used depend on the solvent, but they are typically small molecules
with a single strongly shielded resonance. The aforementioned TSP for
example is a commonly used reference in D22ZLWKįH 0.00.

Figure 2.1 Lentz’s law. An external magnetic field will induce an electron motion,
giving rise to a small magnetic field opposing the external one. The strength of the
induced field will depend on electron density around the nucleus.
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NMR chemical shifts are an invaluable tool in structure elucidation and
most carbohydrates have very characteristic resonances. While 1H spectra
usually have a span of roughly 10 ppm, the bulk of the signals are found
between 3.2 – 4.5 ppm. This region is plagued by severe spectral overlap,
especially in the case of oligo- and polysaccharides, and full assignments of
such carbohydrate systems rely heavily on two dimensional techniques.
Some notable resonances are found outside this region however. The
hemiacetal character of the anomeric carbon will give rise to resonances with
a slightly higher chemical shift, 4.4 – 5.6 ppm. Methyl groups from 6-deoxy
sugars and N- and O-acetyl groups are found around 1.0 – 1.3 ppm, 2.0 ppm
and 2.1 ppm respectively. Methylene groups within the ring, most commonly
found in 3-deoxy sugars like Kdo or abequose, have signals around 1.8 – 2.8
ppm.
In contrast, 13C resonances have a much wider spectral range of about 200
ppm and signal overlap is not as critical. Correlating the two in for example
a 1H,13C-HSQC helps to resolve signal overlap and the previously mentioned
regions can be further subdivided (Figure 2.2). Anomeric signals are found
between 92 – 110 ppm with non-reducing residues generally having a 6 – 8
ppm higher shift than their reducing counterpart. A distinction can be made
EHWZHHQ Į- DQG ȕ-hexapyranoses where the former resonates at 97 – 101
ppm, and the latter at 102 – 105 ppm (non-reducing end values). Notable
exceptions to this are residues with manno-FRQILJXUDWLRQZKHUHĮ-configured
residues have a slightly higher chemical shift. The anomeric configuration
can be unequivocally determined by looking at the ଵܬେଵ,ୌଵ -coupling
constant, e.g. by performing a coupled 1H,13C-HSQC experiment.
Į-anomeric configurations for pyranoses will have a value >169 Hz while
ȕ-anomeric configurations will have <169 Hz. Resonances from the ring
region can be divided into three groups. Regular ring carbons resonate
between 64 – 85 ppm, hydroxymethyl groups around 60 – 64 ppm and
nitrogen bearing carbons from aminosugars can be found at 48 – 57 ppm.
Endocyclic methylene groups appear between 30 – 40 ppm (not shown) and
finally the methyl groups of O-acetyls, N-acetyls and 6-deoxysugar C6
carbons have typical chemical shifts of 23, 21 and 15 – 18 ppm,
respectively.49 A plethora of substituents can also be present with chemical
shifts throughout the full spectral region of 200 ppm.
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Figure 2.2 Multiplicity-edited 1H,13C-HSQC spectrum of an E. coli O144 strain
showing the anomeric region (bottom), ring region and hydroxymethyl groups
(middle) and methyl regions characteristic for carbohydrates (top). –CH2 group
show up as negative signals (shown in red).

2.1.4 Non-uniform sampling
Due to the nature of the second dimension in 2D NMR, experiments tend
to be time consuming and methods to reduce experiment time are highly
sought after. One such method is non-uniform sampling (NUS), sometimes
referred to as sparse sampling. This section will not go into detail about the
theory behind the method, rather it focuses on the basic principles and the
potential benefits. Reviews covering the theory more extensively have been
done by Hoch et al.50 and Orekhov et al.51 In traditional 2D and higher
dimension NMR spectroscopy, every FID is recorded with a linear increment
to the evolution time, giving rise to the second dimension. It is however
possible to only sample a sub-set of the indirect dimension and through
processing predict the missing data. Reducing the number of increments in
16

the indirect dimension will reduce the acquisition time by an equal amount.
This does not come without a sacrifice however, as a reduction in
experimental time will result in less sensitivity. NUS is therefore best suited
for strong samples where the resolution, rather than signal-to-noise, would
be the limiting factor.

2.2 Sugar analysis
determination

and

absolute

configuration

While NMR can be employed to solve most of the LPS structure,
determining the identity and absolute configuration of residues using
chemical analysis still remains an important complementary technique. The
general approach for both methods is to run gas chromatography (GC)
analysis of the LPS monosaccharide derivatives together with a known
standard, and the primary difference is how these derivatives are prepared.
To determine the identity, most commonly referred to as sugar analysis,
the sample is first hydrolyzed (TFA or HCl), then reduced (NaBH4) to yield
the open chain alditol, and finally O-acetylated (Ac2O/Pyridine) to give a
product with properties more suited for GC. With the protocol mentioned,
acidic sugars will not be detected, since the acid will form a non-volatile
sodium salt. Uronic acids and certain substituents will also reduce the rate of
hydrolysis, causing the associated residues to be underrepresented.
To distinguish between the D and L enantiomers of a sugar, the
hydrolyzed monosaccharides are reacted with an optically-active alcohol,
most commonly 2-butanol or 2-octanol, to yield a diastereomeric product.
These can be separated on a GC column and compared to standards with a
known stereochemistry. In a general procedure, the sample is first
hydrolyzed (TFA or HCl), followed by glycosylation with an optically active
alcohol (e.g. (+)-2-butanol), and finally (in similarity to sugar analysis)
acetylated (Ac2O/Pyridine) making it compatible for GC analysis. As no
non-volatile products are formed with uronic acids, absolute configuration
analysis is often used to determine both the stereochemistry and the identity
of such residues.
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3 Development of the ECODAB into a
Relational
Database
and
Automatic
Predictions on Glycosyltransferase Function
Thus Enabled (Paper I)

3.1 Background
The first iteration of the E. coli O-antigen database (ECODAB) was
developed to keep track of the known O-antigen structures of E. coli
serogroups, with associated NMR data. It was initially a tool to facilitate
structure comparison to identify common epitopes (antigenic structure
fragment recognized by the immune system) and to aid structure
determinations.52 It was later expanded to also include GT data and an
extensive work to predict GT functions based on gene sequence similarities
was carried out.53 At the time, all data was stored as individual text files. As
the database expanded, alternatives more suitable for handling large amounts
of data were investigated. In the latest iteration, ECODAB was migrated into
a relational database.54 Not only does it allow for easier handling of the data,
as a relational database can help avoiding inconsistencies, duplicates and
obsolete data, but it also opens up for fast and advanced querying. As such,
the process to predict GT functions could be automated. ECODAB has also
grown considerably since the first iteration and currently only 19 out of 182
serogroups still have unknown O-antigen structures, and only 3 serogroups
lack GT data.

3.2 Relational databases
Instead of storing the data in one or multiple text files with records
separated with delimiters, relational databases keep all records in tables.
These may be chosen to easier keep track of data. Using ECODAB as an
example all data concerning GTs, e.g. GT name, sequence and genebank
code, is kept in a table “GT” and data concerning the references for a
serogroup is kept in a table “literature”. Each table then has one row that can
uniquely define each entry, called the primary key. Typical primary keys are
unique IDs. This is the case in ECODAB, where every GT is given a unique
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ID, rather than using GT names as the primary key, since GT names have
several duplicates when homologs are found in different serogroups. When a
primary key from one table is present in another table, it is referred to as a
foreign key, and the communication between tables using these keys is the
basis of a relational database.

3.3 Results
At launch of the new ECODAB, data on 338 GTs was included. Of those,
17 had their function determined experimentally, 49 functions were
predicted by sequence-similarity comparison as part of a published paper, 28
functions were predicted as part of the ECODAB paper, and 94 functions
were predicted automatically by ECODAB (Figure 3a). Thanks to recent
endeavors in sequencing the O-antigen gene clusters of E. coli, the number
of GTs has increased greatly, and currently sits at 609 entries. As most
predictions on function are made as part of structure elucidation studies,
experimentally determined and sequence comparison derived functions only
experienced a modest increase, to 19 and 55 entries, respectively.
Consequently, the majority of all new GTs either have an automatically
predicted function, or when that was not possible, the function is still
unknown. The fraction of GT functions that are automatically predicted by
ECODAB saw the biggest increase of all categories, going from 28% to 41%
(Figure 3b).
a

b

17 (5%)

19 (3%)
55 (9%)

49 (14%)
28 (5%)

28 (8%)

94 (28%)

260 (43%)

150 (44%)

247 (41%)

Figure 3.1 Comparison between the distribution of GT data at a) launch and b)
current time (September 2017). The number of GTs has grown more than twofold,
with the vast majority either having their function automatically predicted by
ECODAB, or with an unknown function due to a lack of similars.

