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Abstract

Carbohydrates is one of the three classes of biomolecules found in nature. It is the most common one in comparison to the
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estimates that antibiotic resistance is expected to be more lethal than cancer by 2050, and therefore a vaccine is needed
to slow down this development.

Nuclear Magnetic Resonance Spectroscopy (NMR) is a useful analytical tool to analyze these carbohydrates at the
atomic level in order to determine their structures.

The first part (Paper I-11I) of this thesis will summarize the structural determination of three Escherichia coli serogroups
with hitherto unknown lipopolysaccharides.

The second part (Paper IV) will discuss the structure determination, using NMR spectroscopy, for various mono-, di-,
and tri-saccharides that have recently been implemented in the structure-determination program, CASPER. The chapter
will also present examples of predictions of complex carbohydrates that CASPER can perform.

The third part (Paper V) of the thesis will investigate conformational aspects of the polysaccharides from Shigella
flexneri serotypes 7a and 7b using NMR spectroscopy and molecular dynamics simulations.
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Abstract

Carbohydrates are one of the four classes of biomolecules found in nature. It
is the most common one in comparison to the other three classes, lipids nucleic
acids and proteins. However, this simple categorization does not reflect the
reality since carbohydrates often are covalently linked to e.g., proteins, so-
called glycoproteins where, for example, N-glycans are used as markers of
quality control during the process of protein folding. Another example is
lipopolysaccharides, which cover the cell surfaces of Gram-negative bacteria
and contain both a lipid moiety (Lipid A) and a carbohydrate chain. The outer
part of the carbohydrate chain is a polysaccharide, also called O-antigen, as it
may trigger host immune response. The polysaccharide has, like a polymer, a
repeating unit consisting of 2-7 monosaccharides and can vary significantly
between different bacteria. Determining the structure of these polysaccharides
are important since they can be utilized for the development of glycoconjugate
vaccines. WHO estimates that antibiotic resistance is expected to be more
lethal than cancer by 2050, and therefore vaccines could help in slowing down
this development.

Nuclear Magnetic Resonance Spectroscopy (NMR) is a useful analytical tool
to analyze these carbohydrates at the atomic level in order to determine their
structures.

The first part (Paper I-III) of this thesis will summarize the structural
determination of three Escherichia coli serogroups with hitherto unknown
lipopolysaccharides.

The second part (Paper IV) will discuss the structure determination, using
NMR spectroscopy, for various mono-, di-, and tri-saccharides that have
recently been implemented in the structure-determination program, CASPER.
The chapter will also present examples of predictions of complex
carbohydrates that CASPER can perform.

The third part (Paper V) of the thesis will investigate conformational aspects
of the polysaccharides from Shigella flexneri serotypes 7a and 7b using NMR
spectroscopy and molecular dynamics simulations.



Popularvetenskaplig Sammanfattning

Kolhydrater ar en av tre klasser av biomolekyler som finns i naturen och &r
ocksd den mest frekvent forekommande i jadmforelse med de tvd andra
klasserna, lipider och protein. Denna simpla kategorisering representerar dock
inte verkligheten. Istéllet sa finns kolhydrater oftast kovalent sammanbundna
med t.ex. proteiner, sa kallade glykoprotein dér exempelvis N-glykaner
anvénds som markdrer nér proteiner viks ihop till sina slutgiltliga strukturer.
Ett annat exempel ér lipopolysackarider som técker gram-negativa bakteriers
cellyta och som bade innehéller en lipid-del (Lipid A) och en lang
kolhydratskedja. Den yttre delen av kolhydratskedjan dr en polysackarid som
dven kallas for O-antigen da den interagerar med vérdens immunforsvar.
Polysackariden har, likt en polymer, en repeterande enhet bestdende av 2-7
monosackarider och varierar mellan olika bakterier. Att bestimma strukturen
for dessa polysackarider ar viktigt for att wutveckla framtida
glykokonjugatvaccin. Detta 4dr viktigt d& WHO  beréknar att
antibiotikaresistensen kommer vara dodligare dn cancer ar 2050 och dérfor
behovs vaccin for att bromsa denna utveckling.

Kédrmmagnetisk  resonansspektroskopi  (NMR) dr ett anvéndbart
analysinstrument som pé atomniva kan analysera dessa kolhydrater for att
kunna bestdmma dess strukturer.

Den forsta delen (Paper I-11I) av denna avhandling kommer att sammanfatta
strukturbestimningen av tre Escherichia coli serogrupper med hittills okédnda
lipopolysackarider och jamfora med liknande redan kénda strukturer.

Den andra delen (Paper IV) kommer att diskutera strukturbestimningen, med
hjilp av NMR, for olika mono-, di-, och tri-sackarider som sedan har
implementerats 1 strukturbestimningsprogrammet, CASPER. Kapitlet
presenterar ocksa exempel pa prediktioner av komplexa kolhydrater som
CASPER kan utfora.

Den tredje delen (Paper V) av avhandlingen handlar om konformationsstudier
av Shigella flexneri serotyperna 7a och 7b med hjilp av NMR experiment och
molekyldr dynamik simuleringar.
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1 Introduction

All life-forms on earth consist of four classes of biomolecules: carbohydrates,
lipids, nucleic acids, and proteins. In terms of mass, carbohydrates are the
most abundant, and cellulose is the most prevalent organic polymer on earth.'
Not only are they used as a building blocks e.g., in cellulose (glucose), DNA
(deoxyribose) and RNA (ribose), but they are also essential for energy storage,
metabolism, and much more. Most often are carbohydrates present in nature
combined with the other classes of biomolecules and are involved in life-
essential processes. In this regard, an example is represented by N-glycans
which are covalently attached to specific amino acids to form what is called
glycoproteins. These N-glycans act as biomolecular markers that quality
control the process of protein folding.? Furthermore, carbohydrates are also
prevalent on every type of cell surface, thus playing a crucial role in cellular
recognition.’

The ability of bacteria and virus to infect and cause disease in their host, the
virulence factor, can be altered based on which carbohydrate structure is
expressed on their surface. Virus, for instance, cover their spike proteins with
oligomannoses stolen from the host cells to disguise themselves from the
immune system of the host*® Gram-negative bacteria have
lipopolysaccharides covering the outer surface creating an almost
impenetrable barrier protecting them from the host’s immune system and
harsh environments e.g., stomach acid.” Recent studies also showed that some
Gram-negative E. coli bacteria can quickly modulate the chain length of their
lipopolysaccharide after attachment to the host cell to further improve
virulence.®

In order to understand these complex carbohydrate structures found in nature
at an atomic level, several techniques can be utilized e.g., mass spectrometry
(MS)°, molecular dynamics (MD)' simulations and nuclear magnetic
resonance spectroscopy (NMR)."!

This thesis will utilize NMR spectroscopy as the main technique in order to
decipher polysaccharide structures related to Gram-negative bacteria.



1.1 Monosaccharides

Monosaccharides are polyhydroxylated carbon chains with typical lengths of
between three and nine carbon atoms with a varying degree of hydroxyl
groups attached to them. They are categorized either as aldoses or ketoses
depending on, if they have an aldehyde or a ketone group attached,
respectively.

In general terms, an ‘aldohexose’ is a monosaccharide with six carbon atoms
bearing an aldehyde group. The monosaccharide chain can then further be of
either ‘L’ or ‘D’ configuration. This is determined by the stereochemistry of
the chiral center furthest away from the aldehyde or keto function in the chain
(Figure 1). It is ‘L’ configured if the chiral center is on the left-hand side in a
Fischer projection and ‘D’, if it is on the right-hand side. To also account for
the stereochemistry of the remaining hydroxylated carbon atoms, common
names are used (e.g., D-glucose and D-mannose) for simplification. Sugars
lacking one or more of its hydroxyl groups, deoxy sugars, have trivial names,
like L-rhamnose (6-deoxy-L-mannose), to further help distinguish the variety
of monosaccharides. More complex monosaccharides with longer chain
lengths and additional substituents also have common names, i.e., Kdo (3-
deoxy-D-manno-oct-2-ulosonic acid) and substituents with a certain absolute
configuration are commonly specified with the ‘D/L-system’, i.e., the
monosaccharide often abbreviated as, LD-Hep, is in fact, L-glycero-D-manno-
heptose (Figure 2).

This unique plethora of functional groups makes it possible for
monosaccharide chains with five or more carbons to also exist in cyclic forms
by hemiacetal (aldoses) or hemiketal (ketoses) formation, leading to either a
5-membered ring (furanose) or a 6-membered ring (pyranose).

The hemiacetal or hemiketal carbon within the newly formed ring is referred
to as the anomeric carbon and can form two epimers or, more specifically,
anomers. To distinguish between these two stereochemical outcomes, one
compares the highest-ranked substituent of the anomeric position with the
substituent of the /ast stereogenic center within the ring. If these two
substituents are oriented cis to each other, the anomeric configuration is a, and
if they are trans the monosaccharide is ‘B’ configured (Figure 1).
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Figure 1. Fischer projections of D-glucose and L-glucose and their interconversion between linear and
cyclic forms. The anomeric configuration (o/f) is highlighted in red, and the absolute configuration

(D/L) in blue.
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Figure 2. Examples of monosaccharides with various configurations and chain-lengths along with their

associated SNFG representations.'?



1.2 Polysaccharides

Polysaccharides form in nature with the help of glycosyltransferases (GT) by
merging an activated sugar (donor) with the hydroxyl group of another sugar
residue (acceptor) to first form di-, tri-, and oligomers in the most common
biosynthetic pathways. These building blocks can then form longer chains,
with a repeating motif, with the assistance of polymerases, to form a ‘repeating
unit’.

Simplified ways of representing these complex structures e.g., symbol
nomenclature for glycans (SNFG)" (Figure 2) displays each sugar with
simplified shapes and other important information (linkage position, anomeric
configuration, and degree of acetylation). Similar methods for 3D applications
also have also been developed, e.g., 3D-CFG'* and 3D-SNFG."

1.3 Conformational aspects of sugars

Sugars can adopt different conformational states. The different states are
denoted with a letter describing the shape (e.g., chair (C), boat (B), and skew
(S)) along with superscript(s) and subscript(s) to explain where those atoms
are located relative to a plane, i.e., 'C4 (C1 above the plane and C4 below the
plane) (Figure 3). The reference plane for a 'C4 is formed by remaining atoms;
05, C2, C3, and C5. For pyranoses, the typical states are the *C; for D-
configured pyranoses and 'Cs chairs for L-configured sugars.

OH Ho Ho.

Figure 3. One of many possible conformation interconversion pathways for a-D-glucose pyranose
between *C1 and 'Cs.'¢

For oligo- and polysaccharides, the two torsion angles in the glycosidic bond
are represented as phi (¢) and psi (v). ¢ is the torsion angle consisting of H1’-
C1’-01-Cx and vy is defined by positions C1’-O1’-Cx-Hx according to the
NMR-definition. Due to steric and electronic effects, certain torsion angels are
favoured (Figure 4).

The exo-anomeric effect involves the free electron pair of the glycosidic
oxygen and stabilizes the antibonding orbital, o*, of C1-O5 when ¢ is +60°
for B-D-configured sugars and —60° for a-D-configured sugars. If the hydroxyl
group of position C6 is substituted, the torsion angle w is also used and is
defined as 06-C6-C5-05.



05 L-<H 05 c2
RL Ca'-
HO c2 H
HO 0 o = +60°
HO N —-H __oH HO
HO L4 o HO 0
07 HO

Figure 4. o-D-Glc-(1—4)-0-D-Glc and B-D-Glc-(1—4)-a-D-Glc disaccharides with their defined
torsion angles, phi (¢) and psi (y) along with Newman projections related to torsion angle ¢. The
approximate values of torsion angle ¢ are given for both disaccharides when stabilized by the exo-
anomeric effect.

