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Abstract

Carbohydrates are essential biomolecules that decorate cell membranes and
proteins in organisms. They are important both as structural elements and as
identification markers. Many biological and pathogenic processes rely on the
identification of carbohydrates by proteins, thereby making them attractive
as molecular blueprints for drugs. This thesis describes how NMR
spectroscopy can be utilized to study carbohydrates in solution at a
molecular level. This versatile technique facilitates for investigations of (i)
shapes, (ii) motions and (iii) interactions.
A conformational study of an E. coli O-antigen was performed by
calculating atomic distances from NMR NOESY experiments. The acquired
data was utilized to validate MD simulations of the LPS embedded in a
membrane. The agreement between experimental and calculated data was
good and deviations were proven to arise from spin-diffusion. In another
study presented herein, both the conformation and the dynamic behavior of
amide side-chains linked to derivatives of D-Fucp3N, a sugar found in the Oantigen of bacteria, were investigated. J-couplings facilitated a
conformational analysis and 13C saturation transfer NMR experiments were
utilized to measure rate constants of amide cis-trans isomerizations.
13
C NMR relaxation and 1H PFG diffusion measurements were carried
out to explore and describe the molecular motion of mannofullerenes. The
dominating motions of the mannofullerene spectral density were found to be
related to pulsating motions of the linkers rather than global rotational
diffusion. The promising inhibition of Ebola viruses identified for a larger
mannofullerene can thus be explained by an efficient rebinding mechanism
that arises from the observed flexibility in the linker.
Molecular interactions between sugars and caffeine in water were studied
by monitoring chemical shift displacements in titrations. The magnitude of
the chemical shift displacements indicate that the binding occurs by a face to
face stacking of the aromatic plane of caffeine to the ring plane of the sugar,
and that the interaction is at least partly driven by solvation effects. Also, the
binding of a Shigella flexneri serotype Y octasaccharide to a bacteriophage
Sf6 tail spike protein was investigated. This interaction was studied by 1H
STD NMR and trNOESY experiments. A quantitative analysis of the STD
data was performed employing a newly developed method, CORCEMA-STCSD, that is able to simulate STD data more accurately since the line
broadening of protein resonances are accounted for in the calculations.
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1. Introduction

1.1. Carbohydrates in nature
Carbohydrates are the most abundant biomolecules in nature and they are
estimated to account for 70% of the total biomass on earth.1 As a product of
the photosynthesis, carbohydrates function as energy storage in organisms
and their ability to form polymers make them important for the structure of
the cell (e.g., cellulose in the cell wall of plants).2
Carbohydrates are not only abundant but they are also diverse, a
consequence of the large number of different monosaccharide units which
can be combined by different types of glycosidic linkages to form oligo- or
polysaccharides.3 These complex glycosylation patterns result in a large
variation in shapes and geometries of carbohydrates and the distinct
three-dimensional molecular structures are exploited in recognition
mechanisms in nature. A common analogy, first made by the carbohydrate
chemistry pioneer Emil Fisher in 1890, is the relationship between a key
with a unique structure (the carbohydrate) that matches a specific lock
(protein receptors). More appropriate is the hand in glove metaphor since
binding often occurs by an induced fit mechanism, causing conformational
changes in the molecules.2
Defined glycans are found to decorate cell surfaces, giving the cell
identity by providing opportunities for recognition.2,4-6 Pathogens can take
advantage of the glycoconjugates to find and bind to their targets. The
influenza virus infection serves as an example as the virus recognizes the
carbohydrate residue N-acetylneuraminic acid (Neu5Ac), present on surface
of host cells, in a highly specific manner. The human and the avian H5N1
influenza viruses recognize glycans with different glycosylation patterns.
The human viruses target Neu5Ac with an -2,6 linkage to galactose which
are abundant in epithelial cells in the upper region of the respiratory tract,
whereas the avian H5N1 influenza virus has a selectivity for -2,3 linkages
which dominate further down into the respiratory tract, explaining the
contagiousness of the former and the severity of latter (Figure 1.1).8
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Figure 1.1. Glycan binding motifs for the human (left) and the avian (right) influenza viruses.
Colored symbols refer to the CFG notation (purple diamond = Neu5Ac, yellow circle =
galactose, blue square = N-acetylglucosamine).7

Interestingly, milk oligosaccharides found in human breast milk imitate
glycans found on mucins and epithelial cell surfaces and they function as
decoys, thus preventing adhesion of pathogen in the gastrointestinal tract of
infants.9,10 A strategy for the development of pharmaceuticals is to mimic the
mechanism of anti-adhesion of human milk oligosaccharides. Synthetic
ligands have been developed for the human protein DC-SIGN, which is
present on macrophages and dendritic cells, and binds to the highly
mannosylated glycoproteins. Some viruses (viz., HIV, Ebola, dengue and
hepatitis C) exploit DC-SIGN by being covered with mannoglycans thus
enabling adhesion and infection of a host cell. An efficient DC-SIGN ligand
would thus prevent the virus infection by blocking the cell adhesion.11-14
Molecular recognition is also fundamental in the detection of a pathogen
by antibodies, thus triggering host immune responses that fight infection.
The outer leaf of the outer membrane of gram-negative bacteria consists of
lipopolysaccharides (LPS), an amphiphilic molecule with a hydrophilic
O-antigen polysaccharide (PS) anchored by a core oligosaccharide to
lipid A, in the hydrophobic part of the membrane. The LPS form a protective
hydrophilic barrier in addition to the lipid membrane.5 The major part of the
PS, namely the O-antigen, is formed by oligosaccharide repeating units (RU)
and varies in structure and appearance between different bacteria.15 Some
bacteria might also be covered by additional capsular polysaccharides
(Figure 1.2) giving these microorganisms extra protection against
environmental stress and the possibility to mimic glycans expressed by the
host, thus potentially avoiding detection by the immune system.16
As on lipid membranes, glycosylation also occurs on proteins. This
derivatization can be important for the folding of the proteins as well as for
signaling.6,18-20 Differences have been found in the glycosylation patterns of
prions and the corresponding healthy proteins, suggesting that abnormal
glycosylation could be involved in prion related diseases (e.g., CreutzfeldtJakob disease).15 Anomalous glycosylations are also found on the surfaces of
tumor cells making them attractive as biomarkers for cancer.21
2

The involvement of glycans in pathophysiological events makes them
interesting in the development of new pharmaceuticals. But even though
carbohydrates generally display high selectivity in binding, their polar nature
can cause problems with poor affinity and impedes uptake in the intestine.
Therefore, carbohydrate mimics with fine-tuned chemical properties, are
used as drugs targeting glycan receptors (e.g., Tamiflu).22 The potency of
carbohydrate-derived drugs can in some cases be enhanced by multivalency.
These compounds (e.g., nanoparticles, dendrimers, fullerenes) have a
molecular scaffold that is coated with binding motifs and multiple binding
sites lead to beneficial cooperative binding.11 Carbohydrate motifs can also
be utilized as synthetic vaccines, which have been successful against some
bacteria (e.g., Streptococcus pneumonia). The development of conjugate
vaccines, which enhance the immunogenicity of the carbohydrate motif,
could open the way for new vaccines against viral (e.g., HIV) and parasitic
(e.g., malaria) pathogens as well as cancer.12,21,23
The goal of this thesis is to contribute to the fundamental understanding
of how carbohydrates interact and behave on a molecular level. This
research is important as it has the potential to unravel key steps in biological
processes, thus enabling the development of new, efficient pharmaceuticals.
However; glycochemistry extends beyond health sciences. Carbohydrates
are also important in the food industry as well as in material science and as
biofuels. These biomolecules have the potential of playing lead roles in
future society.24

Figure 1.2. Electron microscopy picture of the bacterial cell of Vibrio cholerae O139, strain
AI-1838, demonstrating the presence of a capsular polysaccharide (bar = 100 nm; insert bar =
20 nm). Picture taken from reference 17.
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1.2. Carbohydrate chemistry
If a fundamental description of the biological processes that carbohydrates
are involved in is desired, then it is essential to understand the underlying
molecular behavior of carbohydrates. The chemical definition of a
carbohydrate (or sugar, saccharide or glycan) is vague. Monosaccharides, the
simplest forms of carbohydrates, are polyhydroxylated carbon chains
carrying an aldehyde functionality (aldoses) or a keto functionality (ketoses).
The carbon chains contain at least three carbons (trioses) but five (pentoses)
and six (hexoses) are the most common ones. The monosaccharides exist in
many different diastereomeric forms because of the high number of
stereogenic centers. Each diastereomer has its own name (e.g., glucose,
galactose) and enantiomers are named according to the D and L notation,
which is determined by the stereochemistry at the highest numbered
stereogenic carbon in the saccharide chain (Figure 1.3). Aldoses commonly
undergo intramolecular hemiacetal formation (hemiketal for ketoses) to form
the thermodynamically more stable five- and six-membered rings (i.e.,
furanoses and pyranoses). The cyclization results in the formation of a new
stereogenic center at the hemiacetal carbon (also called the anomeric carbon)
with either α or β configuration. In the Fischer projection of an α-anomeric
diastereomer the hydroxyl group of the highest numbered stereogenic carbon
points in the same direction as the newly formed hydroxyl group at the
hemiacetal carbon, in contrast to a β-anomer for which they point in opposite
directions (Figure 1.3).25
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Figure 1.3. Cyclic forms of D-galactose in water solution at 25 C. The asterisk marks the
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4

Common D-hexopyranoses (e.g., glucopyranose and galactopyranose)
generally adopt 4C1 chair conformations for which a β-anomeric
configuration will result in an equatorial orientation of the anomeric
hydroxyl group. This is favored by steric effects compared to the α-anomeric
axial orientation. However, there is nonetheless a strong tendency for
D-hexopyranoses to form the α-configured diastereomer, as this type of
configuration allows the n-orbital of the endocyclic oxygen, to donate
electrons into the antibonding σ*-orbital of the anomeric carbon. The
electron donation is stabilizing, thus favoring formation of the α-anomeric
form. The preference for the α-anomeric form is referred to as the anomeric
effect (Figure 1.4) and it is enhanced if the exocyclic oxygen is substituted
by a more strongly electron withdrawing substituent.26,27 The ratio of α- and
β-configured species can differ between carbohydrates depending on
anomeric and steric effects that are influenced by stereogenic configurations
at the non-anomeric carbons, as well as substituents and solvent. This is
exemplified by the fact that the galactopyranose (C4 epimer of glucose) has
an α/β ratio of 1:2.0 in water solution compared to 1:1.8 and 2.0:1 for
glucopyranose and for mannopyranose (C2 epimer of glucose),
respectively.28
Carbohydrates can be linked to each other by glycosidic bonds, thus
forming oligo- and polysaccharides. The glycosidic bond is formed by the
substitution of the anomeric hydroxyl group on a donor saccharide to a
hydroxyl group of an acceptor saccharide. The acetal functionality of the
resulting non-reducing sugar has higher stability than the preceding
hemiacetal of the reducing donor, which makes the glycosidic bond
chemically robust. The overall shape of the oligo- and polysaccharides is
largely dependent on the orientation of these glycosidic bonds and the bond
conformations are generally described by two torsion angles, ϕ defined by
H1’-C1’-O-Cn and ψ defined by C1’-O-Cn-Hn. Both torsion angles are
governed by steric effects but ϕ is also largely influenced of the
exo-anomeric effect which is a stabilizing electron donation from the
n-orbital of the glycosidic oxygen to the σ*-orbital of the anomeric carbon
and the endocyclic oxygen (Figure 1.4).26,27
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the endo-anomeric effect is drawn. (B) The disaccharide β-lactose with the torsion angles ϕ, ψ
and ω denoted. (C) The electron n orbital donation responsible for the exo-anomeric
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Another torsion angle of interest in hexopyranoses is ω that describes the
orientation of the hydroxymethyl group and is defined by O5-C5-C6-O6.
The ω torsion can adopt three staggered conformations; gauche-gauche (gg),
gauche-trans (gt) and trans-gauche (tg), where a second torsion angle
O6-C6-C5-C4 is added to discriminate between the two gauche
conformations. A hexopyranose with an equatorial hydroxyl group at C4
(e.g., glucose) is less likely to adopt a tg conformation due to steric clashes
between the hydroxyl groups of C4 and C6, referred to as the Hassel-Ottar
effect. C4 epimers like galactose are on the other hand less likely to be found
in a gg conformation for the same reason. The ω torsion is also dependent on
the gauche effect, favoring gg and gt conformations, as an anti-arrangement
of O5 and O6 is electronically unfavorable.29

1.3. Methods to study carbohydrates
Historically, chemical methods have been important in the structure
elucidation of carbohydrates. Acid hydrolysis of oligo- and polysaccharides,
and often also successive derivatization (viz., substitution of polar groups,
amination with fluorescent tags), can enable the characterization of the
monosaccharide components by chromatographic techniques as well as
determination of enantiomer, diastereomer and linkage position. However,
these methods consumes the analyte and do not determine the saccharide
sequence.5,30
Analytical methods, such as mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy are more appropriate for structure
elucidation. MS can be employed to determine PS chain lengths as well as
additional structural information of components by fragmentation methods
(i.e., by MS/MS).31 NMR spectroscopy is useful as the method is able to
deduce sequence and to identify saccharide residues. The technique also has
the advantage of being non-destructive.5,32
Carbohydrate-protein interactions can be studied by several methods.
Among other techniques in high throughput microarrays, the binding of a
glycan to a protein can be identified by surface plasmon resonance (SPR).
Binding affinities can be quantified by SPR or by isothermal titration
calorimetry (ITC); however, neither method yields information on the bound
conformation. Nevertheless both techniques have specific advantages, as the
latter technique is able to determine thermodynamic parameters (viz.,
enthalpy and entropy) whereas the former can investigate the kinetics (viz.,
koff) of binding.33,34

6

X-ray crystallography is an excellent tool for the study of molecular
structure, conformation and interactions, as highly detailed models can be
obtained. However, to obtain models of high resolution the technique
requires good quality crystals, which are challenging to acquire for
carbohydrates.35 Moreover, differences in analyte conformation can arise
when excluding solvent and, furthermore, information about dynamic
processes, which are distinctive for carbohydrates in solution, is lost in the
solid state.36
Computational methods are also available for carbohydrate studies.
Quantum mechanical (QM) calculations that solve the wave function are
highly detailed but also computational expensive. Therefore, they are
appropriate to apply on smaller static molecular systems, with implicit
solvent models. Less computationally expensive due to usage of “simplistic”
empirically derived force fields are the molecular mechanical approaches
which facilitate computational investigations on larger systems. These
methods are utilized in the process of matching a ligand to a receptor, a
method called docking. The force fields can also be utilized in molecular
dynamic (MD) simulations, which describe the time dependent events of a
molecular system. MD simulations are important in the studies of
carbohydrates since flexibility and dynamic processes often needs to be
considered in these molecules. The possibility to design and fine-tune
systems in silico makes these approaches highly interesting and important
for the interpretation of experimental data. However, even though
calculations can be performed in a highly sophisticated manner they still
need experimental validation to ensure that they are reliable and relevant.
NMR spectroscopy is appropriate and extremely valuable in studies of
carbohydrates, as investigations of molecular conformations, dynamics and
interactions in solution are made possible. The next chapter will explore this
versatile technique in detail.
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2. Nuclear Magnetic Resonance Spectroscopy