Recent structure elucidations have also been able to verify automated
predictions made by ECODAB.55 In E. coli O182, Orf9 (called O182_10 in
ECODAB) ZDVSUHGLFWHGWRIRUPDȕ-D-GlcpA- ĺ -D-GlcpNAc linkage,
and Orf6 (O182_07 in ECODAB) ZDVSUHGLFWHGWRKDYHȕ-L-RhapNAc3NAc
as a donor. Both predictions were consistent with the determined structure.
Orf1 in O185 (O185_03 in ECODAB) was automatically predicted to form a
ȕ-D-Galp- ĺ -D-GalpNAc linkage, which was verified in the same study
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as serogroup O182. These predictions were all made on serogroups with
unknown structures and they demonstrate that ECODAB can be a helpful
tool to aid in structure elucidations.

3.4 Automatic predictions
There are two sides of the automated predictions. First, serogroups with a
known O-antigen structure and GT data can have the function of those GTs
predicted by comparing structural elements to the acceptor/donor pair of
other GTs sharing a high sequence similarity. Second, serogroups with an
unknown O-antigen structure can have distinct disaccharide fragments
predicted. The basis for the automatic predictions is a BLAST search56
carried out for each GT comparing it to all other entries in the database. This
will generate a large table that keeps track of all GTs sharing similarities.
This is presented for each entry as a list of “similars” with a corresponding
GT name, the acceptor/donor if known, and associated e-value a from the
BLAST search (Figure 3.2). The list is then checked in a descending order to
see if any acceptor/donor pair matches a structural element in the O-antigen
structure. In cases were a full match cannot be found, only the donor or
acceptor may be proposed. Finally, in the cases where a serogroup has a
completely unknown structure, the acceptor/donor pair tied to the similar
with the lowest e-value is proposed.

3.5 Further development
One of the main objectives for a further development is to help the system
make predictions for the GTs with still unknown functions. They can be
categorized in two groups: those lacking any similars (124 entries) and those
were similars exist but none have a known function to base any predictions
on (136 entries). The former could be remedied by adjusting the cutoff
values for display, which is currently set to a bit-score b of 80. It is currently
set rather high to ensure the quality of the predictions, and a judgement
between prediction quantity and quality is necessary. In the latter case,
where no similar has a known function, making manual predictions on key
GTs will allow the rest in a GT “cluster” to be automatically predicted. For
either case, including other bacteria would also allow a larger search space,
ensuring that more predictions can be made. The infrastructure to keep other
a

E-value, or expectation value, is the number of equally good or better alignments that are
expected to occur in the database by chance. Lower values correspond to a more significant
match.
b The bit-score is a normalized and log scaled form of the raw score used to measure the
2
degree of alignment between two sequences. Higher values indicate better sequence
alignments.
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bacteria already exists in the database, but so far only one serotype from
Streptococcus pneumoniae has been added to demonstrate the capability to
do so.

Figure 3.2 Example of an automatic prediction on GT function. ECODAB compares
the donor/ acceptor of GTs with a high sequence similarity and checks for matches
in the O-antigen structure. The structure for E. coli O88 is shown with both a text
and SNFG representation. The structural fragment matching the donor/acceptor pair
with the lowest e-value, in this case found in serogroup O9, is circled in red.

3.6 Conclusions
The ECODAB was migrated to a relational database to ensure continued
usability as the database expands. As a result, it was possible to fully
automate the process of predicting GT function by comparing structural
elements to acceptor/donor pairs of other GTs with a high sequence
similarity. The database has grown to include almost twice the number of
GT entries since release. The fraction of unknown GT functions has
remained the same, while the functions predicted by ECODAB saw the
greatest change; the vast majority all predictions after initial launch were
automatic.
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4 Computer-aided Structure Elucidations
Using the Computer Program CASPER (Paper
II and V)

4.1 Background
Analyses of carbohydrate structures pose a challenge due to the high
degree of similarity between residues, resulting in considerable spectral
overlap. While heteronuclear correlation experiments help to resolve the
signals, homonuclear experiments commonly employed like 1H,1H-TOCSY
and 1H,1H-NOESY can still prove difficult to interpret if the signals are too
crowded. Using other experiments can be a valid alternative, but it is often
time consuming, and employing alternative routes focused on the analysis
rather than acquisition of the data is an attractive option.
Computerized approaches to spectrum evaluation started to emerge in the
80s, sometimes referred to as Computer-Aided Structure Elucidation
(CASE). These may be more or less specialized on one set of molecules, e.g.
small moluces, proteins, or in the present case, carbohydrates. Initial
methods focused on 13C chemical shifts, due to the higher spectral
resolution. Examples are CASPER (Computer Assisted SPectrum Evaluation
of Regular polysaccharides)57 and BIOPSEL.58 Later on, support for 1H
chemical shift predictions was included in CASPER.59 Some other programs
also capable of handling both 1H and 13C chemical shifts are GlyNest,60
which uses a spherical environment encoding scheme, and GODESS.61,62

4.2 Underlying principle
CASPER is based in increment rules.63 When a substitution or steric
interaction is present for an atom, a correction is added to a base value. As
an example, glycosylations typically give a downfield shift of ǻįC 5 – 10 at
the substitution position with minor upfield shifts for neighboring carbons.
At the heart of CASPER is a database of mono-, di- and trisaccharide
chemical shifts. Monosaccharide chemical shifts give the base value for each
atom, and di- and trisaccharides are used to calculate the correction sets
(Figure 4.1). The trisaccharide corrections are necessary when a residue is
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YLFLQDOO\ VXEVWLWXWHG VXFK DV D ĺ -Hexp- ĺ RU ĺ -Hexp-linked
residues. The proximity of the substituents will cause a slight deviation not
accounted for by only disaccharide corrections.
I)
I

a

b
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c
II)

III)

E %¨įI,b ¨įII,b¨¨įI,II,b

monosaccharide NMR chemical shifts
A

A

B
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C

C

disaccharide corrections
I
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¨įI,b = Eí%
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Figure 4.1 CASPER calculation for residue ‘b’ in an example trisaccharide with a
vicinal substitution. I) The final chemical shift is calculated by adding two
GLVDFFKDULGHFRUUHFWLRQVǻįI,b DQGǻįII,b as well as a trisaccharide correctLRQǻǻįI,II,b
to II) the base value. III) The disaccharide corrections are calculated by subtracting
the corresponding monosaccharide chemical shift from the disaccharide. IV)
Trisaccharide corrections are calculated by removing both disaccharide shifts as well
as the corresponding monosaccharide chemical shifts.

The CASPER database is steadily growing, and recent endeavors to
expand the database64,65 by synthesizing and assigning model compounds has
helped improve the accuracy of the chemical shift predictions. Currently,
CASPER keeps roughly 400 di- and tri-saccharide entries on which the
predictions are based on. However, this is still not nearly covering all
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possible permutations, and one of the strengths of CASPER is the ability to
approximate corrections using the existing data. As only atoms near the
glycosidic linkage have considerable shifts, using a disaccharide with the
same geometry close to the linkage but differing further away will still give a
good approximation. For example, the ȕ-D-GlcpA- ĺ -Į-D-GlcpNAc
GLVDFFKDULGH FDQ EH DSSUR[LPDWHG XVLQJ ȕ-D-GalpA- ĺ -Į-D-GlcpNAc
instead, as the only difference is an epimerization in position 4, which is far
away from the glycosidic linkage. Depending on the deemed quality of these
approximations, CASPER will suggest a value for the expected calculated
error ranging from 0 (exact match exists in the database) to 5 (no
approximation could be applied) for disaccharides and 0 to 10 for
trisaccharides, and sum these for each residue. Note that these values are
unitless and only indicate the amount of approximations done.