1.4  Sugar analysis

In sugar analysis, a polysaccharide sample is first hydrolyzed under acidic
conditions and is subsequently reduced under basic conditions with a reducing
agent, sodium borohydride, to form the alditols and then per-O-acetylated
using acetic anhydride and pyridine. This sample of per-O-acetylated alditols
is then identified via gas-liquid chromatography (GLC) analysis by comparing
it to reference samples.

1.5  Absolute configuration

The absolute configuration method is used to determine whether a
monosaccharide is of L or D configuration. A polysaccharide material is first
hydrolyzed and then glycosylated with an optically active alcohol compound
(e.g. (+)-2-butanol). The formed mixture of butylfuranosides and
butylpyranosides can then be analyzed by NMR or GLC.

The NMR approach utilizes the absolute configuration feature of CASPER"’
where the NMR chemicals shifts are compared to reference data. The GLC
analysis'® requires per-O-acetylated material which can then by the peak
distribution patterns be compared to optically active monosaccharide
references.



1.6  Escherichia coli

The Gram-negative bacteria E. coli can be both beneficial and detrimental to
its host. The outer parts of Gram-negative bacteria consist of an inner
membrane and an outer membrane."” A sugar and peptide network called the
peptidoglycans is located in between the two membranes.*?' It consists of
alternating N-acetyl glucosamine and N-acetyl muramic acid with peptides
attached to position 3 of the lactyl moiety. This layer is thicker in Gram-
positive bacteria since they lack the protection of the outer membrane. The
outer membrane (OM) is an asymmetric layer where the outer leaflet is
covered with lipopolysaccharides (LPS).?* The layer in between is referred to
as the periplasm.

Non-pathogenic strains of E. coli inhabit the gut of humans in a matter of
minutes after birth®?* and pathogenic strains of E. coli may cause illnesses
such as diarrheal disease, sepsis, and urinary tract infections.” Pathogenic
strains of E. coli can be divided into different classes depending on the route
of infection and infection mechanism: diffusely-adherent E. coli (DAEC),*
enteroaggregative E. coli (EAEC),” enterohaemorrhagic E. coli (EHEC),*®
enteroinvasive E. coli (EIEC),” and enteropathogenic E. coli (EPEC).* For
instance, several cases of infections involve the Shiga-toxin-producing class
E. coli (STEC) O-antigen O157:H7,*' which was responsible for numerous
recent outbreaks.*

A related research topic is the study of intestinal microbiota” and how it
affects the well-being of the host. A recent study by Lee et al. discovered that
the specific strain, E. coli O16:H48, affected the maternal behavior in mice,
which resulted in malnourished offspring.*®



1.7  Lipopolysaccharides

The very first studies related to
Lipopolysaccharides (LPS) date back
to the middle of the 19™ century. The
Danish scientist Peter Ludvig Panum
observed that injecting solutions of
decomposed meat in dogs induced a
lethal septic shock.** He named the
solution ‘putrid poison’, and the
substance was heat-resistant and
insoluble in alcohol. He also observed
tiny rod-shaped organisms referred to
as vibrios in the solution, and he later
suspected that the mysterious
compound originated from the
bacteria.

v /93

N AV

O-Antigen

, ’;xk/”

"R

Outer Core

Inner Core

Richard Pfeiffer later coined the term
‘endotoxin’ for a substance that shared o
the putrid poison’s physical and toxic L
properties derived from the Gram- o o - .
negative bacteria Vibrio cholerae.™ \&i
Nevertheless, it was not until the { 3
1950s and 60s, that the LPS was %f’
discovered and analyzed more in- i -

depth thanks to an optimized hot
phenql/water G.XtI'aCtIOIl pr0t0001’36 coli O6 displayed in SNFG representation (left)
chemical analysis, and studies of the and constructed in LPS Modeler'*? and visualized
biosynthetic pathways.*’ with VMD (right). "2

Lipid A

Figure 5. Schematic illustration of the LPS of E.

The LPS consists of four parts (Figure 5): lipid A, inner core, outer core, and
the O-antigen. The LPS constitutes the majority of the outer part of the outer
membrane, and may cover up to 75% of the cell surface’*® providing Gram-
negative bacteria with an efficient barrier against the host of the immune
system.

Lipid A commonly has a D-GlecpN-(1—6)-D-GlcpN motif as a backbone that
is substituted with phosphates, fatty acid chains, and additional sugars to
various degrees. However, it is most commonly similar within species.*

For E. coli, the inner core is mainly constructed of heptose and Kdo
monosaccharide residues. In contrast, the outer core consists of more common
sugars (e.g., D-Gal, D-Glc, and D-GIcNAc) with three sugars in its backbone
and different additional monosaccharides present as side branches in different



configurations. Five different core regions have been observed in E. coli (R1,
R2, R3, R4, and K12),*° but are also present in other genera, e.g., Salmonella
and Shigella.*!

The O-antigen is the outermost part of the LPS consisting of polysaccharides
with a specific repeating unit. It is the most common way for serotyping Gram-
negative bacteria due to its high degree of structural variation.

The LPS is not synthesized on the surface of the outer membrane. Instead,
complex biosynthetic pathways involving a plethora of proteins are used to
construct and transport the large complex. The most common biosynthetic
pathway for constructing the O-antigen is the Wzx/Wzy dependent pathway,
where the construction of a single repeating unit takes place in the cytoplasm.
The pathway starts with linking together an undecaprenyl lipid carrier and a
phosphosugar. WecA catalyzes this process in E. coli by adding D-GIcNAc
onto the undecaprenyl lipid. Serogroup-specific monosaccharides are then
added depending on available GTs and NDP-sugar precursors. An epimerase,
GlcNAc-P-P-Und epimerase (Gne), may also transform the initial D-GIcNAc
into a D-GalNAc, if present in the serogroup.*

Upon construction of a polysaccharide repeating unit and its constituents,
three key proteins, namely, Wzx, Wzy, and Wzz are involved in completing
the O-antigen. Although the function and structure of these proteins are not
fully understood, they are believed to have the following roles.”***
e Wzx — flips an oligosaccharide being the precursor of the repeating
unit into the periplasm.
e Wzy — connects the reducing end of the flipped oligosaccharide with
the nascent polysaccharide.
e Wzz —regulates the total chain length of the polysaccharide.
The mature polysaccharide is then combined with lipid A and the core region
by WaalL. Lastly, the entire LPS is transferred to the outer membrane by the
LPS transport (Lpt) pathway. Lpt is a supercomplex of seven proteins that acts
as a bridge for the LPS that is often referred to as the ‘PEZ’ model.****® Recent
studies even observed multiple lipopolysaccharides bound inside the Lpt
complex in Cryo-EM*” and X-ray studies.*



1.8  Structural diversities in E. coli O-antigens

E. coli O-antigens have high structural diversity. The repeating units vary in
size with between two and seven sugars in their repeating unit and may contain
up to three branch points. A five sugar residue repeating unit with a four sugar
residue backbone is the most common topology.”” The monosaccharides
themselves also vary significantly, with a total of 49 different
monosaccharides found so far. The most abundant ones are D-GIcNAc (18%),
D-Gal (13%), and D-Glc (13%) (Fig. 6).
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Figure 6. Monosaccharide abundance distribution and colored similar to the SNFG-representation®
(left) and the abundance of different repeating unit topologies (right) in E. coli O-antigen repeating
units. (modified from Liu et al.).*’



1.9  Nuclear Magnetic Resonance spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is nowadays an essential
tool for organic chemists. The discovery awarded Bloch and Purcell the Nobel
Prize in 1952°'°? after the implementation of Fourier transform NMR and
multi-dimensional NMR pulse sequences. It evolved into a powerful tool for
elucidating complex biological macromolecules and awarded the Nobel Prize
to Ernst in 1992 and Wiithrich in 2002.**

The technique utilizes the fact that some atomic nuclei, e.g., '"H and *C, have
a spin-magnetic moment and when placed in a strong magnetic field, they can
both absorb and re-emit energy in the range of radiofrequencies.

The read-out in an NMR spectrum is the chemical shift. It is the resonant
frequency of a spin active nucleus relative to the frequency of a reference
standard. The chemical shift reflects the local environment of the nucleus
which is why it can be utilized as a powerful structure elucidation tool.

1.10 Nuclear Overhauser Effect

The Nuclear Overhauser effect (NOE) is generated when one spin, S, is
saturated, which will affect a close-in-space spin, /. This measurable effect is
due to cross-relaxation, g, and can be used to obtain proton-proton distances
when the isolated spin pair approximation (ISPA) is applicable:

1

_ Uref 6
Tij = Tref o
ij

where, 77}, is the calculated distance between spins i and j derived from the
measured cross-relaxation rates of the cross-peak between spins i and j, gy, a
reference cross-peak, oy.r, and a reference distance, 7y .

1D 'H,'"H-NOESY and 2D 'H,'H-NOESY with short mixing times are suitable
experiments for this approach. For more accurate measurement of proton-
proton distances, several mixing times can be used to construct NOE build-up
curves and calculated the cross-relaxation rates using the PANIC®’ or devised
by Dixon et al.’®
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1.11  Structure elucidation of carbohydrates by NMR
spectroscopy

Due to their already mentioned complex structure, any kind of carbohydrate
often needs an extensive amount of NMR experiments to elucidate its
structure. There are thus some general rules which simplify the process.”’

The main bulk of "H and '*C NMR chemical 6 _OH
shifts resonances in carbohydrates, consisting 4 o
of positions 2 to 5 in hexoses, spans from 3.0 HO

to 4.5 ppm in '"H NMR chemical shifts and ° NH
from 65 to 85 ppm in *C NMR chemical O:<
shifts (Figure 7). For both proton and carbon
chemical shifts the anomeric region resides Me | 20
downfield compared to positions 2-5 with oy
and dc ranging from 4.0 to 6.0 ppm and 95-
110 ppm, respectively.”’ The hydroxymethyl
groups of hexoses, position 6, are often 2 - 50
slightly upfield, at 60-65 ppm &c, whereas Boo
methyl groups of 6-deoxy sugars and acetyl 4
groups occupy a region dc of 18-30 and 6y of : 0
1.2-2.2. 5 - 80
1 - 90
Positions 2 of N-acetylated aminosugars are .

shifted downfield in *C NMR spectra with 8¢ 50 75 40 35 30 25 2-0_ 100
of 55-60, and O-acetylated positions o Mem
commonly have a distinct downfield
change in 'H chemical shifts with a Ady
of 0.5-1.

30

- 40

- 60

spectrum of B-D-GlcpNAc.

As a ‘rule of thumb’, glycosylated positions are perturbed downfield by 5-10
ppm in *C NMR spectra, and neighbouring positions go upfield with 0-2 ppm.
The corresponding chemical shifts in '"H NMR spectra, deviate by £0.25 ppm
when compared to similar, unsubstituted, sugar residues.

To fully assign any type of sugar residue, 'H,'H-TOCSY and 'H,"*C-HSQC-
TOCSY are valuable NMR experiments since only cross-peaks within every
sugar residue will be observed. An array of spectra with increasing mixing
time can be acquired to identify the different spin systems for each sugar
residue. These experiments utilize a spin-lock during which transfer the
magnetization based on the size of the *Junmni1 coupling takes place.
Therefore, differently configured monosaccharides can be differentiated in the
assignment based on the extent of observed cross-peaks from their anomeric
proton.*® The anomeric configuration of a sugar residue in pyranose form with
an axial proton in position 2 (H2) (e.g. gluco- or galacto-configured sugar-

11

3C /ppm

Figure 7. Schematic 'H,'*C-HSQC NMR



residues) can be determined by measuring the *Ju1 1> coupling constant.’’ For
these sugar-residues, a large coupling constant (7-8 Hz) corresponds to a -
configured sugar, whereas an a-configured has a smaller coupling (3-4 Hz).
In pyranoses with an equatorial H2 (e.g. D-Man) or if spectral overlap in the
'H NMR is a problem — the 'Jc1 1 coupling constant can instead be measured
from, for instance, a coupled "H,"*C-HSQC or a *C-INEPT with the following
rule for the 'Jci ui: a-anomer > 169 Hz > B-anomer. F>-coupled 'H,"*C-HSQC
experiment should be analyzed with caution when strong couplings are present
since the strong couplings can cause an error in the 'Jci 1 measurement of up
to 4 Hz.”’