2.1. Spins in a magnetic field
All atomic nuclei that contain an odd number of protons or an odd number of
neutrons possess a spin angular momentum. In an external magnetic field
(B0) a spin will prefer an alignment along with the external field rather than
oppose it (to a small extent). This is due to an energy difference (E)
between the two states that depends on the strength of B0 and the isotopespecific gyromagnetic ratio (γ). The radio frequency (rf) of the
electromagnetic radiation that is emitted from transitions between the two
states is called the Larmor frequency, which is equal to the ratio of E and
the Planck constant (h) and can be given in units of angular frequency (0)
or Hz (0). NMR spectroscopy is a technique to measure the Larmor
frequency of spins in a magnetic field, thus enabling investigation of
molecular properties.
In practice, an NMR experiment is conducted by putting a sample in a
magnetic field and applying a rf-pulse perpendicular to B0 that oscillates near
the Larmor frequency. This causes the net magnetization vector to rotate. A
90 pulse along the x-axis rotates the net magnetization from a longitudinal
orientation at thermal equilibrium, down along the y-axis in the transverse
x,y-plane, where it forms a coherent magnetization that precesses around the
z-axis at a speed of ω0. After the pulse, the net magnetization slowly (ms - s)
returns to the longitudinal axis while the precession in the transverse plane
continues (with a diminishing magnitude) and can be recorded by a detector;
this is called the free induction decay (FID). The intensity of the
x-magnetization is given as a function of time in the FID but since it is
difficult to spot the spin frequencies by the naked eye, Fourier
transformation is applied to produce a spectrum; plotting the intensity as a
function of frequency rather than of time (Figure 2.1). NMR experiments
can be made more sophisticated and complex by introducing additional
rf-pulses of specific lengths and frequencies at given time points (i.e., pulse
programs), thus directing the magnetization in the analyte.
There are three fundamental concepts of solution NMR spectroscopy that
are useful to extract chemical information from an analyte, chemical shifts
(i.e., the specific Larmor frequencies of spins), spin-spin couplings (i.e., spin
8

interactions) and spin relaxation (i.e., the time dependency of an NMR
signal). In addition, the development of pulsed field gradients (PFG) has
opened the opportunity to perform experiments exploring the spatial
distribution of molecules in a sample. The following part of this chapter will
explore these four concepts more thoroughly.
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Figure 2.1. 1H NMR spectrum of the human milk oligosaccharide derivative methyl β-lactoN-biose (LNB, structure at the top) in D2O acquired at 25 °C. Characteristic carbohydrate
resonances are denoted as well as the HDO resonance which is appearing due to residual H2O
in the sample.

2.2. Chemical shifts – fingerprints
The experienced magnetic field differs slightly for different spins due to
shielding effects from electron density around the nuclei. Therefore, spins
will have shifted frequencies depending on their chemical (or more specific
the magnetic) environment. Also, the chemical shifts will vary depending on
the molecular orientation with respect to B0, due to the shielding of B0 caused
by anisotropic electron density of the atomic orbitals, a phenomenon called
chemical shift anisotropy (CSA). Thus, a peak in an NMR spectrum is an
ensemble of chemical shifts with a Lorentzian distribution; a result of spins
having different orientations. However, the rapid reorientation of molecules
in solution averages the peak, giving it a narrow appearance. The chemical
shift scale ( is used in NMR spectroscopy for practical reasons since it
makes spectra from spectrometers operating at different field strengths more
comparable. The frequencies are given in units of ppm relative to the
resonance frequency of a reference molecule (viz., TSP, TMS, dioxane or the
solvent).
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The most common application of NMR spectroscopy for the organic
chemist is molecular structure characterization. For small, simple molecules
the assignment of peaks in the NMR spectrum can be accomplished by
knowledge of typical chemical shifts of functional groups. For larger and
more complex molecules (viz., carbohydrates) this type of interpretation
becomes too difficult due to spectral overlap (like in the bulk region of
methyl -lacto-N-biose in Figure 2.1). The rapid development of computers
during the recent years has enabled computational approaches employing
QM for prediction of chemical shifts. However, these methods are not yet
readily available for rapid and accurate spectral interpretation in an efficient
manner when performing structure elucidation on larger molecules.37 For
biomolecules, empirical methods have been used to develop programs such
as CASPER38 (for carbohydrates) and SHIFTX239 (for proteins) that have
proven to be fast and efficient in the prediction of chemical shifts.
Nonetheless, these methods have drawbacks since they rely on the quality of
the database and require similar experimental conditions.37 Chemical shifts
are generally assigned experimentally by utilizing 2D (or higher
dimensional) correlation spectroscopy which can determine bond
connectivities through the scalar coupling, thus enabling structure
elucidation of highly complex molecules (vide infra).
While rotational diffusion averages the CSA, other dynamic processes
can affect the chemical shifts in a similar manner. A spin is considered to be
in chemical exchange if the local chemical environment is changed due to
dynamic processes such as conformational changes, chemical reactions or
binding events. The NMR spectrum will appear differently depending on the
time scale of the chemical exchange; a spin is under slow exchange if the
chemical exchange rate (kex) between the chemical states is much slower
than the spin chemical shift difference (in units of Hz) between the states. A
spectrum for a spin under slow exchange will have separate signals for each
form (this is the case for the tautomeric equilibrium of galactose Figure 1.3).
A slow kex can be measured by EXSY, selective inversion40 and saturation
transfer (ST)41 experiments, provided that it is faster than the spin-lattice
relaxation rate (vide infra). In the opposite case, under fast exchange, the
chemical shifts will coalesce to a single population-weighted average peak
and kex can be measured by the CPMG relaxation dispersion experiment.
Under intermediate exchange conditions the transition between frequencies
will cause cancelation in the FID thus distorting the spectral line shapes and
making the extraction of kex feasible by spectrum simulation.40,42 Relevant
time-scales of chemical exchanges experiments as well as NMR parameters
and types of molecular motions are presented in Figure 2.2.
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Figure 2.2. Relevant time-scales of NMR spectroscopy and molecular dynamics discussed in
this thesis.

2.3. Spin‐spin couplings – structure and geometry
The NMR signal of a spin does not always appear as a single peak at a given
chemical shift in an NMR spectrum. Instead it is often observed as a split
signal centered at the chemical shift, in the ideal case (viz., in absence of
second order effects). This phenomenon, the spin-spin coupling, arises from
interactions between spatially neighboring spins. The magnitude of the peak
splitting is referred to as the coupling constant and is equal for both spins
involved in the interaction. The couplings occur because of the possibility of
the spin coupling partner to be aligned with or opposed to B0, thus enhancing
or reducing the magnitude of the field, causing a corresponding upfield or
downfield shift of the resonance frequency, respectively.
The most obvious spin-spin coupling in solution NMR spectroscopy is
the scalar coupling (also called J- or indirect spin-spin coupling) and it is
mediated by electron interactions through (not too many) covalent bonds.
Peak patterns of J-couplings can be made highly complex by the
introduction of couplings to additional spins, since each J-coupling results in
11

a new splitting of the peak components. However, peak patterns can also be
simplified experimentally by decoupling, a method in which an interleaved
irradiation is applied at the frequency of the coupling partner during the
collection of the FID. Another useful feature of the scalar couplings is, as
mentioned earlier, the possibility to achieve 2D correlation spectroscopy.
These types of NMR experiments (e.g., COSY, TOCSY, HSQC and HMBC)
utilize the J-coupling between two spins, by tuned (according to the size of
the J-coupling of interest) time delays in the pulse program, to transfer
magnetization between them. By exploiting the J-couplings together with
frequency labeling of the involved spins through time delay incrementations,
cross-peaks will appear in the NMR spectrum with chemical shifts in each
dimension corresponding to the spins involved in the J-coupling. These
correlations make it possible to deduce bond connectivities within a
molecule.
The J-coupling constant is also a source of information regarding the
molecular shape, because of its dependence on bond geometry. The
relationship can be described by Karplus-type equations that differ
depending on the nuclei involved in the bonds. Generally the interaction is
maximized for syn and trans conformations of vicinal J-couplings
(Figure 2.3).
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Figure 2.3. The vicinal proton-proton J coupling dependence of the intervening torsional
angle (i.e., a Karplus relationship), here exemplified by the 3JH2-HN and the H2-C2-N-HN
torsion (1) in N-acetylglucosamines (2, C2-N-C1’-O, in trans conformation).43

J-couplings, mainly nJHH, can be measured readily in a 1D spectrum
directly from the signal splitting; however, this is not always feasible due to
poor spectral resolution, complex multiplet pattern, second-order effects or
spectral overlap. Complications with poor spectral resolution can be
overcome by multiplying the FID with a Gaussian function prior to Fourier
transformation, a processing procedure called resolution enhancement. Still,
the gain in spectral resolution comes at a cost of reduced signal to noise
12

ratio. Even though a small J-coupling may seem resolved, small spectral
overlap between the doublet components can result in inaccurate
measurements. J-doubling44,45 is a method that is using the mathematical
concept of deconvolution to extract J-couplings from an NMR spectrum.
The deconvolution is executed by convoluting the peak of interest with delta
functions of elements (i.e., ..1, 1, 1 ,1..) separated by a trial J-coupling
(J*) that is varied. The actual J-coupling can be identified as the J* of the
convoluted spectrum with the smallest integral (Figure 2.4). The method can
be used on more complex multiplets since each deconvolution simplifies the
peak pattern by removing a J-coupling, hence a complete deconvolution of a
multiplet ideally yields a singlet.
J-couplings can also be distorted in the spectrum due to physical reasons
rather than experimental. Second order effects, which occurs when the
chemical shift difference between the two interacting spins is close to the
size of the J-coupling resulting in a mixing of wave functions.46 To
overcome the problems this creates for spectral elucidation the computer
program PERCH47 has been developed. The program employs spin
simulation, thus enabling the extraction of J-couplings by fitting procedures.
J*
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f*g
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12

Figure 2.4. The concept of J-doubling. (A) The convolution function (f*g), of the two
functions (f and g), is calculated from integral overlap (yellow) upon translation of f and g.
(B) The J-doubling of the LNB H1gal-H2gal J-coupling, extracted from a 1H,1H-DQF-COSY
cross-peak slice (blue). The multiplet contains two J-couplings, the active anti-phase
3
JH1gal-H2gal and the passive in-phase 3JH3gal-H2gal. Multiplet deconvolution is performed by
utilizing delta functions (in red; -1,1,-1,1,1,-1,1,-1 and -1,-1,-1,-1,1,1,1,1 for in-phase and
anti-phase convolution, respectively) of J*=J. (C) J can be identified as J* of the convoluted
spectrum with the smallest integral value, by employing integral plots. In this case the
3
JH3gal-H2gal and 3JH1gal-H2gal were measured to 9.95 Hz and 3.85 Hz, respectively.
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Efficient techniques to measure heteronuclear 1H-13C J-couplings are the
2D experiment CE-CT-HSQC48 (one bond) and J-HMBC49 (long range).
Homonuclear carbon couplings are extremely difficult to measure due to the
low (1.1%)50 natural abundance of the magnetically active 13C isotope, but
can be circumvented chemically by isotope labeling.51
Dipolar couplings are another type of couplings that are mediated through
space instead of through bonds. They arise from the magnetic field of a
neighboring spin (
that, depending on if the two z components of the
fields are aligned with or oppose each other, enhances or diminishes . The
magnitude of the dipolar coupling is dependent on the distance between the
coupled spins and how the spin-spin vector is oriented with respect to .
Even though dipolar couplings can be as large as 104 Hz they are not
observed in solution NMR spectroscopy since molecules reorient rapidly due
to rotational diffusion that results in an isotropic distribution of spin-spin
vectors, averaging the dipolar coupling to zero. Solid state NMR
spectroscopy can be employed to measure dipolar couplings, but the
technique is beyond the scope of this thesis.
On the other hand, it is possible to introduce residual dipolar couplings
(RDCs) in solution NMR spectroscopy by utilizing anisotropic media (viz.,
liquid crystals or stretched gels) or paramagnetic tags that induces a small
degree of order in the analyte.52 The RDC (or d) is calculated by subtracting
the J-coupling, measured in an isotropic reference experiment, from the
apparent splitting () of peak in a spectrum acquired from an anisotropic
sample (Figure 2.5). For an inflexible molecular segment (viz.,
monosaccharide rings in an oligosaccharide) that is accommodating at least
five linearly independent RDCs, an order tensor describing the order and
orientation can be calculated. The order tensor can be used to back-calculate
RDCs and thereby validate a molecular model. An advantage with RDCs is
that they can determine how molecular segments are oriented relative to
each other even though they are well separated, in contrast to NOE and
J-coupling analysis which rely on short molecular distances.53 The dipolar
coupling has another more prominent effect in solution NMR spectroscopy,
namely as a common source of spin relaxation.
Δ

Δ-J
d= 2

J

104

103
13

102
C /ppm

101

100

Figure 2.5. An overlay of two spectral slices showing the anomeric CH correlation in the
glucose residue from of LNB. CT-CE-HSQC spectra in anisotropic medium (lipid bicelles, in
red) and isotropic (D2O, in black).
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2.4. Spin relaxation – motions and distances
Spin relaxation is the process in which perturbed magnetization of nuclei
returns to thermal equilibrium. There are different mechanisms causing spin
relaxation (viz., dipolar coupling, chemical shift anisotropy, paramagnetic
spins) and they all originate from local magnetic fields. The dipolar
mechanism is the dominating cause of spin relaxation for 1H and
sp3-hybridized 13C spins, the most common nuclei in carbohydrates. The
local field of the dipolar coupling is modulated by the rapid reorientation of
spins in solution. If the modulation causes a transverse component of the
local field to oscillate close to the Larmor frequency, then it will act as a
pulse, rotating the magnetic vectors of spins within the local field. The
difference between a global external pulse used in a regular NMR
experiment and these local pulses is that the former pulse affects all spins in
the same way whereas the latter affects each spin individually, thus reducing
the coherence.
Longitudinal (or spin-lattice) relaxation describes how the z-component
of the net magnetization returns to thermal equilibrium and is quantified by
the rate constant R1 (or the reciprocal time constant T1). R1 is dependent on
the Larmor frequency and the rotational diffusion correlation time and has a
maximum when their product equals one, since, at this rate, the molecular
tumbling in itself is likely to cause the modulation of local magnetic fields to
be near the Larmor frequency (Figure 2.6).
The transverse relaxation describes how the precessing coherence in the
x,y-plane loses its synchronization and it is quantified by the rate constant R2
(or the reciprocal time constant T2). R2 is equal to R1 for molecules in the fast
motion limit but in contrast to R1, R2 continues to increase for slower
tumbling molecules due to its dependence of a secular term which is
dominant at the slow motion limit. The coherence is lost because of changes
in the Larmor frequencies for individual spins due to the differences of local
magnetic field strengths. A rapid transverse relaxation will result in the
broadening of peaks in the NMR spectrum.
Spins can relax through dipolar interactions as described earlier. If the
magnetization of a spin is selectively perturbed, its magnetization will start
relaxing to its local environment, causing a perturbation of the equilibrium
magnetization of the other spin involved in the dipolar coupling. This
phenomenon, the nuclear Overhauser effect (NOE), originates from zero and
double quantum transitions for dipolar coupled spins and is an important
feature of NMR spectroscopy since it gives information regarding effective
atom-atom distances through space. The 2D NOESY experiment is a
correlation experiment with cross-peaks arising from NOEs rather than
J-couplings. The intensity of the cross-peaks is proportional to the
15

cross-relaxation rate (, which has an r6 dependence on the distances
between the dipolar coupled spins. Interatomic effective distances can be
calculated by using the isolated spin pair approximation (ISPA) and a
reference spin pair of known distance and .55 The sign of is also
dependent on the dynamics of the molecule; in the fast motion limit  is
positive since the double quantum transition is the dominating term in this
limit, whereas the opposite is true for slowly tumbling molecules
(Figure 2.6).
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Figure 2.6. NMR relaxation parameters calculated for protons at 700 MHz. (A) The
correlation time dependence of longitudinal (dashed) and transverse (solid) relaxation,
employing Equations 2.41 and 2.46 in reference 54 and assuming γ2b2 = 1.13 × 109. (B) The
correlation time dependence of the cross-relaxation rate (σ) employing Equation 3.29 in
reference 54 and assuming rij = 2 Å.