4.3 Prediction of O-acetyl substitution patterns
One recent development is the ability to use CASPER to predict O-acetyl
substitution patterns using a two-step procedure.66 A common approach
when O-acetyl groups are present is to first treat the LPS material under
basic conditions, thereby removing the ester-linked substituents. The
resulting material can be used to determine the unsubstituted structure and
comparison between the LPS and LPS-OH (O-deacetylated LPS) is then
used to determine the O-acetylation position. This procedure can be
performed by CASPER by first determining the structure of the
unsubstituted LPS, locking the sequence and re-running it with NMR data
from experiments on the LPS material and allowing for the presence of an
O-acetyl group.
A model run was performed on a Salmonella sample where LPS material
of excellent quality was available. Some assumptions based on knowledge of
the possible biosynthetic pathways were made to speed up the calculations.
Salmonella serogroups can be categorized in two groups based on the initial
residue.67 The O-antigen formation of the first group is initiated by the
transfer of a UDP-D-GlcpNAc residue to an undecaprenyl phospholipid
UndP to form UndPP-D-GlcpNAc, a reaction carried out by the enzyme
WecA. This lipid carrier can be epimerized to UndPP-D-GalpNAc by an
epimerase gnu, and all serogroups in the first group thus contain either
D-GlcpNAc or D-GalpNAc as the initial residue. The synthesis in the second
group is instead initiated by WbaP to form an UndPP-Gal residue. Notably,
the latter group is void of N-acetyl sugars, and if no signals from nitrogenbearing carbons are present, the O-antigen formation should be WbaP
initiated. They all also carry the residues L-Rhap and D-Manp in addition to
the inital D-Galp. In addition to this, about two thirds of all WbaP initiated
Salmonella strains carry 3,6-dideoxyhexoses.
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All of this was considered when analyzing the initial multiplicity-edited
H,13C-HSQC spectrum of the LPS-OH material (Figure 4.2a) The spectrum
did not reveal any resonances from nitrogen bearing carbons, and the
polysaccharide should thus belong to the WbaP-initiated group. The sample
had four resonances from anomeric protons and characteristic resonances
from a –CH2 JURXS DURXQG įC 33 as well DV WZR PHWK\O UHVRQDQFHV DW įC
17.86 and 16.29, indicative of a four residue repeating unit containing a
3,6-dideoxysugar. The input for CASPER was then prepared specifying LRhap, D-Manp, D-Galp and an unknown 3,6-dideoxysugar, all with every
linkage option set available using the wildcard option, as well as the
unassigned 1H, 13C and 1H,13C-HSQC chemical shifts. No advanced options
were used for the analysis of the LPS-OH material.
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Figure 4.2 Multiplicity-edited 1H,13C-HSQC spectra of an a) O-deacetylated- and b)
native LPS material from a Salmonella strain. Negative signals are shown as red,
and a polyethylene glycol (PEG) contaminant is indicated with a ‘#’. The resonance
for carbon 2 in the abequose (A2) residue has a distinct downfield chemical shift
displacement in the native LPS material.
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The calculations finish in about one minute, with the top ranking structure
corresponding to S. typhimurium O-factor 4.68 This backbone structure can
then be constrained by using the advanced options to predefine glycosidic
linkages. Rerunning a structure determination with chemical shift data from
the LPS material (Figure 4.2b), with the addition of an O-acetyl substituent
and allowing all linkage positions will predict the O-acetylation pattern. This
calculation is instantaneous, and the top ranking suggestion was verified by
2D NMR as the correct structure. The top five suggested structures from the
LPS-OH analysis and the subsequent determination of the O-acetylation
position is shown in Figure 4.3. This two-step method is a promising
approach to determine O-acetylation patterns, especially for cases where
adding an additional permutation for CASPER from the O-acetyl would
result in calculation times exceeding the current time-out limit (8 minutes).

Proposed structures for Salmonella LPS-OH

Relative Score

1.

ĺ >Į$EH ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

1.00

2.

ĺ >Į&RO ĺ @ĮD*DO ĺ ĮD0DQ ĺ ĮL5KD ĺ

1.07

3.

ĺ >ĮD*DO ĺ >Į$EH ĺ @ĮD0DQ ĺ @ĮL5KD ĺ

1.15

4.

ĺ >Į$EH ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

1.16

5.

ĺ >Į$EH ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

1.16

Proposed structures for Salmonella LPS
1.

ĺ >Į$EH$F ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

1.00

2.

ĺ >Į$EH$F ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

1.80

3.

ĺ >Į$EH$F ĺ @ĮD0DQ ĺ ȕL5KD ĺ ĮD*DO ĺ

1.86

4.

ĺ >Į$EH ĺ @ĮD0DQ ĺ ĮL5KD ĺ ĮD*DO$F ĺ

1.97

5.

ĺ >Į$EH$F ĺ @ȕD0DQ ĺ ĮL5KD ĺ ĮD*DO ĺ

2.04

Figure 4.3 Output from the initial backbone determination on the LPS-OH material
(top) and the subsequent determination of the O-acetylation pattern (bottom). The
relative scores are normalized with respect to the top ranking structure. In both
cases, the top ranked proposed structure is the correct one, and could be verified
using 2D NMR experiments.
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4.4 Development of the underlying database and
application to determine polysaccharide structures
4.4.1 Assignments of chemical shifts
As mentioned in section 4.2, expanding the database is a continuous
process, and in paper V, efforts have been made to target biologically
relevant structural fragments to improve the predictions made by CASPER.
A number of model systems were then used to verify the improved quality of
predictions. A total of 47 compounds were selected, totaling 62 data sets due
to different Į- RU ȕ-anomeric configurations, distinct rotamers (e.g.
Į-D-Fucp3NFo-OMe) or differences in chemical shift induced by pD
differences that were non-negligible. A few examples are components found
in heparin, branching points in S. flexneri O-antigen structures, and sugars
found in the core structures of gram-negative bacteria.
The compounds were all fully assigned using an array of 1D and 2D
NMR spectroscopy. Most structures could be fully assigned using
1
H,1H-COSY, 1H,1H-TOCSY, multiplicity-edited 1H,13C-HSQC and
1
H,13C-HMBC. For more complex cases, e.g. anomeric mixtures of tri- and
tetrasaccharides, band-selective constant-time 1H,13C-HMBC, 1H,13C-H2BC
and 1D-1H,1H-TOCSY were employed to aid in the assignments. Exact
chemical shifts were extracted using total line-shape analysis by employing
the PERCH software (Figure 4.4).69 This allows for extraction of highly
accurate chemical shift, at least in the ppb scale, i.e. three decimal places, for
the spectrometers used for assignments. Initial chemical shifts used to
perform the spin-simulation were retrieved from assignments in a
1
H,13C-HSQC spectrum, and 3JHH coupling constants were extracted using
the MSpin program70 and the JCoupling module with the Altona47 parameter
set.

4.4.2 Structure determination of the O-antigen structures of
E. coli O174ab and O174ac using CASPER
The O-antigen structure from E. coli O174ab was recently elucidated,71
but at the time could not be satisfactory determined by CASPER. A related
structure belonging to the same serogroup but with a different sugar in the
reducing end of the biological repeating unit (BRU) has since been found,
tentatively defining a new subtype O174ac.72 Both articles report full
assignments on NMR chemical shifts, along with constituent components
from sugar analysis. Data on linkage position based on methylation analysis
is also available in the study on the O174ac O-antigen structure, but this
information has been omitted in order to provide a more challenging system.
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As such, they are excellent model systems to verify the improved
capabilities of CASPER.
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Figure 4.4 Selected region of a 1H spectrum generated by spin simulation (top, red)
and the 1H spectrum it is fitted to (bottom, blue), recorded at 700 MHz and 70 ºC.
The spin simulated spectrum has a regional root-mean-square deviation (RRMSD)
of 0.081%. The example is for the trisaccharide 36 in paper V: L-Į-D-Hepp- ĺ >Į-Kdo- ĺ @-Į-Kdo- ĺ2$OO\OWKH+'2SHDNwas removed when doing to total
line-shape fitting.

For serogroup O174ab, sugar component analysis and absolute
configuration analysis showed the presence of D-Gal, D-GlcA, D-GalN and
D-GlcN and inspection of the N-acetyl region of the 1H,13C-HSQC spectrum
indicated both aminosugar residues to be N-acetylated. These four sugars
were supplied as input to CASPER without restrictions on linkage positions.
The D-GlcpNAc residue was restricted to the initial position using the
‘WecA repeating unit’ biological rule, found under the advanced options.
This was chosen based on a quick inspection of the E. coli O174ab entry in
ECODAB for which the flippase and polymerase processing proteins are
both listed, indicating the O-antigen is formed via the Wzx/Wzy-dependent
pathway, as described in more detail in section 4.3. 1H and 13C chemical
shifts along with heteronuclear correlations based on 1H,13C-HSQC
experiments were given. The calculations are completed in roughly ten
seconds with the top ranking structure being the same as that elucidated by
Fontana et al. The top-five ranked structures are shown in Figure 4.5 (left).
A similar input was prepared for serogroup O174ac. Sugar component
analysis and absolute configuration analysis revealed D-Gal, D-GlcA and
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1.5

D-GlcN in a 2:1:1 ratio, the latter were N-acetylated, based on the presence
of resonances in the N-acetyl region. The same biological rule, linkages and
type of NMR data were supplied as in the case of serogroup O174ab. The
calculations finished in about 10 seconds and also in this case, CASPER
successfully proposed the correct structure as the top ranked one (Figure 4.5,
right).

