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Abstract 

Carbohydrates play important roles in biological processes. Their function is 
closely related to their conformation. In this thesis, conformational studies of 
carbohydrates by NMR spectroscopy and molecular dynamics computer 
simulations are described. 

The first two papers discuss the anomalous solubility of β-cyclodextrin 
compared to other cyclodextrins. Time correlation functions revealed 
flexibility in all cyclodextrins. Molecular dynamics computer simulations 
showed that the glycosidic linkages were rather rigid and the flexibility was 
suggested to be macrocyclic. From spatial distribution functions β-
cyclodextrin was found to have greater ability to order the surrounding water 
than the other cyclodextrins. Paper III deals with some of the difficulties of 
conformational studies. In Paper IV, a new method, Additative Potential 
Maximum Entropy, APME, is applied to a disaccharide. Conformational 
distribution functions are derived from NOEs, J-couplings and residual 
dipolar couplings and calculated from computer simulations. All distribution 
functions were found to be in good agreement. In papers V and VI 
oligosaccharides from human milk are studied. Residual dipolar coupling, J-
couplings and cross relaxation rates were measured by NMR spectroscopy 
and molecular dynamics computer simulations were carried out. Both 
oligosaccharides showed high flexibility for the β-D-GlcpNAc-(1→3)-β-D-
Galp linkage. 
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Abbreviations 

AP Additative Potential 
APME Additative Potential Maximum Entropy 
C8E5 Pentaethylene glycol monooctyl ether 
CD Cyclodextrin 
COSY Correlated Spectroscopy 
CPCl N-cetyl pyridinium chloride 
CSA Chemical Shift Anisotropy 
CTAB N-cetyl-N,N,N-trimethylammonium bromide 
DHPC 1,2-Dihexanoyl-sn-glycero-3-phosphocholine 
dihexyl-PC dihexylphosphatidylcholine 
ditetradecyl-PC ditetradecylphosphatidylcholine 
DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine 
GDO Generalized Degree of Order 
HSQC Heteronuclear Single Quantum Correlated Spectroscopy 
ISPA Isolated Spin Pair Approximation 
J-HMBC J-Heteronuclear Multiple Bond Correlation 
Kdo 3-deoxy-D-manno-oct-2-ulosonic acid 
LD Langevin Dynamics 
LNF-1 Lacto-N-fucopentaose-1 
LNnT Lacto-N-neotetraose 
LPS Lipopolysaccharide 
MD Molecular Dynamics  
ME Maximum Entropy 
NOE Nuclear Overhausser Effect 
NOESY Nuclear Overhausser Effect Spectroscopy 
PFG Pulsed Field Gradient 
R2R α-L-Rhap(1→2)-α-L-Rhap-OMe 
RDC Residual Dipolar Coupling 
ROE Rotating-frame Overhausser Effect 
ROESY Rotating-frame Overhausser Effect Spectroscopy 
SDF Spatial Distribution Function 
TOCSY Total Correlation Spectroscopy 
T-ROE Transverse Rotating-frame Overhausser Effect 
T-ROESY Transverse Rotating-frame Overhausser Effect 

Spectroscopy 
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1. Introduction 

Carbohydrates can be found almost everywhere around us. Their 
structural changes are of key importance in biological recognition processes, 
including the development of diseases. [1–3] Determining the three-
dimensional structure of carbohydrates is crucial since their biological 
function originates from their conformation. [2] This thesis will focus on 
different methods to determine the conformation of carbohydrates.  

Carbohydrates gained their name because the simplest sugars have the 
formula Cx(H2O)y. They usually exist in their cyclic form. The most common 
ring sizes are six-membered rings (pyranoses) and five-membered rings 
(furanoses) but other sizes of rings are also possible. Oligo- and 
polysaccharides are built up by monosaccharide units that are linked together 
via a glycosidic linkage. [4] 

In Nature, carbohydrates are found everywhere, for example, in plants, 
bacteria and in humans. In plants they are produced from carbon dioxide and 
water during photosynthesis and are commonly found as starch and 
cellulose. They can also be found in bacterial cell walls. Bacteria can be 
either Gram-positive or Gram-negative. The cell wall of the Gram-negative 
bacterium, see Figure 1.1, has an inner and an outer membrane. [5] Between 
the inner and the outer membrane, there is a peptidoglycan layer. 
Lipopolysaccharides (LPSs) are bound to the outer membrane. They consist 
of three parts, the lipid-A, the core and the O-antigen. Lipid-A anchors the 
LPS to the membrane. The core is a non-repetitive oligosaccharide usually 
built up by hexoses, heptoses and Kdo. The O-antigen consists of a 
polysaccharide with repeating units, containing 2–8 monosaccharide units. 
[5] The cell can also be surrounded by a capsular polysaccharide, a K-
antigen, [5] see Figure 1.2. 
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Lipopolysaccharides

Outer membrane

Peptidoglycan layer

Inner membrane

 
Figure 1.1. Schematic of the cell wall from a Gram-negative bacterium. 

 

 
Figure 1.2. The cell of Vibrio cholerae O139 Bengal Strain AI-1838 showing the 
capsular polysaccharide surrounding the cell. From  Weintraub, A. et al. Microbial 
Pathogenis, 1994, 16, 235-241. 