Even though the spin relaxation rates (viz., R1, R2 and  are on the time
scale between ms to s they are dependent on very fast motions, namely the
rotational diffusion and internal molecular motions, which is on the order of
ps to µs (Figure 2.2). The reorientation of spins can be described by
correlation functions that can be converted to spectral density by Fourier
transformation. Spin relaxation observables can be utilized to estimate the
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spectral density function; however, this is difficult when a molecule cannot
be assumed to be a ridged sphere (e.g., in the case of anisotropic rotational
diffusion or in the presence of internal molecular motions). A common
strategy in the interpretation of spin relaxation observables for non-ideal
systems is the model-free (MF) approach.56,57 A generalized order parameter
(S2) is introduced in the spectral density function which describes how ideal
the local motion of a spin is with respect to the global motion of the
molecule. If S2 = 1, then no local motion is present whereas a lower value
indicates local, disordered dynamics. Order parameters and correlation times
can be estimated by fitting spin relaxation rates; however, the physical
meaning of these parameters can be difficult to interpret.58 Another approach
is to utilize MD or other computational methods to simulate the correlation
functions needed to calculate spin relaxation observables. Experimental
relaxation data can thus be used to validate the in silico model.59,60 A
drawback with this strategy is that it relies on trajectories of appropriate
lengths, which only can be acquired if models are simplified or if
computationally inexpensive methods are used.

2.5. Gradients – translational diffusion
Most modern NMR spectrometer probes can induce a magnetic field
gradient along the z-axis. PFG techniques utilize this gradient to dephase
coherence in a controlled manner, which can be capitalized for coherence
selection and selective excitation. The introduction of spatial resolution by
PFG also makes applications of NMR spectroscopy on macro scale feasible
(e.g., magnetic resonance imaging, MRI), as well as enabling investigations
of molecular translational diffusion.61
In the diffusion experiments, a PFG spin-echo is employed to frequencylabel spins depending on their spatial position in the sample (along the
z-axis). After a diffusion time delay, another PFG spin-echo is applied to
decipher the frequency label. Spins of a rapidly diffusing molecule remain
dephased due to differences in the gradient magnetic field strength after
traveling along the z-axis, whereas slowly moving molecules will be
re-phased (Figure 2.7). The experiment can be used to filter away the
undesired resonances of small molecules or to generate a 2D spectrum with a
“size resolved” indirect dimension (DOSY).62 The translational diffusion
constants (Dt) can also be measured accurately by calibrating the linearity of
the gradient and fitting the attenuation of resonance signal to a modified
Stejskal-Tanner equation.63,64 Brownian rotational correlation times can be
calculated readily by employing the Stokes-Einstein and the Debye
equations.61
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Figure 2.7. The concept of the 1H NMR PFG diffusion experiment. (Left) The introduction of
a gradient Bgrad(z) causes spins of small, rapidly diffusing molecules to dephase to a larger
extent than spins of larger molecules, due to different Bgrad at start and finish point. (Right) 1H
NMR PFG diffusion spectra of LNB at 25 °C with gradient strengths (g) going from 8.0,
11.5, 14.9, 18.4 to 21.8 G cm1. Diffusion times (Δ) of 150 ms and gradient duration times (δ)
of 4 ms were employed. Note the rapid decay of the HDO resonance compared to the sugar
signals, caused by the faster translation diffusion of HDO.

2.6. Application to carbohydrates
In the beginning of this chapter three concepts of NMR were introduced.
These concepts can be applied in different manners to study three main
features of the chemical behavior of carbohydrates. (i) Molecular shape
(structure and conformation), which can be deduced from NOE-derived
atom-atom distances and J-coupling-derived bond geometries. By adding
RDCs, relative segmental orientations are also available. (ii) Molecular
motion, which can be investigated by NMR relaxation on fast time scales
and through chemical exchange for slower dynamics. The use of PFG makes
investigations of translational diffusion possible. (iii) Molecular
interactions, which have not been discussed yet, but are amenable for
investigations by the same principles as for studies of conformation and
dynamics.
NMR spectroscopy is a suitable method to study carbohydrate
interactions with protein since the method is applicable to systems in
solution.65,66 An intermolecular interaction can be described as formation of
a complex of two or more species (the bound state), which is under chemical
exchange with the separate species in the bulk solution (the free state).
Titrations can be utilized to identify binding by monitoring chemical shift
displacements, caused by the change in chemical environment for spins in
the bound state. The chemical shift displacements also enable calculations of
18

association constants (KA), if appropriate binding models are available.
Complex formation can also be investigated by other techniques, such as
when physical properties drastically change upon complex formation. This is
exemplified by the difference of molecular size between a free
oligosaccharide and when bound to a protein receptor. NMR observables
associated with the rotational correlation time (e.g., R2 and Dt) can be
monitored in titrations and KA can be calculated in a similar fashion from
chemical shift displacements. Another NMR parameter that has c
dependence is , which is exploited in an elegant manner in the transfer
NOESY (trNOESY) experiment. The conformation of a bound ligand can be
deduced from atomic distances calculated from cross-peak volumes of a
NOESY spectrum acquired under experimental conditions for which  = 0
5/4 , Figure 2.6).65,67
of the ligand in solution (
The 1H saturation transfer difference (STD) NMR experiment is another
NOE-based method used to study molecular interactions and it is suitable for
epitope mapping.65 Magnetic saturation of protein protons is achieved by
utilizing band-selective pulse-trains (on-resonance) and the induced
magnetization leaks, by spin-diffusion, to neighboring spins belonging to the
receptor molecule or the ligand bound to the receptor (Figure 2.8). The
detection of the binding process is enabled when the bound ligand is released
into the bulk solvent where the induced magnetization is sustained due to
changes in relaxation properties associated with c. A 1H spectrum of
resonances exclusively related to the bound ligand can be created by
subtracting the FID from the on-resonance (i.e., with protein saturation)
experiment from an off-resonance reference. The peak intensities are
dependent on the proximities to the protein surface (if a homogeneous
protein saturation is assumed), the ligand’s residence time at the binding site
and on the length of protein saturation. The signal can also be amplified by
using a large ligand excess since each receptor has time to bind multiple
ligands during the saturation time (provided that the binding life-time is
substantially shorter than the saturation time). In analogy to NOE buildup
curves, STD-AF buildup curves can be constructed from STD data, scaled
by the amplification factor (i.e., ligand/protein concentration ratio) and
acquired with different saturation times. The initial slope of the buildup
curve, STD-AF0, is a relaxation-unbiased parameter that is useful in the
comparison of STD data.68 The CORCEMA-ST program69 is able to
simulate NMR STD data from a molecular model utilizing a full relaxation
matrix and it is a valuable tool for validation of molecular models obtained
from MD, docking or X-ray crystallography.
The following part of this thesis will demonstrate how the methods
presented in this chapter can be applied to study the conformations,
dynamics and interactions of carbohydrates.
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Figure 2.8. The concept of STD NMR spectroscopy. (A) Resonances of the protein are
saturated and the magnetization leaks within the ligand-protein complex by spin-diffusion.
Ligand protons in close proximity of the protein surface are more susceptible to the spindiffusion (stars). The perturbed magnetization in the ligand will be retained for a longer time
after ligand release into the bulk thus enabling detection. (B) The STD spectrum is calculated
as the difference between spectra with off- and on-resonance saturation.
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3. Caffeine and Sugars Interact in Aqueous
Solutions:
A Simulation and NMR study (paper I)

3.1. Background
Many important biological processes rely on protein recognition of specific
carbohydrates. Analysis of protein-glucose complexes determined by either
X-ray crystallography or NMR spectroscopy reveals a tendency of these
proteins to have aromatic residues present in the binding site (Figure 3.1).
This trend is especially pronounced for tryptophan, which is eight times
more common in the binding sites of β-glucose-binding proteins than it is in
an average protein amino acid sequence.70
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Figure 3.1. The deviation from the average natural distribution of different amino acids in
binding sites (within 4 Å of the ligand) of -D-glucopyranoside (white) and
-D-glucopyranoside (gray) binding proteins. Commonly occurring amino acids are the
aromatic residues tryptophan and tyrosine. Data were obtained March 18, 2015 from the
on-line tool GlyVicinityDB that analyzes amino acids in the vicinity to carbohydrates residues
for complexes contained in the protein data bank.70
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Figure 3.2 shows an X-ray crystallographic structure of the protein
galectin-3 in complex with the ligand N-acetyllactosamine.71 The ligand
binds in a characteristic fashion with the hydrophobic part of the galactose
residue pointing towards the aromatic surface of tryptophan 181. The reason
for this arrangement is thought to be dispersive CH-π interactions between
sugar ring protons and the aromatic surface of the tryptophan, favoring the
enthalpy of the system. It has been suggested that at least three C-H protons
need to face the aromatic residue in order to have a favorable interaction.72
Learning more about this kind of interaction and thus be able to fine tune the
recognition mechanism of carbohydrate analogues is of great importance in
the quest towards new pharmaceuticals.
Caffeine is a well-known constituent of beverages like coffee, tea and
energy-drinks. The flat bicyclic structure of caffeine resembles the aromatic
moiety of tryptophan (Figure 3.3) thus making it a suitable analogue for
aromatic-sugar interaction investigations. Caffeine is known to aggregate in
water solution at room temperature and recent MD simulations suggest that
the caffeine molecules pack with the aromatic surfaces in a face-to-face
manner like a stack of coins.73 The self-association can be described with an
isodesmic model and the KA has been measured to 8 M1 by NMR
titrations.74 Calorimetric data suggests that the aggregation is enthalpy
driven rather than entropy driven.75 This can be explained by the hydration
of the caffeine molecules. The large hydrophobic surface of caffeine disrupts
the hydrogen bonding network of the surrounding water, resulting in some
water molecules losing a part of their hydrogen bonds. When two caffeine
molecules aggregate, the water regains some of the lost hydrogen bonds,
thus lowering the enthalpy of the system.73,76 The aim of this project was to
gather experimental evidence of caffeine-sugar interaction in water by NMR
spectroscopy.

Figure 3.2. X-ray crystal structure of galectin-3 with the ligand N-acetyllactosamine.71
Tryptophan 181 is depicted in red.
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Figure 3.3. To the left: The molecular structure of caffeine with relevant atoms and groups
denoted. To the right: The amino acid L-tryptophan that shares structural similarities with
caffeine.

3.2. MD results
NMR spectroscopy and MD simulations were used to study the interactions
of caffeine with glucose and sucrose (a disaccharide of glucose and fructose,
Figure 3.4). MD simulations of a caffeine molecule together with sucrose,
-D-glucopyranose or -D-glucopyranose in water solution revealed that all
of the sugars were complexing with the caffeine molecule in a face-to-face
fashion, where the aromatic surface of caffeine is interacting with axial ring
protons of the sugars. Both the glucose and the fructose residues of sucrose
were found to bind with a strong ring-face preference (Figure 3.5). The
glucose residue directs the H3g and H5g side of the ring away from the
caffeine in a parallel manner (cos
1). Binding in an opposite way was
found to cause steric clashes between the fructose residue and the caffeine.
The fructose residue interacts mainly with the H3f, H5f side of the ring
(cos
1) as the other side is hindered by the glucose residue. The faceto-face arrangement is not as well defined for the fructose residue as for the
glucose residue.
Both glucose molecules interact in a strict face-to-face manner where
both sides of the monosaccharides can form complexes with caffeine in
contrast to the disaccharide. The -anomer does not display an orientational
preference
cos
1
cos
1 , whereas the -anomer has a
tendency to bind with H3 and H5 pointing away from caffeine plane
( cos
1
cos
1 ). This could be due to steric clashes of the
anomeric axial hydroxyl group.
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Figure 3.4. Sugars used in the study. To the left: Sucrose (-D-Glcp-(1↔2)--D-Fruf),
commonly known as table sugar. D-Glucose, in equilibrium between the -pyranose (middle)
and the -pyranose (right) form.
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Figure 3.5. To the left: MD simulation data of the probability distribution of the cosine of the
angle between the normal vector to the caffeine plane and the normal vector to either the
glucose residue of sucrose (black, solid), the fructose residue of sucrose (red, solid), the -Dglucopyranose (green, dashed) or the -D-glucopyranose (orange, dashed). A value of
cos θ = 1.0 corresponds to the H3 and H5 pointing toward the caffeine plane. To the right: An
MD snapshot of the glucose residue of sucrose interacting with caffeine. The ring planes and
normals of the glucose residue (black) and the caffeine (green) are depicted.

