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Abstract
The outer surface of bacteria is composed of around 75% carbohydrates, which are vital for the bacteria to survive and

communicate with the host biological system. The thesis discusses different properties of carbohydrates that are essential
for understanding the bacterial behavior in biological systems. The first three chapters give an overview of carbohydrates.

The fourth chapter discusses the synthesis of four amide-substituted 3,6-dideoxy-α-D-galactopyranosides,
namely, methyl α-3,6-dideoxy-3-formamido-, acetamido-, (R)-3-hydroxybutyramido-, and (4-hydroxybutyramido)-D-
galactopyranoside. These sugars were found as components of some bacterial O-antigens; the study is a step toward
the synthesis of oligosaccharides that contain them. The fifth chapter describes the exchange kinetics of the formyl and
acetyl derivatives that were synthesized. Both of them have two conformational states for the amide side-chain. 13C-NMR
saturation transfer experiments are utilized for these measurements to reveal more about their properties in solution.

In chaptr six, NMR and conformational analysis of oligosaccharides related to the O-antigen of Yersinia enterocolitica
O:3 bacteria were carried out to obtain more information regarding their 3D structure.

Chapter seven is focusing on the development of CASPER, a program for rapid assignment of 1H- and 13C-NMR
chemical shifts of bacterial lipopolysaccharides, by adding more sugars into its database and testing it for naturally occurring
LPS as well as extending the scope for synthetic carbohydrates, which is planned to be developed further in the future.
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Abstract

The outer surface of bacteria is composed of around 75% carbohydrates,
which are vital for the bacteria to survive and communicate with the
host biological system. The thesis discusses different properties of car-
bohydrates that are essential for understanding the bacterial behavior
in biological systems. The first three chapters give an overview of car-
bohydrates. The fourth chapter discusses the synthesis of four amide-
substituted 3,6-dideoxy-α-d-galactopyranosides, namely, methyl α-3,6-
dideoxy-3-formamido-, acetamido-, (R)-3-hydroxybutyramido-, and (4-
hydroxybutyramido)-d-galactopyranoside. These sugars were found as
components of some bacterial O-antigens; the study is a step toward
the synthesis of oligosaccharides that contain them. The fifth chap-
ter describes the exchange kinetics of the formyl and acetyl derivatives
that were synthesized. Both of them have two conformational states
for the amide side-chain. 13C-NMR saturation transfer experiments are
utilized for these measurements to reveal more about their properties
in solution. In the sixth chapter, NMR and conformational analysis of
oligosaccharides related to the O-antigen of Yersinia enterocolitica O:3
bacteria were carried out to obtain more information regarding their 3D
structure. Chapter seven is focusing on the development of casper, a
program for rapid assignment of 1H- and 13C-NMR chemical shifts of
bacterial lipopolysaccharides, by adding more sugars into its database
and testing it for naturally occurring LPS as well as extending the scope
for synthetic carbohydrates, which is planned to be developed further in
the future.
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Populärvetenskaplig sammanfattning på svenska

Bakterier orsakar ett stort antal sjukdomar som bidrar till ekonomiska
problem. Bakteriers yta är mestadels täckt av kolhydrater som spelar
en nyckelroll vid infektion. Dessa kolhydrater har emellertid komplicer-
ade strukturer och både upprening och identifiering är tidskrävande pro-
cesser. De förkommer heller inte i en helt ren form, utan är oftast
bundna till andra molekylklasser så som fetter och proteiner, vilket gör
det svårare att studera och analysera deras beteede. Därför finns det
ett behov av nya sätt att renframställa material för att studera de-
ras egenskaper samt att utveckla nya verktyg för snabbare identifier-
ing av dem. Kapitel ett till tre ger en översikt av kolhydrater. Det
fjärde kapitlet beskriver den kemiska syntesen av fyra olika kolhydrater
som förekommer som komponenter i bakteriecellväggar. Två av dessa
kolhydrater undersöktes därefter (kapitel fem) med hjälp av kärnmag-
netisk resonansspektroskopi (NMR). Målet var att studera deras termo-
dynamiska parametrar för att få mer information om deras beteende i
lösning, vilket är viktig kunskap för att förstå hur de fungerar i biolo-
giska system. I kapitel sex undersöktes 3D-strukturen för O-antigenet hos
den patogena bakterien Yersinia enterocolitica O:3 med hjälp av NMR
och en serie av oligosackarider. Det sjunde kapitlet handlar om utveck-
lingen av casper, ett datorprogram för snabb tilldelning av 1H-NMR
och 13C-NMR kemiska skift, som drastiskt snabbar upp och underlättar
strukturbestämmningen av kolhydrater.
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Abbreviations

AIBN Azobisisobutyronitrile

BSP Benzenesulfinylpiperidine

CDMT 2-Chloro-4,6-dimethoxy-1,3,5-triazine

pClBn para-chlorobenzyl

COSY Correlation Spectroscopy

DCC N,N’ -Dicyclohexylcarbodiimide

DCM Dichloromethane

1DLR One dimensional long-range

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

DPPE Bis(diphenylphosphino)ethane

EDA Ethylenediamine

GlcNAc N -Acetylglucosamine

GlcNFo N -Formylglucosamine

HMBC Heteronuclear Multiple Bond Correlation

HSQC Heteronuclear Single-Quantum Correlation

IBX 2-Iodoxybenzoic acid

LAH Lithium aluminium hydride

MD Molecular Dynamics

MS Molecular sieves

Neu5Ac N -Acetylneuraminic acid

NMM N -Methylmorpholine

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser effect

TBAB Tetrabutylammonium bromide

TBAF Tetrabutylammonium fluoride
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TBAHS Tetrabutylammonium hydrogensulfate

TBS tert-Butyldimethylsilyl

THF Tetrahydrofuran

TMS Tetramethylsilane

TOCSY TOtal Correlation SpectroscopY

1D-TOCSY One dimensional TOtal Correlation SpectroscopY

pTSA p-Toluenesulfonic acid

TTBP 2,4,6-Tri-tert-butylpyrimidine
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1 Introduction

1.1 General properties

Carbohydrates are polyhydroxylated aldehydes (aldoses) or ketones (ke-
toses) which have asymmetric centers. The ability to form multiple hy-
drogen bonds gives them the property of being water soluble; moreover,
they can also be insoluble by forming intermolecular hydrogen bonding
to form insoluble aggregates or fibers. The simplest structures in agree-
ment with this definition are l-glyceraldehyde, dihydroxyacetone, and
d-glyceraldehyde (figure 1.1).

l-glyceraldehyde Dihydroxyacetone d-glyceraldehyde

Figure 1.1: The simplest structures of carbohydrates.

The "l" and "d" letters are referring to the orientation of the hydroxyl
group on the asymmetric carbon, where in case of l it is oriented to
the left and in case of d it is oriented to the right in a Fischer projec-
tion. This rule is used to describe the absolute configuration of higher
carbohydrates also by relating it to the orientation of hydroxyl group
that is attached to the highest numbered asymmetric carbon. Classi-
fying carbohydrates by the number of carbons the above examples are
called trioses, by increasing the carbon atoms one by one, there will be
tetroses, pentoses, hexoses, and so on.

pentoses and Hexoses can easily form cyclic structures via an intramolec-
ular nucleophilic attack to form a hemiacetal which can be a five-membered
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ring (furanose) or six-membered ring (pyranose) and create a new stere-
ogenic center, which defines the anomeric configuration (α or β) of the
formed structure. Figure 1.2 is showing the cyclization of glucose as an
example.1,2

d-glucose α/β-d-glucopyranoseα/β-d-glucofuranose

47

Figure 1.2: Cyclization of d-glucose.

When monosaccharides form glycosidic linkages between each other, they
form oligosaccharides (up to ten monosaccharides); a larger number will
produce a polysaccharide.