A combination of 'H,”C-HMBC and 'H,'H-NOESY experiments can
establish inter-residual connectivity to determine how the sugar residues are
linked together. In 'H,"H-NOESY, these inter-residue correlations can be
distinguished from intra-residue correlations by comparing the 'H,'H-NOESY
cross-peaks to the ones in the 'H,'H-TOCSY (Figure 8). Similarly, inter-
residual *Jcu correlations across the glycosidic linkage can be extracted by
comparing the cross-peaks observed in 'H,"*C-HMBC with the ones observed
ina 'H,”C-H2BC.*

H HO- OH
HO 0 ©
HO o H
OH H
H H Y-... ¥ H OH
- 3.0
® @®
e e - 3.5
® @
® ® @ r 40 E
o
o
45 T
@ ® @® ©®
L 5.0
® @ @
L 5.5

55 50 45 40 35 30
H /ppm

Figure 8. Overlay of schematic 'H,'"H-NOESY and 'H, 'TH-TOCSY NMR spectra of the disaccharide
B-D-Glep-(1—3)-a-D-Galp with selected cross-peaks coloured in blue and red, respectively.
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1.12  CASPER

Assigning the obtained experimental NMR chemical shifts of carbohydrate
structures can be time-consuming and complicated despite having access to
modern NMR  spectrometers that can acquire multi-dimensional NMR
experiments and even multiple experiments in parallel to save time.®'
Therefore any tool that can automate parts of this process will be useful for a
carbohydrate chemists.

The computer program, CASPER (acronym for computer-assisted spectrum
evaluation of regular polysaccharides), with its first rendition being developed
in 1987% with subsequent updates ever since for instance to automate the
assignment of complex human milk oligosaccharides® and to become more
accessible with the implementation of a web-based version in 2006.%

Other NMR carbohydrate structure prediction program have since then been
developed such as GlyNest,*> GODESS® and GRASS.?’

The structure prediction in CASPER is based on a database of collected mono-
, di- and trisaccharide 'H and '>C NMR chemical shifts. In order to obtain
more accurate values of the chemical shifts, a simulated "H NMR spectrum is
adjusted by iteratively fitting it to the experimental 'H-NMR spectrum until a
satisfactory RMS-value has been reached using the computer software
PERCH.® In addition, the *Jun for each proton pair is also obtained since it is
one of the important variables being adjusted by PERCH in order to optimize
the fitting.

The obtained chemical shifts of the monosaccharides provide CASPER with
a starting point for the prediction whereas the di- and trisaccharide datasets
are used to construct what is called ‘correction sets’. These adjust the values
of the chemical shifts for each monosaccharide of a constructed di-, tri-, oligo-
or polysaccharide that is requested by the user to be predicted. The role of the
disaccharide glycosylation sets and to predict the significant changes in 'H
and *C chemical shift that takes place at the linkage position and positions
close-by.

The trisaccharide correction sets are needed to better predict the chemical shift
of vicinal disubstituted residues, e.g., a 3,4-substituted GlcNAc residue.

The database also contains datasets that account for substituents, e.g., an O-

acetyl groups or methyl substituents which will also affect the chemical shift
of the monosaccharide.

13



1.13  Conformational analysis

As mentioned before, monosaccharides can exhibit fast conformational
changes between multiple conformations. This, too, applies to longer oligo-
and polysaccharides. These changes often occur faster compared to the NMR
time scale. Therefore, time-averaged values, e.g., scalar coupling constants
and distance measurements through 'H,'H-NOESY, are obtained.
CarbBuilder® is a recently developed software that can rapidly construct
oligo- or polysaccharide structure models of interest. To simplify calculations,
the software treats each monosaccharide as a rigid building block and contains
multiple sets of ¢, y dihedral angle values for several different types of
disaccharide linkages which are iterated and adjusted until the entity
disaccharide contains no steric clashes.

1.14 From cell cultivation to NMR samples

In the 1950s and 60s structure elucidation of polysaccharide structures mostly
involved an array of different chemical degradations and analyses by GC.
Since then, NMR has slowly taken over the structure elucidation process.

In order to fully assign these complex biomolecular structures, extraction
methods to obtain purer materials are still essential for the structural
elucidation of O-antigens. A flowchart showing the general workflow of a
modern, NMR-based, structure elucidation process is shown in Figure 9.

The process usually involves the hot phenol/water extraction protocol
optimized by Westphal and co-workers®® and described by De Castro.”” The
extraction separates the lipophilic cell debris (phenol phase) from the water-
soluble LPS.

Mild acidic delipidation is then performed to improve the solubility of the
polysaccharide in D,O.” In this process, the acid-sensitive a-Kdo-(2—6)-p-
D-GlcpN bond between the inner core and lipid A is cleaved. Further
purifications of the delipidated polysaccharide (PS) may include size
exclusion chromatography and enzymatic treatments (e.g., DNase and RNase)
to remove unwanted impurities. O-deacetylation using alkaline conditions can
also be performed to simplify structure elucidation if O-acetylation is
observed during initial NMR analysis of the LPS.

14
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Figure 9. Flowchart of a typical lipopolysaccharide structure elucidation process.
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1.15 Enterobacterial common antigen (ECA)

ECA is one of many other polysaccharides produced by Gram-negative
bacteria (Figure 10) and was discovered in the 1960s.”

Similar to the O-antigen, the presence of ECA may affect the virulence factor
of bacteria by, for instance, improving its resistance against bile salts thus,
increasing the chances of an oral infection route.

It is present in three forms, where two of them are linear polysaccharides just
attached either to the cell membrane, ECA,, or, attached to the core
oligosaccharide, ECALps, where the latter is attached to the core similar to the

73,74

O-antigen. Lastly, ECA.yc is a 4-6 repeating unit cyclic form of ECA.”

3

4NAc

a4
NAc

B 4

a

n

—)3-a-D-Fucp4NAc-(1—4)-B-D-ManpNAcA-(1—4)-a-D-GlcpNAc-(1—

Figure 10. SNFG representation of the ECA repeating unit.
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Gel-permeation chromatography is a useful technique to separate ECA from
the PS since ECA usually has a lower molecular weight (M) than the PS
(Figure 11a), and its triangular constellation in the anomeric- and the N-

substituted ring proton regions is easily spotted in 'H,"*C-HSQC NMR spectra
(Figure 11b).

a ECA b

“C fppm

4NAc NAc

— T T —T
47 46 45 44 43 42 41 40 39 38 37
"H /ppm

High M
19N M I 100

“C /ppm

[ 102
Low M,,

T T

T T T T T 104
55 53 51 49 4.7 4.5 43 °

- 106
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Figure 11. (a) "H NMR spectra of two different fractions from size exclusion chromatography run of
the O188 PS. The highlighted proton signals correspond to each of the ECA monosaccharide residues
shown with SNFG representation. (b) Selected regions from a 'H,"”*C-HSQC NMR of the 0188 LPS
showing the presence of ECA signals easily identified due to their triangular constellations.
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1.16 Aim of this Thesis

The aim of this thesis is to investigate structural and conformational aspects
of different O-antigen structures isolated from the Gram-negative bacteria
Escherichia coli and Shigella flexneri. The aim is also to further develop and,
improve the performance of the carbohydrate structure prediction program,
CASPER, by providing its database with additional datasets and correction
sets.

In particular, the aim is to elucidate the structure of previously unknown E.
coli serogroups 093, O125ac and O188 by utilizing CASPER in different
ways in order to streamline the structure elucidation process and compare the
elucidated structures with other, structurally similar serogroups (Chapter 2-4).

Another goal is to further improve and update the database of CASPER by
fully assign and then implement 'H and *C NMR chemical shift data from
mono-, di- and tri-saccharides into the database (Chapter 5).

A final aim is to study conformational aspects of Shigella flexneri O-antigen
serotypes 7a and 7b using NMR-experiments and MD-simulations and to
compare the results with corresponding O-antigen structures of other Shigella
flexneri serotypes (Chapter 6).

The main technique used in this thesis to achieve this goal is NMR
spectroscopy with additional analytical methods, such as GC-MS,
Bioinformatics, CASPER and MD-simulations used in conjunction with the
NMR-studies.
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2 E. coli O188 O-antigen (Paper I)

2.1 Introduction

The E. coli serogroup O188 is a newly added strain (£. coli O188:H10) with
an unknown O-antigen repeating unit. Its gene sequence has not been
elucidated but is still officially recognized as an E. coli O-antigen reference
strain.

This chapter will summarize the structure elucidation process of the
polysaccharide of E. coli O188 with a focus on the NMR analysis presented
in Paper L.

2.2 Results and discussion

2.2.1 Sample preparation and initial NMR-analysis

After cultivation and subsequent centrifugation to isolate the cell pellets, the
LPS of the E. coli 0188 O-antigen was successfully obtained using the above-
mentioned hot phenol/water extraction method, followed by dialysis (section
1.14).

Initial studies using 'H,"*C-HSQC, and '"H-NMR of the LPS material did not
reveal any O-acetyl groups usually present in the dy2.1-2.2 region.

The LPS was then delipidated using mild acidic condition followed by dialysis
to obtain delipidized PS material for further studies. In addition, gel-permea-
tion chromatography was performed on a portion of the PS material in order
to obtain an NMR sample with lower content of impurities, i.e., ECA.

2.2.2  Component Analysis

A sugar analysis was conducted using alditol acetates obtained after
hydrolysis, reduction, and per-O-acetylation of the polysaccharide (PS)
material. The observed peaks in the GLC chromatogram had retention times
corresponding to alditol acetates of Gal, Glc, Man, and GIcNAc (Figure S1
Paper I).

Furthermore, a sample of the PS material was 2-butyl glycosylated and
subsequently per-O-acetylated and analyzed by GLC. In this case the observed
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peaks in the GLC chromatogram corresponded to D-Gal, D-GIcA, D-GIcNAc,
and D-Man.

2.2.3 NMR Studies

Five anomeric proton resonances in the region of 4.5-5.3 ppm were observed
in the 'H NMR spectrum and in the 'H,"*C-HSQC spectrum (Figure 12) and
are annotated A-E based on descending du.

An array of 'H,"*C-HSQC-TOCSY experiments with mixing times ranging
from 30 to 120 ms were performed on the delipidated and dialyzed PS sample
(Figure 10). Residue A has three correlations at 120 ms, indicating galacto-
configuration. Residues B and C could quickly be confirmed as manno-
configured due to their lack of cross-peaks from the respective anomeric
signal. Both residues D and E appear to have gluco-configuration due to a
total of 5 cross-peaks each from their respective anomers.
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Figure 12. 'H,"*C-HSQC spectrum overlayed with anomeric cross-peaks from 'H,"*C-HSQC-TOCSY
spectra with mixing times of 30 (red), 60 (blue), 90 (green) and 120 ms (purple).