Carbohydrates are interesting for making vaccines. Recently, 
carbohydrate-based anticancer vaccines have been developed. [6] Glycan-
based vaccines that activate immune responses in the host against malarial 
toxin and Haemophilius influenza have been synthesized. Several other 
bacteria, such as Shigella and viruses for expample HIV, are studied for the 
possible use of glycan-based vaccines. [6] 

When discussing carbohydrates the numbering of the atoms shown in 
Figure 1.3 is used. 
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Figure 1.3. The numbering of the atoms in a monosaccharide unit. 

A monosaccharide can have either the D- or the L-configuration. These 
configurations are enantiomeric and the configuration of the highest 
numbered chiral carbon determines if the sugar is D or L. [7] For example, in 
glucose C5 is the highest numbered chiral carbon. D- and L-glucose are 
shown in Fischer projection in Figure 1.4. 
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Figure 1.4. (a) D-glucose and (b) L-glucose shown in Fischer projection. 

In the cyclic hemiacetal form the anomeric carbon can have either the α- or 
the β-configuration. Consider for example, D-glucopyranose in the 4C1 chair 
form, where C1 is the anomeric carbon. When the sugar is seen in Fischer 
projection, the hydroxyl groups on C1 and the highest numbered chiral 
carbon are on the same side in the α-configuration but on different sides in 
the β-configuration. In Figure 1.5 D-glucose is shown in both the α- and the 
β-configuration.  
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Figure 1.5. (a) α-D-glucose and (b) β-D-glucose. 

A pyranose in the 4C1 chair form will in solution show an equilibrium 
between its α- and its β-configuration. For steric reasons, equatorial 
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substituents are more energetically favorable than axial. Despite this, the α-
form is found to be more stable than what should be expected, due to the 
anomeric effect. [8] If the substituent at C1 is axial, orbital overlap is 
possible between the lone pair on the ring oxygen and the anti-bonding 
orbital at C1. If the substituent is equatorial this overlap cannot occur, see 
Figure 1.6. 

O
O

R

O

O
R

O
R

O
R
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Figure 1.6. The anomeric effect, (a) the α-configuration has the possibility of orbital 
overlap which (b) the β-configuration does not have. 

The anomeric configuration can be determined by NMR spectroscopy since 
the coupling constants are different for the α- and the β-form. If one again 
considers D-glucopyranose in the 4C1 chair form the 1JC1,H1 coupling constant 
for the α-form is around 170 Hz and the 3JH1,H2 around 4 Hz and the coupling 
constants for the β-form are around 160 Hz (1JC1,H1) and 8 Hz (3JH1,H2). 

The most flexible part of oligosaccharides is the glycosidic linkage. The 
conformations depend on the dihedral angles between the monosaccharides. 
To describe this, three torsion angles, φ, ψ and ω, are defined for 
carbohydrates, see Figure 1.7.  

OHO
HO

OH

OH OO
HO

OH

OH
OH

φ
ψ ω

 
Figure 1.7. The three torsion angles for carbohydrates are defined as follows φ: H1–
C1–OX–CX, ψ: C1–OX–CX–HX and ω: O5–C5–C6–O6. 

The exoanomeric effect affects the φ torsion angle. [8,9] The most favorable 
state is when there is an anti-periplanar arrangement of a lone pair on the 
oxygen of the substituent and the C1–O5 bond, see Figure 1.8.  
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Figure 1.8. The exoanomeric effect directs the substituent on C1 in the most 
favorable direction. 

The ω torsion angle is particularly interesting for 6-linked sugars and can 
adopt three major conformations. It can be gauche-trans, gauche-gauche or 
trans-gauche. The latter is the least stable conformation for sugars with 
equatorial hydroxyl groups at C4. The name of the conformation is referring 
to the orientation of O6 in relation to O5 and C4 respectively, see Figure 1.9. 
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Figure 1.9. The three major conformations for the ω torsion angle, (a) gauche-trans, 
(b) gauche-gauche and (c) trans-gauche. 
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2. Methods for conformational studies 

Most oligosaccharides are flexible, especially around the glycosidic 
linkages. This means that carbohydrates cannot be defined by one single 
conformation. Transitions between conformational states occur on the time 
scale of nanoseconds. When a molecule is studied by NMR spectroscopy the 
result seen from the experiment is an average of the whole experimental 
time, which commonly is minutes or hours. In order to know anything about 
the distribution between conformations, molecular dynamics (MD) or 
Langevin dynamics (LD) computer simulations should be used as a 
complement. The results from NMR experiments, for example J-couplings 
residual dipolar couplings (RDCs) and Nuclear Overhausser Effects (NOEs) 
can be interpreted employing information about the distribution. 

2.1 Diffusion 
All molecules in liquids undergo random motion, called diffusion. Diffusion 
can be divided into translational and rotational diffusion, see Figure 2.1.  

a b

 
Figure 2.1. (a) Translational and (b) rotational diffusion for molecules in solution. 