1.2 Occurance and importance

Carbohydrates are the most abundant organic compounds on earth.
They are found everywhere in the surroundings, in humans, animals,
plants, and microorganisms with a majority of d-enantiomers. These
compounds serve as the primary source of energy for mammals and non-
photosynthesizing organisms.3

1.2.1 Lipopolysaccharides

The building blocks of the carbohydrate sequences found in mammals
were found to be ten monosaccharides, while for bacteria there are hun-
dreds of building blocks, which mean exceeding structural diversity and
complexity. Lipopolysaccharides (LPS) which cover the outer surface
of bacteria have a crucial role in the interactions of bacteria with the
host cells, to understand how these interactions operate at the molecular
level; knowledge about the structure, variations, and behavior of these
molecules are required.4

The LPS of gram-negative bacteria is composed of three regions; namely,
lipid A, the core region, and the O-specific polysaccharide or the O-
antigen (figure 1.3).
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Figure 1.3: Bacterial
lipopolysaccharide of Helicobacter

pylori .5

The lipid A anchors the LPS through hy-
drophobic interactions to the cell mem-
brane, it is composed of P—4-β-d-
GlcpN-(1→6)-α-d-GlcpN-1—P and acy-
lated at positions 2 and 3 on both residues
with 3-hydroxy fatty acid chains. Lipid A
is also responsible for the endotoxic prop-
erties of the LPS.6

The core region, which is connected
to lipid A via a Kdo residue, is less
variable than the O-antigen. A sugar
found in this region is; l-glycero-d-
manno-heptose (l,d-Hep), present in
the l-α-d-Hep-(1→3)-l-α-d-Hep-(1→5)-
[α-Kdo-(2→4)]-α-Kdo tetrasaccharide,
which is further modified or substituted.7

The O-antigen region is the most vari-
able part of the LPS, and consists of
repeating units of oligosaccharides (lin-
ear or branched); it can also be a ho-
mopolymer. Various non-carbohydrate
substituents are found as well, like amino
acids, O- and N -acetyl groups.

The model presented in figure 1.3 was
built by LPS-modeler, which is avail-
able online∗, and visualized using 3D-
SNFG8 script in VMD9 and rendered
with Raster3D.10

1.3 Carbohydrate synthesis

Synthesis of oligosaccharides related to
bacterial LPSs is a powerful tool for ob-
taining vaccine candidates since extrac-
tion and isolation from bacteria may con-
tain endotoxins. Also, it plays an impor-
tant role in the structure elucidation and

∗http://www.charmm-gui.org/?doc=input/lps
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verification processes. Besides, it produces more structurally well-defined
materials for different biological tests.

Unlike peptides and oligonucleotides, which are easier to automate for
their synthesis, it is more challenging to achieve with oligosaccharide
synthesis. The newly formed glycosidic bond stereochemistry needs to
be controlled, and the numerous hydroxyl groups need to be protected
with orthogonal, temporary or permanent protecting groups, which mean
that different strategies and considerations are needed for each target
oligosaccharide.11
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2 Protecting groups in carbohydrate

synthesis

Protecting groups are the central underpinning of carbohydrate chem-
istry. The role played by protecting groups is not only limited to pro-
tect the hydroxyl groups but it also affects the sugar reactivity; such
a property can be employed to manipulate the reactivity (arming and
disarming concept).12 Also, it can be utilized to influence the stereo- or
regioselectivity of glycosylation reactions,13 so all these arguments will
be considered to make the suitable choice for protection when a synthetic
strategy is planned. Beside hydroxyl groups, carboxylic as well as amine
groups are also found in some sugars which require their protection as
well.

2.1 Ether-type protecting groups

Carbohydrates behave similarly to simple alcohols such that they can be
alkylated in the presence of a base to obtain the alkyl-protected sugar.
The strength of the basic conditions needs to be considered when having
ester-type protecting groups which are labile to such conditions. The
strong C—O bond makes ethers relatively stable to employ them as
permanent protecting groups.

The benzyl ether is stable against numerous reagents and conditions,
which makes it the most used permanent protecting group in carbo-
hydrate synthesis. Moreover, substituting the benzyl ethers widen the
scope of its usages, for example para-methoxy-, para-chloro- and 2-
cyanobenzyl ethers; the latter one has dual-directing properties for the
stereochemistry of glycosylation reactions, which is dependent on the ac-
ceptor used. The removal of the benzyl ether group is straightforward, it
is typically cleaved by hydrogenolysis or Birch-type reduction to obtain
the unprotected sugar.14

5



2.2 Ester-type protecting groups

Unlike the ether-type protecting groups, ester-type functionality is rea-
sonably stable to acidic conditions and moderate stable to basic condi-
tions. However, it tends to migrate when the sugar is partly acylated;
therefore, it is used mostly for temporary protection.

The most used esters are benzoyl and acetyl ester groups; they are intro-
duced and removed under similar conditions with high throughput, which
make them excellent choices for intermediate steps. The ester group has
the ability to influence the stereoselectivity of glycosylation reactions
and directing the reaction to be β-selective by neighboring group partic-
ipation via formation of oxocarbenium ion intermediate. Accordingly, it
should be avoided if the target glycosylation is a cis-glycosylation.15

Other ester groups that have been used in carbohydrate synthesis are
substituted acetyl, pivaloyl, and levulinoyl esters.

2.3 Acetal-type protecting groups

Acetals are relatively stable in a good range of conditions, with the ability
to protect two hydroxyl groups simultaneously; isopropylidene and ben-
zylidene derivatives are the most used acetals in carbohydrate synthesis,
they are easy to introduce by the reaction of a diol with the carbonyl
substrate or a dimethyl acetal derivative in acidic conditions.

Furthermore, the ability to form the acetal with 1,2- and 1,3-diols gave
it a characteristic feature by being able to protect the anomeric hydroxyl
group and to control the stereochemical outcome. Isopropylidene acetals
favor the formation of a five-membered ring, while benzylidene acetals
favor the formation of a six-membered ring product.

Acetals can be entirely removed under acidic conditions to recover the
diol or regioselectively opened (Scheme 2.1) to implement using it as an
indirect method to regioselective benzylation in case of reductive opening
(Scheme 2.1) or benzoylation in case of oxidative opening15 (Scheme 2.2).

24

Scheme 2.1: Reductive regioselective acetal ring opening.
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Scheme 2.2: Oxidative regioselective acetal ring opening.

2.4 Silyl ethers

Silyl ethers are widely used as a temporary protecting group; they can be
removed selectively in the presence of other protecting groups. Moreover,
the flexibility of changing the alkyl group on Si gave the opportunity to
manipulate the accompanied steric and electronic effects. Also, they can
migrate in case of partially protected sugars, which should be considered.

They are introduced typically by the reaction of trialkylsilyl chloride
under basic conditions with the unprotected compound and removed
with very selective and mild conditions using basic fluoride reagents.14

2.5 Amine group protection

Aminosugars are naturally occurring carbohydrates; often derivatized
with N -acetyl groups. In chemical synthesis the N -acetyl group has a
drawback when it is used as protecting group, by forming the oxazolin-
ium ion intermediate, which is unreactive enough to be isolated in a
significant amount as a by-product (Scheme 2.3).

28

Scheme 2.3: Formation of oxazoline product.

By substituting the α-carbon of the carbonyl group with an electroneg-
ative substituent, it becomes more suitable to use. Also, divalent pro-
tecting groups (like phthalimide derivatives) are utilized, and numerous
groups have been developed for the amine protection15 (figure 2.1).
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Figure 2.1: Divalent amine protecting groups.
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3 Chemical glycosylations

Glycosylation is classified into two types, namely, cis- and trans-glycosyla-
tion. The general mechanism is as described in Scheme 3.1.

R

Scheme 3.1: General mechanism of glycosylation.
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3.1 Trans-glycosylation

The directing of stereoselectivity towards trans-glycosylation is easily
achieved by utilizing a participating acyl group at C-2, which will form an
acyloxonium ion intermediate leaving the β-attack as a major achievable
option16 (Scheme 3.2).