As the O-antigen structure of E. coli O174ab could not previously be
solved with CASPER, the latest expansion of the database shows
improvements in the predictive capabilities of CASPER.
O174ab

O174ac

1.

įRel=1.00

įRel=1.00

2.

įRel=1.04

įRel=1.11

3.

įRel=1.09

įRel=1.16

4.

įRel=1.10

įRel=1.19

5.

įRel=1.10

įRel=1.39

Figure 4.5 Output from the CASPER calculations on E. coli O174ab (left) and E.
coli O174ac (right) shown with a SNFG-representation. The relative scoringįRel, is
normalized to the top ranking structure and consists of the absolute deviations
between experimental and calculated values. This is calculated for all entered data
types, e.g. 1H chemical shifts or CH correlations, with weighting and scaling factors
added based on data type and then summed. The top ranked structures for both E.
coli O174ab and E. coli O174ac match the elucidated structures in the corresponding
papers.
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5 Structural
Elucidation
of Bacterial
Lipopolysaccharides Using a Bioinformatics
and NMR Approach (Paper III)

5.1 Background

E. coli is a gram-negative bacterium that colonizes the intestinal tract.
While normally a commensal species, it can acquire virulence factors,
turning it pathogenic. Serotyping schemes are based on the antigens
expressed on the cell surface: O (somatic), K (capsular) and H (flagellar).
The O-antigen determines the serogroup and a combination of O-antigen and
H-antigen determines the serotype. There are currently 187 numbered
serogroups, with some of them removed (e.g. O31) and some having one or
more subtypes (e.g. O18).54 Herein we present a structure elucidation using
NMR spectroscopy in combination with bioinformatics as well as an
example of only a prediction of O-antigen structure with bioinformatics.

5.2 Structure elucidation of the O-antigen from E. coli
O63
The study in paper III focuses on elucidating the O-antigenic structure of
serogroup O63, a Shiga toxin producing E. coli (STEC), using primarily
NMR and GC methods but also applying a bioinformatics approach to
facilitate the process. The structure is similar to E. coli O114 but differ in an
amino acid substituent, as well as some key glycosidic linkage positions,
causing a more crowded system.

5.2.1 Bioinformatics
The O-antigen cluster of E. coli
independently by both Fratamico et
FJ539195.1) and Iguchi et al.73 GT data in
the latter sequence. A number of protein
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O63 has been characterized
al. (Unpublished, GenBank:
ECODAB is currently based on
identities can be used to infer

structural features. The presence of the genes wzx (flippase), wzy
(polymerase) and wzz (chain length regulating protein) indicates that the
O-antigen is formed via the Wzx/Wzy-dependent pathway which is initiated
by the transfer of an undecaprenyl phospholipid to a D-GlcpNAc residue
which is then further polymerized via successive coupling of activated donor
sugars to the growing O-antigen. As such, the initial residue in the repeating
O-unit should be either a D-GlcpNAc, or in the case where an epimerase
encoded by gnu is active, a D-GalpNAc.74,75 A lack of such epimerase
suggests that the first sugar residue is D-GlcpNAc.
Three proteins are predicted to be GTs and the O-antigen should contain
at least four sugar residues in its repeating unit. No further function other
than being a glycosyltransferase was predicted by the groups carrying out the
sequencing. In cases where a GT function is unknown, ECODAB
automatically attempts to make a prediction of function, based on sequence
similarity to other E. coli strains kept in the database. In the case of O63,
WbuP showed a remarkable similarity (e-value 1 × 10ିଵଽ ) to WbuP in E.
coli O114, and it was predicted to form the glycosidic linkage
ȕ-D-Galp- ĺ3)-D-GlcpNAc. The other two had modest similarities to
WbuL and WbuM in E. coli O114, but only WbuL had an e-value low
enough to register as a similar by ECODAB. In the case of WbuM, a manual
BLAST search gave a hit for a similar GT with an e-value of 1 × 10ିଽ , but
it could not be used to infer a function.
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Scheme 5.1 The biosynthetic pathways of QdtABC and FdtABC are both intiated by
RmlAB.

The O-antigen gene cluster sequences from both research groups
contained rmlAB, two genes that encode for enzymes involved in the initial
steps of forming dTDP donor sugars. In the case of Fratamico’s work, the
presence of fdtB (a gene that encode a dTDP-3-amino-3,6-dideoxyĮ-D-galactopyranose transaminase) was suggested. In the analysis presented
by Iguchi et al., the corresponding protein was named a putative
aminotransferase. However, they also proposed the presence of a gene
encoding a putative dTDP-6-deoxy-3,4-keto-hexulose-isomerase, commonly
referred to as FdtA, which converts the product from RmlB to dTDP-3-keto6-deoxygalactose.76 This protein shares a modest sequence homology to
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QdtA, an isomerase acting on the same compound as FdtA,77 but branching
to the pathway forming dTDP-D-Quip3NAc (Scheme 5.1). This gene was
omitted in the study by Fratamico et al. due to narrower sampling range. A
manual BLAST search showed hits for QdtA (e-value 3× 10ିସଶ ) but none
explicit for FdtA. It is possible that these two isomerases do not yet have a
clear enough distinction from each other, and that more comparisons
between predicted function and known structures are needed to sufficiently
separate the two. It is difficult to clearly state which pathway is present for
E. coli O63. Explicit hits for QdtA and the presence of D-Quip3NAc in E.
coli O114, which has the highest GT similarity of all serogroups, suggests
QdtA to be more likely. Finally, one putative acetyltransferase could then
have the function of QdtC, although this is speculative as no clear hits can be
found with BLAST searches.
Noteworthy is also the presence of a phosphatase (as predicted by Iguchi
et al.) or a phosphoserine phosphatase (as predicted by Fratamico et al.),
named WbuN based on similarities to a homonymous phosphoserine
phosphatase which appears in E. coli O114. As the O-antigen of E. coli
O114 contains an acetyl-seroyl linked entity to the quinovose residue,78 the
same substituent is likely to be part of the O-antigen from E. coli O63 as
well.

5.2.2 Component analysis
While NMR and bioinformatics are powerful tools to predict the
constituent sugars, chemical analysis is still a great supplement to reinforce
the component predictions. Sugar analysis together with absolute
configuration determination revealed D-GlcNAc, D-Gal and D-Rib. Sugar
analysis was attempted with a range of hydrolysis conditions using times
between 15 and 90 min in either TFA (120 ºC) or HCl (100 ºC). The harshest
conditions also revealed a small peak in the region of 6-deoxy-hexosamines.
Bioinformatics as well as initial analysis from the NMR experiments had
showed the presence of D-Quip3NAc, and as such another set of runs with
the LPS of E. coli O5ab, a D-Quip3NAc containing LPS, was performed and
both samples gave a peak in the region expected for 6-deoxy-hexosamines in
the GC-chromatogram with the same retention time. In the case of the PS of
the O5ab serogroup, the peak was much stronger and also appeared under
less harsh conditions.
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Figure 5.1 Select region from the GC chromatogram comparing the threonine
substituent of the O-antigen PS of E. coli O63 (top) to standards of allo-Thr and Thr.
Retention time (x-axis) is given in minutes.

As threonine was found from NMR experiments, vide infra section 5.2.3,
the absolute configuration also had to be determined. Since there are two
stereogenic carbons, both threonine (R,S or S,R) and allo-threonine (R,R or
S,S) were used as references. As evident in Figure 5.1, the amino-acid
substituent is D-allo-threonine.

5.2.3 Structure elucidation
The 1H NMR of the LPS-OH material spectrum revealed five resonances
in the anomeric region, but only four in the 13C spectrum. The 1H,13C-HSQC
spectrum confirmed four of the proton signals bound to anomeric carbons
(Figure 5.2), while the last at įHįC 4.50/59.34 originated from something
else. The residues were labeled as A – D from highest to lowest 1H chemical
shift for the anomeric signals. Three residues, D-Quip3NAc, D-Galp and
D-GlcpNAc, had already been predicted from bioinformatics. Verifying
D-Quip3NAc was straightforward as 1H,1H-TOCSY-correlations from a
6-deoxy signal at įHįC 1.32/17.74 could be traced all the way to an
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anomeric signal at įHįC 4.89/104.72, C1, indicating a gluco-configuration.
The third carbon C3 had a characteristic low chemical shift of 56.60 ppm,
indicating it is a nitrogen-bound carbon.
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Figure 5.2 Multiplicity-edited 1H,13C-HSQC spectrum of the O-deacetylated LPS
from E. coli O63 recorded at a 1H frequency of 700 MHz and 40 ºC. Resonances
from –CH2 groups show up with a negative sign (red), a polyethylene glycol (PEG)
contaminant is indicated with a ‘#’.