The translational diffusion depends on the viscosity of the solution and on 
the size of the molecule and, if the molecule is assumed to be a sphere, it is 
described as: 

a
TkD B

t πη6
=   (2.1) 

where kB is the Boltzmann constant, T the temperature, η the viscosity of the 
solution and a is the radius of the molecule. 
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Translational diffusion constants are measured employing pulsed field 
gradient (PFG) spectroscopy. In such an experiment, there is a period during 
which the magnetic field is made inhomogeneous, by sending a current 
through the coils that are surrounding the sample. One widely used 
experiment is the pulse sequence described by Gibbs and Johnson [10] and 
Damberg et. al. [11] From this experiment the translational diffusion 
constant Dt can be fitted from the amplitude of the signal employing the 
Stejskal-Tanner equation: [12]  

( ) ( )[ ]tDGAA 3  exp 2
0 δδγ −∆−=   (2.2) 

where A0 is the amplitude when no gradients are used, γ the magnetogyric 
ratio, ∆ the delay time between the gradients, δ the duration of the gradients 
and G is the gradient strength. When the translational diffusion constants are 
to be measured, the gradient strength has to be calibrated. This is done by 
running a PFG experiment of a sample of 1% H2O in D2O, doped with 
1 mg/L GdCl3. This sample has a known translational diffusion constant of 
1.90 × 10-9 m2s-1 at 25 °C. [13] When preparing NMR samples for diffusion 
measurements, high concentrations of the solute can influence the viscosity 
of the solution and hence affect the diffusion. Therefore it is important to use 
dilute solutions, preferably approaching infinite dilution. In practice, 
solutions with a concentration ~1 mM are suitable, otherwise corrections 
have to be made for the deviation from the ideal solution. 

Rotational diffusion is described as: 

V
TkD B

r η6
=   (2.3) 

where V is the volume of the sphere the molecule is assumed to be, all other 
symbols are the same as in equation 2.1. Rotational diffusion is of great 
interest when studying relaxation since it is related to τm, see section 2.2.1, 
according to: 

r
m D6

1
=τ   (2.4) 

The rotational diffusion can be described by three components, Dxx, Dyy and 
Dzz. In general anisotropic diffusion, all Dαα are different. When using the 
axial model, Dxx will be equal to Dyy. This means that the molecule is disc or 
rod shaped. If the molecule is a perfect sphere, the rotational diffusion will 
be isotropic and all three Dαα will be equal. 
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2.2 Relaxation 
When a radio frequency is applied on a sample, the spins are excited. The 
spin-lattice relaxation, also called T1, allows the system to relax along the z-
axis back to its equilibrium state. The spin-spin relaxation, T2, is the 
relaxation in the x,y-plane. One often talks about the relaxation rates, R1 and 
R2, which are the inverse of T1 and T2. The relaxation is dependent on the 
correlation time, τc, of the molecule. τc depends on the size of the molecule 
and the viscosity of the solution. Large molecules in solution with high 
viscosity have a large τc. Heating the sample will decrease τc. There are 
different relaxation mechanisms, for example dipole-dipole interactions, 
chemical shift anisotropy (CSA) and spin-rotation. For liquids, the most 
important mechanism is dipole-dipole interactions. The importance of CSA 
increases with higher field strength, whereas the spin-rotation is only 
important for very small molecules with small CSA and weak dipole-dipole 
interactions. [14,15] 

2.2.1 13C relaxation 
The most important relaxation mechanism for a 13C nucleus attached to 

protons is the dipole-dipole interaction. For 13C relaxation, R1 and R2 can be 
described as: 

( ) ( ) ( )

2

1 0
1 1 3

,

1
4 4

                3 6

C H

C H

H C C H C

R T
r

J J J

µ γ γ
π

ω ω ω ω ω

− ⎛ ⎞
= = −⎜ ⎟⎜ ⎟

⎝ ⎠
⎡ ⎤× − + + +⎣ ⎦

h

  (2.5) 

( ) ( ) ( )
( ) ( )

2

1 0
2 2 3

,

1
8 4

                4 0 3

                6 6

C H

C H

H C C

H H C

R T
r

J J J

J J

µ γ γ
π

ω ω ω

ω ω ω

− ⎛ ⎞
= = −⎜ ⎟⎜ ⎟

⎝ ⎠
⎡× + − +⎣

⎤+ + + ⎦

h

  (2.6) 

where µ0 is the permeability of vacuum, γ the magnetogyric ratio, ħ Planck’s 
constant divided by 2π, rC,H the distance between the carbon and the 
hydrogen and J(ω) the spectral density, which can be written in different 
ways depending on the model used. One model, widely used for 
interpretation of relaxation data, is the Lipari-Szabo model-free approach. 
[16] In this model, two different motions are taken into account, τm and τe, 
where τm is the overall motion of the molecule and τe is the internal motion. 
Another parameter, S2, the generalized order parameter that can be seen as a 
measurement of the flexibility, is also taken into account. For the Lipari-
Szabo model-free approach the spectral density is written as: 
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( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

+
+

= 22

2

22

2

1
1

15
2

τω
τ

τω
τ

ω SSJ
m

m   (2.7) 

where 
111 −−− += em τττ   (2.8) 