3.3. NMR results
Transient NOESY experiments have previously been used to reveal
interactions between methyl -D-galactopyranoside and benzene.77 A
difference between intra- and intermolecular NOE is that the binding affinity
(KA) also must be taken under consideration in the latter case. This means
weaker NOE-signals unless the binding is very strong. In this study,
transient NOESY experiments were conducted on a caffeine sample
containing either sucrose or glucose in a tenfold excess. Resonances of sugar
ring protons were selectively inverted and weak positive intermolecular
NOE signals were detected for H8 and the methyl groups of caffeine,
indicating complex formation (Figure 3.6).
1
H NMR titrations, in which caffeine was added to sugar solutions, were
performed to investigate the binding mechanism of caffeine and sugar. 1D
TOCSY experiments78 were used when necessary to resolve overlapping
signals of the two anomeric forms in the glucose titration. The referencing in
the NMR experiments had to be done with TSP in an insert tube, since
caffeine-TSP interactions caused the TSP chemical shift to change. The
magnitude of the chemical shift displacements of the sugar protons differed
depending on which side of the sugar ring plane they are situated at. This is
explained by the shielding effect from the aromatic surface that is stronger if
the interacting spins of the sugars are in close proximity.79 For sucrose,
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larger chemical shift displacements were observed for H2g and H3f,
indicating that the binding of these faces of the sugar residues are preferred
over the H3g and the H4f sides (Figure 3.7A). Chemical shift displacements
differences, with respect to different faces, were not as pronounced for
-glucose as for sucrose; however, larger chemical shift displacements were
observed for H2 and H4 than for H3. In the case of the -anomer, no
significant differences between the ring faces were observed.
The side-specific binding between protons on opposite sides of the sugar
ring can be estimated by calculating the differences in chemical shift
displacement at the highest caffeine equivalent. The differences are
normalized to the average chemical shift displacement for each sugar at the
same caffeine equivalent in order to compensate for concentration effects
between the titrations. The results are in qualitative agreement with the MD
simulations as seen in Figure 3.7B, where the population distribution
differences between each sugar face is presented as well. The higher value of
the MD simulation population distribution difference for the fructose residue
of sucrose compared to its degree of side-specific could be due to that
this binding is not well defined geometrically (Figure 3.5). Axial protons of
the sugar ring would experience stronger  on average if the binding were
strictly parallel because of closer proximity between the protons and the
aromatic surface. The deviations seen in Figure 3.7B for the two anomeric
forms of glucose could arise from the fact that only one caffeine molecule is
considered in the simulation. It is possible that these sugars can form
sandwich complexes between two caffeine molecules which could result in
the lower degree of side specific observed in the NMR titrations,
compared to the MD simulations.
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Figure 3.6. Top: 1D 1H,1H-NOESY spectrum of sucrose and caffeine. The anomeric proton
of the glucose residue has been excited and an intermolecular NOE is observed for H8 of the
caffeine (close up). Bottom: 1H NMR reference spectrum of sucrose and caffeine.
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Figure 3.7. (A) 1H NMR chemical shift changes of sucrose protons upon addition of caffeine
for H1g (○, blue), H2g (□, orange), and H3g (Δ, red) in the glucose residue (solid lines) and
for H1f (○, blue), H3f (Δ, red), and H4f (×, green) in the fructose residue (dashed lines). The
titration was made with a 10 mM sucrose solution in D2O. (B) Degree of side selective
binding of sugars to caffeine. The red bars represent the degree of side selective binding
calculated from sugar NMR chemical shift displacements at eight equivalents of caffeine. The
blue bars represent the population distribution between sugar ring plane binding sides
calculated from the MD simulations. A positive value corresponds to a binding complex
where the H3 is pointing towards the caffeine surface and a negative value corresponds to H3
pointing away from the caffeine surface.
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3.4. Future prospects
To gain a deeper understanding of the CH-π interactions and hydration
effects, it would be interesting to quantify the binding energies. This is a
difficult task since the calculation must consider both self-aggregation of the
caffeine and the sugar-caffeine interactions as well as multiple binding sites
with different affinities. Thus, a standard guest-host model is inadequate but
to further investigate the binding energies, new titrations with a model sugar
with only one binding side would be beneficial.
Our present data do not reveal the nature of the dispersive CH-π
interactions. However, it clearly indicates that the sugar-caffeine interaction
is at least partly driven by hydration effects resulting from the liberation of
structured water molecules, as the CH-π interaction is not explicitly
accounted for in the MD force field. How large this effect is at the binding
site of a protein can of course be discussed, but it is still important to take it
into consideration.
An interesting question arises from these results: how is the consumer of
caffeine- and sugar-containing beverages affected from these molecular
interactions? The significance is probably not that large due to the low
affinity of the interaction; however, it has been found that the ingestion of
both caffeine and sugar have a cooperative ergogenic effect on physical
endurance.80 Whether this effect is due to the molecular interactions studied
herein or due to activation of different physiological mechanisms is yet
unknown.
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4. NMR spectroscopy studies of a Shigella
flexneri octasaccharide bound to the
tailspike protein of bacteriophage Sf6
(paper II)

4.1. Background
Shigella flexneri is a gram-negative bacterium that causes dysentery, a fatal
disease characterized by fever, abdominal cramps and diarrhea.81,82
Bacteriophages are viruses that infect and replicate within a bacterium (e.g.,
Shigella flexneri). The tailspike protein of bacteriophage Sf6 can recognize
the O-antigen of Shigella flexneri LPS and hydrolyze it, thus enabling access
to the bacterial cell surface which is the first step of infection. An accurate
molecular description of the bacteriophage recognition of the Shigella
flexneri can be a key step in the development of a vaccine against the
bacterium.
In paper II, a study of the interaction between an octasaccharide fragment
of Shigella flexneri serotype-Y O-antigen and the tail spike protein of
bacteriophage Sf6 (Sf6TSP) is presented. The octasaccharide has a linear
structure that incorporates two repeating units (RU), each of which is
constituted by three rhamnose residues and an N-acetylglucosamine residue
(Figure 4.1). The bacteriophage-catalyzed hydrolysis of the O-antigen PS
take place at the 1-3 glycosidic bond between two RU resulting in
octasaccharides as the main products.83 An X-ray crystal structure of a
Sf6TSPmutant-octasaccharide complex, revealing that the binding occurs in a
groove in between two dimers of the homotrimeric protein, is presented in
Paper II. MD simulations have also been employed to investigate the binding
conformation in solution and the how saccharide chain length influences the
binding.
In this chapter the interaction between Sf6TSP and an octasaccharide is
studied by the means of NMR spectroscopy. The goal is to experimentally
investigate binding models in solution derived from X-ray crystallography
and MD simulations. A new method to analyze NMR STD data
quantitatively is also introduced.
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4.2. Conformation of the bound octasaccharide
NMR spectroscopy is a useful method to study molecular interaction (as
discussed in chapter 2). However, in cases with severe spectral overlap, such
as the herein studied octasaccharide ligand consisting of two repeating units,
the method can be rather challenging. In solution, the reducing end sugar of
the octasaccharide ligand is in an 83:17 equilibrium between the - and
-anomeric pyranose ring forms, as measured by 1H NMR spectroscopy. A
full 1H NMR chemical shift assignment of the major -anomeric form is
presented in Table 4.1. The assignments were carried out using the CASPER
program and standard 2D correlation experiments. 1H NMR PFG
experiments were also employed to measure Dt which was found to be
2.31·10-6 cm2·s-1 in D2O at 25 °C.
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O
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Figure 4.1. (Top) The chemical structure of the octasaccharide together with the
nomenclature used in this study noted in red. (Bottom) Part from the X-ray crystal structure
showing one octasaccharide ligand, depicted in 3D-CFG format,84 at the active site of the
Sf6TSP. The peptide backbones of the two neighboring domains are illustrated as cartoons,
whereas the van der Waal surface of the whole protein is shown. The unit cell of the crystal
structure contained two homotrimeric proteins with three octasaccharide ligand (A – F) each.
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Figure 4.2. 1H,1H-trNOESY spectrum with selected trans-glycosidic cross-peaks annotated.

Table 4.1. 1H and 13C NMR chemical shift assignments in ppm for the -anomeric form of
the octasaccharide in D2O solution at 56 °C using internal TSP (δH 0.00) or external
1,4-dioxane in D2O (δC 67.40) as references.
Residue

Nuclei
1

RAM1
NAG2
RAM3
RAM4
RAM5
NAG6
RAM7
RAM8
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H
13
C
1
H
13
C
1
H
13
C
1
H
13
C
1
H
13
C
1
H
13
C
1
H
13
C
1
H
13
C

H1

H2

H3

H4

H5

Me6/H6a

4.9
101.98
4.77
102.81
5.16
101.71
5.16
101.71
4.88
102.01
4.74
102.91
5.16
101.71
5.21
93.49

3.83
71.56
3.84
56.46
4.15
79.53
4.07
78.94
3.87
71.48
3.84
56.46
4.15
79.53
3.92
80.09

3.75
71.17
3.66
82.24
3.88
70.67
3.92
70.79
3.8
78.26
3.66
82.24
3.88
70.67
3.9
70.65

3.44
72.83
3.54
69.35
3.35
73.23
3.48
73.17
3.56
72.47
3.54
69.35
3.35
73.23
3.46
73.04

3.98
69.84
3.47
76.75
3.73
70.02
3.74
69.98
4.02
69.9
3.47
76.75
3.73
70.02
3.86
69.3

1.26
17.29
3.9
61.62
1.26
17.46
1.32
17.48
1.26
17.22
3.9
61.62
1.26
17.46
1.28
17.68

H6b

NAc

3.77
61.69

2.08
23.11

3.77
61.69

2.07
23.12

The conformation of the bound octasaccharide was investigated by a 2D
H,1H-trNOESY experiment acquired at 56 °C on a 500 MHz NMR
spectrometer. The experimental conditions were chosen to minimize  for
the ligand in the free state, by calculating c from Dt utilizing the StokesEinstein and Debye equations.61 The strongest trans-glycosidic cross-peaks
from anomeric protons in the 1H,1H-trNOESY spectrum were found between
protons on glycosyloxylated carbons (viz., H2 or H3) for each glycosidic
linkage (Figure 4.2) as would be anticipated for an all-syn conformation (i.e.,
the protons at the glycosidic linkage are on the same side of the plane
perpendicular to the C1–H1 vector in the sugar residue).85
In addition, trans-glycosidic trNOEs were also identified for several
methyl groups. These types of correlations can be useful in a conformational
analysis since the underlying interactions are sensitive to the glycosidic bond
geometry due to the remoteness of the methyl groups that extend from the
pyranose rings of the sugars and consequently from the saccharide chain.
Small conformational differences between the RUs of the octasaccharide
could be confirmed as some of the methyl trNOEs only appeared in one of
the RUs. The observations in the trNOESY spectrum are in agreement with
the models from the X-ray crystal structure and the MD simulations.
1

4.3. Epitope mapping by STD‐NMR spectroscopy
The binding epitope of the octasaccharide-Sf6TSP complex was explored by
1
H STD NMR spectroscopy. Two sets of STD experiments were performed
with saturation at either 7 ppm or 0.4 ppm targeting aromatic or aliphatic
amino acids, respectively, and saturation times of 0.5, 1, 2 and 4 s were
employed (Figure 4.3). STD-AF0-s were also computed and are presented in
Table 4.2.
HDO

A

B

8

6

4

2
1

0

H /ppm

Figure 4.3. 1H NMR spectrum (A) and a STD spectrum (B) of Sf6TSP with the
octasaccharide in D2O. The irradiation frequency in the STD experiment was set to 7 ppm and
the saturation time was 2 s.
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Table 4.2. NMR T1 relaxation times (used as input in both CORCEMA-ST approaches)
measured with an inversion recovery experiment on an octasaccharide sample and STD-AF0
data calculated from 1H NMR STD experiments of two irradiation frequencies, 7.0 and
0.4 ppm and four saturation times, 0.5, 1, 2 and 4 s.
1

H resonance

T1 /s

STD-AF0 /s-1
7.0 ppm
-0.4 ppm
0.19
0.11
0.23
0.17
0.25
0.13
0.32
0.26
0.16
0.11
0.43
0.31
0.21
0.12
0.16
0.11
0.25
0.17
0.37
0.34
0.23
0.17
0.23
0.19
0.15
0.12
0.32
0.22
0.36
0.29
0.20
0.14
0.14
0.11
0.23
0.21
0.25
0.19

relative STD-AF0 /%
7.0 ppm
-0.4 ppm
44
31
53
49
58
38
74
77
37
31
100
92
48
36
37
33
59
51
87
100
55
51
53
55
34
34
76
64
85
86
47
40
33
32
55
62
58
57

RAM1-H1
1.40
RAM1-H5
1.62
NAG2-H1
0.80
NAG2-Ac
1.08
RAM4-H2
1.00
RAM4-H6
0.71
RAM5-H1*
1.14
RAM5-H5*
1.26
NAG6-H1
0.75
NAG6-Ac
1.04
RAM8-H1
1.88
RAM8-H6
0.83
NAG2/6-H3
0.97
RAM3/7-H2
0.99
RAM3/7-H4*
1.73
RAM4/7/8-H1
1.02
NAG2/6-H4; RAM5-H4*
1.45
RAM1/3/5/7-H6
0.70
RAM1/4/8-H4; NAG2/6-H5*
1.32
RAM1/5-H3; RAM3/7/8-H5;
0.88
0.19
0.15
45
NAG2/6-H6b*
RAM1/5/8-H2; NAG2/6-H2;
RAM3/4/7/8-H3; RAM8-H5;
1.18
0.23
0.17
54
NAG2/6-H6a*
*Overlapping with resonances of the -anomeric form of the octasaccharide.

43
51

Interestingly, the binding pocket of Sf6TSP in the X-ray crystal structure
has a low occurrence of aromatic residues compared to other rhamnose and
N-acetylglucosamine binding proteins; especially tryptophan, which is
important in carbohydrate recognition due to -stacking86,87 (as discussed in
chapter 3), is of low abundance (Figure 4.4, data compiled from the RCSB
protein data bank using the GlyVicinityDB program70). The absence of
aromatic residues is more profound at the non-reducing end of the binding
pocket and this is reflected in the lower STD-AF0 values for NAG2-Ac
compared to NAG6-Ac.
The methyl group of RAM4 has the highest STD-AF0 when saturating
aromatic protein residues and it is also found to be buried into the protein in
close proximity of TYR282 in the crystal structure. A strong STD-AF0 is
also found for the overlapped signals of RAM3-H4 and RAM7-H4 (which
are averaged), when irradiating at 7 ppm. This observation can be explained
by spatial proximity between the latter proton and TRP304. The relative
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STD-AF0 are similar in general but small differences can be observed when
saturating the aliphatic amino acids. The strongest STD-AF0 at this
irradiation frequency originates from NAG6-Ac which is in the vicinity of
ILE278. The STD-AF0-s related to RAM5 are comparatively the weakest
which can be explained by a longer distance to the protein surface for this
residue due to a pucker in the saccharide chain (Figure 4.5).