To investigate the substituent, a band-selective constant-time
H,13C-HMBC experiment was performed (Figure 5.3), showing correlations
from H3 in quinovose to a carbonyl group. Interestingly, the carbonyl had
further correlations to the signal at įHįC 4.50/59.34 rather than to a methyl
group, which would be expected from an N-acetyl group. This is in good
agreement with the prediction of an amino acid, similar to that present in the
O-antigen of E. coli O114. However, it turned out to be a threonine (and thus
1

34

labeled as T) residue rather than the suggested serine, based on
1
H,1H-TOCSY-correlations traced from T1 to both a CH and CH3 group
rather than a CH2 group. As such, wbuN is suggested to encode a
phosphothreonine-phosphatase. The threonine residue is also N-acetylated, a
substitution pattern also found in the O-polysaccharides from E. coli O114
and O121. Only position 2 and 4 are possible for a glycosidic linkage and
while no correlations could be found by 1H,13C-HMBC, a clear
1
H,1H-NOESY cross-peak was detected from H2 to an anomeric resonance
at įH 5.54 while correlations to anomeric resonances were notably absent for
H4. The sequence so far is thus B-C(T).
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Figure 5.3 Band-selective constant-time H, C-HMBC of the carbonyl region
showing correlations from H3 to the threonine carboxyl functions.

The second predicted component was D-GlcpNAc and as only one
nitrogen-bearing carbon remained at įHįC 4.09/52.80, B2, which should be
the second carbon in a glucosamine, identifying the spin-system for this
residue was easily done using 1H,1H-TOCSY. A full trace from the anomer
DWįH 5.54 to H6 confirmed the gluco-configuration. Position 3 had a typical
downILHOGVKLIWRIǻįC 9.3 indicative of a glycosidic linkage and both HMBC
and 1H,1H-NOESY confirmed this with correlations to the anomeric
resonance at įHįC 4.45/104.21. This corresponds to D1 which was expected
to be the third and last of the predicted residues, D-Galp. The sequence is
then expanded to be D-B-C(T).
The galacto-configuration of residue D was confirmed by 1H,1H-TOCSY
transfer from the anomeric proton, which ended at H4. The signals
inaccessible by tracing 1H,1H-TOCSY correlations, e.g. H5 and H6, could be
assigned with a combination of 1H,1H-NOESY and 1H,13C-HMBC. The C4
VLJQDO KDG D GLVWLQFW GRZQILHOG FKHPLFDO VKLIW GLVSODFHPHQW ǻįC 7.16,
indicative of a glycosidic linkage, and had 1H,13C-HMBC correlations to the
DQRPHULFSURWRQDWįH 5.68, A1. 1H,1H-NOESY correlations from H4 in D to
H1 in A further confirmed this linkage, resulting in the sequence
A-D-B-C(T).
The last residue had conspicuously high anomeric FKHPLFDO VKLIWV įHįC
5.68/107.37, indicative of a furanoid ring. No 1H,1H-TOCSY correlation
could be found from the anomeric proton. Intraresidual correlations in the
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1

H,13C-HMBC spectrum was found from the anomeric proton to carbon
VLJQDOVDWįC DQGįC 70.44, and 1H,1H-TOCSY experiments with 20 ms
mixing times were used to identify the protons linked to these carbons as H4
įH 3.98, correlation to a –CH2 group  DQG + įH 4.19, correlation to H4),
respectively. Longer mixing times allowed the magnetization to be further
WUDFHGWR D VLJQDO DW įH 4.17, i.e. H2. Due to the small difference in proton
chemical shifts, a direct correlation between H2 and H3 is difficult to verify,
and transfer from other protons must be considered. However, for longer
mixing times, the H4 – H2 cross-peak is more intense, and the order of H2
and H3 was distinguished by inspecting both 1H,1H-TOCSY and 1H,1HNOESY spectra with 20 ms mixing times (Figure 5.4b and Figure 5.4c). The
KLJKGRZQILHOGFKHPLFDOVKLIWGLVSODFHPHQWRI&ǻįC 8.64 is indicative of a
glycosidic linkage position. The 1H,13C-HMBC spectrum showed a
correlation from C2 WRDQDQRPHULFSURWRQįH 4.89, as well as from H2 to an
anomeric FDUERQ įC 104.72, i.e. C1. All 1H,1H-NOESY correlations over
glycosidic linkages are shown in bold in Figure 5.4d. The sequence can thus
be concluded to be [-C-A-D-B-@n with B assumed to be the initial residue, as
it is the only possible substrate for WecA in the repeating unit.
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Figure 5.4 Overlay of selected regions from a) a 1H,13C-HSQC spectrum, b) a
H,1H-TOCSY spectrum using a 20 ms mixing time and c) a 1H,1H-NOESY
spectrum using a 20 ms mixing time, distinguishing between the H2 and H3 signals
in the ribofuranose residue. d) A 1H,1H-NOESY spectrum using a mixing time of
100 ms highlighting correlations over glycosidic linkages, shown in bold, as well as
the notable A1 – C1 and B1 – C1 cross-peaks arising from crowding.
1

The anomeric configurations of residues B, C and D were determined by
looking at the coupling constant 3JH1,H2 and 1JC1,H1 using proton experiments
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and coupled 1H,13C-HSQC. All but the GlcpNAc residue located at the
reducing end of the biological repeating unit had the ȕ-configuration. The
ribose residue, AZDVDVVLJQHGWRDȕ-anomeric configuration, based on the
chemical shifts of the anomeric carbon as well as the 3JH1,H2-value, which
was too small to be resolved. The full structure is then:
C

T

A

D

B

ĺ -ȕ-D-QuipN(D-allo-ThrNAc)- ĺ2)-ȕ-D-Ribf- ĺ -ȕ-D-Galp- ĺ -Į-D-GlcpNAc- ĺ

which is similar to the O-antigen PS of E. coli O114, but differing in the
amino acid substituent as well as two linkage positions. It is also close to the
structure of the O-antigen PS of O5ac,79 but differ, inter alia, in the amino
acid substituent, which is absent in O5ac, and linkage position to the
ribofuranose residue.
This difference in the linkage position is highlighted by the correlations
A1 – C1 and B1 – C1 (Figure 5.4d). These are can be observed due to the
considerable crowding arising from two (ĺ)-linked residues in sequence.
Notably, in O5ac, these cross-peaks are absent (data not shown).

5.2.1 Conclusions
The O-antigen of E. coli O63 was determined by NMR spectroscopy in
tandem with GC analysis and using bioinformatics based structural
predictions. The repeating unit is as follows:
ĺ -ȕ-D-QuipN(D-allo-ThrNAc)- ĺ2)-ȕ-D-Ribf- ĺ -ȕ-D-Galp- ĺ -Į-D-GlcpNAc- ĺ

The ability to predict the number of residues, the identity of 3 out of 4
sugars as well as anticipating the presence of an amino acid-substituent is a
huge boon to the elucidation process. As the bioinformatics approach
matures, structure elucidations will gradually turn into structure
verifications, rather than blind determinations, which will save a great
amount of time. Conversely, structure elucidations can help determine
functions of proteins. The O-antigen cluster of E. coli O63 was predicted to
contain the genes qdtABC, rather than fdtABC, and based on the structure,
this holds true. The phosphatase predicted by both the research group of
Iguchi et al. and the research group of Fratamico et al. should also be a
phosphothreonine phosphatase.
The O-antigen structure of E. coli O63 shares a similarity to both E. coli
O114 and E. coli O5ac. Notably, it differs in the amino acid substituent on
the quinovosamine residue compared to E. coli O114, as well as having a
different polymerization pattern. It also has a different glycosidic linkage
position to the ribofuranose residue, causing a more crowded system, which
is reflected in 1H,1H-NOESY spectra.
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B

C
T
D

ĺ -Į-D-GlcpNAc- ĺ

ĺ -ȕ-D-Quip3NAcyl- ĺ

D-allo-ThrNAc

ĺ -ȕ-D-Galp- ĺ

172.47
>@
(-0.08)
>@
(6.84)

1
>QU@
(0.43)a
107.37 >@
(5.67)b
>@
(0.33)
>@
(5.02)
>@
>@

2
4.17
(0.17)
84.64
(8.64)
4.09
(0.21)
52.80
(-2.20)
3.57
75.63
4.50
59.34
3.49
(-0.04)
71.73
(-1.23)

3
4.19
(-0.03)
70.44
(-0.76)
3.77
(0.02)
81.04
(9.30)
3.98
56.60
4.06
69.13
3.77
(0.18)
73.71
(0.07)

4
3.98
(-0.01)
83.21
(-0.09)
3.50
(0.01)
69.01
(-2.25)
3.21
74.04
1.22
18.69
4.01
(0.12)
76.85
(7.16)

1

3.76
(-0.11)
75.47
(0.46)

63.49
(0.19)
3.55
(-0.31)
73.09
(0.58)
3.59
74.04

5
3.64, 3.84

H/13C

62.11
(0.27)

~3.76

61.28
(-0.50)
1.32
17.74

3.73, 3.77

6

2.06
23.22

2.07
(0.01)
23.03
(0.35)

Me

174.55

174.94
(-0.19)

CO

C3, B

C2, A
H2, A

HMBC
C4, D
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JH1,H2 values are given in Hertz in square brackets. Chemical shift differences as compared to corresponding monosaccharides are given in
parentheses, based on the study by Jansson et al.80 unless noted otherwise. a 1H chemical shifts taken from the study by Benesi et al.81 b 13C
chemical shifts taken from the study by Bock and Pedersen.82 n.r. = not resolved.