Relaxation can be measured by one- or two-dimensional NMR 
experiments. The most common one-dimensional experiment for measuring 
T1 is the inversion recovery experiment. For T2 the spin-echo pulse sequence 
can be used. For the measurement of 13C relaxations for cyclodextrins in 
Paper II, a two-dimensional, Heteronuclear Single Quantum Correlated 
Spectroscopy (HSQC) based experiment with inversion recovery for T1 and 
the Carr-Purcell-Meiboom-Gill (CPMG) pulse train for T2 was used. [17,18] 
These experiments are performed several times with different delay times 
and R1 or R2 are determined by fitting the delay time vs. the volume of the 
peak. This will result in a exponential decay function: 

tRCeVolume α−=   (2.9) 
where C is a constant, Rα is R1 or R2 and t is the delay time, see Figure 2.2. 
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Figure 2.2. Fitting for the T2 measurement of β-CD at 18.8 T. 

2.2.2 Analyzing 13C relaxation 
There are several programs available for analyzing relaxation data. For the 
cyclodextrins in Paper II, the programs Modelfree [19] and Quadric 
diffusion [20] have been used. Modelfree includes five different models (A-
E) for fitting relaxation data. In all models an overall correlation time, τm is 
calculated. The simplest model is model A, which calculates S2. Model B is 
the Lipari-Szabo model, which calculates S2 and an internal correlation time, 
τe. Model C calculates S2 and an exchange term, Rex. Models D and E are 
more complex models. The models are statistically tested with an F-test to 
determine which model to use, see Figure 2.3. In order to carry out the 
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calculations, values for the CSA and the C–H bond length must be stated. 
For carbohydrates values of 30 ppm for CSA [21] and a C–H bond length of 
1.117 Å [22] are appropriate to use. The value of the bond length is found to 
be of great importance for S2. [23] If a longer bond length is used, S2 
increases and hence the model predicts a more rigid molecule. 

Model B
τm, S2, τe

Model C
τm, S2, Rex

Model A
τm, S2

Is the model statistically approved?
yes

no

Use model A

Is one of the models statistically approved?
yes

no

Use the model

Try a more
complex model  

Figure 2.3. Schematic view over interpretation models for relaxation parameters. 

All models in the Modelfree program assume isotropic rotation, i.e. the 
molecule is treated as a perfect sphere. For most carbohydrates this is not a 
realistic description and they have to be studied by axial symmetric or 
anisotropic models, depending on the shape of the molecule. For this 
purpose, the program; Quadric diffusion can be employed. The input data 
needed for Quadric diffusion are τm values, which are obtained from 
Modelfree and a model structure, for example from an MD simulation or 
from x-ray crystal data. The program Quadric diffusion calculates the 
rotational diffusion constants from three different models, the isotropic, the 
axial and the anisotropic model. From the isotropic model one obtains the 
isotropic rotational diffusion constant, Diso. The axial model gives Diso, 
D||/D⊥, θ and φ which defines the angles between the diffusion tensor frame 
and the arbitrary molecular frame. The anisotropic model gives Diso, D||/D⊥, 
θ, φ and ψ, the latter three are the Euler angles for the diffusion tensor frame 
relative to the arbitrary molecular frame. 
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2.2.3 Cross relaxation 
Proton-proton distances across the glycosidic linkage are particularly 

interesting to measure since they reflect changes in the torsional angles. 
They can be calculated from molecular dynamics computer simulations, 
from which different specific conformational states can be identified. The 
time-averaged value for the distance can be determined from NMR 
experiments.  

Two spins that are close in space can show an efficient cross relaxation. If 
one applies a radiofrequency to saturate one of them, the intensity of the 
other peak changes due to the NOE. [24] When studying conformation, the 
Nuclear Overhauser Effect Spectroscopy (NOESY) experiment [25] can be 
useful since it gives correlations between spins that show an NOE to each 
other. In some cases, the NOESY experiment gives no correlations. One 
reason for this is that ωτc is around one since then the NOE is zero. An 
alternative to the NOESY experiment is the Rotating-frame Overhauser 
Effect Spectroscopy (ROESY) experiment. [26] Unfortunately it is possible 
that Total Correlation Spectroscopy (TOCSY) transfer occurs during the 
ROESY spin lock. This phenomenon may give rise to false Rotating-frame 
Overhauser Effect (ROE) peaks. In order to avoid this, the 1H,1H Transverse 
Rotating-frame Overhauser Effect Spectroscopy (T-ROESY) experiment 
[27,28] is useful. The cross relaxation rate (σ) for Transverse Rotating-frame 
Overhauser Effect (T-ROE) is defined as the average of σNOE and σROE. 

( ) ( ) ( )[ ]026
4

2

JJdHH
NOE −= ωσ   (2.10) 

( ) ( ) ( )[ ]023
4

2

JJdHH
ROE += ωσ   (2.11) 

( ) ( ) ( ) ( )[ ]0326
8

2

JJJdHH
ROET ++=− ωωσ   (2.12) 

The 1H,1H T-ROESY experiment can be performed as a one- or two-
dimensional experiment. The one-dimensional experiment requires selective 
excitation of the proton of interest and allows for determination of proton-
proton distances by measuring the cross relaxation rates. It is performed 
several times with increasing mixing times, see Figure 2.4. 
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Figure 2.4. 1H,1H T-ROESY spectra of a pentasaccharide, LNF-1 with selective 
excitation of H5A. Mixing times are 50, 100, 150, 200, 250 and 300 ms. 