Distribution differences /%
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5
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-5
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B

Figure 4.4. Differences in the amino acid distribution at the active site of Sf6TSP (within 6 Å
of the ligand) and the averaged distributions of amino acids in binding sites of either
-L-Rhap (A) or -D-GlcpNAc (B) binding proteins found in the RCSB protein data bank
using the GlyVicinityDB program February 2, 2015.70

Figure 4.5. Binding pose of the octasaccharide ligand (B) of the X-ray crystal structure. Note
the longer ligand-protein surface distance for RAM5 due to a pucker in the saccharide chain.
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4.4. The CORCEMA‐ST‐CSD approach
This project also succeeded in developing a new approach to analyze
NMR-STD data quantitatively. The method, designated CORCEMA-ST
Chemical Shift Dispersion (CSD), utilizes the full-matrix relaxation software
CORCEMA-ST69 which is able to simulate NMR-STD data from a proteinligand structure file (.pdb) and a chemical shift file (.bmrb). If the chemical
shifts of the protein protons are not known, then they can be predicted by
various programs (e.g., SHIFTX239).
In a classical CORCEMA-ST approach, STD-AF are calculated by
simulating the transfer of magnetization from saturated protein protons with
chemical shifts within a defined frequency interval (ideally corresponding to
the NMR experiment saturation pulse bandwidth) to ligand protons. It is
generally assumed88 that the protein protons are instantaneously and fully
saturated. However, in the case of a large protein (e.g., 165 kDa for Sf6TSP)
together with narrow saturation pulses (in the present case, 24 Hz) the
assumption that the protons within the chemical shift interval are fully
saturated is too simplistic. An NMR peak in a spectrum is not a discrete
signal at the chemical shift (as reported in the .bmrb file) but rather has a
Lorentzian distribution, with the center at the chemical shift and a width that
is dependent on the transverse relaxation time (T2). The slow diffusion of a
large protein causes significant broadening of the protein proton resonances
and can potentially be broader than the bandwidth of the saturation pulses.
Therefore, the use of a classical CORCEMA-ST approach to our Sf6TSP
system results in errors of the calculated STD-AF for two reasons: (i) protein
resonances with chemical shifts within the defined irradiation frequency
interval are not fully saturated as assumed and (ii) protons with chemical
shifts just outside of the irradiation frequency interval would in fact be
partially saturated, which is unaccounted for in a classical CORCEMA-ST
approach (Figure 4.6A).
In the CORCEMA-ST-CSD approach the NMR line shapes (influenced
by T2) are taken into consideration. The transverse relaxation time of the
protein protons (T2,protein) can be predicted from the protein molecular weight
by estimating a correlation time using Stokes’ law.89 The spectral densities
that are needed to calculate the T2,protein can be calculated from the generated
correlation time by employing a truncated MF approach.56 The obtained
T2,protein is a rough estimation as it is very sensitive to the definition of the
distances for the dipolar relaxation mechanism. Still it gives a good
indication of the magnitude of the relaxation time. Yet another approach is
to perform an NMR spectrum simulation of the predicted chemical shifts and
estimate T2,protein by comparing the simulated spectrum with an experimental
one. Such comparisons between two simulated spectra of different T2,protein
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and an experimental spectrum of Sf6TSP are shown in Figure 4B. The
resolution of the simulated spectra is modest compared to the experimental
NMR spectrum, but the broadening of the peaks is of comparable
magnitude. In the CORCEMA-ST-CSD approach, the CORCEMA-ST
program is looped for narrow intervals (n) over the whole spectrum and the
contributions to the spectral intensity within the defined irradiation
bandwidth (Xsat,n) are calculated for protons at the active site and with
chemical shifts within an interval n (Figure 4C). The simulated
CORCEMA-ST output for each interval n (STD-AFCORCEMA-ST,n) is
multiplied with the corresponding Xsat,n and the sum over all n is reported as
the final simulated result (STD-AFsim, Equation 4.1).
∑

‐

,

∙

‐

‐

(4.1)

,

Molecular models (in this case generated by X-ray crystallography and MD
simulations) can be evaluated by the RNOE factor, a parameter that is
calculated from the difference between simulated and experimental data
according to Equation 4.2, where i corresponds to a data point at a given
saturation time.90
∑

‐
∑

‐

,

‐

,

(4.2)

,

Agreement between simulated and experimental data results in a low RNOE
and a value < 0.5 is considered acceptable in literature, whereas values as
low as 0.25 have been reported for oligosaccharide ligands.91 When
considering data from the 7 ppm saturation CORCEMA-ST (classical
approach) simulations yielded RNOE >5 for the MD model and >10 on
average for the X-ray model (simulations of 0.4 ppm data were not possible
since no protein chemical shift were predicted within the saturation
bandwidth at this frequency).
Table 4.3. RNOE factors for the CORCEMA-ST-CSD simulations.
Irradiation
T2,prot
MD
X-rayA X-rayB
6.95-7.00
3.85 ms
0.87
1.06
1.41
6.95-7.00
2.50 ms
0.53
0.63
0.91
6.95-7.00a
2.50 ms
0.44
0.49
0.58
6.95-7.00b
2.50 ms
0.35
0.51
0.61
3.85 ms
0.58
0.47
0.51
0.35-(0.40)
2.50 ms
0.43
0.39
0.47
0.35-(0.40)
2.50 ms
0.32
0.51
0.64
0.05-(0.10)
2.50 ms
0.33
0.28
0.31
0.05-(0.10)a
2.50 ms
0.28
0.27
0.28
0.05-(0.10)b
a
RAM8-H1 and RAM-H6 excluded
b
RAM8-H1, RAM-H6, NAG2-Ac and NAG6-Ac excluded

X-rayC
1.12
0.73
0.41
0.38
0.49
0.50
0.76
0.41
0.32

X-rayD
1.11
0.71
0.44
0.43
0.50
0.46
0.62
0.31
0.26

X-rayE
1.18
0.76
0.46
0.45
0.51
0.47
0.61
0.30
0.27

X-rayF
1.33
0.86
0.58
0.50
0.49
0.49
0.74
0.40
0.34
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Figure 4.6. (A) A simulated 1H NMR spectrum of Sf6TSPmut; protons within an irradiation
bandwidth between 6 and 7 ppm are depicted separately (in front). The red area derives from
protons with chemical shifts within the irradiation bandwidth that are irradiated whereas the
green areas derive from protons with chemical shifts within the irradiation bandwidth but
populate parts of the spectrum beyond the irradiation bandwidth due to relaxation. The blue
area derives from protons with chemical shifts beyond the irradiation bandwidth but still
populate the irradiation bandwidth due to line broadening. (B) Experimental (black) and
simulated 1H NMR spectra of Sf6TSPmut based on the SHIFTX2 chemical shifts predictions
of two protein domains (the A and B chains) using either T2,protein = 3.85 ms (red, solid) or
T2,protein = 2.5 ms (green, dashed) in the simulations. (C) The concept of the
CORCEMA-ST-CSD approach. The spectrum is divided into separate regions (n) for which
the contributions to the spectral integral within the irradiation bandwidth are calculated
(indicated by the arrow). This is accomplished by performing a CORCEMA-ST simulation
for each n to generate a set of STD-AFCORCEMA-ST,n. Each STD-AFCORCEMA-ST,n is then
multiplied with Xsat,n, i.e., the part of the chemical shift distribution for the specific region that
is within the irradiation bandwidth (the red area) divided by the full distribution (the sum of
the red and green areas). The final STD-AFsim is calculated as the sum of all STD-AFCORCEMAST,n in the spectrum.
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RNOE from CORCEMA-ST-CSD simulations of the Sf6TSP X-ray models
(ligands A – F) and the Sf6TSPmut MD model are reported in Table 4.3 and
demonstrate that accounting for resonance broadening leads to considerably
better agreement with experimental data. The results using T2,protein = 3.85 ms
give moderate RNOE factors (0.5 – 1), which can be explained by overestimation of the STD-AFsim when irradiating at 7 ppm and under-estimation
for the 0.4 ppm irradiation. The reason for this could be an inaccurate
prediction of the protein chemical shifts or of T2,protein. A decrease of the
T2,protein will reduce the STD-AFsim from the 7 ppm simulation since this
spectral region has a large quantity of predicted chemical shifts which would
become broadened and partially fall outside of the irradiation range. On the
other hand, the irradiation at –0.4 ppm is targeting not the predicted
chemical shift directly, but rather the broadening of the peaks which will
increase with a shorter T2,protein, thus increasing the STD-AFsim at this
irradiation frequency. It can also be seen in Figure 4.6B that the predicted
chemical shifts at low frequency (around 1 ppm) seem to be over-estimated.
Therefore, new CORCEMA-ST-CSD simulations with T2,protein = 2.5 ms and
the low-frequency irradiation shifted by +0.3 ppm were carried out. The
RNOE factor improved (0.3 – 0.9) but was still large for certain X-ray crystal
models (namely ligands B – F) which can be explained by an overestimation of STD-AFsim for the RAM8 residue (Figure 4.7).
Interestingly, the RAM8 residue of the A chain model in the X-ray crystal
structure has adopted a 3S1 ring conformation instead of the 1C4 generally
observed for this residue. As a consequence protons RAM8-H1 and
RAM8-H6 are closer to the protein surface in the crystallographic models
resulting in too strong STD-AFsim for these protons (Figure 4.7). If the two
protons are excluded from the simulations then the RNOE decrease with
between 20% and 50% for all X-ray models. It should be noted that this
result does not necessarily support a 3S1 ring conformation but is rather a
result of uncertainty in the X-ray crystal structure. The low intensity of the
experimental STD-AF of RAM8-H1 and RAM8-H6 could also be due to
flexibility in this part of the ligand, which is in good agreement with the
significantly larger atomic displacement factors in the crystal structure and
the large atomic RMSD-values (Table 4.4) for the RAM8 residue compared
with the rest of the residues.
The RNOE can be reduced further by excluding the STD-AFsim of the
N-acetyl groups since these seem to be under-estimated for NAG2 and overestimated to the same extent for the NAG6 residue. These deviations
between experimental and simulated data could arise from less accurate
integration of the NMR peaks, due to spectral overlap. It should be noted,
though, that the simulation predicts that the STD-AF of NAG6-Ac is even
stronger than that measured in the experiment. Buildup curves of STD-AFsim
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of the MD and X-ray ligand B models and experimental STD-AF are
presented for selected resonances in Figure 4.8. The results from the
CORCEMA-ST-CSD simulations are in very good agreement with the X-ray
models when the RAM8 residue is excluded. The agreement is equally good
when the MD model is evaluated including all of the residues (RNOE = 0.32
and 0.53 for irradiations at 0.4 and 7 ppm, respectively). The reason for this
is that the dynamic nature of the reducing end is accounted for in the MD
simulations. It should be noted that the CORCEMA-ST-CSD results are
calculated without any major iteration of physical parameters (e.g., c-protein,
c-ligand, KD etc.) but instead are used as initially estimated.

Table 4.4. Average atomic displacement factors (ADF) for C1-C5 and O5 for all six
octasaccharide ligands in the X-ray crystal structure and atomic root mean square deviation
(RMSD) from MD simulation compared to crystal structure.
Residue
RAM1
NAG2
RAM3
RAM4
RAM5
NAG6
RAM7
RAM8

X-ray ADF /Å2
22.2±6.6
25.7±7.6
28.8±6.3
17.8±5.2
25.6±5.7
24.8±4.9
29.7±5.4
46.5±5.4

MD RMSD /Å
0.79±0.28
0.98±0.24
0.94±0.22
1.00±0.22
1.09±0.20
1.49±0.26
1.27±0.40
2.04±0.23

4.5. Conclusion and outlook
The binding mode of a Shigella flexneri octasaccharide and Sf6TSP as
observed in the X-ray crystal structure has been verified to also be valid in
solution by two different techniques, namely MD simulations and NMR
spectroscopy. All three methods give clear indications that the ligand is
flexible towards the reducing end when bound to the protein, an observation
that can explain why octasaccharides, and not tetrasaccharides, are the
hydrolytic product of the protein. Mutations have shown that hydrolysis
takes place at the binding site of RU2, between RU2 and RU3. The ligand
flexibility at the reducing end can be interpreted as low affinity of RU2 at
binding site two. The major contribution to the PS binding appears at
binding site one whereas the hydrolytic reaction that takes place at site two,
thereby forming octasaccharide products.
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It is interesting that the binding site of Sf6TSP has such a low occurrence
of aromatic residues which normally are important in carbohydrate
recognition, mainly due to their ability to facilitate enthalpic CH-
interactions. Hydrogen bonding appears to be the dominating binding force
of the octasaccharide to Sf6TSP but the enthalpic contribution from
hydrogen bonds is not necessarily the largest contribution to the overall
binding. The hydroxyl groups at the binding site are likely hydrated in the
non-bound protein form and thus favorable enthalpic interactions will be lost
upon binding. However, the release of water is likely to have a positive
entropic effect on the binding. This reasoning could explain why ITC
measurements have not been successful in quantifying binding affinities for
this system, as the method relies on enthalpic changes of the system upon
binding. In a previous study92 it was shown that the conformational changes
that occur in a lectin upon binding increase the protein flexibility, resulting
in a favorable entropic contribution to the binding. The MD simulations of
the binding of a dodecasaccharide have suggested an induced fit mechanism
for Sf6TSP and it is possible that a similar scenario is valid also for Sf6TSP.
Importantly, a new approach to analyze NMR STD data, namely
CORCEMA-ST-CSD approach, was presented in which the line-broadening
of protein chemical shifts, caused by transverse relaxation, is taken under
consideration in the simulation of STD data. The method gives a more
accurate description of the protein saturation, thus reducing possible errors
associated with force fitting, and producing significantly better results than a
classical CORCEMA-ST approach. Both CORCEMA-ST approaches still
rely on accurate chemical shifts; however, predicted chemical shifts were
utilized in this study since experimental chemical shifts are not available for
Sf6TSP at present. The accuracy of the predicted chemical shifts is limited
(Figure 4.6B) and it is likely that a better prediction would result in lower
RNOE without fine-tuning the frequency of the simulated saturation. Still,
small conformational differences between models (evident in differences in
RNOE for ligands A – E in the X-ray crystal structure) were detected with the
CORCEMA-ST-CSD approach, which highlight the sensitivity of the
method.
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5. Molecular Dynamics and NMR Spectroscopy
Studies of E. coli Lipopolysaccharide
Structure and Dynamics (paper III)