A combination of 'H,"*C-H2BC and 'H,"*C-HMBC helped assigning position
2 of residues B and C to du/dc 4.35/79.26 and ou/dc 3.93/71.11, respectively.
The cross-peak is related to a large “Juic2 of =<8 Hz’*"" and is visible in the
'H,*C-HMBC. The remaining parts of both spin-systems could then be
assigned with the "H,"*C-H2BC, and the 'H,"*C-HSQC-TOCSY experiments
(Table 1, Paper I).
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The assignment of the two observed carbonyl groups at 5c 174.18 and 175.40

in the "C NMR was possible with a 'H,"*C-BS-CT-HMBC experiment

(Figure 13) showing the correlation from C6 to HS for residue D and CO to

H2 for residue E.
OH
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‘O (@] °
HO—\— O--
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' NH

176 -
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Figure 13. Selected regions of a 'H,'*C BS-CT-HMBC spectrum from the O188 PS with F; centred in
the carbonyl region; dc 175.40 shows a cross-peaks to the H2 of residue E (B-D-GlcpNAc), and dc
174.18 and shows a cross-peak to HS of residue D (B-D-GlcpA).

The fact that position 5 of residue D had a significant change in 6¢/dn when
performed at pD 4 and pD 7 confirms the presence of a close-by carboxyl
group. The change in pD also slightly affected the dy of D1, which had a slight
downfield displacement at pD 4. This chemical shift displacement was
sufficient to determine the *Ji; u2 for both D1 (7.9 Hz) and E1 (8.5 Hz) (Figure
3b, Paper I) and made their cross-peaks along F distinguishable which
simplified the assignment.

The *C NMR chemical shifts of the polysaccharide were compared to their
respective monosaccharide chemical shifts to determine their linkage
positions.78 The dc of positions, B2, B3, C4, D4, and E3 (Table 1, Paper I)
were significantly shifted downfield in comparison to their respective
monosaccharide. Correlations to these linkage positions were confirmed with
'"H,'"H-NOESY and 'H,"*C-HMBC from the anomeric positions (Table 2,
Paper I).

The 'H,"*C-HSQC-TOCSY with a 20 ms mixing was particularly useful for
assigning position 6 of residues B, C, and E (Figure 5, Paper I). This is an
excellent alternative to 'H,"”*C-H2BC when an improved resolution in F; is
needed since the 'H,'*C-H2BC is a constant-time experiment thus limiting the
increment range in the indirect dimension.
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2.2.4  Structural comparisons with Shigella boydii type 16

The gene sequence of E. coli serogroup O188 has not yet been revealed and
can thus not be fully compared to the gene sequencies of other E. coli
serogroups. Although initial studies show that it agglutinates with S. boydii
type 16 antiserum which confirms the similarities in structure and thus also
the gene sequence of S. boydii type 16. Liu et al. observed the presence of four
glycosyltransferases and genes involved in the biosynthesis of GDP-D-
Mannose (manB, and manC) which further validates the assignment of the
0188 O-antigen repeating unit.”

2.3 Conclusion and future outlook

The O188 O-antigen repeating unit was determined by using NMR
spectroscopy as the primary tool. The sample with the lower pD, simplified
the assignment process since the anomers of residue D and E were separated
in 8y. The high resolution of 'H,"*C-HSQC-TOCSY with a 20 ms mixing was
essential for assigning the position 6 of residues B, C and E.

The E. coli O188 O-antigen repeating unit could be determined as:

D B C E
—4)-B-D-GlecpA-(1—2)-B-D-Manp-(1—4)-p-D-Manp-(1—3)-B-D-GlepNAc-(1—
|
a-D-Galp-(1—3)
E

and it is thus a member of the most common topology in E. coli O-antigens
with a four-sugar backbone and one branched sugar residue.” A structural
comparison with other known O-antigen repeating units showed that the O188
O-antigen repeating was shared with Shigella boydii type 16.” In addition, the
S. boydii type 16 O antigen repeating unit also contain an O-acetyl substituent
in position 6 of the branched B-D-Manp (Residue B).

Further studying how the additional O-acetyl group in S. boydii type 16 affects
the conformation of the polysaccharide and the survivability of the bacteria in
the host would be of great interest. A comparison of the gene clusters of E.
coli 0188 and S. boydii type 16 would also deepen the knowledge of the gene-
structure relationship in bacteria.
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3 Structural studies of E. coli O125ac and
O125ab O-antigen (Paper II)

3.1 Introduction

Serogroup O125 of E. coli belongs to the group of enteropathogenic E. coli
(EPEC) O-serogroups and was initially discovered in 1952 by Taylor and
Charter due to an outbreak of acute diarrhea in a children’s daycare center in
London.*® The serogroup of E. coli 0125 can further be subdivided in two
groups, O125ab and O125ac. Over the years, several different serotypes of
serogroup 0125 have been involved additional outbreaks.®!

The structure of E. coli O125ab O-antigen was previously determined by
Kjellberg et al. in 1996 using NMR analysis, methylation analysis and a
Smith degradation product. The elucidated O-antigen had an unusual highly
branched hexasaccharide repeating unit with adjacent disubstituted branch-
point residues:

—4)-B-D-GalpNAc-(1—2)-a-D-Manp-(1—3)-0-L-Fucp-(1—3)-a-D-GalpNAc-(1—

| \
B-D-Galp-(1—3) a-D-Glep-(1—3)

This chapter will focus on the unknown O-antigen structure of E. coli
subgroup Ol125ac and make structural comparisons with the O125ab O-
antigen structure.

32 Results and discussion

Strains of O125ac (E. coli O125ac:H6) and O125ab (E. coli O125ab:H19)
were cultivated and extracted using the same protocol as described (Section
1.14, Paper 1).

3.2.1  Sugar Analysis

A conducted sugar analysis revealed fucose, galactose, galactosamine,
glucose, and mannose for both O125ab and O125ac. Interestingly, the relative
integral of the peak related to the glucose residue observed with GLC-MS was
significantly lower in O125ac compared to in O125ab which may indicate a
lower degree (or absence) of the glucose residue in the repeating unit (Figure
14).
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Figure 14. Selected regions of GLC-MS chromatograms of O125ab and O125ac with relative integrals

for the different sugar-residues displayed.

3.2.2 NMR analysis

The elucidation for the O125ac O-antigen polysaccharide then proceeded with
NMR analysis. Five resonances were observed in the anomeric region of the
'H,"*C-meHSQC NMR spectrum compared to the six resonances observed for
the O125ab O-antigen polysaccharide. The resonances were annotated based
on descending proton NMR chemical shifts, A-E (Figure 15).

The 'H,”C-meHSQC NMR spectrum also
revealed two signals resonating at JSu/dc
2.07/23.01 and 2.05/23.36, and one signal at
On/0c 1.22/16.05 which are characteristic for
N-acetylated and 6-deoxy sugar-residues,
respectively.

A 'H,'H-TOCSY NMR spectra acquired with
mixing times of 30-200 ms helped to determine
the configuration of each sugar-residue and are
summarized in Table 1. Residue A was
determined to be of manno-configuration since
the transfer ended at H2 which is caused by the

1004 ‘e
Die

3C /ppm
X

105

52 5.0 4.8 4.6 4.4
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Figure 15. Selected region of the
anomeric region of a 'H,"”*C-meHSQC
NMR spectrum of the O125ac O-antigen
polysaccharide.

axially-oriented proton resulting in a *Ji 12 < 2 Hz. Interestingly, the transfer
reached H6b from the 'H,'H-TOCSY with a 200 ms mixing time which is

expected since the remaining *Juy are large.
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In a similar way, the four other sugar-residues were all determined to be
galacto-configured since the magnetization transfer ended at H4 of the
respective sugar-residue.

Table 1. Furthest transfer of magnetization from the anomeric proton observed in 'H,'"H-TOCSY NMR
at different mixing times and concluded ring-configuration.

Correlation from To furthest correlation in 'H,'H-
anomeric proton TOCSY at mixing time (ms) Configuration
in spin-system 30 60 90 120 200
A H2 H2 H2 H2 Heéb manno
B H2 H4 H4 H4 H4 galacto
C H2 H3 H4 H4 H4 galacto
D H3 H3 H4 H4 H4 galacto
E H3 H4 H4 H4 H4 galacto

An F>-coupled 'H,"”C-coupled-HSQC then determined the anomeric
configuration with measured 'Jou of 172, 172, 174, 165 and 162 Hz for
residues A, B, C, D and E, respectively, and where residues A-C have the o-
configuration and D-E have the 3-configuration.

2D NMR experiments ('H,"*C-HMBC and 'H,"*C-H2BC) were also acquired
and their peak-picked resonances were used as input for CASPER in order to
predict the structure of the E. coli O125ac O-antigen polysaccharide along
with Biological rules (WecA), component analysis (GLC-MS) and magnitude
of *Ju1 m> (Scheme 1, Paper II).

The highest-ranked structure resembled the one previously reported of
O125ab but lacked the branched glucose residue that was linked to the
mannose (Figure 16). The second- and third-ranked structures have
‘normalized relative rankings’ of 1.20 and 1.25 which are significantly larger.

Figure 16. Top 3 ranked structures predicted by CASPER for the E. coli O125ac O-antigen.

Only 5 out of the 31 proton resonances had a dy chemical shift deviation of
more than 0.1 ppm for proton NMR chemical shifts compared to the chemical
shifts predicted by CASPER with four of them originating from the GalNAc
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residue C (Table 2). This demonstrated that the prediction of the 3,4 di-
substitued GalNAc (residue D) is well predicted by the correction sets in
CASPER but also highlights possibilities of improvements regarding the
prediction of GalNAc residue C.

Table 2. Comparison of experimental and calculated du chemical shifts for residues with a Adu > 0.1.

Position  8yExpt duCalc  Adu

C2 4.44 4.21 0.23
C4 4.14 4.35 0.21
C3 4.09 4.28 0.19
C1 4.99 5.15 0.16
B3 4.02 391 0.11

CASPER could also successfully predict the location of the glucose residue
linkage in the structure of O125ab (Figure 4, paper 1I) when including data
from 'H,"*C-HSQC and 'H,"*C-HMBC.

The elucidation process of E. coli Ol125ac then proceeded with manual
assignment of the structure to confirm what CASPER suggested and the full
resonance assignment is summarized in Table 3.

Table 3. 'H and '*C NMR chemical shifts of the O-antigen from E. coli O125ac.

Sugar residue 1 2 3 4 5 6 Me co
A oDwdMap-(= Godee 300 03 gae mm s
B —3)-o-D-Fuep-(1— ?6111479 ZS§Z6 i%s iég,ztz 2?1,28 162.35
€  —3-a-D-GalpNAc-(1- 28?39 2;%35 47‘228 291,42‘7 47‘65,20 23.‘53 33%1 17537
D —3,4)-p-D-GalpNAc-(1— 41‘5(391 22%23 339;4 ;‘f?w 367.21 Zi7.§’9374 i}(i() 175.75
E  poGalp(lo 445 354 363 3.93 3.66 3.77,3.80

106.00 71.55 73.48 69.64 75.90 61.97

When comparing the assigned resonances of the two polysaccharides, a
significant downfield displacement was observed for carbon chemical shift in
A3 in the polysaccharide of O125ab, which further confirms that the structure
is similar to the previously studied 0125.*

The suggested sequence was determined with a combination of "H,"*C-HMBC
and 'H,'"H-NOESY NMR spectra and was confirmed to have a backbone
consisting of [-D-A-B-C-], with the side-chain E linked to D (Figure 15).

Apart from the glycosidic correlations, a strong inter-residue correlation, from
A5 to B4, was observed in the 'H,'H-NOESY for both O125ac and O125ab
(Figure 7a, Paper II). This correlation fitted well with an exo-anomeric
conformation of the involved glycosidic linkage (A1-B3).