39

Scheme 3.2: Neighboring group participation produces trans-glycosidic linkage.

3.2 Cis-glycosylation

Conducting a cis-glycosylation is more difficult than the trans one since
there is no option for using a neighboring participant group. There is
no well-established comprehensive method or protocol; some efforts are
trying to benefit from various conditions like protecting groups at C-6
or the reactivity of different anomers of the leaving group; the exam-
ple below (Scheme 3.3) shows that the halide-assisted glycosylation can
produce a cis-glycosylation in an excellent yield.

24

Scheme 3.3: Halide-assisted glycosylation.
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Also, Crich’s protocol17 which was developed for β-mannosylation utiliz-
ing 4,6-O-benzylidene-protected β-mannosyl donors, which is not appli-
cable to 6-deoxy sugars. Previous studies also showed the solvent effect
on stereoselectivity, where the ether solvents led the formation of cis-
glycosides, while some other solvents prefer the trans-glycoside even in
the absence of neighboring group participation.

Also, there is the 2-cyanobenzyl ether protecting group which has a dual-
directing property18 to produce trans- or cis-glycoside depending on the
acceptor used (Scheme 3.4).

Only β α/β-mixture Only α

(31)

Scheme 3.4: Proposed mechanism for dual directing effect of 2-cyanobenzyl ether.
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4 Synthesis of differently substituted 3-amino-

3,6-dideoxy-α-d-galactopyranosides exist-

ing in bacterial lipopolysaccharides

4.1 Introduction

Deoxy sugars constitute a significant group of monosaccharides that are
widespread in nature, such as fucose (6-deoxygalactose), quinovose (6-
deoxyglucose) and rhamnose (6-deoxymannose). However, when the de-
oxygenation takes place at one of the chiral centers of the parent sugar,
the nomenclature is preferred to be systematic. These sugars occur in
repeating units of bacterial LPS, mainly as l-enantiomers. Fucose exists
in glycoconjugates of different biological systems as well as in repeating
units in bacterial LPS; while the l-form is common, the d-form is rare,
absent in mammals and only found in a limited number of gram-negative
and gram-positive bacteria.19,20

The amide substituents of the d-form were found in different bacterial
LPS; three examples are listed in figure 4.1. The fucose residues are
α-linked and present as a terminal group or a side-chain, which reflects
its essential role in the interaction with the host cells; furthermore they
are frequently found in antibiotics like oleandomycin, tylosin, and ery-
thromycin.21

Starting from the parent sugar, methyl α-d-galactopyranoside, the syn-
thesis of four amide substituted compounds (figure 4.2) namely, N -formyl
(1), acetyl (2), 4-hydroxybutyryl (3) and 3-(R)-hydroxybutyryl (4) is
described herein, which could be a step toward synthesis of oligosaccha-
rides involving them.

12



Figure 4.1: Examples of oligosaccharides related to LPS that contain different
amide-substituted 3-amino-3,6-dideoxy-α-d-galactopyranosides. SNFG is used to represent

the different sugars.

1
2 3 4

R = H
R = CH3

Figure 4.2: The target N -substituted monosaccharides.

4.2 Synthesis of the target compounds

For the synthesis starting from methyl α-d-galactopyranoside, two main
transformations are needed, namely, deoxygenation of OH-6 as well as
reduction of OH-3 to an amine group; therefore these two positions are
needed to be protected orthogonally, while positions OH-2 and OH-4
require protection throughout the synthesis.

4.2.1 Synthesis of the protected fucose intermediate

The first goal was to obtain the fucose intermediate; thus, the first step
was introducing 4,6-benzylidene protection, followed by attempts to se-

13



lectively acetylate OH-3 using silver oxide as a base, which worked previ-
ously on the β-anomeric configuration.22 However, all the attempts failed
to obtain the desired product; also, a one-pot protocol23 was performed
to attain the OH-3 derivative, but only a complicated mixture was ob-
tained; therefore, the straightforward phase-transfer catalyzed protocol
of mono-benzylation was used to obtain a mixture of 2-O- and 3-O-
benzylated products 7 and 8. The drawback of this protocol is that it
is time-consuming because of the poor conversion; besides, derivatives
are separable only in the acetylated form,24 i.e., as compounds 9 and 10
(Scheme 4.1).

5 6 7 8

9 10

Inseparable mixture

Separable mixture

37

Scheme 4.1: Synthesis of fully protected starting material with orthogonal protecting
groups.

In order to deoxygenate OH-6, a regioselective acetal ring opening is
needed first; CoCl2 as a lewis acid in combination with BH3·THF com-
plex showed high regioselectivity to produce OH-6 hyxopyranoses previ-
ously.25 Compound 9 was subjected to these conditions, but the lability
of the acetyl group did result in a low yield (only 44% was obtained), so
it was replaced by a (2-nitrophenyl)acetyl group,26 but it did not survive
at all. Moreover, the same result was obtained with a TMS group. Using
a 3-OH derivative did not help either. Finally, the benzoyl group was
tested and found to be stable enough to obtain the OH-6 containing a
desired product 11 in 92% yield (Scheme 4.2).

9 11

mixture

R Yield

Ac 44%

2-NPAc
Only 3-OH was obtained

TMS

H No reaction

Bz 92%

Scheme 4.2: Regioselective acetal ring opening.

One of the most convenient methods to obtain 6-deoxy sugars is the

14



reduction of sulfonyloxy-protected derivatives, typically tosyl, mesyl and
triflyl groups; moreover, different reducing reagents can be employed
like LAH, NaBH4 or LiEt3BH.27 Thus, compound 11 was tosylated at
position 6 and reduced with NaBH4, but unfortunately, the 3,6-anhydro
bicyclic product was obtained instead.

Another strategy was investigated: bromination with CBr4/Ph3P to ob-
tain the 6-bromo derivative 12. The C—Br bond is weak enough to be
broken via radical chain reaction using AIBN/Bu3SnH28,29 to obtain the
fucose derivative 13 (Scheme 4.3).

11 12 13

40

Scheme 4.3: Synthesis of the fucose derivative 13.

4.2.2 Synthesis of the 3-amino-derivative

The fully protected fucose derivative 13 undergoes de-O-benzoylation
with NaOMe in MeOH, such that compound 14 became ready for the
second key step, reduction of OH-3 to an amino group. The freshly
prepared IBX30 was utilized to oxidize the free hydroxyl group to obtain
the 3-keto derivative 15, which allows access to introduce the nitrogenic
function via oxime formation with hydroxyl amine31 to obtain compound
16 (Scheme 4.4).

13 14 15

16

25

Scheme 4.4: Introducing the hydroxyimino functional group.
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The reduction of the oxime function to the corresponding amine was
reported previously using various reducing reagents, but the retention
of the stereochemistry to the galacto-configuration should be taken into
consideration. Samarium diiodide is known for its ability to mediate
several functional group transformations with high chemo- and stereo-
selectivity.

Samarium(II) easily loses its outer-shell electron to achieve the more sta-
ble oxidation state (III), so it is a very reactive single electron transfer
reagent as well as it is known for its ability to break the N—O bond.32

Furthermore it was reported for the same transformation with the l-
enantiomer previously,33 so it was employed to reduce oxime 16 to amine
17 with retention of the galacto-configuration; stereoselectivity is ex-
plained as well in this way (Scheme 4.5).

16 17

Unfavoured 1,3-

diaxial interactions

Scheme 4.5: Stereoselective reduction with SmI2.

4.2.3 Synthesis of the amide substituents

Activated formic acid34 and acetic anhydride were utilized to produce the
protected amides 18 and 19, followed by hydrogenolysis to obtain com-
pounds 1 and 2 (Scheme 4.6). The NMR spectra of compound 1 showed
the presence of two conformational states for the formamide group which

16



is discussed in detail in chapter five.