3

A

ĺ)-ȕ-D-Ribf- ĺ

Sugar residue

Table 5.1 1H and 13C NMR chemical shifts (ppm) of the O-antigen PS of E. coli O63, recorded at 40 ºC.

5.3 Prediction of the E. coli O93 O-antigen structure
using a bioinformatics approach
5.3.1 Background
Out of the 187 named E. coli serogroups, 7 have been removed for
various reasons (O31, O47, O66, O72, O93, O94 and O122).83 O93 was
originally thought to cross-react with O8 but with the use of an O-specific
phage, the model strain for O93 was shown to be a serotype of O8 with a Kantigen,84,85 and was thus removed from the typing scheme. The serogroup
has been reintroduced, and is available from Statens Serum Institut, but the
reintroduction has yet to be formally published.86 Complete gene sequencing
is also available thanks to the endeavors of Iguchi et al.73 An ongoing study
focuses on a structure elucidation by NMR and an initial usage of
bioinformatics where almost the full O-unit backbone could be predicted in
advance, and herein the bioinformatics part will be covered. By considering
the NDP-sugar precursors together with the GT mechanism, which can be
correlated to GT family, structural clues could be retrieved even in cases
where gene sequence comparisons to other GTs showed too little similarities
to make unequivocal predictions on function.

5.3.2 Bioinformatics
The O-antigen gene cluster of E. coli O93 was found between the
housekeeping genes galF and gnd. It contained two GTs, two NDP-sugar
precursor encoding genes manBC, as well as the genes encoding processing
proteins wzx (flippase), wzy (polymerase), wzz (chain length regulating
protein) and a putative O-acetyl transferase (Table 1). The Wzx/Wzy
biosynthetic pathway is initiated by the transfer of a UDP-Į-D-GlcpNAc to
an undecaprenyl phospholipid carrier by WecA. The O-antigen is then
formed by the sequential addition of activated donor sugars, a reaction
carried out by highly specific GTs. This reaction can proceed through either
retaining or inverting mechanisms. It has been shown that GTs can be
grouped in close to 100 different families based on sequence homology,87
and the glycosylation mechanism is conserved within a family. As the
activated donor sugars are formed with a fixed anomeric configuration, it is
then possible to predict the anomeric configuration of the product based on
the NDP-sugar and GT family (Scheme 5.2).
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size

O-antigen flippase

O-antigen polymerase

hypothetical protein

putative acetyltransferase

putative glycosyltransferase

3091 4290 1199

4312 5823 1511

5830 6834 1004

6822 7364 542

7366 8454 1088

Protein ID

GlcpNAc in the reducing end

Indicative of D-GlcpNAc/D-GalpNAc as initiating sugar. A lack of gnu suggests a D-

(ADJ19204.1) in E. coli O161, e-value 3 × 10ିଵଵ

2 × 10ି ) which could code for linkage ȕ-D-Manp- ĺ -D-GlcpA

BAQ01389.1 should code for the linkage: ȕ-D-Galp- ĺ -ȕ-D-Manp. Also similar to O163_O6 (e-value

GT1 (inverting), similar to WffQ (ACD37118.1) in E. coli O40 (e-value 6 × 10ିଵଶ ) which

BAQ01388.1 Involved in O-acetylations of the O-antigen

BAQ01387.1

Notes

ȕ-D-GlcpA- ĺ - ȕ-D-GlcpNAc predicted by ECODAB, GT2 (inverting). Similar to WeiG

wzy BAQ01386.1 As above

wzx BAQ01385.1

BAQ01384.1

galF BAQ01383.1 Housekeeping gene

Gene

UDP-glucose 6-dehydrogenase

13061 14227 1166

40

14317 15351 1034

6-phosphogluconate dehydrogenase

11406 12812 1406

protein

O-antigen chain length determinant

phosphomannomutase

9872 11242 1370

wzz BAQ01394.1

ugd BAQ01393.1

gnd BAQ01392.1

sugar

Involved in formation of D-GlcpA, presence is not correlated with D-GlcpA as it is a common

manB BAQ01391.1 Part of the mannose NDP-sugar precursor pathway

8451 9860 1409 mannose-1-phosphate guanylyltransferase manC BAQ01390.1 Part of the mannose NDP-sugar precursor pathway

putative glycosyltransferase

uridylyltransferase

UTP-glucose-1-phosphate

Product

2319 3080 761

1068 1973 905

position

gene

Table 5.2 O-antigen gene cluster of E. coli O93 sequenced by Iguchi et al. The last gene, hisI which is involved in the histidine biosynthesis,
has been omitted. GTs are coded in green, proteins involved in formation of NDP-sugar precursors in blue and processing genes in orange.
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Scheme 5.2 The two possible outcomes of a GT-mediated glycosylation. The
anomeric configuration is either inverted or retained.

The initial D-GlcpNAc residue can be epimerized in position 4 by an
enzyme encoded by the gene gnu.74,88 The absence of such a gene then
suggests that the initial residue in the E. coli O93 O-antigen is a D-GlcpNAc
residue. Barring any glycosylations post O-unit formation, the O-antigen
should contain three residues, since two GTs and a polymerase should form
three glycosidic linkages. The first GT was predicted by ECODAB to form
WKH OLQNDJH ȕ-D-GlcpA- ĺ -D-GlcpNAc. This GT belongs to the family
GT2, which has an inverting mechanism. As the NDP-sugar precursor of DGlcp$ KDV DQ Į-anomeric configuration, the predicted function and GT
family are consistent with each other. For the second GT, no automatic
prediction could be made by ECODAB, and when a manual BLAST search
was carried out, only modest similarities to other known GTs could be
found. The first is WffQ in E. coli O40, fo UPLQJDȕ-D-Galp- ĺ -D-Manp
linkage, with an e-value of 6× 10ିଵଶ , and the second with an e-value of 2 ×
10ି is O163_O6 in E. coli O163, which FRXOGIRUPDȕ-D-Manp- ĺ4)-DGlcpA linkage.
Since the full function of the second GT is difficult to predict
unequivocally, more modest predictions can be made based only on GT
family and NDP-sugar precursors. The O-antigen cluster contains the genes
for forming a mannosyl donor sugar, manBC, and with two of the three
residues being predicted from the first GT, the remaining residue should be a
mannose. The donor sugar form of mannose is GDP-Į-D-Manp. The GT was
predicted to belong to the GT family GT1, and thus to have an inverting
mechanism. These predictions are consistent with the function of O163_O6
and we speculate that the second GT in O93 forms a
ȕ-D-Manp- ĺ -D-GlcpA linkage, although the substitution position is
uncertain.
A short summary of the predicted structure is shown in Figure 5.5; only
the polymerization pattern and one linkage remains unknown and verifying
the structure using for example NMR spectroscopy is greatly facilitated.
Note that the O-antigen cluster also contained a putative O-acetyl
transferase.
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Figure 5.5 The predicted structure of the E. coli O93 O-antigen PS. The initial
linkage ȕ-D-GlcpA- ĺ -D-GlcpNAc was predicted by ECODAB, based on a high
sequence homology to weiG in E. coli O161. The last residue is inferred based on
the presence of manBC, i.e. genes encoding proteins involved in the formation of a
GDP-Į-D-Manp sugar precursor. As the second GT belonged to the GT1 family,
which proceeds through an inverting mechanism, the anomeric configuration should
EHȕ