'H,C-meHSQC and 'H,”C-HSQC-TOCSY NMR experiments made it
possible to decipher the assignment of all hydroxymethyl resonances.
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Interestingly, a larger proton chemical shift difference between protons of D6a
and D6b was observed resonating at oy 3.72 and 3.74 in O125ac versus ou
3.72 and 3.78 respectively in O125ab. This may be explained by a change in
the rotameric distribution of w (05-C5-C6-06) torsion angle in residue D
(branched —3.,4)-B-D-GalpNAc-(1—) most likely due to the added sterical
interactions caused by the a-D-Glcp-(1— (residue G).

33 Conclusion and future outlook

The O-antigen structure of E. coli O125ac was elucidated using a combination
of NMR spectroscopy and GLC-MS analysis (Figure 17). Furthermore,
CASPER was a powerful tool in the elucidation process. In addition, the
hydroxymethyl group spectral region for the O-antigen structure of E. coli
O125ab was fully elucidated using high resolution 'H,"*C-meHSQC and
'H,"*C-HSQC-TOCSY NMR spectra.

4 B2 a3 a3 a 4 B2 a3 a3 a
3 3
n B n

ﬂ4)-B-D-GTIpNAc»(1 ~>2)»u-D-Ma‘np-U —3)-0-L-Fucp-(1-3)-0-D-GalpNAc-(1— AA)»B-D»GT\;JNAC»H —2)-a-D-Manp-(1—3)-a-L-Fucp-(1—3)-a-0-GalpNAc-(1—
p-D-Galp-(1-3)  a-D-Glep-(1-3) B-0-Galp-(1—3)

E

Figure 17. The polysaccharide structures of E. coli O125ab (left) and O125ac (right) O-antigens.
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4 Structural studies of E. coli 093 O-antigen
(Paper III)

4.1 Introduction

The E. coli 093 serogroup was recently re-introduced and available from SSI
Diagnostica as a reference strain® after initially being excluded due cross-
reacting with serogroup O8.**% Thereafter, its gene sequence was investigated
in studies by Iguchi et al.*

In this chapter the structural elucidation of the E. coli 093 O-antigen
polysaccharide will be investigate and follows a slightly different approach
compared to two above-mentioned studies by utilizing both bioinformatics in
combination with NMR studies.

4.2  Results and discussion

4.2.1 Initial observations

The LPS material was obtained using the extraction protocol described in the
E. coli 0188 O-antigen structural study (Chapter 2 and Paper I). Initial studies
of the LPS by 'H and 'H,"””C-HSQC NMR revealed multiple resonances in
both the anomeric region and in the O-acetyl/N-acetyl regions, but it was too
heterogeneous for further in-depth analysis. Therefore, the study proceeded
with a mild acidic delipidation to obtain a better, lipid-free PS, while also
retaining any potential O-acetyl groups.

A sugar analysis conducted on the PS material of the E. coli 093 O-antigen
structure revealed peaks with retention times corresponding to the reference
standards of mannose, glucose and glucosamine alditol acetates.

4.2.2 Bioinformatics

E. coli 093 O-antigen was sequenced in 2015 by Iguchi et al. and the gene
cluster nearby the housekeeping genes galF’ and gnd are displayed below
(Figure 18).* Two glycosyltransferases (GT), wfdV and wfdW, were identified
along with GDP-mannose pathway genes, manB and manC and one gene, ugd,
known to function as a UDP-glucose 6-dehydrogenase which forms D-GlcAp-
UDP. The genes responsible for coding Wzx (flippase), Wzy (polymerase) and
Wzz (chain-length modulator) were also observed and therefore the E. coli
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093 O-antigen is assumed to follow the Wzx/Wzy dependant pathway when
constructing its lipopolysaccharides. No genes encoding for gne of gnu were
identified meaning that the repeating unit is initialized by a D-GIcNAc.*”*
The first GT, wfdV, was identified through a protein BLAST search to belong
to the GT family 2 which is of inverting mechanism. The sequence was also
added into ECODAB® and a BLASTp search revealed a close similarity to
the GT, WeiG, in O161 which is responsible for a B-D-GlcpA-(1—3)-D-
GlcNAc linkage. The second identified GT, wfdW, belongs to GT family 1
which is inverting.

3
& X
galF O-acetyltransferase
glycosyltransferase GDP-mannose pathway

wzx gnd

orf5 wzz

=
=
=
wzy I:> UDP-glucose 6-dehydrogenase
=
=

$4333 ¢

wcaM hisI

Figure 18. O-antigen gene cluster of E. coli 093 sequenced by Iguchi et al.*® and annotated according
to Liu et al.*

4.2.3 NMR Studies

After a performed gel-permeation chromatography to lower the content of
ECA, a 10 mg PS sample was prepared for further NMR experiments. 2 mg
of the PS-material was in addition O-deacetylated to obtain the PS-OH
material of <1 mg for further NMR studies.

'H NMR of the PS shows the presence of O-acetyl groups in the region of 8y
2.15-2.25 and also N-acetyl group resonating at 2.00-2.05 ppm which
indicates the presence of D-GIcNAc residues.

A 'H,"*C-HSQC NMR spectrum of the PS-OH material shows four resonances
in the anomeric region which are denoted as A-D based on descending proton
chemical shifts. A total of 27 resonances were observed with, four anomeric
resonances, one nitrogen-bearing *C resonance at Su/Sc 4.06/53.70, six
resonances in the hydroxymethyl group region at 60-64 ppm for *C, 16
resonances found in the sugar-ring region at d¢ 65-85 and one methyl group
resonance characteristic of N-acetyl groups at du/0c 2.04/22.87.
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The anomeric region in the 'H-NMR spectrum revealed that H-1 of residue B
and C are of manno-configuration due to their small *Juy estimated to be less
than 2 Hz based on their narrow full width at half-height. The peak of H-1 of
residue A at oy 5.25 instead had a wider peak which indicates a medium-sized
3Jurmz of between 2 and 7 Hz, characteristic for a-gluco/galacto-configured
monosaccharides. The *Jun of the anomeric proton in residue D was measured
to 7.8 Hz which is typical for B-gluco/galacto-configured sugars.

A F>-coupled 'H,”C-HSQC spectrum was also acquired for the PS-OH
(Figure 19) and the measured 'Jc1 u1 are 179, 159, 160 and 163 Hz respectively
for positions A1, B1, C1 and D1, and thus residue A has an a-anomeric
configuration whereas B, C and D have -configured anomeric positions.

In addition, an array of 'H,'H-TOCSY NMR experiments was recorded with
mixing times of 20-120 ms (Figure 19). H1 of residue A shows a transfer of
magnetization until H4. H1 in both residues B and C only shows correlations
to H2 which indicates that they are of manno-configuration. A correlation
from H1 of residue D to H5 of residue D was observed, indicating gluco-
configuration.

0..h g i - o8
179 Hz c
Cc1 —100 &
........... [oN
o 160 Hz ° 5
102 @
D1
L T 0
163 Hz | 104
[ 34
D2
L35
D3 ~36
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Dat) k37
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D5 I
-39 T
A2,A3 40
9
B2 c2 41
A4 0 |42
La3
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54 53 5.2 51 5.0 4.9 4.8 4.7 4.6 4.5 4.4
"H /ppm

Figure 19. Selected regions of a F>-coupled 'H,"*C-HSQC (top) and 'H, 'H-TOCSY with a 120
ms mixing time (bottom) NMR spectra of the 093 O-antigen PS-OH.
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4.2.4  Structure elucidation by CASPER

Data obtained from the above-mentioned analysis of the F>-coupled 'H,"*C-
HSQC (measured 'Jen), 'H,"*C-HSQC and 'H,'H-TOCSY (peak-picked
resonances), and 'H NMR (measured *Jun) experiments along with insights
from the bioinformatics (contains a B-D-GlcpA and a D-GIcNAc linked
together) and sugar analysis (D-Man and D-GIcNAc present) were used as
inputs for the ‘Determine Glycan Structure’ section in CASPER.

The highest-ranked structure consists of a linear tetrasaccharide repeating unit
(Figure 20) which belongs to one of the most common topologies for E. coli
O-antigens with an abundancy of 20 % (Section 1.8, Figure 6). It contains the
anticipated B-D-GlcpA-(1—3)-D-GIcNAc linkage that was suggested by the
bioinformatical data and also contains a -D-Man-(1—3)--D-Man sequence
which has not been observed in any previous E. coli O-antigen structure
before.

Figure 20. The three highest-ranked structures of the E. coli 093 O-antigen PS-OH suggested by
CASPER.

The assignment suggested by CASPER of the experimental chemical shifts
was then validated with a manual assignment and is summarized in Table 4.
The sequence was confirmed by analysis of a recorded 'H,'H-NOESY NMR
experiment (Figure 3, Paper III) which shows correlations between H1 of
residue A to H2 of residue B, from H1 of residue B to H3 of residue C, from
HI in residue C to H4 of residue D and from H1 of residue D to H3 of residue
A resulting in a sequence [-B-C-D-A-]..
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Table 4. 'H and '*C NMR chemical shifts of the O-deacetylated polysaccharide from the E. coli 093
O-antigen structure.

Sugar residue 'H and 3C chemical shifts
1 2 3 4 5 6 2Ac 2CO

A —3)-0-D-GIcNAc-(1— 5.25 (M)P 4.06 4.06 3.61 4.21 ~3.84 2.04

98.78 [179]¢ 53.70  81.15 69.31 72.04 61.24 2287 n.d?
B —2)-p-D-Man-(1— 4.85 (S) 4.16 3.80 3.72 342 3.79,3.94

97.55 [159] 77.33 7437 68.04 77.54 61.78
C —3)-p-D-Man-(1— 4.62 (S) 4.17 3.85 3.62 339  3.75,3.92

100.66 [161] 68.50 80.11 65.80 77.21 61.82
D —4))-p-D-GleA-(1— 4.59 (L) 340 365 374 3.81

103.27 [162] 7341 7478 8126 7645 n.d.?

“n.d. = not determined.

°3 Juruz value used as input for ‘Determine Glycan Structure” in CASPER: S <2 Hz, M =2 -7 Hzand L > 7
Hz.

¢!Jcrm values given in Hertz in square brackets and obtained from a coupled 'H,"*C-HSQC NMR spectrum.

4.2.5 Assignment of the O-acetyl groups

The study then proceeded with assignment of the observed O-acetyl groups in
the PS material. This was deciphered with the 2D NMR experiments, 'H,'H-
TOCSY, 'H,"*C-HSQC and 'H, *C-BS-CT-HMBC (Figure 21).

In the 'H,"*C-HSQC NMR spectrum, two resonances at u/Sc 4.37/63.88 and
On/dc 4.46/63.88 were observed that are characteristic of a 6-O-acetylated
hydroxymethyl group. Furthermore, two significantly downfield displaced
resonances at Ou/dc 5.53/69.97 and Ou/dc 5.55/69.87 corresponding to O-
substituted sugar ring protons were found.

These four resonances were subsequently assigned to adjacent protons in the
spin-system of residue C, using 'H,"H-TOCSY NMR spectra with shorter
mixing times (30-90 ms), with du/0c 4.37/63.88 correlating to HS5 of residue
C at oy 3.63 and resonances at Ou/dc 5.53/69.97 5.55/69.87 showing
correlations to oy H1 of residue C at 4.81 and 4.82, respectively.

Interestingly, in a "H,'H-TOCSY NMR spectrum with a longer mixing time
of 120 ms correlations from ou 5.55 (H2) to du 4.37/4.46 (H6) were also
observed (Figure 21 top) which suggests the presence of a 2,6-O-acetylated
minor population of residue C in the PS in addition to a 2-O-acetylated major
population. The mono-O-acetylated population was denoted with a single
prime (C') and the di-O-acetylated population with double prime (C").
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A 'H, C-BS-CT-HMBC then further shows correlations fiom their respective
carbonyl carbons from the O-acetyl groups (Figure 21 bottom) fo the protons
of H2 and H6 of residue C with correlations from ¢ 174.67 to du 4.37/4.46
for C6'" and from dc 174.04/173.95 to 6u5.53/5.55, respectively for C2' and
c2".