The cross relaxation rate (σ) is determined from the initial slope of the T-
ROE build up curve, see Figure 2.5. When σT-ROE has been determined the 
proton-proton distance can be calculated using the isolated spin pair 
approximation (ISPA), [29,30] see Equation 2.13. 

( ) 61 ijrefrefij rr σσ=  (2.13) 
The isolated spin pair approximation requires that a proton-proton reference 
distance is known for example from computer simulations. 
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Figure 2.5. The T-ROE build up curve for H3A (●) and H2C (■) in the 
pentasaccharide LNF-1, with selective excitation of H5A. 
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2.3 Correlation functions 

2.3.1 Time correlation functions 
Time correlation functions are useful for interpreting how the system 

“remembers” what it has done before. The changes of a certain property at 
the time, t, are studied in comparison to time zero. For a property, A(t), the 
time correlation function, C(t), can be written as: [31,32] 

( ) ( ) ( )tAAtCA 0=   (2.14) 
For short times, the system will be well correlated, i.e., the system will retain 
information about what it did at time zero. If t is very long (infinity), the 
system will be uncorrelated and will have no “memory” of its state at time 
zero. The values for C(0) and C(∞) will be: 
( ) ( ) ( ) 2000 AAAC ==   (2.15) 

( ) ( ) ( ) 20 AAAC =∞=∞   (2.16) 
See Figure 2.6. 
 

〈A〉2

〈A2〉

C
A
(t)

time  
Figure 2.6. The time correlation function, C(t) for a property, A(t). 

An example of a property when C(t) is useful is the reorientation of a vector, 
µ. This vector can be a C–H bond in a molecule. In solution the molecule 
will tumble over time and the vector will change its direction as the molecule 
tumbles, see Figure 2.7. 
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Figure 2.7. (a) A vector µ in a molecule at time zero (left) and after reorientation at 
time t (right). (b) The vectors with the angle, α, between them. 

In NMR spectroscopy, the correlation function for a bond vector of a 
molecule is described as a second rank Legendre polynomial: [32] 

( ) ( ) 2
2

2 1cos3
2
1 PttC =−= α   (2.17) 

where α is the angle between the vector at the time zero and the time t. For a 
time value of infinity: 

( ) 2
22 PC =∞   (2.18) 

For a vector of a rigid molecule which tumbles freely in isotropic solution, 
02 =P . This means that the value of the plateau where the exponential 

function flattens out will be zero. If the molecule is flexible, (i.e., has more 
than one conformational state), the dynamics is governed by two (or more) 
characteristic decays of the time correlation function and hence 02 ≠P . 
The value of the plateau will no longer be zero. The P2 value is equal to the 
generalized order parameter, see Figure 2.8. 
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Figure 2.8. The time correlation function for a C1A–H1A in the pentasaccharide, 
LNF-1 showing a value for S2 of 0.73. 
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2.3.2 Number correlation functions 
Number correlation functions can be employed for determining 

isomerization rates, for example the transition between two conformational 
states. This can be done from a trajectory from a MD simulation. First a 
vector made up of the numbers 1 and 0 is created from the trajectory. If the 
conformation is one of the states, the element of the vector is 1 and if it is the 
other state, it is 0. Finally the correlation function for the new vector can be 
calculated. The correlation time for the transitions can then be determined 
from the exponential of the correlation function, see Figure 2.9. [31] 

100 200 300
0.0

0.2

0.4

0.6

0.8

1.0

Time /ps

C
N
(t)

 
Figure 2.9. The number correlation function (solid line) and exponential fitting of 
the decay (dotted line) for the transition between two conformational states for the 
ψC torsion angle of the pentasaccharide LNF-1. 

2.4 Coupling constants 
The coupling constants useful for conformational studies are scalar 

couplings (J-couplings) and dipolar couplings (D-couplings). J-couplings are 
electron mediated (through direct bonds) while D-couplings originate from 
dipole-dipole interactions and can arise between spins several bonds away 
but close in space. D-couplings are commonly measured in solid state NMR 
since they are averaged out in liquids by the rapid molecular tumbling. 
Residual dipolar couplings (RDCs) are possible to measure in liquid state 
NMR if the compound of interest is dissolved in a weakly ordered phase 
such as a liquid crystal.  

2.4.1 Scalar couplings 
From J-couplings, torsion angles can be calculated employing the Karplus 

relationship: [33]  
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CBAJ ++= θθ coscos2  (2.20) 
where A, B and C are constants. For the φ and ψ torsion angles over the 
glycosidic linkage in carbohydrates the following relationship can be used, 
[34] see Figure 2.10. 

15.0cos96.0cos49.7 23 +−= θθCOCHJ  (2.21) 
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Figure 2.10. The Karplus type of relationship that can be used for conformation 
analysis of the glycosidic linkage. 