1

2

17

18

19

43

Scheme 4.6: Synthesis of compounds 1 and 2.

The commercially available γ-butyrolactone was hydrolyzed in the pres-
ence of MeOH to obtain methyl 4-hydroxybutyrate, followed by protect-
ing the hydroxyl group as a TBS ether;35 then, basic hydrolysis was
carried out to obtain the carboxylic acid 20 which was coupled with
amine 17 using DCC as a coupling reagent26 to obtain compound 21.
DCC couplings are known for its purification problems, but the product
was recrystallizable from EtOH/H2O to obtain 21 in a pure form. Subse-
quently, the TBS group was removed by TBAF36 to produce compound
22 followed by hydrogenolysis to obtain compound 3 (Scheme 4.7)

3

17

20 21

22

mixture

Scheme 4.7: Synthesis of compound 3.

In the same manner, methyl 3-(R)-hydroxybutyrate was protected and

17



hydrolyzed to give the carboxylic acid 23 which was coupled with amine
17, followed by successive deprotection with TBAF and hydrogenolysis
to obtain compound 4 (Scheme 4.8).

4

17

23 24

25

41

Scheme 4.8: Synthesis of compound 4.

4.3 Conclusion

The synthesis of the four amide-containing fucose compounds was suc-
cessfully achieved with the required α-anomeric configuration which is
more difficult to synthesize compared to the β-configured counterparts.
The synthetic scheme can be improved by utilizing the benzoyl protected
form of 7 and 8, to save two steps. Also, the reductive dehalogenation
of compound 12 could be achieved using SmI2, such that it becomes
environmentally benign by avoiding the Bu3SnH.

The NMR data of the final products were added to the program casper

database (see chapter 5), and will enhance its structure predictability
for polysaccharides involving them. The exchange kinetics of the amide
substituents of compounds 1 and 2 were studied in chapter five.
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5 Exchange kinetics of N -formyl an N -

acetyl side-chain of 3-amino-3,6-dideoxy-

methyl-α-d-galactopyranoside by
13C-NMR saturation transfer

5.1 Introduction

trans

trans

cis

Figure 5.1: Three repeating units
of the Providencia alcalifaciens O21
O-antigen, where the fucose residue
is highlighted in blue and the formyl

group in red color.

The outer bacterial membrane is mainly
composed of lipopolysaccharide, which is
responsible for various interactions with
the host cells.37 Knowing the LPS struc-
ture as well as understanding the molec-
ular behavior of its components is an es-
sential part of understanding how bacte-
ria influence the host biological system.
The sugar 3-formamido-3,6-dideoxy-α-d-
galactopyranose is found in different bac-
terial lipopolysaccharide as a terminal
residue or as a side-chain. In figure 5.1,
three repeating units of the O-antigen of
the pathogenic bacteria Providencia al-
califaciens O2138 are presented; the posi-
tion of the Fuc3NFo sugar and the orien-
tation of the formyl group reveal an essen-
tial role in the bacterial interactions. The
proton NMR shows that it has two differ-
ent conformations (figure 5.2). NMR was
utilized to measure equilibrium constants
as well as transition state barriers for the
exchange process.
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45

Figure 5.2: Slow exchange between cis and trans formamide side-chain.

Two amide substituents were investigated herein, namely, the acetamide
and formamide derivatives, also 13C-labeled reagents were used for in-
vestigation of side-chain dynamics.

5.2 Synthesis

The 3-amino sugar was synthesized as described in chapter four; chang-
ing the coupling methodology was needed to avoid using the 13C-labeled
reagents as a reaction solvent or in large excess. Also, the DCC was
avoided because of the accompanied purification problems. Thus, CDMT39

was used as a coupling reagent to allow for the use of labeled reagents
in a stoichiometric amount (Scheme 5.1).

17

R

26

27

28

Scheme 5.1: Synthesis of 13C-labeled compounds.
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5.3 Measuring exchange rates by 13C-NMR

saturation transfer

The saturation transfer NMR experiment40 was utilized to measure the
exchange rates (kmin→maj and kmaj→min). For a compound that has two
conformational states (A) and (B) in slow exchange, when (B) will be
saturated, then the irradiated nuclei will be transferred to conformer (A)
as a result of the exchange; consequently, a decay in (A) peak intensity
will be observed (figure 5.3).
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Figure 5.3: Explaining the Saturation transfer NMR experiment.

By observing the peak intensity decay using different mixing times at dif-
ferent temperatures (figure 5.4), and measuring T1 relaxation times by
inversion-recovery experiment, the modified Bloch equation41 was ap-
plied to the obtained data to calculate the rates. The obtained data are
presented in table 5.2.
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Figure 5.4: Decay of major peak intensity of carbonyl for compound 28 in D2O at
different temperatures.
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Table 5.1: Thermodynamic parameters (kcal mol−1) obtained from van’t Hoff analysis.

Compound / solvent ∆ H -T∆ S ∆ G

26 / D2O -0.83 -0.02 -0.86

28 / D2O -2.83 0.34 -2.49

26 / DMSO -1.04 0.26 -0.78

28 / DMSO -2.25 -0.26 -2.51

The equilibrium constants were calculated from the integrals of 1H-NMR
spectra (for compound 26), or from integrals of 13C-NMR spectra which
were acquired without NOE enhancement (for compound 28). These
data were used to obtain the equilibrium thermodynamic parameters
from a van’t Hoff plot (figure 5.5). The data are listed in table 5.1.
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Figure 5.5: van’t Hoff plots for 26 and 28 in D2O and DMSO-d6.

The Eyring equation42 was applied to the obtained data, where ln(KT )
was plotted against 1

T to obtain the plots for 26 and 28 in DMSO-d6
(figure 5.6) and in D2O (figure 5.7). ∆ H and ∆ S were calculated from
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Table 5.2: Exchange rates measured by 13C-NMR saturation transfer.

Compound / Solvent T /°C kmaj→min/s kmin→maj/s Keq

80 1.447 4.117 2.85

75 0.948 2.777 2.93

26 / DMSO-d6 65 0.429 1.294 3.01

60 0.219 0.682 3.11

55 0.135 0.434 3.21

80 1.520 58.089 38.2

75 1.193 47.715 40.0

28 / DMSO-d6 65 0.550 24.262 44.1

60 0.324 14.953 46.1

55 0.224 10.942 48.8

80 0.608 2.084 3.43

75 0.461 1.589 3.45

26 / D2O 65 0.225 0.807 3.59

60 0.151 0.551 3.65

55 0.112 0.422 3.75

80 0.624 19.828 31.8

75 0.458 15.417 33.7

28 / D2O 65 0.211 8.088 38.3

60 0.160 6.339 39.7

55 0.107 4.570 42.5

Table 5.3: Transition state barriers for 26 and 28 in DMSO-d6 and D2O.