The degree of O-acetylation in the PS was subsequently determined, by
integration of the anomeric resonance in a 'H,"*C-HSQC, to be ~% 2,6-0O-
acetylated, ~%4 2-O-acetylated while ~4 is without any O-acetyl group.
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Figure 21. Selected regions of 'H, "H-TOCSY (top) and 'H, *C-BS-CT-HMBC (bottom) spectra
summarizing the O-acetyl assignment of residue C'/C"" with inserted chemical drawings highlighting

observed correlations in blue or red.
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When validating the assignment of resonances from the E. coli 093 PS with
the ‘Calculate Chemical Shift’ feature in CASPER, the majority of the
resonances are in good agreement (Figure 22). One significant outlier is
observed in Oy of H2 for the O-acetylated populations (B'/B'") (Figure 6
bottom, Paper III). This observation is unexpected, since the only change from
the PS-OH material is the 2,6-O-acetylation of the adjacent sugar-residue
(C'/C™). In addition, large chemical shift displacements caused by O-
acetylations are usually downfield in Sy on adjacent positions of the same
sugar-residue (Section 1.11) whereas, in this case, it is an upfield displacement
in 8y of 0.33 when comparing the experimental chemical shifts of H2 for
residue B vs B' (Table 1 Paper I1I). We therefore speculate that this chemical
shift change originates from conformational aspects involving the 2-O-acetyl
group which CASPER cannot predict.
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Figure 22. Overlay of experimental (blue) and CASPER-predicted (red) chemical shifts from the PS-
OH of E. coli 093 O-antigen plotted using with NMRglue.”
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4.2.6  Conformational insights

To further investigate this, we recorded 1D 'H,'H-NOESY with 300 ms and
600 ms mixing times with selective irradiation set on the H-Me of C2Ac¢ in
order to map the conformational space. The 1D 'H,'"H-NOESY revealed
correlations from H-Me of C2Ac to protons of Al, AS, A6 and also B2. A
constructed 3D model with torsion angles of ¢, y=—35°, —45° for the a-D-
GlcpNAc-(1—2)-p-D-Manp linkage and ¢, y=25°,60° for the B-D-Manp-
(1-3)-pB-D-Manp2Ac fitted well with the observed NOEs (Figure 23). This
aligned the shielding anisotropy of the close-by carbonyl group of C2Ac in
close proximity to the proton of B2 which may explain the significant upfield
displacement observed.

l v“‘f‘“

C2Ac

Figure 23. 3D model of trisaccharide a-D-GlcpNAc-(1—2)-B-D-Manp-(1—3)-p-D-Manp2Ac from the
E. coli 093 O-antigen structure. The protons that show correlations from a 1D 'H,'"H-NOESY 300 ms
irradiating the C2Ac signal. Part of the shielding anisotropy of the carbonyl group is highlighted in
yellow.

A capsular polysaccharide from E. coli 020:K84:H25 has the structure:—4)-
a-D-GalpA-(1—3)-a-D-Manp-(1—4)--D-Glcp-(1—3)-0-D-GlepNAc-(1—2)-3-
D-Manp-(1—3)-B-D-ManpNAc-(1—, with a similar trisaccharide fragment
(underlined) also having its H2 of the central -D-Manp resonating upfield at
3.91 ppm, most likely caused by the close-by N-acetyl group of the adjacent
B-D-ManpNAc.”!
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4.2.7  Structural comparisons

No other E. coli O-antigen structure in the FE.coli structure database,
ECODAB® were found to have the B-D-Manp-(1—3)-B-D-Manp structural
element. A similar structural search was conducted in the Carbohydrate
Structure Database (CSDB) which contains polysaccharide structures
originating from a wider range of biological material (incl. prokaryotes, plants
and fungi).”® There, a structural match was found in the O-antigen structure of
Cellulophaga baltica® even having a similar degree of O-acetylation (70%)
in position 2 of the 3-linked mannose residue (C2' in this study) but with no
O-acetylation reported in position 6.

A comparison of '"H and *C NMR chemical shifts of the two assigned O-
deacetylated polysaccharides were in good agreement with each other with
only one resonance having a d¢ deviation of more than 2 ppm which was the
linkage position (C3 in this study). This is most likely due to the NMR spectra
of the polysaccharides being recorded at different temperatures (70°C vs 30°C
for 093 PS/C. baltica PS). The essentially identical O-antigen structures in
the bacteria may be explained by a possible horizontal gene transfer event
involving the related gene cluster encoding for the O-antigen synthesis from
one species to the other."
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4.3 Conclusion and future outlook

The E. coli 093 O-antigen structure was elucidated (Figure 24) with combined
efforts from bioinformatics, sugar analysis and NMR studies. CASPER
predicted the correct structure of the O-deacetylated polysaccharide (PS-OH)
and assisted in validating the assignment of the O-acetylated polysaccharide.
The combination of an unusual f-D-Manp-(1—3)-f-D-Manp-linkage and an
adjacent O-acetyl substitution resulted in an unexpected upfield chemical shift
displacement for H2 in residue B which was further investigated using 1D
'H,'"H-NOESY NMR.

The elucidated PS was similar to the O-antigen structure of Cellulophaga
baltica and therefore an additional study comparing their gene clusters would
be of interest in the future.

6Ac

—2)-B-D-Manp-(1—3)-B-D-Manp2Ac6Ac-(1—4)-B-D-GlcpA-(1—3)-a-D-GlcpNAc-(1—

Figure 24. The elucidated structure of E. coli 093 O-antigen depicted with a SNFG representation.
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5 Developments of the NMR-database
CASPER (Paper IV)

5.1 Introduction

CASPER is a useful tool, as mentioned in Section 1.12, that has been fre-
quently used by researchers in the field of carbohydrate chemistry to assist in
their structure elucidation studies. It has been used as a fast way to obtain 'H
and "°C chemical shifts of monosaccharides to compare with the user’s own
experimental data’®®’ or to validate the user’s assignment of exopolysaccha-
rides by simulating the suggested structure’s 'H and "*C chemical shifts.”*"

Continuous updates of CASPER with additional mono-, di- and trisaccharide
residues will further improve the performance of CASPER in predicting the
chemical shifts of more complex oligo- and polysaccharides.

This chapter will summarize the most recent update of CASPER and demon-
strate its usefulness.

5.2 Results and discussion

5.2.1 NMR assignments

The study contains 'H and "*C chemical shift data from 58 different sugars
consisting of 30 monosaccharides, 17 disaccharides, 10 trisaccharides and one
tetrasaccharide. One of the assigned monosaccharides is N-acetylmuramic
acid (MurNAc), which is most known for being present in the peptidoglycan
layer of Gram-positive bacteria. Similar to the assignment of most sugars in
this study, MurNAc was assigned using a combination of the typical 2D NMR
experiments ('H,"*C-HSQC, 'H,"*C-HMBC, 'H,"*C-H2BC, 'H,"*C-BS-CT-
HMBC, and 'H,"H-TOCSY). Exact chemical shifts of the ring proton region
at ou 3.65-3.95 were obtained by iterative fitting with PERCH (Figure 25).
PERCH also calculated the anomeric population in MurNAc to 66% in a- and
34% in B-configuration.
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Figure 25. Selected region of a recorded '"H-NMR N-acetylmuramic acid (MurNAc) dissolved in D20
(blue) and a PERCH-simulated spectrum.®®

5.2.2  Extraction of new correction sets

New correction sets were manually constructed to further improve the
chemical shift prediction of common sialic acid-containing oligosaccharides.
One important correction set was derived from the ganglioside
oligosaccharide, GM2 (Table 6, Paper IV), with the following structure:
B-D-GalpNAc-(1—>4)[a-NeuSAc(1—3)]-B-D-Galp(1—4)-D-Glcp.

The correction set for the B-D-GalpNAc-(1—4)[a-NeuSAc(1—3)]-B-D-Galp
trisaccharide was extracted according to the procedure thoroughly described
by Stahle & Widmalm.'” The trisaccharide correction set suggests a
significant change in 8¢ of —2.3 in position 3 of the aNeu5SAc residue resulting
in a upfield adjustment.

Table 5. 'H and "*C chemical shift corrections displayed in ppm for the aNeuSAc residue from the
GM2 trisaccharide correction set.

Sugar residue 1 2 3 4 5
H 011 —008 008 —003
oNeuSAc-(I-> 3¢ g1 15 23 03 -0.1

5.2.3 Case study: predicting the structure of o/B-Gdla

The newly implemented correction set was tested by trying to predict the
structure of o/pB-Gdla.

Acquired 2D NMR experiments ('H,"?C-HSQC, 'H,"*C-H2BC and 'H,"C-

HMBC) were peak-picked and the resulting list of correlations were added as
input in the ‘Determine Glycan Structure’ feature in CASPER (Figure 26)
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along with the sugar-residues and all linkage positions set as wildcards and

the box ‘Free anomer in reducing end’ activated.

Resi Linkage Chemical shifts 1D ©@2D  ?
esidue position HSQC/HETCOR
123456 " C-Hchemical shifts

TOCSY
H-H correlations from anomers

D-Gl vIVIVIVISL ]V i ]
cp CIVIVIVIVIEI VIV 5210351
D-Galp =} 4.8 103.27
4.6796.6
NeuSAc e 5229265
D-GalpNAc =) 3.84 8115
3.6279.72
D-Galp e 3.6379.67
NeuSAc =] 4.1 77.52
4.08 76.39

none
Clear text area

Number of chemical shift pairs 56
HMBC
C-H correlations from anomers

none

none

none

Clear text area
0
H2BC
C-H correlations from anomers

14.5279.67
48 7752
2.76100.68
1.79 100.68
14.08 100.68
14.15 1021
2711021
1.89102.1

5.2272.03
14.80 51.86
4.6774.67
14.60 69.99
14.5270.7

Clear text area
Number of chemical shift pairs 15

Clear text area
5

Minimum number of coupling constants of different magnitudes
?

small medium large
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Figure 26. Screenshot of the ‘Determine glycan structure’ webpage in CASPER with input-data added
for the a/B-GDla oligosaccharide from 2D NMR experiments (‘H,"*C-HSQC, 'H,"*C-HMBC and

'H,"*C-H2BC) and with the ‘Free anomer in reducing end’ activated.

The prediction results from CASPER propose the correct structures ranked as
#1 and #2 while #3 and #4 have chemical shifts that deviate considerably more
with larger ‘normalized relative rankings’ at 1.43 and 1.44 respectively

(Figure 27).