5.3.3 Conclusions
By understanding the biosynthetic pathways available for the O-antigen
formation, it is possible to predict a large portion of the O-antigen PS before
applying common techniques for structure elucidation, such as NMR
spectroscopy. For the E. coli O93 O-antigen, most structural aspects except
for one linkage position and the polymerization pattern could be predicted
prior to an NMR spectroscopy analysis. This is a promising addition to
structure elucidation schemes as verifying a structure, rather than
determining it from scratch, is both easier and faster. As more protein
functions from O-antigen clusters become known, these predictions will
gradually become more accurate.
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6 Building Carbohydrate OligoPolysaccharide
Structures
Using
CarbBuilder Software (Paper IV)

and
the

6.1 Background
Due to the ubiquitous nature of carbohydrates, from their structural
importance to their involvement in cell-cell recognition, understanding the
3D structure of glycans is becoming increasingly important. Visualizing a
polysaccharide can quickly demonstrate epitope differences that may not be
obvious from subtle differences in the primary sequence. It is also a
powerful tool for identifying 1H,1H-NOESY correlations. Various software
packages for building general molecules exists, but building large oligo- and
polysaccharides is often a time-consuming and difficult task. As such,
specialist programs focused on only building carbohydrates in a fast and
robust manner have been developed. Some examples include SWEETII,89
GLYCAM90 and CarbBuilder,91,92 the latter being the focus of this chapter.

6.2 Basic principles
The aim of the CarbBuilder program is to build oligo- and polysaccharide
structures from a simple command line input. This can be embedded with
other software, and as an example the 3D models that are generated from the
CASPER93 results page are generated using a local installation of
CarbBuilder. The structures are built under the well-established assumption
that monosaccharide conformations do not change notably upon
glycosylation, and the primary variable is the dihedral angles of the
glycosidic linkage. The structure is then built trying each dihedral value in
descending order until a structure without steric clashes is found. The values
for the dihedral angles are stored in two separate files, one for specific
linkages that have been determined from calculations on disaccharides, and
one for default values when no exact match can be found, e.g. a general
Į-D-VXJDUZLOOXVHDYDOXHRIĳ = -40 DQGȥ = 0 º. The dihedrals are defined
XVLQJWKH105QRWDWLRQĳ + -C1'-OX-CX, ȥ & -OX'-CX-HX (where
X denotes the linkage position) DQGȦ O6-C6-C5-O5 (Figure 6.1).
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Figure 6.1 7KH GHILQLWLRQV IRU WKH JO\FRVLGLF GLKHGUDOV XVLQJ 105 QRWDWLRQ ĳ 
H1'-C1'-OX-&; ȥ  & -OX-CX-+; DQG Ȧ  2-C6-C5-O5. Note that for a
ĺ -linkage will prompt a slightly different definition, namely ȥ 
C1'-O6-C6-C5.

Most glycosidic linkages have more than one possible set of dihedral
angles, and for each glycosidic linkage there is a list of preferred torsion
angles, sorted in descending order by how probable they are. The list of
dihedrals is continuously updated and the option to edit and add them locally
is open to the user. Dihedrals for single runs can also be specified using the
“d” flag followed by the name of a separate file where the new dihedrals are
kept.
The input must be unambiguous and intuitive, and is done using the
‘CASPER format’.91 The general approach is to give each residue an
anomeric configuration, absolute configuration, and a three letter
abbreviation according to IUPAC recommendations94 followed by any
substituents. Ring forms are defaulted to a pyranose form. Furanose rings
can be specified with an ‘f’ following the residue name, e.g. Ribf. Branches
are indicated by square brackets preceding the reducing end sugar of the
linkage. In cases were the trivial name of a residue is tied to a specific
absolute configuration, the program allows some flexibility by recognizing a
residue with and without a specified absolute configuration, e.g. ‘aTyv’ and
µD'7\Y¶DUHERWKYDOLGHQWULHVIRUDQĮ-tyvelose residue. An example input
to build the Shigella flexneri serotype 1a O-antigen can be seen in Figure
6.2.
a

ĮD-Glcp ĺ
|
ĺ ĮL-Rhap ĺ ĮL-Rhap ĺ ĮL-Rhap ĺ ȕD-Glcp1$F ĺ

b

c

! D/5KD ! D/5KD ! D/5KD ! >D'*OF ! @E'*OF1$F !

Figure 6.2 The structure of S. flexneri serotype 1a O-antigen with a a) traditional
representation, b) SNFG notation and c) the corresponding CASPER format.
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6.3 Latest developments
In the most recent version of CarbBuilder a new approach to handling
steric clashes was introduced. Previously each glycosidic dihedral angle
specified in the dihedrals list was attempted in a descending fashion, where
all resulting structures with steric clashes were discarded. This was done one
residue at a time until the full polysaccharide structure had been built, or
until all possible dihedral angles were exhausted. Unfortunately, this meant
that steric clashes to previously added residues, from for example branching,
could prevent a structure from being built. The solution to this is a new
recursive routine where unresolved steric clashes are mended by going back
to a previous linkage and rebuilding it using alternative dihedral linkages.
This is done until either a successful structure can be built or until all
combinations of dihedrals are exhausted, and consequently failure to build a
structural model.
A slight flexibility in the dihedrals has also been introduced. Previously if
a structure was close to a valid structure, but barely had atoms within the
cut-off for steric clashes, it would be discarded. By allowing some flexibility
for each dihedral value, i.e. before discarding a dihedral value, it is also tried
with an adjusted ±10 degree value; the building process has become more
robust with regard to dihedral values that differ only slightly from literature
values. This especially benefits rare components were the default values are
most commonly used since no specific dihedral data exists yet.
The list of recognized monosaccharides has been extended by a
considerable amount since the previous iteration. CarbBuilder now has
support for 26 basic residues. When applicable WKHVHFDQEHYDULHGDVĮ- and
ȕ-anomers, L- and D-sugars and as pyranose- or furanose forms. They can all
be substituted, for example to give a corresponding N-acetyl sugar or uronic
acid. Combining these means that well over 100 possible components can be
built, including all common mammalian monosaccharides and a considerable
amount of all bacterial monosaccharides. Some new substituents are also
supported, such as 4,6-pyruvates.

6.4 Example applications
In a recent study by Casillo et al.,33 the presence of N-acetyl substitutions
was determined by, inter alia, 1H,1H-NOESY experiments on a
polysaccharide in a H2O:D2O mixture (Figure 6.3). To verify the
correlations, a 3D model was built using CarbBuilder. A five unit repeat was
built using unmodified dihedral files, and the resulting model could
satisfyingly describe all NOESY correlations observed.
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Figure 6.3 1H,1H-NOESY spectrum (top) showing a selected region with
correlations from methyl groups to ring protons. The model built by CarbBuilder
(bottom) was in full agreement with the observed correlations.

In the CarbBuilder article,92 the O-antigen structures of all known
serotypes of S. flexneri were built successfully. This process could easily be
automated through scripts, hence requiring a minimum input from the user.
This helps highlight one of the main strength of the CarbBuilder program,
the ability to automate the input process and to embed it with other software
in an easy manner.

6.5 Future outlook
One very interesting feature to be implemented is the ability to allow
partial and random substitutions to a polysaccharide. A common
modification to bacterial lipopolysaccharides is the addition of O-acetyl
groups after the O-unit formation.95 These are often found in nonstoichiometric amounts. There is currently no simple way to build these
structures. It is possible to prepare an input where the substituents are
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manually input in a random fashion, but this quickly becomes cumbersome
for large systems and is not suitable for automated processes. Having an
option to partially substitute a polysaccharide, possibly with control over the
distribution, would address a problem in carbohydrate building software that
currently lacks easy work-arounds.
Another promising feature is the option to specify conformers when
building the polysaccharide. While most residues are treated as inflexible,
some monosaccharides and substituents can display a non-negligible
conformational flexibility. As an example, ribofuranoses can be found in
both a north and a south conformation, which can impact the 3D structure of
the polysaccharide. Furthermore, N-formyl groups, in contrast with N-acetyl
groups, are also significantly present in both a cis and trans orientation, and
allowing a mix of these would give more representative structures.