5.1. Background
As pointed out in chapter 1, the LPS of the outer membrane is the first line
of defense for gram-negative bacteria and it is also what the human immune
system recognizes in case of infection.5 It is therefore of essence to obtain a
deeper understanding of LPS biological function and to investigate how the
LPS composition affects membrane properties, since this possibly could
influence the permeability of small molecules (e.g., antibiotics). Paper III
examines the results from the most comprehensive all atom MD simulations
of an Escherichia coli outer membrane to this date. This chapter describes
how 1H,1H-NOESY NMR experiments have been utilized to validate the O6
PS conformation observed in the MD simulations.
E. coli bacteria of serotype 6 O-antigen are normally non-pathogenic and
are found in the natural bacterial flora in the intestine of man. One strain of
E. coli with a semi-rough (i.e., LPS of one RU) O6 antigen, (viz., Nissle
1917) has probiotic properties and is used as a medicinal agent
(Mutaflor).93-95 However, certain strains can acquire virulence factors and
become pathogenic causing infectious diarrhoea (enterotoxigenic E. coli,
ETEC) and urinary tract infections (uropathogenic E. coli, UPEC).82
The O6 LPS membrane serves as a good model system for LPS in general
since the monosaccharides in the O6 PS are among the most abundant found
in E. coli O-antigens and the topology pattern of the O6 repeating unit is the
most common one.82 The O6 PS is composed of a pentasaccharide repeating
unit (Figure 5.1); a four residue backbone containing an N-acetyl-D-glucosamine (A), two -D-mannoses (B and C) and an N-acetyl-D-galactosamine (D), and a branching -D-glucose residue (E) connected
to the latter (C) mannose residue.96
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5.2. NMR assignment of an O6‐antigen PS sample
NMR experiments were performed on a sample of O6 PS in D2O.96 The
chemical shifts of the PS (Table 5.1) were assigned using predicted chemical
shifts of the CASPER program,38 which were confirmed experimentally by
1
1
1
1
H,13C-HSQC,
H,13C-H2BC,
H,13C-HMBC
and
H,1H-TOCSY
experiments. In addition, two low-intensity doublets were observed just
up-field of the HD1 resonance (Figure 5.2B). These signals could relate to
anomeric protons of terminal residues, residual core saccharides or
saccharides that have been degraded from the LPS. A diffusion filtered 1H
NMR experiment was performed to establish whether the observed signals
were related to residues of the PS chain or if they emerge from smaller
molecules in the solution which would not be detected in this experiment
due to their rapid translational diffusion. The resulting spectrum (Figure
5.2C) revealed that one of the signals indeed relates to the PS. The signal
was assumed to belong to the terminal -D-GalpNAc (D’) residue after
comparing the chemical shifts of the spin system, acquired with a
1
H,1H-TOCSY experiment, with the chemical shifts of a terminal
-D-GalpNAc residue in an O6 pentasaccharide predicted by the CASPER
program. The average chain length of the PS in the sample was calculated to
be 16 repeating units from the HD1/HD1’ integral ratio, extracted from a
1
H NMR spectrum which had been resolution enhanced to minimize the
spectral overlap (Figure 5.2B).

OH

D

O
O

HO
AcHN

C

O

HO
HO

O

A

B
HO
O
HO

HO

HO
O HO
O

O

O
AcHN

O
HO
HO HO

OH

E

Figure 5.1. The chemical structure of the O6 antigen repeating unit.
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Table 5.1. 1H and 13C NMR chemical shifts (ppm) at 48 °C of resonances from the O-antigen
polysaccharide of E. coli O6 and interresidue correlations from a 1H,13C-HMBC spectrum.
Sugar Residue
→3)--D-GlcpNAc-(1→b

A

→4)--D-Manp-(1→

B

→2,3)--D-Manp-(1→

C

→4)--D-GalpNAc-(1→c

D

-D-Glcp-(1→2)

E

1
4.91
99.08
4.79
101.22
4.81
101.38
5.32
99.8
4.68
104.36

2
4.13
53.69
3.98
71.12
4.38
78.57
4.3
50.76
3.39
74.42

3
4.02
81.4
3.83
72.33
3.87
77.14
4.07
68.02
3.52
76.32

4
3.68
68.98
3.83
77.6
3.83
67.57
4.08
78.22
3.43
70.3

5
4.17
72.56
3.56
75.81
3.46
77.47
4.3
73.27
3.43
76.95

HMBCa
C4, D
H4, D
C3, A
H3, A
C4, B
H4, B
C3, C
H3, C
C2, C
H2, C

6
3.78, 3.84
60.95
3.74, 3.89
61.36
3.80, 3.94
61.1
3.75, 3.78
61.85
3.73, 3.86
61.74

a

Correlation to atom (from anomeric atom)
Chemical shifts for NAc are H 2.11; C 22.72 and 174.96
c
Chemical shifts for NAc are H 2.05; C 22.90 and 175.35
b

A

D 2O

N-acetyl

Sugar
bulk

Anomeric
region
TSP
6

4

B

2

HD1

0
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C
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H /ppm

Figure 5.2. 1H NMR spectra of the O6 antigen PS showing the full spectrum (A), a zoomed
region processed with resolution enhancement and with the integral depicted (B) and a
diffusion filtered 1H spectrum (C).
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5.3. Conformational analysis by NOESY
Thirteen 2D 1H,1H-NOESY experiments, with mixing times between 35 to
165 ms, were performed in order to study the conformation of O6-antigen
PS in solution (Figure 5.3). NOE buildup curves were constructed by two
different approaches, either as classical buildup curves or by the PANIC
approach.97 In a classical buildup curve, the cross-peak volumes are plotted
as a function of mixing time and ij can be extracted from the slope, if
applying the initial rate approximation (i.e., neglecting the spin-lattice
relaxation).

4.9
D4
5.1

D1

C3

C2
4.4

4.2

4.0
3.8
1
H /ppm

H /ppm

4.7

C2

B1
C1
A1

1

E1

5.3
3.6

3.4

Figure 5.3. Part of a 1H,1H-NOESY spectrum (mix = 160 ms) with selected O-antigen
resonances annotated.

Incorrectly estimated -rates can be a consequence of nonlinear buildup
caused by either spin-diffusion (i.e., enhancement of the NOE due to transfer
of magnetization by intervening spins) or by auto relaxation that results in a
reduction of the NOE. However, if initial rates can be assumed by
employing reasonable short mixing times, errors related to both these
phenomena will only have a negligible contribution to the NOE.55 Therefore
constraints were added to an iterative linear fitting procedure of classic, in
which the last data point was removed until the coefficient of determination
(R2) was at least 0.9 and the y-axis intercept was less than 5% of the value at
the longest mixing time in order to secure that the initial rate approximation
was valid (Table 5.2).
In the PANIC approach, the spin-lattice relaxation is taken under
consideration by normalization of cross-peak volumes with the diagonal
peak volume from the same experiment (in this case the diagonal peaks of
the anomeric protons were used since these were relatively well resolved and
the average peak volume was taken for HB1 and HC1 due to spectral overlap).
This procedure also has the advantage over a classical approach by
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compensating for errors due to experimental variations between the
measurements. By utilizing the same fitting procedure as for the classical
buildup curve, PANIC were calculated (Table 2, Figure 5.4A-B). Using a
classical approach generally yielded lower  and R2 compared to the results
from the PANIC approach, which is likely explained by spin-lattice
relaxation and so PANIC were employed in the consecutive analysis.
Effective 1H-1H distances (rij) can readily be calculated from ij if a
reference proton pair with known ref and rref is available and the ISPA can
be used, by utilizing Equation 5.1. Assumptions for ISPA conditions are that
initial rates are used, spin-diffusion is negligible and that spin pairs have
similar dynamics.55
/

(5.1)
Effective 1H-1H distances, calculated from PANIC, are reported in Table 5.2,
together with r6 averaged distances from the MD simulations of LPS with
O6-antigen of ten repeating units (LPS10).

Table 5.2. Proton-proton cross relaxation rates ( in s1) compiled by either the classic or
PANIC approach and effective proton-proton distances (in Å) calculated from PANIC (rPANIC)
or the LPS10 MD simulation (rMD).
Proton pair

classic

PANIC

rPANIC

rMDa

A1-A2

0.87

1.62

2.22

2.43

B1-B2

0.39

0.82

2.49

2.43

B1-B5

0.64

1.35

2.29

2.36

C1-C2

0.33

0.61

2.61

2.47

C1-C3

0.56

1.19b

2.34

2.34b

C1-C5

0.37

0.76

2.57

2.36

E1-E3

0.29

0.46

2.73

2.47

A1-D4

0.34

0.60

2.62

2.20

B1-A3

0.43

0.95

2.46

2.24

D1-C3

0.75

1.31

2.30

2.28

E1-C2

0.59

1.07

2.38

2.46

B5-A3c

0.12

0.23

3.01

3.82

D1-C1c

0.11

0.21

3.09

4.59

D1-C2c

0.11

0.24

3.04

3.89

D1-C5c

0.06

0.11

3.39

4.20

a

Standard errors are smaller than 0.01 Å for all the proton pairs.

b
c

Used as a reference in the rPANIC calculations.

Spin-diffusion identified
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For intraresidue proton pairs, deviations between rLPS5 or rLPS10 and rNMR
are less than 0.3 Å. For certain interresidue proton pairs, namely HD1-HC1,
HD1-HC2, HD1-HC4, HB5-HA3 and HA1-HD4 the deviations are distinctly larger.
These observations can be explained (except for HA1-HD4) by the presence of
spin-diffusion, thus preventing ISPA to be applied. The matlab-based
program SIMMA98 enables investigation of spin-diffusion by full-matrix
relaxation simulations of the system with and without intervening protons
that may cause spin-diffusion. A MF approach was utilized to describe the
spectral density function needed for the calculation of NOE in the
simulation. A global correlation time of 6 ns was assumed and the internal
correlation time, e, and S2 were fitted from the auto decay of the HA1 and
HD1 diagonal peaks in SIMMA.99 Classical NOE buildup curves were
simulated for the deviating proton pairs with and without intervening protons
that could possibly cause spin-diffusion enhancements (Figure 5.4C-D).
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Figure 5.4 (A) The PANIC plot of the intraresidue proton pair HC1-HC3 where the slope of the
fitted curve corresponds to C1-C3. (B) The PANIC plot of the interresidue proton pair HA1-HD4
where the slope of the fitted curve corresponds to A1-D4. (C) Experimental NOE buildup of
HD1-HC1 (squares) compared to simulated NOE buildup where the HC3 spin has been included
(solid line) or excluded (dashed line) in the calculations. The difference between the two
simulated curves shows that spin-diffusion through HC3 is responsible for an enhancement of
D1-C1. (D) Experimental NOE buildup of HD1-HC3 (squares) compared to simulated NOE
buildup for the same proton pair (solid line).
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The significant deviation between experimental and simulated for A1-D4
could not be attributed to spin-diffusion. However, by examining the MD
population distribution of the glycosidic torsion angles (Figure 5.5) it can be
deduced that the conformation around the A-D glycosidic linkage is flexible
and that it can be described by a two state model with a major state
(HAHA93°, 95°)i and a minor state (HAHA81°, 128°), populated in
a 2:1 ratio. In the minor state, rA1-D4 is 0.26 Å longer than in the major state
and it is possible that the distribution should be shifted towards the minor
state to bring the experimental and simulated distances in agreement. A
related discrepancy between simulated and experimental rH1’-H4 in methyl
-maltoside has been observed previously100 when using a similar force field
parameterization in the MD simulation.
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Figure 5.5. Probability density plots of the glycosidic torsion anglesiand  in O6 antigen
repeating units from the LPS10 MD simulation. Contour levels include 99%, 90%, 80%,
70%, 60%, 50%, 40%, 30%, 20% and 10% of the data points. Two population states with an
approximate ratio of 2:1 were found for the glycosidic linkage between the A and D residues
(marked by dashed rectangles).

i

The following glycosidic torsion angle definitions are adopted: = O5’-C1’-OX-CX and
= C1’-OX-CX-C(X-1).
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5.4. MD results
The focus of this chapter is how NMR spectroscopy has been utilized in the
validation of MD simulations. Yet, this section will present a brief summary
of the results from the MD simulations and a more thorough coverage is
available in paper III.
The inclusion of an O-antigen to the LPS resulted in a looser packing in
the membrane (higher area per lipid, paper III, Table 2) and elongation of
the O-antigen leads to a less expanded polymer deeper in the membrane due
to reduced flexibility (paper III, Figure 5). Moreover, the LPS molecules
tended to be more extended in a membrane of homogeneous O-antigen
length. In a heterogeneous membrane, the long LPS molecule starts to bend
due to the lack of support from adjacent LPS molecules (paper III, Figure 9).
Root-mean-square fluctuations for heavy atoms in the MD simulations
revealed that the terminal sugar residues of the O-antigen tend to be more
flexible whereas the opposite was observed for the residues in the core
(paper III, Figure S3). Ca2+ ions are known to be intercalated between LPS
molecules thus stabilizing the membrane by forming a cross-linked
network,101 explaining the reduced flexibility in the core region. The
crosslinks were shown to involve the carboxylate groups of the Kdo residues
as well as the phosphate groups but at the same time the Ca2+ ions remained
partially hydrated (Figure 5.6 and paper III, Table S3).

Figure 5.6. An example of calcium ion coordination sites in the LPS0 bilayer between two
adjacent LPS0 molecules, colored in yellow and green, respectively. The calcium ion is
coordinated with two phosphate groups from the neighboring LPS molecules, one carboxylate
group, and three water molecules.
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Molecular density profiles revealed that the sugars of the LPS were well
hydrated (paper III, Figure 8). Ca2+ remained situated in the core region
whereas other ions (viz., Cl- and K+) were more mobile in the O-antigen and
core regions but an increased length of O-antigen reduced the ion
permeability in the membrane (paper III, Figure S7).