Compound / Solvent Transition ∆H‡
298 /kcal mol−1 ∆S‡

298 / cal mol−1 K−1 ∆G‡
298 /kcal mol−1

26 / DMSO maj→ min 21.18 1.94 20.60

28 / DMSO maj→ min 17.50 -8.31 19.98

26 / DMSO min→ maj 20.11 1.00 19.82

28 / DMSO min→ maj 15.26 -7.42 17.47

26 / D2O maj→ min 15.30 -16.45 20.21

28 / D2O maj→ min 15.61 -15.57 20.25

26 / D2O min→ maj 14.44 -16.47 19.35

28 / D2O min→ maj 12.92 -16.30 17.78
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the plots, where the slope=−∆H
R and the intercept=ln(kBh ) + ∆S

R . The
results are listed in table 5.3.
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Figure 5.6: Eyring plots for 26 and 28 in DMSO.
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Figure 5.7: Eyring plots for 26 and 28 in D2O.
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5.4 Conclusion

The calculated transition energy barriers herein were found to be similar
to those measured previously in GlcNAc and the formyl model compound
GlcNFo.41 Also, the enthalpy contribution was found to be decreased in
case of using D2O as a solvent, which indicates the formation of hydro-
gen bonding. This may have an essential role in the interactions with
surroundings or alter the overall shape of the polysaccharide.
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6 Conformational analysis of Yersinia

enterocolitica O:3 O-antigen related

oligosaccharides

6.1 Introduction

Yersinia enterocolitica is a food-borne pathogen with a psychrotrophic
nature, found mostly in cold climates and became widespread upon the
increase of using refrigeration in food industry.43,44 The first isolation
took place in 1934 and was identified as Flavobacterium pseudomallei ; in
1939 it was re-investigated and named Bacterium enterocoliticum ; sub-
sequently, the genus Yersinia was established and the name Yersinia
enterocolitica was created in 1964.45 The genus Yersinia has 17 species,
but only 3 of them are pathogens for animals and humans (Y. pseudo-
tuberculosis, Y. pestis and Y. enterocolitica).

The species of Y. enterocolitica has pathogenic and non-pathogenic strains.
Based on metabolic differences between them they are divided into six
different biotypes (1A, 1B, 2, 3, 4 and 5), where five of them are pathogenic
(1B and 2-5). The expression of the O-PS and outer core of Y. enteroco-
litica O:3 (which belongs to biotype 4) is temperature dependent and at
room temperature it is more abundant than at 37 °C.45 The O-antigen of
the LPS of Y. enterocolitica O:3 (figure 6.1)45 is a virulence factor and
may function as a steric barrier for protection or interact specifically
with the host immune system; also, it plays a role in the colonization
and invasion processes.46,47 The structure of the O-specific polysaccha-
ride was found to be a homopolymer of [→2)-6d-β-l-Altp(1→] repeating
units.48,49 The question mark on the linking position of the O-antigen
is just a hypothesis since the linkage between O-antigen and the core is
still unknown.

A series of oligosaccharides related to the structure of this O-specific
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polysaccharide was synthesized in Biao Yu’s laboratory using gold(I)
catalyzed glycosylation protocol relying on an O-hexynylbenzoate donor
(scheme 6.1).50

Figure 6.1: LPS of Y.

enterocolitica O:3.

The repeating unit of the O-antigen is
the C-3 epimer of rhamnose, which makes
the formation of cis-glycosidic linkage a
challenging reaction. Crich protocol17

is not applicable for 6-deoxy pyrano-
sides and using of neighboring acyl group
will lead to trans-glycosylation.51 The
benzyl group was used as a temporary
protecting group on OH-2 as a non-
participating group, while benzoyl group
was used as a permanent protecting group,
successive glycosylation and hydrogenoly-
sis followed by O-debenzoylation at differ-
ent stages produced six compounds rang-
ing from mono- to hexasaccharides (figure
6.2).

6.2 NMR analysis of the oligosaccharides

The products were analyzed and characterized (for compounds 29-33
see reference 50, for compound 34 and the polysaccharide see table
6.1) using various NMR experiments, 1H-NMR chemical shifts and cou-
pling constants were extracted by the NMR simulation software PERCH.
Moreover, the anomeric configuration was proven by measuring the 1JCH

coupling constants, which ranged from 160 to 165 Hz. The anomeric
proton signals were resolved and reveal more information about struc-
tural changes during the extension; upon elongation, the chemical shift
of the anomer protons shift downfield compared to the monosaccharide.
The anomeric chemical shifts for ring A and B began to stabilize from
compound 32, which give an indication that these two residues are not
further affected by the elongation process.

The anomeric proton of ring D is shifted to be the most deshielded
proton in compounds 33 and 34; furthermore it begins to overlap with
proton 1E in compound 34, which reflects high structural similarity to
the polysaccharide (figure 6.3).

27



Scheme 6.1: Synthesis of a hexasaccharide related to the O-antigen of the LPS from
Yersinia enterocolitica O:3.
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Table 6.1: 1H and 13C NMR chemical shifts and coupling constants (Hz) of the O-antigen
polysaccharide from Y. enterocolitica O:3 and compound 34 in D2O at 37 °C.

Compound 1 2 3 4 5 6 OMe

Polysaccharide
5.31 (n.r)a

100.18 [164]

4.05 (3.91)

77.68

4.11 (2.99)

70.91

3.60 (10.01)

70.67

3.88 (6.29)

70.70

1.32

17.92

34

A
4.81 (1.06)

100.48 [161]

3.99 (4.13)

77.89

4.15 (3.22)

70.65

3.61 (9.55)

70.71

3.84 (6.27)

70.82

1.31

17.89

3.53

57.84

B
5.08 (0.93)

100.33 [163]

4.07 (3.84)

77.51

4.10 (3.33)

70.94

3.57 (9.98)

70.58

3.80 (6.26)

70.74

1.30

17.88b

C
5.25 (0.88)

100.2 [164]

4.05 (3.93)

77.32

4.08 (3.14)

70.94

3.56 (9.87)

70.66

3.87 (6.23)

70.66

1.30

17.86b

D
5.29 (0.92)

100.03 [165]

4.04 (3.81)

77.52

4.05 (3.20)

70.98

3.53 (9.89)

70.70

3.86 (6.23)

70.58

1.30

17.89b

E
5.28 (0.99)

99.92 [165]

4.03 (3.84)

78.19

4.11 (3.21)

70.81

3.55 (10.10)

70.59

3.88 (6.30)

70.59

1.30

17.85b

F
5.17 (1.23)

100.41 [165]

3.93 (4.00)

71.48

4.04 (3.23)

71.10

3.57 (9.58)

70.52

3.89 (6.30)

70.77

1.31

18.09

an.r = not resolved. bInterchangeable.

A

F(29) (30)

(31)

(32)

(33)

(34)

n=1

n=2

n=3

n=4

Figure 6.2: Synthesized oligosaccharides 29 - 34.

29

30

31

32

33

34

PS
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Figure 6.3: Anomeric region of the 1H NMR spectra for compounds 29 - 34 and the
polysaccharide.
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To obtain information about the conformation and 3D structure of the
hexasaccharide, a molecular model was built by the program CarbBuilder52

where φ(H1’-C1’-O-C2) and ψ(C1’-O-C2-H2) torsion angles are -40° and
0°, respectively (figure 6.4).

a) Model visualized using the
PyMOL Molecular Graphics System,

version 1.9.0 Schrödinger, LLC.

b) Model visualized using
3D-SNFG8 script in VMD9 and

rendered with Raster3D.10

Figure 6.4: 3D models of hexasaccharide 34.

Measuring the trans-glycosidic coupling constants and employing them
in a Karplus-type relationship will provide more conformational infor-
mation, so a 2D J -HMBC experiment53 was used to measure the 3JCH

coupling constants across the glycosidic linkage in the disaccharide, and
equation (6.1) was used to obtain a modified Karplus curve for φ angle,
while equation (6.2) was used for ψ to obtain the torsion angles.54,55

(figure 6.5).

3JCH(φ) = 6.54cos2(φ−∆)− 0.62cos(φ −∆)− 0.17 (6.1)

3JCH(ψ) = 6.54cos2(ψ) − 0.62cos(ψ) + 0.33 (6.2)
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Figure 6.5: Karplus curves for equations 6.1 and 6.2.
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Figure 6.6: 1JC1,H1 as a function
of φ torsion angle.

For the H1B-C2A coupling which is re-
lated to the φ torsion angle was found to
be 4.2 Hz. By examining possible torsion
angles from the curve, a value of -36° was
obtained which is close to that of the built
model (figure 6.4a); furthermore there is
a relationship between the 1JC1,H1 and
the φ torsion angle which is described by
equation (6.3)56 and presented in figure
6.6; the result shows a close value as well
which means that the current approxi-
mate φ torsion angle is quite reasonable.