Proposed structures

W 0N O WN A

. aNeu5Ac(2—3)[aNeubAc(2—3)-B-b-Gal-(1—3)-B-p-GalNAc-(1—4)]B-p-Gal-(1—4)-B-p-Glc, dre=1.00
. aNeub5Ac(2—3)[aNeu5Ac(2—3)-B-b-Gal-(1—3)-B-p-GalNAc-(1—4)]B-p-Gal-(1—4)-a-b-Glc , SRe[=1.17
. aNeu5SAc(2—3)[aNeubAc(2—3)-B-b-GalNAc-(1—4)]B-b-Gal-(1—3)-B-p-Gal-(1—4)-B-p-Glc, dreI=1.43
. aNeubSAc(2—3)[aNeubAc(2—3)-B-b-GalNAc-(1—4)]B-b-Gal-(1—3)-B-p-Gal-(1—4)-a-p-Glc, dre=1.44
. aNeubAc(2—3)[aNeu5Ac(2—3)-B-b-Gal-(1—4)]p-D-GalNAc-(1—4)-p-D-Gal-(1—4)-B-D-Glc , ORrel=1.43
. aNeu5Ac(2—3)[aNeu5Ac(2—3)-B-b-Gal-(1—4)]B-b-GalNAc-(1—4)-B-p-Gal-(1—4)-a-p-Glc , Ore[=1.48
. aNeubAc(2—3)[aNeu5Ac(2—3)-B-b-GalNAc-(1—4)-B-b-Gal-(1—4)]p-p-Gal-(1—4)-B-D-Glc , Orel=1.44
. aNeubAc(2—3)[aNeu5Ac(2—3)-B-b-GalNAc-(1—4)-B-D-Gal-(1—4)]B-p-Gal-(1—4)-a-D-Glc , SRe[=1.49
. aNeu5Ac(2— 3)[aNeu5Ac(2—3)[R-p-Gal-(1—3)-B-b-GalNAc-(1—4)]B-p-Gal-(1—4)]-p-Glc , SRel=1.46
10. aNeu5Ac(2— 3)[aNeu5Ac(2— 3)[B-p-Gal-(1—3)-B-p-GalNAc-(1—4)]B-p-Gal-(1—4)]a-D-Glc , 8Rrel=1.49

Figure 27. Proposed structures suggested by CASPER from the GDla structure prediction with p-

GDla and o-GD1a ranked as #1 and #2, respectively.
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A comparison of predicted and experimental 'H and *C chemical shift data
for B-GD1a was also done and was in good agreement (Figure 28). This shows
that CASPER is capable of predicting complex oligosaccharides with NeuSAc

residues.
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Figure 28. Comparison of 'H and *C NMR chemical shifts from experimental data and predicted by

CASPER of B-GDl1a.

40



5.2.4  Small *Jun observed in a 3,4-disubstituted B-D-GlcpNAc

Another observation in this study was the *Jun of the proton pairs in the central
B-D-GlcpNAc residue of the trisaccharide o-L-Rhap-(1—3)-[a-D-Glcp-
(1->4)]-B-D-GlcpNACc-OPr (Table 5 Paper IV) were noticeably smaller than
expected e.g., *Jus s of 6.60 Hz (Figure 29) compared to a monosaccharide
counterpart e.g., PB-D-GlcpNAc-OpNP, that had a *Jusua of 9.0 Hz. This
indicates that the proton pairs of the branched B-D-GlcpNAc may adopt
conformations where they are deviating from the antiperiplanar arrangement,
for instance due to ring puckering.

H1 HO Ho OH
H3 OHo 0
0 O
OH O AcHN | N
H3  H1
0
sim HO
HO "oy
Proton-pair  *Jun (Hz)
H1-H2 7.47
H2-H3 7.20
H3-H4 6.60
X
el ,p. —— H4-H5 6.96
4.65 4.60 4.05 4.00

Figure 29. Selected regions of a PERCH-simulated (top-left) and an experimental (bottom-left) 'H
NMR spectrum of the vicinal branched trisaccharide: o-L-Rhap-(1—3)[a-D-Glcp-(1—4)]-B-D-
GlcNACOPr (top-right) and related *Jun of the GleNAc residue (bottom-right).
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5.3 Conclusion and future outlook

This chapter summarizes parts of the work included in the new update of the
computer program CASPER where 58 compounds have had their 'H and *C
NMR resonances assigned and added to the database. A correction set related
to the ganglioside oligosaccharide, GM2, was presented. Also, an example
showcased the ‘Determine Glycan Structure’ feature in which CASPER
successfully predicted the structure of the a/p-GD1a oligomer.

In the future, the toolbox of CASPER could be further expanded in order to
successfully handle ‘hyper-branched’ structures containing multiple vicinal
disubstituted sugar residues found in nature as well as linkages to more non-
sugar residues used in for instance automated solid-phase carbohydrate
synthesis.'”'”  Another feature that could further improve CASPER
prediction would be to implement 'H,'H-NOESY NMR data as input for
CASPER for determining the sugar ring configuration of unknown
monosaccharides using key intra-residue correlations and, more importantly,
for sequence determination from observed inter-residue correlations.
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6 Conformational Analysis of Shigella
flexneri O-antigens (Paper V)

6.1 Introduction

Shigella flexneri is a species within the genus Shigella and is known to be

closely related to E. coli '

and has previously been referred to as “E. coli in

disguise”.104 However, there are certain characteristic differences e.g. that
strains of E. coli have flagella, thus being motile, while strains of Shigella lack

this feature.'®

Out of the 1.6 million deaths
associated with diarrheal infections,
15% of them were caused by strains
from Shigella with low- and middle-
income countries being  most
affected.'®

As in other Gram-negative bacteria,
the antibiotic resistance is rapidly
increasing in Shigella with strains of
Shigella sonnei (highly prevalent in
South America) that have obtained
resistance to many antibiotics.'”’
Therefore, the development of
vaccines targeting these strains of
bacteria could help improve both the
quality of life among the affected
communities while also decreasing
the rate of antibiotic resistance and
decreasing the risk for potential
epidemics/outbreaks.

The O-antigen structure of Shigella
flexneri can be categorized into
serotypes named X, Y and 1-7 with
various subtypes. A majority of the
serotypes have a common
tetrasaccharide backbone:

SfY

n
—2)-a-L-Rha'"'-(1—2)-a-L-Rha'-(1—3)-a-L-Rha'-(1—3)-B-D-GlcNAc-(1—

a-D-Glc"-(1-2)-a-D-Glc'-(1—4)

—2)-a-L-Rha""'-(1-2)-a-L-Rha"'-(1—3)-a-L-Rha'-(1—3)-B-D-GIcNAc-(1—

a-D-Glc'-(1—-2)-a-b-Glc'-(1—4)

—2)-a-L-Rha'"'-(1-2)-a-L-Rha'-(1—3)-a-L-Rha'2Ac-(1—3)-B-D-GIcNAc-(1—

Figure 30. The O-antigen structures of Shigella flexneri
Y, 7a and 7b depicted with SNFG representation.

—2)-a-L-Rhap™-(1—-2)-o-L-Rhap"-(1—3)-a-L-Rhap'-(1—3)-B-D-GlepNAc-(1—
which is also the O-antigen structure of Shigella flexneri Y (Sf'Y) with its
structure elucidated in 1978 (Figure 30 top).'” The rhamnose residues are
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commonly numbered starting from the one linking to the GlcNAc residue
according to the biological repeating unit,'” and are in this study denoted
using roman letters. For clarification, this study also annotates the two glucose
residues as Glc' and Glc".

This study involves Shigella flexneri 7a'' (also known as 1c) and 7b'"" (Sf 7a
and Sf 7b) which, in addition, have a branched disaccharide of two a-D-Glcp
(8f 7a, Figure 30 middle), and further, an O-acetyl substitution in position 2
of the a-L-Rhap'-residues (Sf 7b, Figure 30 bottom).

More in-depth conformational analysis of the O-antigen structures in Shigella
flexneri is needed to get a better understanding of which structures to be
included in a potential multi-valent glycoconjugate vaccine'® since cross-
protection has been observed between the certain serotypes.''*!!?

The cross-protection is caused by the serotypes sharing key structural
elements, O-antigen epitopes, that induce a similar immune response. The
epitopes are summarized in a review by Knirel et al.''* with Sf 7a having the
O-antigen epitope, IC, formed by the a-D-Glcp"-(1—-2)-a-D-Glep'-(1—-4)-B-
D-GlcpNAc structural elements, and Sf'7b also having the O-antigen epitope
6 constituted by the 2-O-acetylation of a.-L-Rhap".

Recent conformational studies on the O-antigen structure of Shigella flexneri
Y, 2,3, 5 and 6°''*'" have been investigated by MD-simulations and a study
combining both MD-simulations and NMR data has been performed for Sf
serotypes: X, Y and 1-5.""*

In this chapter, the goal is to investigate the conformational preferences of Sf

7a and 7b by using a combination of NMR spectroscopy and MD-simulations
and to compare the results with SfY.
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6.2  Result and discussion

6.2.1 Temperature studies

When adjusting the temperature to prevent spectral overlap between the
anomeric protons and the HDO peak, we discovered that the 'H chemical
shifts of some anomeric resonances were changing considerably.

A temperature study was conducted since variations in chemical shift may
indicate signs of conformational flexibility. "H NMR spectra between 5-70 °C
were acquired for both Sf7a and Sf'Y to investigate any differences. For Sf7a,
a significant chemical shift change was observed for the anomeric proton of
Glc' (Figure 31) with —2.3 ppb/°C thus displaced upfield when the temperature
increases. The adjacent anomeric proton of the GlcNAc residue instead moves
in the opposite direction, having a +1.3 ppb/°C displacement downfield. H1
of Rha" has an upfield change of +1.1 ppb/°C whereas the remaining
anomeric protons has smaller temperature dependencies (Rha' —0.3 ppb/°C,
Rha" <+0.2 ppb/°C and Glc" 0.9 ppb/°C).

In contrast, the anomeric protons of Sf'Y showed only minor changes in
chemical shift over temperature with H1 of Rha' at +0.7 ppb/°C having the
largest temperature dependence while H1 of GlcNAc, Rha" and Rha'' had
changes of +0.3, +0.2 and —0.4 ppb/°C, respectively.

5.901 Glc! Rha'" Rha"™! | 505
. Aay '
° ‘.\.“t.‘.‘ Fh?“A 7S : :: oae B 3
5.80; ‘."‘n." AA A A DA A A A +5.15
Rha' A
£ 570 e 1505 §
e e
I 5.25 Glc™ GlcNAc L 480 T
® o004 ° s o
o 0 -2
5.151 o . R " + 4.70
L}
5.05/ L 4.60

5 25 45 65 5 25 45 65
Temperature /°C

Figure 31. Change in '"H NMR chemical shift as a function of temperature (ppb/°C) for the anomeric
protons of the S. flexneri 7a and Y O-antigens.
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6.2.2  3Jun-couplings of the GIcNAc residue

Sf 7a has the same vicinal disubstituted trisaccharide structure within the
repeating unit as the trisaccharide compound previously presented (Section
5.2.4). We therefore investigated whether Sf 7a also shows the smaller than
usual *Jun.

1D 'H,'H-TOCSY NMR spectra were recorded in order to extract each of the
3Jun couplings in the spin-system of the GlcNAc residue in Sf 7a. This was
deemed possible since its anomeric proton was free from spectral overlap and
could therefore be selectively irradiated. Similar to the temperature study, this
was performed for both Sf 7a and Sf'Y. The *Ju1 12 for both anomeric protons
were measured in their respective 'H NMR spectra while the *Juous was
obtained by subtracting the *Jiu1 u2 from the total width of the dd of H2. The
same procedure was performed for the remaining *Juu (Table 6 and Figure
32).

Table 6. The *Jun coupling constants (Hz) for selected protons in the GleNAc residue of the O-antigens
from S. flexneri 7Ta and Y.

) Sf7a  SfY
Proton pair ———————
Jun
HI1-H2 8.1 85
H2-H3 9.0 10.0
H3-H4 6.2 9.0
H4-H5 9.0 9.6

Interestingly, the *Ju3us coupling of Sf 7a is unusually small (6.2 Hz),
following the previously described observation from compound 53 in Paper
IV which has a corresponding *Jiiz na coupling of 6.6 Hz while the one in SfY
is larger (9.0 Hz), similar to a monosaccharide GIlcNAc residue. The
considerably lower *Ji3 14 coupling in Sf 7a indicates that H3 and H4 are less

frequently occupying an anti-periplanar orientation (e.g., when in a common
*C) ring pucker) than in SfY.
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HA1 H4

H2 H3
7a/ sin M M 152 Hz

424 423 4.22 421 4.05 4.04 4.03

473 472 471 470 395 393 391 389
"H /ppm

18.5 Hz 19.0 Hz 18.6 Hz
> > >

8.5 Hz
Sz,
475 474 473 388 3.86 384 3.82 3.65 3.64 3.63 3.62 358 356 3.54 3.52
"H /ppm

Figure 32. Selected regions from 'H NMR and 1D 'H,"H-TOCSY experiments displaying the *Jun and
the total width of involved *Jun in the dd of H2, H3 and H4 in Shigella flexneri 7a and Y.