5.5. Conclusions and outlook
The MD simulations presented in this paper is a great example of how the
rapid development of computers has expanded the possibility of studying
large biological systems at an atomic level. Comparing the longest MD
simulation of a carbohydrate molecule 1991, which contained a single
disaccharide (48 atoms) in a small water box and was < 1 ns long102 with the
most comprehensive MD simulation presented in our paper, which contained
up to 192’000 atoms describing not only 130 carbohydrates but in addition
lipid residues, solvent molecules and ions and which ranged 100 ns, shows
how great this impact has been.
MD simulations of outer membranes of gram-negative bacteria as
presented here have the potential to be a key step towards fully
understanding the physical properties of biological membranes (e.g.,
permeability) which could lead the way for new, more efficient antibiotics.
However, theoretical approaches and calculations still rely on experimental
verification in order to be fully credible and this is not easy to achieve for a
system like this. There are obvious limitations in our validation since the
NMR experiments are not performed on packed LPS in a membrane but
rather on a PS in solution. Another complication is that the 1H,1H-NOESY
experiments give information on local conformation around the glycosidic
linkage whereas the secondary structure of the PS is difficult to predict
because of the flexibility associated to the glycosidic linkages, although
small in this case, still can give rise to large changes in the overall
conformation of the PS. Nevertheless, we have shown experimentally that
the local conformation of the PS in solution resembles the results from the
MD simulations, thus verifying the results experimentally.
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6. Conformational dynamics and exchange
kinetics of N‐formyl and N‐acetyl groups
substituting
3‐amino‐3,6‐dideoxy‐α‐D‐
galactopyranoside, a sugar found in
bacterial
O‐antigen
polysaccharides
(paper IV)

6.1. Background
The different types of monosaccharide found in the human glycome are
limited to ten; however, the diversity in bacteria is far greater as more than
135 monosaccharides have been reported.103 Derivatives of 3-amino3,6-dideoxy-D-galactopyranose (D-Fucp3N), the 27:thii most abundant
monosaccharide fragment in the bacterial glycome, are investigated in this
chapter.
The amino functionality of D-Fucp3N is often amide substituted,
generally by acetyl groups. Also formyl substitution has been found in
O-antigens of pathogens such as Salmonella enterica O60 that causes
salmonellosis104 and Providencia alcalifaciens, a bacterium related to
traveler’s diarrhea.105 MD simulations of oligosaccharides containing
N-acetylglucosamine have shown that the conformation and dynamic of the
N-acetyl group can influence the conformation of glycosidic linkages of
other residues.84,106,107 The role of the N-acetyl groups as conformational
gatekeepers may have intrinsic effects on binding events. In paper IV, NMR
spectroscopy is employed to investigate the conformation and the dynamic
behavior of the N-formyl (1) and N-acetyl (2) side-chains of D-Fucp3N
derivatives (Figure 6.1). The specific 13C isotopic labeling of the amide sidechains makes measurement of 13C homonuclear J-couplings feasible in an
efficient manner. Also, the sensitivity enhancement (~100 fold) gained by
isotopic labeling facilitates more rapid and accurate 13C NMR experiments,
herein capitalized to study chemical exchange in the sugar.
ii

Number estimated March 28, 2015 using the Bacterial Carbohydrate Structure Database
(http://www.glyco.ac.ru/bcsdb3/). Anomeric forms were combined. Monomers comprised of
non-sugar, monovalent constituents, aliases/superclasses or aglycons were excluded.
Residues with undefined configurations or ring sizes were also excluded.
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Figure 6.1. Structures of the compounds synthesized and investigated in this study;
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site-specifically 13C isotopically labeled compounds [1’-13C]--D-Fucp3NFo-OMe (1C1’), [1’13
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6.2. Conformation analysis
The conformations of the amide substituents are described by the two torsion
angles θ1 and θ2 (Figure 6.2). NMR spectra acquired at room temperature of
1 and 2 in either DMSO-d6 or D2O reveal the presence of two separate
conformers with major/minor ratios 4:1 and 80:1 for the N-formyl and the
N-acetyl derivatives, respectively.
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Figure 6.2. Top: The two torsion angles 1 (defined as H3-C3-N-HN) and 1 (defined as
N-HN-C1’-O) describing the amide side-chain conformation. Bottom: The four idealized
conformations of -D-Fucp3NR-OMe (1 R=H; 2 R=Me).
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QM energy calculations with implicit solvents were carried out to
investigate the energy landscape of the θ1 and θ2 torsions. High energy
barriers were found for s-cis, s-trans rotation of θ2 as anticipated for an
amide bond (paper IV, Figure 3).108 Furthermore, low energy conformations
were found for θ1 when the amide had an s-trans orientation. These
low-energy θ1 conformations enable intramolecular hydrogen bonding of
OH4 foremost, but also of OH2, to the amide oxygen (for θ1 = 80° and 285°,
respectively).
J-couplings were measured to facilitate conformational analyses.
Homonuclear proton couplings were extracted by spectral fitting using the
PERCH spin simulation software. J-couplings involving HN were only
available in DMSO-d6 due to solvent exchange in D2O. A four-bond
J-coupling was also observed between H3 and HFo in 1major. Vicinal 3JCH
couplings were measured with J-HMBC experiments and the related 3JCC
couplings were measured by employing the J-doubling method on doublets
in 13C NMR spectra of 1C1’, 2C1’ and 2C2’. All the measured couplings are
presented in Table 6.1.
Theoretical vicinal J-couplings were calculated from related Karplus
equations.43,109,110 The RMSDs between calculated and experimental
J-couplings measured in DMSO-d6 were then calculated for different θ1 and
θ2 torsions angles (Figure 6.3). For the θ2 torsion in 2major, two RMSD
minima are found close (±30°) to θ2 = 180°. Amide bonds do have a flat
energy well but they are not anticipated to be out of planarity by more than
10°.108 This deviation is likely caused by that only two J-coupling constants
are accounted for in the calculations. Also, the HN-C2' J-coupling was not
determined in the J-HMBC experiment, but was instead assumed to be zero
which limits the precision in the calculations. The RMSD was overall high
for θ2 in both 1major and 1minor. The Karplus equations used for HFo
Table 6.1. Measured J-couplings (in Hz) at room temperature.
DMSO-d6
Spin pair
1major
1minor
C1'-C2
1.47
n.d.b
C1'-C4
n.d.b
1.48
C1'-H3
2.69
4.99
1
HN-C2
n.d.
n.d.
HN-C4
n.d.
n.d.
HN-H3
8.38
9.67
HN-HFo/C2'
1.85
11.72
2
C3-HFo/C2'
5.85
2.17
4
JHH H3-HFo
0.83
n.d.
a
From reference 111
b
Set to zero in RMSD calculations
n.d. = not determined

2major
1.90
0.71
3.53
3.16
n.d.
8.07
n.d.b
1.70
-

1major
1.52
0.76
3.12
5.02
0.58a

D2O
1minor
1.14
n.d.
5.59
1.15
n.d.

2major
1.78
0.76
3.37
1.65
-
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J-coupling calculations were originally derived for proteins and may not be
appropriate for this system. Still, these calculations can be utilized in a
qualitative analysis that confirms that 1major has adopted an s-trans
conformation whereas the 1minor has an s-cis orientation, since the lowest
RMSD was closer to θ2 = 180° than 0° for 1major and at θ2 = 0° for 1minor.
The lowest RMSD found for the θ1 torsion was at θ1 = 150° for both 1major
and 2major (RMSD = 0.55 and 0.57 Hz, respectively). In the case of 1minor,
three minima were observed at θ1 = 30°, 205°, 330° (RMSD = 1.0, 0.97 and
1.3 Hz, respectively). The absence of high energy barriers in the calculated
energy landscape of the θ1 torsion indicates that this bond is flexible. This is
also
supported
by
observations
in
MD
simulations
of
N-acetylglucosamines.107,112 To test this, different two- or three-state models
were examined by fitting populations to the RMSD that was calculated from
the J-coupling contributions of each state. Allowing hydrogen bonding to
OH2 and OH 4 in the models of 1major and 2major did not improve the RMSDs
to any great extent. Instead, the best results were achieved when three-state
models including θ1 = 180° and 140° states were examined. The third states
were populated to < 15 % in these models and thus, a two-state model of
θ1 = 180° and 140° was considered to be the most appropriate for this
system. This model gave an improved RMSD (0.38 Hz for both compounds)
when both states were populated almost equally. An anti-trans conformation
of 1major in DMSO-d6 was also indicated by evaluation of atom-atom
distances calculated from a 1H,1H-NOESY experiment. This arrangement
(θ1, θ2; 180°, 180°) gave the best result when comparing experimental and
theoretical values (RMSD = 0.12 Å). Wagging the side-chain around the θ1
torsion from 180° to either 140° or 220° increases the RMSD slightly
(RMSD < 0.18 Å). However, the RMSD increases dramatically for
conformations allowing intramolecular hydrogen bonds (RMSD = 0.40 and
0.61 Å for θ1 = 60° and 285°).
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4
2
0

0
0

60

120 180 240 300 360
θ1 /°

0

60

120 180 240 300 360
θ2 /°

Figure 6.3. RMSD between experimental J-couplings measured in DMSO-d6 (Table 6.1) and
theoretical J-couplings calculated in absolute values using Karplus equations43,109,110 for the θ1
(A) and the θ2 (B) torsions. Colors correspond to 1major (blue), 1minor (red) and 2major (green).
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J-coupling analysis of data acquired in D2O is more difficult to interpret
since fewer J-couplings are available due to solvent deuterium exchange.
The RMSD curves from D2O data resemble the corresponding ones for
DMSO-d6 but with additional or less pronounced minima, a result of
excluding the HN-H3 J-coupling (data not shown).

6.3. DNMR
The presence of chemical exchange due to the θ2 cis-trans isomerization is
evident when inspecting 1H NMR spectra of 1 at elevated temperatures
(Figure 6.4). At 100 °C the major and minor resonances of H1 and H5
coalesce, a sign of intermediate chemical exchange. Raising the temperature
to 140 °C results in the averaging of resonances, as expected under fast
chemical exchange conditions.
Line-shape analysis of the NMR spectra in Figure 6.4 facilitated the
extraction of kex. However, line-shape analysis of 2 was not feasible due the
low abundance of the minor conformer. Furthermore, line-shape analysis of
spectra acquired in D2O was not performed due to that the coalescence
temperature is close to the boiling point of solvent. A disadvantage with
line-shape analysis is that it does not allow for direct access of the specific
rate of each individual transition (ki where i = major→minor or
minor→major) but rather the sum.
→

(6.1)

→

However, the individual rate constants can be calculated from kex, but
they do then rely on an accurate estimation of the equilibrium constant (Keq),
which can be calculated from peak intensities (I) in an NMR spectrum.
H3major

H1

H5

H2major *
140 °C
120 °C
100 °C
80 °C
60 °C

4.6

4.4

4.2
1

4.0
H /ppm

3.8

3.6

Figure 6.4. 1H NMR spectra of 1 in DMSO-d6 recorded at 600 MHz, illustrating the
coalescence of peaks due to chemical exchange. The asterisk marks the overlapped region of
H3minor, H4 and H2minor.
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→

(6.2)

→

The 13C isotopically labeled compounds made the extraction of rate
constants feasible by 13C ST experiments at slow chemical exchange for
each sugar in both solvents. In the experiment, the perturbed magnetization
of a resonance (C1’) is monitored upon saturation of the corresponding
resonance in the other conformer. The experiment is repeated with different
saturation times and the rate constant of the transition can be fitted to peak
intensities if the T1 relaxation time is known (Figure 6.5). Saturations of the
C1’ resonances in both conformers in both solvents were carried out except
for 2major due to the low abundance of the minor conformer in this
compound. The fitted rate constants are given in Table 6.2.
Table 6.2. Chemical exchange rates (s1) measured with 13C ST experiments.
Sample
1C1' DMSO-d6

2C1' DMSO-d6

1C1' D2O

2C1' D2O
a

T /°C
75
65
55
75
65
55
75
65
55
75
65
55

T1, major /s
1.61
1.33
1.08
8.18
6.70
5.58
3.03
2.57
2.07
15.30
13.20
10.90

T1, minor /s
1.83
1.66
1.46
n.d.a
n.d.a
n.d.a
3.26
2.93
2.54
n.d.a
n.d.a
n.d.a

kmajor→minor
0.948
0.429
0.135
1.19
0.550
0.224
0.461
0.225
0.112
0.458
0.211
0.107

kminor→major
2.43
1.07
0.384
85.9b
37.1b
12.6b
1.32
0.596
0.254
22.5b
9.05b
4.80b

Not determined
Calculated from kmajor→minor and Keq by employing Equation 6.2.

b

Intensity

1

0.5

0

0

2
4
Saturation time /s

6

Figure 6.5. The intensity decay of the minor C1’ peak in 13C ST experiments performed on
1C1’ in D2O at 55 °C (blue), 65 °C (purple) and 75 °C (red).
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6.4. Energy barriers
Transition rate constants can be utilized in the calculation of transition
being the
energy barriers (∆ ‡ ) by employing the Eyring equation (with
Boltzmann constant and R the gas constant).27
∆ ‡

(6.3)

/
versus 1/ both transition enthalpies (∆ ‡ ) and
From a plot of ln
‡
entropies (∆ ) can be extracted by multiplying the negative slope and
intercept with R.
An Eyring plot of 1 in DMSO-d6 containing data of both line-shape
analysis and 13C ST experiments illustrate the difficulties of quantifying kex
accurately with the line-shape analysis method (Figure 6.6A). There is a
good correlation between the line-shape analysis data obtained at high
temperature and the 13C ST data, but the agreement is poorer for lower
temperatures (60 and 80 °C). This is due to a low degree of coalescence at
these temperatures, thus making the line distortions less pronounced as they
mainly are causing broadening of peaks. Line-broadening can also be caused
by poor shimming, relaxation or other chemical exchange processes, effects
that are accounted for with the lb parameter in the simulations of spectra.
The low precision in the kex obtained at lower temperatures is a result of that
both lb and kex give rise to the same kind of distortions at slow exchange.
However, the agreement between 13C ST and high temperature line-shape
analysis data is encouraging and validates the accuracy of the 13C ST data.