1JC1H1 = 0.57 cos 2φH − 3.46 cos φH + 1.63 sin 2φH − 1.53 sin φH + 161.5 + 0.0390ε

(6.3)
For the C1B-H2A coupling constant, which corresponds to the ψ torsion
angle, a value of 5.3 Hz was obtained which means a different torsion
angle other than the one used to build the model. Investigation of the
dihedral angles was extended to involve the trisaccharide, so the effect
of adding a new residue will be revealed.

Table 6.2: 3JCH of the
trisaccharide.

Spin system Coupling constant (Hz)

H1B-C1B-O-C2A 4.1a

C1B-O-C2A-H2A 5.3

H1C-C1C-O-C2B 4.2

C1C-O-C2B-H2B 5.6
ameasured by 1DLR

The 2D J -HMBC experiment was used to
measure 3JCH values (table 6.2) between
residues A, B and C; it worked well for
obtaining φBC , ψBC and ψAB , but due to
the third anomeric signal in the carbon
dimension, it became more complicated
for φAB to be measured, so the 1DLR57,58

experiment was employed to unravel it.
The results show that the addition of a
new residue did not affect the conformation that much, which is expected
for further elongations as well.

6.3 Conclusion

The approximate model that was built by CarbBuilder is close enough
to reveal the left-handed helical structure of the oligosaccharides. Also,
the predicted φ torsion angle was very close, but the ψ torsion deviates.
Elongation of the oligosaccharide has a small effect on the conformation,
which means that there is a structural similarity with the polysaccha-
ride. In order to obtain more accurate models, further investigation for
the conformation of 32, 33 and 34 is needed in combination with MD
simulations.
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7 Oligo- and polysaccharide NMR

assignments using casper

7.1 Introduction

Structure determination of natural products was entirely different in the
pre-NMR era; only classical chemical methods were available which was
a time-consuming process as well as being associated with inaccuracy
and misleading hypotheses. For instance, structure determination of
cholesterol by Wieland and Windaus (Nobel Prize in Chemistry 1927
and 1928) took around 30 years (1903-1932) to establish a fully cor-
rect structure. Furthermore, the first structure which proposed in 1927

Figure 7.1: Assigned structure
of cholesterol in 1927 (upper)
and the correct one in 1932

(lower).

was wrong, and the correct one was revealed
in 1932 (figure 7.1) after the crystal structure
of ergosterol was published.59–61 Employing
various spectroscopic techniques in the struc-
ture elucidation process like X-ray, MS, and
NMR has redrawn the boundaries to involve
more complicated structures such as polysac-
charides and proteins; this allows the identi-
fication of numerous compounds, and as the
knowledge increases, the demands are also
evolving.

NMR is one of the most influential techniques for structure elucidation
purposes; 1D and 2D experiments can provide much information regard-
ing the structure, which makes it a convenient method for carbohydrate
structure investigation. 1H-NMR of carbohydrates is characterized by
two groups of signals; the bulk signals region, which is usually involving
the ring protons in a range between 3.2 and 3.9 ppm. The other group
is the structural reporter groups, with signals like those from anomeric
protons, the methyl group of deoxy sugars, and signals that arise from
substitution or as a result of glycosylation (glycosylation shifts).62
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7.2 case (Computer-Assisted Structure Elucida-

tion) tools in structure elucidation process

As a result of the high structural diversity of oligo- and polysaccharides,
NMR assignments can be tricky, and a time-consuming process. The
severe spectral overlap may lead to incorrect chemical shift assignments
which may be alleviated by case tools that help, automatize and acceler-
ate the assignment process. Regarding automation, the characterization
can be classified into two categories, structure verification (for known or
expected structure) and structure elucidation (for unknown structure);
the latter one is often associated with mass-limitation and impurities
problems, the help of case will be in twofold; structure dereplication or
structure solving.63

A famous example of utilizing case software for structure verification is
hexacyclinol, which was isolated and incorrectly characterized in 2002.
The assignment was revised in 2006 with the aid of computational meth-
ods, and verified by case software in 2008 and 2009.64–67 The strategy
of case software is always divided into three parts: interpretation of
chemical shifts according to the defined constraints by the user, gener-
ating structures that are in agreement with the user-defined constraints,
and filtering of the structures and ranking them based on chemical shifts
prediction and comparison to experimental data.63

7.3 casper

casper68 which stands for Computer Assisted SPectrum Evaluation of
Regular polysaccharides, is a software for rapid structure assignment
of bacterial polysaccharide from unassigned 1H- and 13C-NMR chemical
shifts; the program has a web-interface presented in figure 7.2 to be more
user-friendly.

The program relies on a database that contains chemical shifts of mono-
, di-, tri- and tetrasaccharides; the simulation process depends mainly
on the monosaccharides’ chemical shifts, the glycosylation shifts calcu-
lated from disaccharides, and correction sets based on trisaccharides in-
formation. The database has been extended to involve chemical shifts
of further 47 compounds ranging from mono- to tetrasaccharides. The
following section will discuss synthesis and characterization of some of
them.
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7.3.1 Synthesis of some compounds for casper

The monosaccharide 37 was synthesized as an analog for the reducing
end in N -linked glycans. First, the transformation of the azide to NHAc
was carried out using DPPE and AcCl69 to obtain intermediate 36, then
the phthaloyl group was removed by ethylenediamine, and finally, basic
hydrolysis to obtain monosaccharide 37 (Scheme 7.1).

35 36 37

44

Scheme 7.1: Synthesis of monosaccharide 37.

The trisaccharide 42 was synthesized via halide assisted glycosylation70

(scheme 7.2); the OH-2 of the mannosyl acceptor 39 was not reac-
tive enough to obtain a full conversion to the protected trisaccharide
41. Therefore, after nine days, the reaction mixture was quenched, and
trisaccharide 41 was separated and deprotected to obtain trisaccharide
42.

26

38 39

40 41

42

Scheme 7.2: Synthesis of trisaccharide 42.

Another halide assisted glycosylation71 with galactose acceptor 43 was
performed, but the formation of the glycosyl halide was done in situ by
employing CuBr2; then hydrogenolysis was carried out to obtain disac-
charide 45 (Scheme 7.3).
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43 44 45

Scheme 7.3: Synthesis of disaccharide 45.

The β-mannosylation was performed with acceptor 47 using Crich’s pro-
tocol17 to obtain disaccharide 48. After hydrogenolysis, it was found
that it was an α/β-mixture; therefore, per-O-acetylation was performed
to obtain a recrystallizable mixture from MeOH, followed by basic hy-
drolysis to attain a pure 49 (Scheme 7.4).

(60 % anomeric mixture)

27
28

46 47 48

49

Scheme 7.4: Synthesis of disaccharide 49.
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7.3.2 NMR chemical shift assignment of 6-deoxy-l-idose

The monosaccharide 6-deoxy-l-idose shows in aqueous solution four dif-
ferent forms, namely, α/β-pyranose as well as α/β-furanose forms. Notw-
ithstanding it is a monosaccharide, the NMR spectra reveal a remark-
able complexity and the presence of four different forms with different
ratios, makes it challenging even to guess through integrals the num-
ber of overlapped protons. Fortunately, the anomeric proton signals are
well resolved; the assignments started from there. The COSY spectrum
(figure 7.3) was full of correlation peaks due to the long-range coupling
that exists between most of the protons which makes it difficult to step
through the spin systems, especially with the low concentration forms.

Figure 7.3: 1H,1H-COSY spectrum of 6-deoxy-l-idose.

The straightforward way was to run a 1D-TOCSY experiment,72 despite
the small coupling constants for three anomeric protons, but using a long
mixing time (450 ms) was sufficient to obtain satisfactory results.
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Figure 7.4: 1H-NMR spectrum (bottom) stacked with 1D-TOCSY spectra.