6.6 Conclusion
CarbBuilder provides a robust and fast approach to build oligo- and
polysaccharide structures. The latest version has seen an expansion of the
recognized monosaccharide components as well as substituents. A new
recursive approach for building the structure was implemented to allow
unresolved steric clashes between a terminal residue and previously added
residues to be corrected by iteratively changing dihedral angles earlier in the
polysaccharide chain. A modest flexibility when attempting each dihedral
value has also been implemented, adjusting each dihedral angle with ±10
degrees before attempting the next value in the possible dihedral angle-list.
CarbBuilder has successfully been used to explain NOESY correlations in
studies of bacterial polysaccharides.
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7 Conclusion and outlook

In this thesis, methods for elucidating bacterial lipopolysaccharide
structures have been improved and subsequently applied. In particular, the
use of bioinformatics to predict structural fragments before determining the
structure by NMR spectroscopy has been explored. In the first paper, a new
version of ECODAB was presented. This included a migration to a relational
database, automatic predictions of GT functions based on sequence
homology and the possibility to add other bacterial species. One future
prospect is to include NDP-sugar precursors as well, to help predict the
presence of rare sugar components. An expansion with all known
Streptococcus pneumoniae serotypes is also planned.
Two of the papers concern CASPER. In the first, a two-step method for
determining substituent positions in polysaccharides is described. First the
unsubstituted structure is calculated. A subsequent run is then performed
with all glycosidic linkage positions fixed and O-acetyls allowed. This was
demonstrated using a Salmonella strain to great effect. For the second paper,
the CASPER program has been expanded with a selection of biologically
relevant structure fragments. These are all fully assigned in-house and
spin-simulation software is used to extract highly accurate chemical shifts.
An O-antigen structure that could not previously be solved using CASPER
was used as a model system to verify the improved predictive capabilities.
One future prospect is to include more options for bioinformatics
restrictions, such as limiting the possible anomeric configurations by
supplying the mechanism (either retaining or inverting) of the involved GTs.
If data on NDP-sugar precursors is added to ECODAB, that could also be
used, together with predicted acceptor/donor pairs from GTs, to supply sugar
components.
The developed methodology was then applied in the structure elucidation
of the O-antigen structure of E. coli O63. Three out of four constituent
sugars and one full glycosidic linkage could be predicted prior to NMR
analysis, facilitating the subsequent analysis. The structure shared a
considerable similarity to the E. coli serogroups O114 as well as O5ab and
O5ac. The primary difference to E. coli O114 was glycosidic linkage
positions to and from the quinovose residue, and the amino-acid substituent.
The elucidated structure should help characterize some of the genes in the
O-antigen gene cluster, e.g. qdtABC.
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Bioinformatics was also used to predict the O-antigen of E. coli serogroup
O93. Only one of the two suggested GTs could have an acceptor/donor pair
satisfactory predicted. By considering the genes encoding NDP-sugar
precursors present in the O-antigen gene cluster, the remaining sugar
component could be inferred. The anomeric configuration could also be
determined prior to NMR analysis by considering if the remaining GT
belonged to a GT family with a retaining or inverting mechanism.
Combining knowledge on GT families and NDP-sugar precursor genes,
structural fragments can be predicted in cases where gene sequence
homology alone is insufficient to predict an acceptor/donor pair. As more
and more biosynthetic pathways are understood, a larger degree of the
O-antigen structure can be predicted prior to structure elucidation by for
example NMR spectroscopy.
The final chapter covers the most recent developments of the CarbBuilder
program. A new method for recursively building polysaccharide structures
was implemented. This helps alleviate steric clashes between non-linked
residues by iteratively creating substructures using alternate dihedral angles
until either a successful structure can be built or all dihedral angle options
are exhausted. The general scope of available monosaccharide fragments has
also been expanded, now allowing over 100 residues as input. Future plans
include allowing partial and random substitutions with a simple input as well
as the possibility to specify or randomize rotamers that exists in more than
one significant form, e.g. N-formyl groups.
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8 Populärvetenskaplig sammanfattning på
svenska

Kolhydrater är en av de fyra viktigaste klasserna av biomolekyler,
tillsammans med proteiner, lipider och nukleinsyror. Det är den grupp vars
fält har haft den intensivaste utvecklingen de senaste årtiondena. Kolhydrater
förekommer överallt i naturen och har vitt skilda roller, som exempel
energilagring, struktur (cellulosa, kitin) och igenkänning mellan celler. Ett
utmärkt exempel som kombinerar de sistnämnda två är de lipopolysackarider
som täcker det yttre membranet i många bakteriecellväggar. Majoriteten av
lipopolysackariden utgörs av repeterande enheter av socker som kallas för
O-antigenet, vilket är den del av lipopolysackariden som primärt känns igen
av kroppens immunförsvar. Den här avhandlingen behandlar
strukturbestämmning av sagda polysackarider med hjälp av kärnmagnetisk
resonansspektroskopi (NMR) och bioinformatik.
I den första studien behandlas databasen ECODAB som innehåller data
över O-antigenstrukturer för samtliga kända serogrupper hos Escherichia
coli samt de glykosyltransferaser som är involverade i O-antigensyntesen. I
den senaste iterationen har hela databasen ändrats till ett relationsdatabasformat. Detta har möjliggjort att automatiskt förutsäga funktionen hos
glykosyltransferaser genom att jämföra gensekvenser i databasen. Antalet
glykosyltransferaser i ECODAB med en känd gensekvens har mer än
fördubblats de senaste åren och 95% av alla nya förutsagda
glykosyltransferas-funktioner genererades automatiskt av ECODAB.
Den andra och femte studien behandlar båda utvecklingen av
datorprogrammet CASPER. Det första är ett metodpapper som beskriven
principen bakom programmet följt av några exempel som demonstrerar dess
potential. Ett exempel är en två-stegsmetod för att bestämma substituenters
position i en O-antigenstruktur. Den andra artikeln som behandlar CASPER
beskriver den senaste utökningen av den databas som ligger till grund för
alla beräkningar. Biologiskt relevanta strukturfragment valdes ut och en
fullständig karaktärisering av kemiska skift gjordes för samtliga enheter.
Därefter användes CASPER för att göra strukturbestämmnigar på två
O-antigenstrukturer från serogrupperna O174ab och O174ac hos E. coli.
Deras strukturer har nyligen publicerats, men kunde då inte lösas med
CASPER. Med hjälp av de nya tillskotten till databasen har det nu blivit
möjligt.
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Både ECODAB och CASPER appliceras därefter, tillsammans med
NMR-spektroskopi och vissa våtkemiska metoder, för att göra
strukturbestämmingar av bakteriella O-antigen. Det första exemplet är för
serorupp O63 hos E. coli, där både ingående sockerkomponenter och
disackaridfragment kunde härledas i förväg med hjälp av bioinformatik.
Strukturen kunde sedan bestämmas med hjälp av multidimensionell
NMR-spektroskopi och visade sig vara lik strukturen för serogrupp O114
hos E. coli. Skillnaden låg i en aminosyra-substituent och i vilka positioner
en sockerenhet länkade till och från. En prediktion av O-antigenstrukturen
för E. coli O93 avhandlas i det andra exemplet. Fokus ligger på att kunna
förutsäga både ingående sockerkomponenter och deras anomera
konfiguration (stereokemi i positionen som länkar in till nästkommande
socker) genom att ta hänsyn till vilken familj det aktiva glykosyltransferaset
tillhör, som direkt kan kopplas till en inverterad eller bibehållen anomer
konfiguration. Att använda förståelse för hur O-antigen biosyntetiseras och
att använda det för att förutsäga strukturfragment innan en
strukturbestämmning med multidimensionell NMR-spektroskopi är en
lovande metod för att både underlätta och snabba upp
strukturbestämmningsprocessen.
I den fjärde studien avhandlas den senaste utvecklingen av
datorprogrammet CarbBuilder. Motivet har varit att skapa ett robust program
för att kunna bygga oligo- och polysackaridstrukturer direkt från intuitiv
textinput. I den senaste versionen har en ny metod för att bygga
polysackaridkedjan implementerts som bättre hanterar potentiella kollisioner
från greningar i strukturen. Detta genom att pröva alla kända dihedralvinklar
som definierar bryggan mellan två socker, och att även rekursivt gå tillbaka
och ändra tidigare fragment i strukturen för att försöka åtgärda kollisioner.
En rad komplexa strukturer förekommande i naturen byggdes sedan för att
demonstrera den nya funktionaliteten. Som exempel användes bland annat
samtliga kända O-antigenstrukturer hos Shigella flexneri.
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9.1 The author’s contribution to the publications:
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Wrote the major part of the manuscript.
IV. Performed parts of the simulations, contributed to the manuscript
V. Performed some of the NMR experiments, did the major part of the
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9.2 Pseudorotational wheel of furanose conformations
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9.3 Biosynthetic pathways of rare NDP-sugar precursors
found in E. coli
9.3.1 GDP-mannose pathway
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9.3.2 dTDP-glucose pathway
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9.3.3 UDP-N-acetyl glucosamine and sialic acid pathway
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