3JC,H-couplings over the glycosidic linkage can be measured from a 
heteronuclear long-range experiment. [35] This is a one-dimensional proton 
detected experiment in which the carbon of interest is selectively excited. 
The resulting 1H spectrum shows the 3JC,H-coupling in anti-phase whereas 
the 3JH,H-coupling is observed in-phase, see Figure 2.11. In order to save 
experimental time Hadamard-shaped pulses can be used for multiple-site 
excitation followed by Hadamard-transformation. [35]  

30-25-20-15-10-5051015202530
Hz  

Figure 2.11. The peak as it appears from the long-range experiment with the 3JC,H-
coupling in anti-phase and the 3JH,H-coupling in-phase. 

The 3JC,H can be determined using the J-doubling procedure to obtain a 
more accurate value compared to measuring the peak splitting in the 
spectrum. This method can be used either in the time domain [36] or in the 
frequency domain. [37,38] In the time domain the signal is multiplied by 
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cosine terms involving a trial coupling constant, J*, before Fourier 
transformation. In the frequency domain the Fourier transformed signal, 
Figure 4a, Paper III, is convolved with a delta function, Figure 4b, Paper III. 
The peak of interest can be J-doubled 2n stages. Often 8 stages is sufficient 
to determine the coupling constant. If the trial coupling constant, J*, is 
almost the same as the real coupling constant, 3JC,H, small peaks arise 
between the anti-phase peaks split by J*, Figure 4c, Paper III. When the trial 
coupling constant J* is the same as the 3JC,H all extra peaks cancel and the 
result is an anti-phase peak split by ( ) HC,

3 *12 JJn +− , where n is the stage 
of the J-doubling, see Figure 4d, Paper III. 

2.4.2 Residual dipolar couplings 
Ordered phases have been used in NMR experiments for many years. In 

1967, Lawson and Flautt [39] reported the formation of a neumatic liquid 
crystal phase in water solution containing a mixture of C8 or C10 alkyl 
sulfates, the corresponding alcohol and sodium sulfate, which could align in 
the magnetic field. Liquid crystalline media are widely used in studies of 
proteins and peptides to mimic the bilayers in the cells. [40,41] In the last 
decade the applications for ordered phases have expanded. In 1997 Tjandra 
and Bax [42] measured RDCs for human ubiquitin dissolved in a liquid 
crystalline media. RDCs can be seen as a fraction of the dipolar couplings. 
By dissolving the compound in a liquid crystalline medium that aligns in the 
magnetic field and hence aligns the solute, the RDCs are detectable. The 
liquid crystalline media are usually oriented so that their director is 
orthogonal to the magnetic field. [42] RDCs are very useful for 
conformational studies of carbohydrates as well as for proteins and peptides. 
There are several types of ordered phases available that are suitable for 
studies of carbohydrates and these will be further discussed in section 2.5.  

RDC can in its most general expression, be written as: [43] 
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  (2.22) 

where rij is the distance between spin i and j, Sαβ the order parameter, θij
α the 

angle between the ij-spin vector and the coordinate system of the molecule 
and η the angle between the director of the bicelle and the magnetic field, 
see Figure 2.12. 
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Figure 2.12. Schematic of a carbohydrate molecule dissolved in a lyotropic liquid 
crystalline medium. 

The order parameters describe how the molecule is aligned in the ordered 
phase. For rod shaped molecules, such as LNnT, discussed in Paper V, the 
molecular coordinate system, which is defined by the moment of inertia 
tensor, can be assumed to coincide with the ordering tensor. Thus, the off-
diagonal elements of the ordering tensor disappear and the RDC can be 
written as: 

( ) ( )

( )

20
3 3

2 2 2

3cos 1
16

        cos cos 3cos 1

i j z
ij zz ij xx yy

ij

x y
ij ij

D S S S
r
γ γµ κ θ

π

θ θ η

⎡= − − + −⎣
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 (2.23) 

where κ is a scaling factor for the order of the liquid crystalline phase. There 
are two different models, both treating the molecule as an ellipse that can be 
used to calculate order parameters from MD simulations. [44,45] Both 
models were employed for LNnT in Paper V. The method developed by 
Samulski and Dong [44] is based on calculations of the moment of inertia, I, 
from which ellipsoid semi-axes are calculated.  

( )
21

2
5
⎥⎦
⎤
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⎡ −+=

m
IIIA ααγγββα  (2.24) 

The semi-axes are then used for deriving the order parameters Sαα. 
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This model, developed for liquid crystals, has been found to be useful for 
biomolecules in neutral dilute liquid crystal solutions. [46] The second 
model, developed by Almond and Axelsen is based on calculations of the 
gyration tensor. [45]  The gyration matrix is diagonalized to give the square 
root of its eigenvalues, ρα, from which a scalar, δ, is defined. 
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The order parameters are then calculated employing δ. 
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When the order parameters are known, the scaling factor κ can be fit from 
Equation 2.23, employing a program based on the STEPIT procedure, see 
Paper V. [47]  

From the order parameters, the biaxiallity of the ellipse, which the 
molecule is treated as, can be calculated. 

zz

yyxx

S
SS −

=η  (2.28) 

There are various NMR techniques for determining RDCs. A common 
way is to perform the experiment twice under different solvent media 
conditions. First, the experiment is carried out in isotropic solution where the 
J-couplings are determined. Then the same experiment is performed 
employing a liquid crystalline medium as solvent. When using a weakly 
ordered phase as solvent, the coupling constants measured are the J-
couplings plus the RDCs. Finally, the RDCs are calculated. 