The anomeric configurations for the pyranose forms were identified by
measuring the 1JC1,H1 coupling constants. While the furanose forms was
solved by investigating the cross-correlated relaxation rate difference,
which was seen for the anomeric signal at 5.48 ppm and slightly noticed
at 5.05 ppm (figure 7.5).

Figure 7.5: Inversion-recovery experiment with 15° flip angle with mixing times 0.5-10 s
at 600 MHz.

The 1D-TOCSY experiment allowed for identification of approximate
chemical shifts as well as coupling constants values for the 1H-NMR sim-
ulation with the PERCH program; since the simulation did not succeed
until each spin system was simulated separately, this was carried out
prior to combining all simulations into one final simulation (figure 7.6)
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to extract chemical shift values.

1H /ppm

35

Figure 7.6: Simulated NMR spectrum of 6-deoxy-l-idose (red) and the experimental one
(blue); the residual HDO peak and signals arising from impurities were removed prior to

the simulation.

The same route was followed for the assignment of chemical shifts of
l-iduronic acid, which also has four different forms in solution.

7.3.3 Structure determination of Escherichia coli O166

O-antigen using csaper

The O-antigen structure of Escherichia coli O166, which was elucidated
previously73 was used for testing the casper improvements. Under the
module "Determine Glycan Structure" of the official version which is
available at http://www.casper.organ.su.se/casper, the unassigned 1H-
and 13C-NMR chemical shifts were introduced. Also, the linkage posi-
tions which can be obtained from methylation analysis were used as an
input. Finally, the 2D correlations of HSQC as well as the anomeric
correlations of TOCSY and HMBC were added. As a result casper

provided a list of ten candidates and a graphical representation of the
suggested structures can be obtained as well; the top five are listed in
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figure 7.7. It was sufficient to use only the 1D data with the develop-
mental version (which has more information in its database) to obtain
the same result in a shorter time.

mixture

Figure 7.7: Top five structures proposed by casper, where the correct one is top ranked.
Sugar residues are denoted by SNFG symbols, namely, d-glucose = filled blue circle,
d-galactose = filled yellow circle, and N -acetyl-galactoseamine = filled yellow square.

A full assignment was obtained and a full report is available to download
in portable document format by pressing "Get pdf report" button.

40



Tables listed below show the assignment of the calculated chemical shifts,
assignment of calculated and experimental HSQC data as well as the
assignment of the experimental chemical shifts are extracted from the
report.

Calculated 13C and 1H chemical shifts

Structure

Ă 3)̀-D-GalNAcv(1Ă 3)̀-D-Galiv(1Ă 6)̀-D-Galiii(1Ă 4)[̀-D-Glcii(1Ă 3)]̀-D-GalNAci(1Ă

Ă 3,4)̀-D-GalNAci(1Ă 1 2 3 4 5 6 6 Me 2 CO 2
Expected Calc. Error: 2.38 94.28 49.13 76.87 76.30 73.10 60.94 22.86 175.37

5.03 4.46 3.90 4.28 3.92 3.82 3.83 2.01

̀-D-Glcii(1Ă 1 2 3 4 5 6 6
Expected Calc. Error: 0.93 105.42 73.84 76.53 70.74 76.64 61.80

4.48 3.21 3.47 3.39 3.40 3.73 3.91

Ă 6)̀-D-Galiii(1Ă 1 2 3 4 5 6 6
Expected Calc. Error: 1.63 100.09 69.69 69.86 69.85 69.23 66.94

5.01 3.76 3.96 4.08 4.56 3.69 3.84

Ă 3)̀-D-Galiv(1Ă 1 2 3 4 5 6 6
Expected Calc. Error: 0.95 99.17 67.95 79.94 69.91 71.31 61.57

4.89 3.85 3.87 4.16 3.95 3.66 3.68
Ă 3)̀-D-GalNAcv(1Ă 1 2 3 4 5 6 6 Me 2 CO 2
Expected Calc. Error: 1.20 103.02 51.31 75.27 64.17 75.70 60.63 22.98 175.62

4.68 4.04 3.76 4.09 3.59 3.67 3.76 2.02

Assignment of 13C, 1H resonances

Experimental Calculated Expt-Calc Assignment

105.90 - 4.45 105.42 - 4.48 0.10 ̀-D-Glcii - 1
103.60 - 4.68 103.02 - 4.68 0.12 ̀-D-GalNAcv - 1
100.10 - 5.00 100.09 - 5.01 0.01 ̀-D-Galiii - 1
100.70 - 4.93 99.17 - 4.89 0.31 ̀-D-Galiv - 1
94.70 - 5.08 94.28 - 5.03 0.10 ̀-D-GalNAci - 1
79.80 - 4.04 79.94 - 3.87 0.17 ̀-D-Galiv - 3

Continued on nextpage

76.90 - 3.90 76.87 - 3.90 0.01 ̀-D-GalNAci - 3
76.70 - 3.39 76.64 - 3.40 0.02 ̀-D-Glcii - 5
76.10 - 3.46 76.53 - 3.47 0.09 ̀-D-Glcii - 3
76.00 - 4.29 76.30 - 4.28 0.06 ̀-D-GalNAci - 4
75.90 - 3.64 75.70 - 3.59 0.06 ̀-D-GalNAcv - 5
75.60 - 3.82 75.27 - 3.76 0.09 ̀-D-GalNAcv - 3
73.70 - 3.39 73.84 - 3.21 0.18 ̀-D-Glcii - 2
72.90 - 3.93 73.10 - 3.92 0.04 ̀-D-GalNAci - 5
72.00 - 3.95 71.31 - 3.95 0.14 ̀-D-Galiv - 5
70.60 - 3.39 70.74 - 3.39 0.03 ̀-D-Glcii - 4
70.30 - 4.19 69.91 - 4.16 0.08 ̀-D-Galiv - 4
69.90 - 4.03 69.86 - 3.96 0.07 ̀-D-Galiii - 3
69.00 - 4.09 69.85 - 4.08 0.17 ̀-D-Galiii - 4
69.50 - 3.82 69.69 - 3.76 0.07 ̀-D-Galiii - 2
69.50 - 4.61 69.23 - 4.56 0.08 ̀-D-Galiii - 5
68.30 - 3.85 67.95 - 3.85 0.07 ̀-D-Galiv - 2
65.10 - 3.79 66.94 - 3.84 0.37 ̀-D-Galiii - 6

23
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Assigned experimental 13C and 1H chemical shifts

Structure

Ă 3)̀-D-GalNAcv(1Ă 3)̀-D-Galiv(1Ă 6)̀-D-Galiii(1Ă 4)[̀-D-Glcii(1Ă 3)]̀-D-GalNAci(1Ă

Ă 3,4)̀-D-GalNAci(1Ă 1 2 3 4 5 6 6 Me 2 CO 2
13CError: 1.83. 1H Error: 0.14. 94.70 49.50 76.90 76.00 72.90 60.50 22.90 175.40

5.08 4.49 3.90 4.29 3.93 3.84 3.84 2.01

̀-D-Glcii(1Ă 1 2 3 4 5 6 6
13CError: 1.55. 1H Error: 0.26. 105.90 73.70 76.10 70.60 76.70 61.50

4.45 3.39 3.46 3.39 3.39 3.73 3.88

Ă 6)̀-D-Galiii(1Ă 1 2 3 4 5 6 6
13CError: 3.20. 1H Error: 0.30. 100.10 69.50 69.90 69.00 69.50 65.10

5.00 3.82 4.03 4.09 4.61 3.73 3.79

Ă 3)̀-D-Galiv(1Ă 1 2 3 4 5 6 6
13CError: 3.53. 1H Error: 0.36. 100.70 68.30 79.80 70.30 72.00 62.00