B

-24

-28

-30
-31

-30
-32
2.4

-28
-29

-26
ln(kih/TkB)

ln(kexh/TkB)

A

2.8
−3
10 ×1/T

3.2

-32
2.8

2.9
3.0
−3
10 ×1/T

3.1

Figure 6.6. (A) Eyring plot of the line-shape analysis data of 1 in DMSO-d6 from (green) and
13
C ST data of 1C1’ in DMSO-d6 (red, calculated employing Equation 6.1). Lines show the
linear regressions of line-shape analysis (green), 13C ST (red) and both data sets (black
dashed). (B) Eyring plots of kmajor→minor (circles) and kminor→majar (crosses) measured with 13C
ST experiments for compound 1C1’ in DMSO-d6 (red) and in D2O (dark blue) and of
compound 2C1’ in DMSO-d6 (orange) and in D2O (light blue).
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Transition enthalpies and entropies, extracted from Eyring plots
(Figure 6.6B) or calculated using Equation 6.2 are presented in Table 6.3.
These quantities were utilized to also calculate free energies of activations
∆ ‡ at room temperature. It is evident that all ∆ ‡ are of the same order
(~20 kcal·mol1) for all solvents and compounds, except for minor→major
transitions in 2 which are ~2 kcal·mol1 lower. These ∆ ‡ are similar to the
results obtained for N-formyl- and N-acetylglucosamines in reference 113
and as for other amides.114 Some trends can also be distinguished from the
thermodynamic data. The enthalpy contribution is lower and the entropy
more unfavorable for transitions in D2O. This observation may be explained
by a stabilization of the transition-state by a hydrogen bond donation from a
solvent D2O molecule, which is not possible in the aprotic DMSO-d6
solvent. The same trend is observed for the major→minor transitions in both
solvents, with respect to reverse transitions. However, 1C1’ in DMSO-d6
∆ ‡ deviate to a smaller extent
stands out as an exception as both ∆ ‡ or
between the transitions.
Table 6.3. Transition state energies given in kcal·mol1.
ΔH‡
Transition
major→minor
21.5(2.0)
1C1’ DMSO-d6
minor→major
20.3(1.0)
major→minor
18.3(0.5)
2C1’ DMSO-d6
minor→majora
21.1(1.2)
major→minor
15.3(0.4)
1C1’ D2O
minor→major
18.0(0.1)
major→minor
15.8(0.9)
2C1’ D2O
minor→majora
16.8(2.1)
a
Using calculated rates, see Table 6.2.
Sample

-TΔS‡298
-0.8(1.8)
-0.4(0.9)
1.8(0.4)
-3.2(1.0)
4.9(0.4)
1.9(0.1)
4.5(0.8)
1.3(1.9)

ΔG‡298
20.6
19.9
20.1
17.9
20.2
20.0
20.3
18.2

R2
0.991
0.998
0.999
0.997
0.999
1.000
0.997
0.985

6.5. Conclusions
QM energy calculations indicated that the amide side-chains in 1 and 2 are
likely to form intramolecular hydrogen bonds. However, the required
conformations were not confirmed experimentally by NMR spectroscopy.
Instead, the θ1 torsion seems to be wiggling in a +anti-periplanar
conformation, thus minimizing the possibility of steric clashes between the
amide oxygen and the sugar.
The cis-trans isomerizations around the θ2 torsions were found have
energy barriers similar to that in N-acetylglucosamine. Interestingly, the
energy barriers seem to have lower enthalpy and higher entropy
contributions in D2O compared to DMSO-d6. This observation could be
explained by the ability of D2O to donate a hydrogen bond to the amide
oxygen in the transition state.
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7. Investigation of glycofullerene dynamics by
NMR spectroscopy (paper V)

7.1. Background
Pathogenic adhesion to host cells can be prevented by utilizing sugar decoys
that interrupt the recognition between the involved lectins (i.e., carbohydrate
binding proteins) and glycans. Glyco-functionalized macromolecules are
appropriate decoys since these molecules are decorated with glycan binding
motifs, in analogy to membranes. The binding motifs are linked to a
molecular scaffold (e.g., polymers, dendrimers, fullerenes, or gold
nanoparticles). The multivalent properties of these compounds can enhance
the binding affinity due to cooperative effects, thus strengthening an
otherwise weak interaction of a single binding motif.11,13,14,115
This chapter explores the molecular properties of macromolecule 3 and 4,
which represent two different dendrimeric generations of mannofullerenes
(Figure 7.1)116,117 The increase in generation is achieved by extending and
branching the linker, thus resulting in an increased valency for the larger
compound (12 and 36 sugar motifs per molecule of 3 and 4, respectively).
The glycofullerenes are able to bind efficiently to DC-SIGN (2 µM and
0.3 µM IC50 against Ebola pseudoviruses for 3 and 4, respectively).117 The
dynamic behavior of mannofullerenes is here investigated by the means of
13
C NMR relaxation and 1H PFG diffusion experiments to gain a deeper
molecular understanding of these multivalent molecules. The results intend
to benefit the development of pharmaceuticals against viruses like Ebola and
HIV.

3
4
Figure 7.1. Schematic representation of the mannofullerene compounds in this study. Green
spheres = mannoses, pentagons = triazoles, wavy lines = polyethylene glycol linkers and cyan
or magenta spheres = [60]fullerene.
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7.2. 1H PFG Diffusion measurements
NMR spectroscopy of macromolecules requires pure and homogeneous
samples. A peak with spectral overlap caused by heterogeneity will have
contribution from the different molecules, which each has specific dynamics,
thus resulting in inaccurate measurements. The 1H DOSY experiment is an
efficient method to assess the homogeneity of the sample, since linkage
hydrolysis is likely to change the diffusivity of the molecule. A DOSY
spectrum of 4 is presented in Figure 7.2, confirming the homogeneity of 4. A
similar spectrum was obtained for 3.
Table 7.1 presents quantified diffusion coefficients measured for two
concentrations: 0.25 mg/ml, which was assumed to be dilute conditions
(D0)118 and 25 mg/ml (Dt), the sample concentration used for 13C NMR
relaxation measurements. The radii of hydration (rH) calculated using
Stokes-Einstein equation, are also presented. The large increase in rH for 3
upon increasing concentration may be explained by aggregation of this
compound.

Table 7.1. Diffusion coefficients measured under dilute (D0) and concentrated (Dt) conditions
and calculated rH,0 and rH,t. Standard deviations are given in parenthesis.
Compound
3
4

D0  /cm2·s1
159(7)
74.4(2.6)

Dt  /cm2·s1
90.7(5.0)
83(0.5)

rH,0 /Å
12.5
26.7

rH,t /Å
21.9
24.0

HDO
−6.5

−5.5

log(Dt)

−6.0

−5.0
−4.5
9

8

7
1

5
6
H /ppm

4

3

Figure 7.2. A 2D 1H DOSY spectrum of 4. The signal from the mannofullerene is present at
log(Dt) = 6.0 and from HDO at log(Dt) = 4.7.
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The change in diffusion upon increasing the dendrimeric generation can
be utilized to estimate the solvation and packing properties of a dendrimer
(in analogy to a glycofullerene). The radius of hydration (rH,0) is inversely
proportional to D0 and has a power dependency on the molecular weight
( , ∝
), with ν being the Flory exponent. A Flory exponent of 0.33
indicates poor solvation resulting in compact dendrimer growth. On the
other hand, extended molecular structures with good solvation are
anticipated to have ν = 0.60 as long as the generation is kept low. For higher
generations the dendrimer growth ceases to be similar to a linear polymer
growth, and crowding of segments increases causing deviations of ν.119,120
The Flory exponent was measured to ν = 0.65 for the mannofullerenes under
dilute conditions, thus indicating an extended structure and good solvation
also for the larger compound.

7.3.

13C

NMR relaxation measurements

The molecular motions of the mannofullerenes were investigated by 13C
NMR relaxation measurements at three different field strengths (viz., 11.75,
14.09 and 16.44 T, corresponding to 1H frequencies of 500, 600 and
700 MHz, respectively). The NOE enhancements (1+η) were measured with
heteronuclear steady state NOE experiments, and calculated as the intensity
ratio of two experiments with either a long or a short proton-saturation time
(Figure 7.3). R1 relaxation rates were fitted from peak intensities measured
with 13C NMR inversion recovery experiments. R2 relaxation rates were
obtained from R2-CPMG experiments, which were performed at only two
magnetic fields, namely 11.75 T and 16.44 T, for sensitivity reasons since
only the spectrometers at these fields were equipped with cryo-probes. The
obtained NMR relaxation data are presented in Figure 7.4. The weaker NOE
and the faster R2 of 3 indicate that this compound is closer to the slow
motion regime (has a longer correlation time) than 4. This observation is
surprising and in contrast to the results from the translational diffusion
measurements, in which a slower Dt was measured for 4.
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Figure 7.3. (A) Heteronuclear NOE spectra of 4 acquired at 16.44 T with either a long (2 s)
or short (1 ms) saturation time (τsat). The two panel diagrams show fits of R1 (B) and R2 (C)
for C1 in 4 at 11.75 T (dashed red) and 16.44 T (solid black). The relaxation rates were
measured with inversion recovery and R2-CPMG experiments.
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Figure 7.4. Average NOE, R1 and R2 parameters of endocyclic carbons in the mannosyl
residues in glycofullerenes 3 (cyan) and 4 (magenta), measured at magnetic field strengths of
11.75 T, 14.09 T and 16.44 T. (Error bars correspond to ±1 standard deviation.)
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7.4. Model‐Free analysis
An MF analysis, employing the software Relax,121 was carried out to
facilitate interpretation of the NMR relaxation data. In Relax, different MF
models are utilized in fitting procedures, and the extended MF122 gave the
best result for both of the mannofullerenes. This model differs from a
classical MF approach by including an additional motion by bisecting the
internal correlation time (τe) in the classical MF approach into a slow (τs) and
a fast (τf) correlation time along with their associated order parameters. This
model is also appropriate in our case since dendrimeric spectral densities
consist of three motions, (i) rotational diffusion, (ii) pulsating motions of
linkers and (iii) local reorientation of the segments.123
The fitted MF parameters using the extended MF approach are presented
in Table 7.2. The low Ss2 parameters for both compounds together with the
associated correlation times explain the remarkable NMR relaxation data;
the spectral density is governed by the slow internal motion (τs) rather than
rotational diffusion. These motions are likely related to the pulsating
motions of the linker which are faster and more pronounced in 4 since a
shorter τs and lower Ss2 was observed for this compound compared to 3.
Table 7.2. Extended MF parameters fitted from 13C NMR relaxation data of mannofullerene 3
and 4 employing the Relax program.
Compound S2
0.17±0.02
3
0.04±0.002
4
a
Calculated as Sf2/S2
b
Calculated from Dt

Sf2
0.81±0.02
0.87±0.04

Ss2,a
0.217
0.051

τs (ns)
0.52±0.04
0.25±0.05

τc (ns)b
11.74
15.32

7.5. Conclusions
The finding that 4 is well solvated and has a flexible and more dynamic
linker than 3 is interesting, as these results can explain the higher inhibition
efficiency of the compound. Cooperative binding effects can be assigned to
preorganization of molecules at a second binding site, thus lowering the
entropy penalty in binding events. However, cooperative effects have also
been attributed to a rebinding mechanism, which relies on a kinetic
description rather than a thermodynamic. The close proximity of binding
motifs at a second binding site enhances binding efficiency due to a “high
local concentration”. This effect benefits from an over-all slow translational
diffusion, flexible linkers and low off-rate energy barriers, which is often the
case for monosaccharide binding motifs.115,124 The design of long, flexible
linkers can thus be crucial for anti-adhesion macromolecules as they appear
to enhance the affinity of the lectin.
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It would be interesting to investigate additional multivalent
macromolecules, and correlate linker flexibility with inhibition efficiency.
Computational approaches are interesting tools for this task as the
advancement of computers has facilitated the calculation of NMR relaxation
data, thus offering new and more detailed interpretation possibilities
compared to MF approaches.59,60 A wise strategy though, would be to utilize
13
C isotopically labeled compounds, as each 13C NMR relaxation data point
take between 6 to 24 h to record, even though concentrated samples are
used.
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8. General conclusions and outlook

Several examples of molecular studies on carbohydrates by the means of
NMR spectroscopy have been presented in this thesis. These studies
highlight the versatility of the technique as they demonstrate the ability to
explore the conformations, dynamics and interactions of glycans in solution.
NMR spectroscopy can be an even more powerful approach when
combined with computational methods in general and MD simulations in
particular. The rapid development of computers has enabled highly detailed
investigations of biological systems on a molecular level, as for the LPS
membrane of E. coli O6. MD simulations are also useful to help interpret
time-averaged NMR observables. The mutual relationship of the two
techniques is fulfilled by the ability to validate calculations experimentally
by NMR spectroscopy.
The capability to investigate the interactions of glycans in solution is
valuable in the quest for new, efficient pharmaceuticals. The study of the
protein Sf6TSP binding of an O-antigen octasaccharide demonstrates that
the bound carbohydrate is not necessarily static, but is in part highly
dynamic. Moreover, the flexible behavior of a ligand can also affect binding
properties. The NMR relaxation study of glycofullerenes exemplifies this, as
binding affinities for macromolecules with flexible multivalent ligands are
suggested to be enhanced by rebinding mechanisms.
This thesis also emphasizes the importance of interdisciplinary
collaborations between pharmacologists, microbiologists and chemists
(including synthetic, computational and analytical) in order to take the
biomolecular science to the next level. In glycoscience, the next step is likely
to include detailed investigations of full glycoconjugates (e.g.,
glycoproteins), a challenge potentially achievable by NMR spectroscopy.
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9. Populärvetenskaplig sammanfattning på
svenska

Kolhydrater är den mest omfattande typ av biomolekyler på vår jord. De kan
skapas av växter genom fotosyntesen för att magasinera energi och är en
viktig energikälla för människan, både som föda och som bränsle.
Kolhydrater är även biologiskt intressanta då de täcker cellmembran och
proteiner, där de har egenskaper som är viktiga för omvärldens identifiering
av cellen eller proteinet. Dessa egenskaper är kopplade till den molekylära
formen och strukturen hos kolhydraten vilka kan variera oerhört beroende på
vilken biologisk miljö kolhydraten finns i. Molekylära studier av kolhydrater
är mycket viktiga då de kan bidra till utvecklingen av läkemedel mot bl.a.
bakteriella infektioner, cancer, Ebola och HIV.
I denna avhandling presenteras fem studier där kärnmagnetisk resonans
(NMR) spektroskopi har använts för att studera kolhydrater på en molekylär
nivå. I den första studien så undersöks hur koffein (den aktiva substansen i
kaffe) interagerar med glukos och sukros (betsocker). Experimentella bevis
påvisade att molekylerna staplas, sockerring mot aromatplan, vilket
möjliggör CH- interaktioner. Denna typ av interaktion är viktig då
kolhydrater identifieras av proteiner.
Bakteriofager är virus som angriper bakterier. I studie två används NMRspektroskopi tillsammans med röntgenkristallografi och MD-simuleringar
(datorberäkningar) för att studera hur den initiala interaktionen mellan
bakteriofag och bakterie går till, då bakteriofagen binder till bakteriens
O-antigena polysackarid. Resultaten visar att när en oktasackarid binds in så
är den fortfarande flexibel i sin reducerande ände, en observation som kan
förklara
varför
bakteriofagen
klipper
upp
O-antigenen
i
oktasackaridfragment då den angriper bakterien. Utöver dessa resultat så
presenteras även en ny metod för att analysera STD-NMR-data, kallad
CORCEMA-ST-CSD. Denna metod klarar av att simulera STD-NMR-data
med en hög noggrant då den tar hänsyn till relaxationseffekter hos proteinet.
I studie tre så verifieras världens hittills mest omfattade MD-simulering
av det yttre membranet i gram-negativa bakterier, vilka består av
lipopolysacckarider, experimentellt med NMR-spektroskopi. Avstånd
mellan atomer i O-antigenet bestäms med hjälp av NOESY-experiment och
66

en i utförlig analys identifieras experimentella avvikelser som har
uppkommit p.g.a. spin-diffusion.
Studie fyra handlar om hur två olika molekylära funktionella grupper,
N-formyl och N-acetyl, uppträder i en monosackarid (3-amino-3,6-dideoxyD-galaktopyranosid) som återfinns i vissa O-antigener hos bakterier.
Hastighetskonstanter, som beskriver molekylära strukturella övergångar,
bestäms med hjälp av NMR spektroskopi och används för att beräkna
energibarriärer, vilka ger en termodynamsik beskrivning av systemet.
I den avslutande studien så undersöks den molekylära dynamiken hos två
glykofullerener. Dessa molekyler har tidigare visats kunna inhibera Ebolainfektioner in vitro. Resultaten från NMR-spektroskopiska relaxations- och
diffusionsexperiment som presenteras indikerar att inhiberingen blir effektiv
då länkarna i glykofullerenen är långa och flexibla, vilket gynnar kinetiska
återbindningseffekter.
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