To measure 1DC,H with more accuracy the J-modulated constant time 
HSQC experiment [48] is appropriate to use. This experiment is carried out 
several times using different delay times, ∆. When the delay time is varied, 
the volume of the peaks in the spectrum changes, see Figure 2.13. The 
coupling constant can then be fit from the volume employing the following 
relationship:  
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( )[ ]∆−×= TJCy HC ,
12 cos π   (2.29)  

where y is the normalized integral, C is a constant and T is the constant time 
delay. 
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Figure 2.13. Normalized integrals vs. 2(T-∆) for the C1A,H1A-peak from the J-
modulated constant time HSQC experiments of the pentasaccharide, LNF-1 in 
isotropic solution (●) and in a weakly ordered phase (■). 

The 3DH,H can be measured using a phase sensitive Correlated 
Spectroscopy (COSY) experiment. [49] The results from this experiment are 
evaluated using the ACME program, [50] which employs an amplitude-
constrained multiplet evaluation method for fitting the coupling constants. 

The signs of 3DH,H couplings are either positive or negative. The signed 
COSY experiment [51] can be used to determine the relative sign of the 
RDCs. In the signed COSY spectrum the cross peaks will have in-phase line 
shape in F1 and anti-phase line shape in F2. Proton pairs with different signs 
of the RDCs will give peaks with different phases in F2, see Figure 2.14. 
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Figure 2.14. Signed COSY spectrum of the pentasaccharide LNF-1, showing two 
crosspeaks, which have different signs of the RDCs. 

2.5 Ordered phases 
There are several kinds of ordered phases available that are suitable for 

dissolving carbohydrates in order to study RDCs, for example phospholipids, 
[52] ethers [53] and inorganic phases. [54] One of the most widely used 
phospholipid phases is a mixture of 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC). This phase was thought to form approximately 40 Å thick, disc 
shaped bicelles with a diameter of several hundred Å, [52] see Figure 2.15. 
More recent studies have found DHPC:DMPC to form anything from 
micelles to lamellar sheets depending on temperature and the molar ratio of 
the phospholipids. [55] 

400 Å

40 Å

 
Figure 2.15. Schematic of a bicelle. 
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When using a mixture of 5% w/v DHPC:DMPC (1:3) in water the liquid 
crystalline phase is stable in the temperature range between 33-35 °C giving 
a quadrupolar 2H-splitting of the D2O resonance around 10 Hz. The 
disadvantage of this phase is the relatively fast hydrolysis of the 
phospholipids, making it unsuitable for storage over a long time. Also, the 
small temperature range where the phase exists causes problems since it is 
hard to avoid spectral overlap with the resonance from the solvent. [52] 
Addition of N-cetyl-N,N,N-trimethylammonium bromide (CTAB) can 
increase the stability of the phase. [56] DHPC:DMPC was used for the study 
of R2R in Paper IV. 

The problem with the hydrolysis of the ester in DHPC:DMPC can be 
avoid by using the ether analogues, ditetradecylphosphatidylcholine 
(ditetradecyl-PC) and dihexylphosphatidylcholine (dihexyl-PC). Bicelles are 
formed in a pH range of 1.0-12.2. The temperature range where they are 
stable varies with pH. [57] CTAB can be added to the ethers to help to form 
stable bicelles. The preparation of the ethers is the same as for 
DHPC:DMPC. This phase was used in the study of LNF-1, Paper VI. The 
NMR experiments where performed at 35 °C giving a quadrupolar 2H-
splitting up to 20 Hz for the D2O resonance. 

The media used for studying 1DC,H in LNnT, Paper V, is 5% 
pentaethylene glycol monooctyl ether (C8E5) in D2O and n-octanol. This 
medium forms bilayers and can be used between 0 and 20 °C [58] giving a 
quadrupolar 2H-splitting of 35-40 Hz for the D2O resonance. 

3DH,H constants for LNnT in Paper V, were measured in N-cetyl 
pyridinium chloride (CPCl)/n-hexanol in 200 mM NaCl. [59,60] This 
lamellar phase is formed at 30 °C and gives a 2H-splitting about 7 Hz for the 
D2O resonance. CPCl has to be equilibrated at 70 °C and 30 °C for at least 
an hour at each temperature before the phase is stable. 

More recently inorganic mineral liquid crystals have been employed to 
study RDCs. [54] V2O5 forms liquid crystalline ribbons in D2O, that are 
about 1 nm thick, 20 nm wide and 300 nm long. [61] These types of media 
have been found to have many advantages. They are stable for long 
durations (years), easy to align at very low concentrations (1-3%) and 
contain no protons or carbons, which can give rise to unwelcome signals in 
the spectrum. [54] V2O5 can also be used in a wide temperature range, 
between at least 10-30 °C. 