4.93 3.85 4.04 4.19 3.95 3.73 3.73
Ă 3)̀-D-GalNAcv(1Ă 1 2 3 4 5 6 6 Me 2 CO 2
13CError: 3.90. 1H Error: 0.32. 103.60 51.70 75.60 64.60 75.90 62.20 23.20 175.80

4.68 4.08 3.82 4.10 3.64 3.75 3.82 2.05

Experimental Calculated Expt-Calc Assignment

65.10 - 3.73 66.94 - 3.69 0.37 ̀-D-Galiii - 6’
64.60 - 4.10 64.17 - 4.09 0.09 ̀-D-GalNAcv - 4
61.50 - 3.88 61.80 - 3.91 0.07 ̀-D-Glcii - 6
61.50 - 3.73 61.80 - 3.73 0.06 ̀-D-Glcii - 6’
62.00 - 3.73 61.57 - 3.68 0.10 ̀-D-Galiv - 6
62.00 - 3.73 61.57 - 3.66 0.11 ̀-D-Galiv - 6’
60.50 - 3.84 60.94 - 3.83 0.09 ̀-D-GalNAci - 6
60.50 - 3.84 60.94 - 3.82 0.09 ̀-D-GalNAci - 6’
62.20 - 3.81 60.63 - 3.76 0.32 ̀-D-GalNAcv - 6
62.20 - 3.75 60.63 - 3.67 0.32 ̀-D-GalNAcv - 6’
51.70 - 4.08 51.31 - 4.04 0.09 ̀-D-GalNAcv - 2
49.50 - 4.49 49.13 - 4.46 0.08 ̀-D-GalNAci - 2

Error=4.71 (0.13/signal), RMS error=0.16.

(33)

The result output from casper and the experimental data were used to
simulate an HSQC overlay spectrum using nmrglue software74 presented
in figure 7.8.

7.3.4 casper predictability for synthetic carbohydrates

The developments of casper have been extended to involve synthetic
carbohydrates as well, so the recently synthesized Neu5Acα(2→8)Neu5A-
cα(2→3)-GalβNP was used as an example. Instead of using the module
"Determine Glycan Structure" the "Calculate NMR Chemical Shifts"
module will be employed to calculate proton and carbon NMR chemical
shifts, and obtain tentative assignments, since it was not fully assigned
in the published article.75

42



mixture

Figure 7.8: Simulated NMR HSQC spectra overlay of experimental and
casper-calculated chemical shifts.
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The OMe group replaces the para-nitrophenyl group in the calculation,
since it is not implemented yet into casper. The building blocks were
chosen from the drop-down menu. If the calculation started at this point
without introducing the experimental chemical shifts, only calculated
values will be obtained. The published data are not assigned, and fifteen
protons are mentioned as a range from 3.57 to 3.91 ppm, and only ten
proton chemical shifts are listed, while the carbon chemical shifts lack
only one carbonyl signal, which may be overlapped with another signal.
So the carbon chemical shifts will be provided as well as ten proton
chemical shifts to obtain their tentative resonance assignment as listed
below.

Cal��l�ted 13C and 1H chemical shifts

S�ru��u��

aNeu5Aciii(2Ă 8)aNeu5Acii(2Ă 3)̀-D-GalOMei

Ă 3)̀-D-GalOMei 1 2 3 4 5 6 6 Me 1
Expected Calc. Error: 0.50 104.58 69.98 76.72 68.17 76.03 61.83 57.88

4.38 3.54 4.08 3.95 3.60 3.81 3.84 3.58

Ă 8)aNeu5Acii(2Ă 1 2 3 3 4 5 6 7 8 9 9 CO 5

Expected Calc. Error: 0.50 174.60 100.59 40.42 68.72 53.24 75.13 70.27 78.65 62.36 175.87

1.82 2.74 3.68 3.83 3.70 3.90 4.13 3.78 4.14

aNeu5Aciii(2Ă 1 2 3 3 4 5 6 7 8 9 9 CO 5

Expected Calc. Error: 0.00 174.03 101.69 41.31 69.32 52.77 73.56 69.30 72.52 63.70 175.84

1.75 2.79 3.71 3.82 3.65 3.59 3.88 3.67 3.88

Me 5

22.89

2.04

Me 5

23.17

2.09

Assi��	d experimental 13C and 1H chemical shifts

S�ru��u��

aNeu5Aciii(2Ă 8)aNeu5Acii(2Ă 3)̀-D-GalOMei

Ă 3)̀-D-GalOMei 1 2 3 4 5 6 6 Me 1
13CError: 9.20. 1H Error: 1.13. 100.31 69.24 n.d. 67.83 75.31 61.43 60.61

5.32 n.d. 4.15 4.06 n.d. n.d. n.d. n.d.

Ă 8)aNeu5Acii(2Ă 1 2 3 3 4 5 6 7 8 9 9 CO 5
13CError: 7.80. 1H Error: 0.26. 173.35 99.49 39.67 67.99 52.15 75.28 71.60 78.29 62.43 n.d.

1.77 n.d. n.d. n.d. n.d. 3.94 4.18 n.d. 4.23

aNeu5Aciii(2Ă 1 2 3 3 4 5 6 7 8 9 9 CO 5
13CError: 11.71. 1H Error: 0.06. 173.24 100.07 40.37 68.72 51.61 73.96 68.35 72.53 66.96 174.85

1.71 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Me 5
22.20

2.06

Me 5

21.90

2.02

(31)

By correlating the calculated chemical shifts to the experimental ones,
after omitting the aromatic and OMe chemical shifts, the 1H-NMR chem-
ical shifts are tentatively assigned, however, the chemical shift of the
anomeric proton of galactose deviated due to the replacement of the
nitrophenyl group with OMe.

The carbon chemical shifts agree very well for those from experiment and
from casper-calculated chemical shifts there are two carbonyl signals at
175.84 and 175.87 ppm, which are found overlapped in the experimental
spectrum; plotting the calculated shifts versus the experimental ones,
unveils more how close they are (figure 7.9).
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Figure 7.9: Matching of experimental and calculated 13C-NMR chemical shifts.

7.4 Conclusion

The database for casper has been extended to improve the NMR chem-
ical shift predictability of the program. The improvement was shown by
examining the required data input for determining the E. coli O166 O-
antigen structure with the official and developmental versions. Also,
using casper for synthetic carbohydrates’ assignments has been shown
and further developments are planned to be implemented, so that more
linkers will be available resulting in more accurate results.
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8 Conclusions and outlook

Synthesis of four different, unusual monosaccharides has been described
with yields ranging from satisfactory to excellent. Also, an investiga-
tion of the exchange kinetics for two of the synthesized monosaccharides
has been carried out. This highlights the importance of synthesis in
glycoscience as a powerful tool for investigating the behavior of these
molecules besides improving structure elucidation tools. The influence
of NMR spectroscopy in glycoscience was evident for the whole study.

Whereas the kinetic exchange was investigated in D2O and DMSO, con-
cerning more details about the conformations in both solvents, MD
simulations are still needed. The conformational analysis of Y. ente-
rocolitica related oligosaccharide needs to be extended further utilizing
NMR measurements as well as MD simulations to verify the similarity
to the polysaccharide. These oligosaccharides will be employed in mono-
clonal antibodies binding studies. Furthermore, to enhance casper pre-
dictability for synthetic carbohydrates, more glycans with linkers should
be synthesized and added to its database.

There is a large gap in the knowledge of carbohydrates compared to
oligopeptides, proteins or nucleic acids because in contrast to carbohy-
drates their synthesis has become a routine task which can be carried
out by a non-specialist. The need for automated systems for oligosaccha-
ride synthesis is growing, although the effort for that already started over
decades ago. Only a limited number of glycosylations/deprotections pro-
tocols have been established, which means more effort is still required
to build such tools. Also, there is a necessity for the development of
computerized tools that can help to build and visualize oligosaccharide
models in combination with case tools for NMR analysis. These devel-
opments will result in a smoother and more efficient workflow.
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