6.2.3 'H,'H-NOESY buildup curves Sf 7a
The study proceeded by recording 'H,'H-NOESY NMR spectra with zero-
quantum coherence suppression filter at 500 MHz and with the different
mixing times 30, 40, 50, 60, 70, 80, 90 and 110 ms (Figure 33).

4.5
H2-Rha!!
H1-GIcNAc ® 0 0 @
H3-GIcNA H5-GIcNA
e e 5.0
H3-GIcNAc - I
E H§3 Rha Ha-alc! 51 ¢
H1-Rha' ! \ @Q .............. H1-Gle! oy
H1-Rha' 5.2 T
5.3
H3-GIcNAc -5.5
! H4-GIcNAc ~ H5-Rha!
H1-Glc' o o e )
| H2-Glc' : 6.0
4.0 3.5

H /ppm

Figure 33. Panels along the F> dimension of the anomeric region of Shigella flexneri 7a from a 'H, "H-
NOESY at 500 MHz recorded with a mixing time of 110 ms.
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Build-up curves were then generated according to the PANIC approach in
order to obtain the cross-relaxation rates (o). Cross-relaxation rates for five of
the six glycosidic linkages were possible to obtain for Sf 7a (Figure 34). In
addition, other inter-residue correlations were found e.g., from H1-Glc' to H3-
GlcNAc and a methyl-methine cross-peak from Me-Rha'to H1-Glc'.

B H1-GlcNAc— H2-Rha" )
0.15 4 | ®@ HI-Glc" — H2-Gl¢! o
A HI-Rha! — H3-GlcNAc -7
A HI1-Rha" — H3-Rha' . .
- @ HI-Gle' — H4-GlcNAc e e
=" 0.10 - A
ol ///;6)/ /,'K/
= ’ ,;//'/6 /",/"
R i
0.05 Rl e

Figure 34. Selected 'H,'H-NOESY buildup curves from the O-antigen polysaccharide of Shigella
flexneri T7a with [i/li vs. tmix plotted, following the PANIC approach. The cross-relaxation rates,
(—oij=1/I) are determined from the slope of the fitted data. Markers are depicted using SNFG-
representation.

6.2.4 MD-simulations and comparisons with NMR-data

MD-simulation of 1 ps on a six repeating unit O-antigen structure in solution
was performed in a ~90 A’ water box using a modified CHARMM36 additive
force field'"” for both Sf 7a and 7b with the 4 innermost repeating units only
considered for the data collection of distance, torsion angles and pucker states.
Data collected in a previous study of Sf'Y will also be used as a comparison.'"’

The initial analysis of the two polysaccharides show that the GIcNAc residue
occupies, in addition to the expected *C}, the ring-pucker conformations 'Ci,
381, B4 and °S; (Figure S1, Paper V) whereas in SfY this is not observed to a
considerable degree.

The 'C4 conformation was ruled out as unlikely due to the magnitude of the
3Jun couplings since a B-D-GlcpNAc in a 'Cy conformation would have had
multiple protons in equatorial-equatorial orientation thus leading to smaller
3Jun couplings (1-3 Hz). The remaining observed pucker conformations, S,
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Bis and °S), were deemed likely since they would still maintain anti-
periplanar-like orientations for the majority of the proton-pairs.

The distances were then calculated following the ISPA using the equation, 7
= Fret* (Orer/03)""® in which the rrwas calculated with rup = (r®) "¢, Cross-
relaxation-rates used as references (orer) were H1-Glc"-H2-Glc" for methine-
methine correlations and H5-Rha"-Me-Rha" for methyl-methine cross-peaks.
The distances from the MD-simulation, rvip, were initially calculated from the
frames where the GlcNAc residues adopts a *C; conformation.

Overall, the distances correlated well when comparing the NOE-derived
distances with the ones from the MD-simulation (Table 7) except for the
distance H1-Glc'-H4-GlcNAc which was considerably longer (mup=2.94 A vs
Fexp=2.68A). We hypothesize that this is due to only including the *Ci
conformations and we, therefore, tested whether an inclusion of the frames
related to the 3S), Bi4 and 3Si conformations would fit better with the
experimental data both suggested from 'H,'H-NOESY and the above-
mentioned derived *Juu couplings. By calculating the root-mean-square
deviation of all measured inter-residue and trans-glycosidic distances at
different ratios of *Ci:(S1, B14, and °S1) we observed a minimum at a 82.5:17.5
ratio of *C vs. *Si, B14, and >S; conformations mostly due to a change of the
H1-Glc'-H4-GlcNAc distance changing from 2.94 A to 2.70 A. The
remaining distances only observed minor changes (#vpagj column, Table 7).

Table 7. Proton-proton cross-relaxation rates (o, s™') from the O-antigen polysaccharide of Shigella
flexneri 7Ta derived from 'H,'"H-NOESY NMR buildup curves analyzed by the PANIC approach
experimentally derived distances (rexpt in A) and effective proton-proton distances (rwmp and 7mpagj in
A). The effective distances rvp refer to only the “Ci conformation of the GlcNAc residue while 7vpadj
distances were calculated based on an 82.5:17.5 ratio of *C1 vs. 3S1, B1.4, and °Si distance conformations.

Proton pair Texpt Fexpt rmp° 7' MDag;
Trans-glycosidic
HI-Rha" H3-Rha' -0.83 2.33 2.32 2.32
HI-Rha' H3-GIcNAc -1.06 2.24 2.22 2.24
H2-Rha™" H1-GIcNAc -1.33 2.16 2.29 2.29
HI-GIc' H4-GIcNAc -0.36 2.68 2.94 2.70
HI1-Glc" H2-Glc! —-1.11 2.22 2.43 2.43
Inter-residue
HI1-GIc! H5-Rha' -0.90 2.30 2.30 2.36
HI-GIc! H3-GIcNAc -0.43 2.61 2.65 2.66
HI-Glc! HI-GIc" -0.57 2.48 2.22 2.23
Methyl-methine
Me-Rha' HI-GIc" -0.26 3.22 3.15 3.16
Me-Rha' HI-Glc! -0.23 3.28 3.24 3.24
Reference
HI-Glc" H2-Glc" -0.59 2.47 247 247
H5-Rha" Me-Rha" -0.31 2.60 2.60 2.60

*Calculated with 7 = rrer - (0rer/ij)/® with reference proton distances derived from 1 ps, of MD simulation of
the six-repeating unit polysaccharide in solution.
® Effective distance derived from MD simulations was calculated according to rup = {r™%) ~6,
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The NMR-study for Sf7b was less extensive due to significant spectral overlap
since the degree of O-acetylation is non-stoichiometric and does not displace
many of the other resonances significantly from the O-deacetylated population
also present in the PS sample. The autopeak of H1-Glc' in Sf 7b was slightly
displaced downfield and its autopeak, along with the observed cross-peak, could
be utilized to obtain the cross-relaxation rates for H1-Glc'-H3 GlcNAc/H4-
GlcNAc/H5-Rha' (Table 3, Paper V). The calculated distances agreed with the
corresponding ones in Sf 7a.

The glycosidic torsion angles (¢, ) of the polysaccharides of Sf'Y, 7a and 7b
are visualized with heatmaps (Figure 6 Paper V). When comparing Sf 7a and
7b, no large differences in ¢, y torsion angles were observed in any of the
glycosidic linkages. More expected, the conformational space is slightly
different between Sf'Y and Sf 7a/b for the HI-Rha'-H3-GlcNAc glycosidic
linkage, where the ¢, y torsion angles in Sf 7a/b adopted a more restricted
conformational space, especially in y, only ranging from = 0° to +30° while the
corresponding y torsion angle of Sf'Y ranged between =~ +£60°. The H1-Glc'-
H4-GlcNAc glycosidic linkage mainly adopts torsion angles of ¢, y = —60°, —
60° which agrees with the exo-anomeric effect of an a-D-Glcp residue.

In addition, snapshots of the 4 innermost repeating units of Sf 7a and 7b were

taken to visualize the epitopes present in the O-antigen structures (Figure 35).
a b c

Figure 35. Representative snapshots from the MD-simulation of the 4 innermost repeating units of
Shigella flexneri O-antigen structures visualized with VMD'? using either vdW representation or a
licorice/paperchain representation for Shigella flexneri 7a (a-b, d-g) and 7b (c).
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6.3  Conclusion and future aspects

A combination of NMR-studies and MD-simulations were used to investigate
various conformational aspects of the Sf7a and 7b O-antigen polysaccharides.

NOE-derived distances related to five out of six glycosidic linkages were
successfully obtained from an array of 'H,'H-NOESY using the PANIC
approach and the approach devised by Dixon et al.*® was utilized to obtain
H1-Glc'-related distances for Sf 7b. Interestingly, the NOE-derived distances
for H1-Glc'-H4-GlcNAc and H1-Glc'-H3-GlcNAc were equidistant in both
Sf7a and 7b.

The combined efforts of *Jun coupling measurements and MD-simulations
suggest that the 3,4-vicinal disubstituted B-D-GlcpNAc-residue, to a certain
degree, adopts a 381, Bia, or °S) ring pucker conformation in addition to the
common *C; conformation.

Further investigating the conspicuous a-L-Rhap-(1—3)-[a-D-Glcp-(1—>4)]-
B-D-GlcpNAc trisaccharide would be of interest in the future since the MD-
simulations suggests the uncommon 'C4 conformation for the GleNAc residue
while the obtained NMR data shows no sign of that conformation. Further
development of the CHARMM additive force field to better handle these
highly branched sugars is needed.
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7  Concluding remarks

During the course of this thesis, three previously unknown E. coli O-antigen
structures have been investigated. Their elucidated repeating units all belong
to the most common topology in E. coli with a 4 sugar-residue backbone.

CASPER was an essential tool in these three studies and was utilized in
different ways:

e Asachemical shift database, by rapidly obtaining the monosaccharide
NMR chemical shifts to thereafter compare with corresponding ones
of the E. coli 0188 O-antigen to confirm its linkage positions.

e  As an automated structure elucidation tool, by using the ‘Determine
Glycan Feature’ — adding inputs from multiple 1D and 2D NMR
experiments, sugar analysis and biological rules to obtain repeating
unit structures of E. coli O125ac and 093 (PSOH).

e  To validate the manual assignment of the O-acetylated polysaccharide
in E. coli 093 using the ‘Chemical Shift Calculation’ section which
in turn highlighted a conspicuous signal (proton of B2'/ B2'") that was
shifted upfield in the experimental data due to a shielding anisotropy.

Further updates of CASPER will extend its usage towards automated solid
phase-based synthetic carbohydrates by adding sugar-residues with common
linkers that are used in that process.

Due to the rapid increase in antibiotic resistance WHO predicts that by 2050
infections from these bacterial strains will surpass the number of deaths
caused by cancer.'”! Therefore, vaccines targeting Gram-negative bacteria
will be of increasing demand and importance to avoid the risk of future
pandemics and a mutated strain belonging to one of the above-elucidated
serogroups could therefore be a future vaccine candidate with an isolated or
synthesized polysaccharide conjugated with bacterial toxin as one possible
solution.

For similar reasons the conformational studies of the Shigella flexneri 7a and
7b O-antigen structure with NMR and MD simulations and comparisons to
the Shigella flexneri Y counterpart provide a deeper insight into how the 3,4
vicinal disubstituted B-D-GlcpNAc is affected by the branched glucose
disaccharide and highlight key epitopes of the polysaccharide structure.
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