2.6 Molecular dynamics computer simulations 
For molecular dynamics (MD) computer simulations Newton’s equations 

of motion are solved to simulate the behavior of molecules [62] and then 
generate trajectories over time, for example for torsional angles and atomic 
distances. The potential energy of the starting structure is first minimized 
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and (if desired) the molecule is placed in a solvent box. Simulations with 
explicit solvent are much more time consuming and require heavier 
computer resources than simulations in vacuum; however, the former 
simulations give a more accurate description of how a molecule behaves in 
solution. After minimization and solvation, the system is heated by assigning 
all atoms a velocity that corresponds to the desired temperature. Before the 
production part of the MD simulation the system needs to be equilibrated. 
[62] 

In MD simulations the potential energy for a molecule is defined by the 
force field. Contributions to the potential energy in the force field are given 
by bond stretching, angle bending, torsional terms (bond rotation) and non-
bonded interactions (electrostatic and van der Waals), [62,63] see Figure 
2.16. There are several force fields available which are appropriate for 
different types of molecules. 

Torsion

Bond stretching

Angle 
bending

Non-bonded interactions   
Figure 2.16. Contributions to the potential energy defined by the force field. 

There is no water model that correctly describes natural water but there 
are several models, which focus on different static and dynamic properties. 
This means that they describe some properties in a very accurate way. 
Therefore, one has to take into account what the target of the simulation is 
before deciding which water model to use. 
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3. Results and discussion 

3.1 Paper I and II 
Cyclodextrins (CDs) are cyclic oligosaccharides composed of α-(1→4)-

linked glucose units. α-CD consists of six glucose units, β-CD of seven and 
γ-CD of eight, see Figure 3.1. Larger oligomers, with up to 26 residues also 
exist. [64] 
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Figure 3.1. Scematic of α-CD, β-CD and γ-CD. 

The CDs are enzymatically synthesized from starch and industrially 
produced in more than 1000 ton quantities each year. [65] The first article 
about CDs was published in 1891 [66] and in 1904 the cyclic structure of the 
CDs was determined by Schardinger. [67] The CDs are conical frustums, i.e. 
truncated cones, with a hydrophobic cavity and a hydrophilic surface. The 
ability to bind lipophilic substances in the cavity allows CDs to be used in 
food industry as stabilizers and as drug carriers in pharmaceuticals. 
[65,68,69] For many years the abnormally low solubility of β-CD in water 
has been studied, although no explanation is found why β-CD is much less 
soluble than the other CDs. Even fully methylated β-CD is found to be twice 
as soluble as normal β-CD in water, see Table 3.1. 
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Table 3.1. Relative solubility of some CDs in water. 
 Solubility 

CD Relative [g/100 mL] [mol/L] 
α-CDa 9 14.5 0.15 
β-CDa 1 1.85 0.02 
γ-CDa 11 23.2 0.18 

2,6-di-O-Me-β-CDb 28 60 0.45 
2,3,6-tri-O-Me-β-CD 2 5 0.04 

a From reference [70] 
b From reference [71] 
 

Over the years, there have been several theories about this phenomenon. 
A common explanation is that there is a hydrogen bond between the 
hydroxyl groups over the glycosidic linkage. In α-CD the hydrogen bonds 
are formed by the hydroxyl groups at C2, C3 and C6. The overlap for these 
bonds is not complete throughout the entire ring and thus the structure is 
rather flexible. For β-CD the hydrogen bonds are formed by the hydroxyl 
groups at C2 and C3 and the overlap is much stronger making the ring more 
rigid. [72,73] A more recent study of the temperature coefficients for 
hydroxyl protons, as well as 3JOH,CH indicates that the hydrogen bonds are 
present in aqueous solution. [74] A previous study of the flexibility of α-CD 
and γ-CD measured by 13C relaxation revealed that the generalized order 
parameters were about 0.8 for both the CDs. [75] In our new study β-CD 
was included to investigate any difference in the relaxation for the CDs. We 
have studied CDs by NMR spectroscopy and molecular dynamics computer 
simulations and have found that the hydration shells around the CDs and the 
flexibility in the macrocyclic ring motions can explain the solubility 
differences. 

For α-, β- and γ-CD long-range coupling constants, translational diffusion 
constants and 13C relaxation were measured by NMR spectroscopy and a 10 
ns MD simulation in explicit water was performed for each CD. 

The two 3JC,H for φ and ψ in α-, β- and γ-CD were measured by NMR 
spectroscopy and calculated from MD simulations. The Jφ was determined 
using the long-range experiment and the J-doubling method as described in 
section 2.4.1, see Figure 3.2.  
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Figure 3.2. J-doubling of the H1 peak from the long-range experiment with selective 
excitation of C4 in γ-CD. 

Due to spectral overlap with the resonance from H2, problems occurred 
when employing the J-doubling procedure for Jψ. In order to solve this 
problem band-selective decoupling at was used, see Figure 6 in Paper III. 
The long-range experiment was performed on the CDs with band-selective 
decoupling on H3, H5 and H6. [76] In this case J-doubling was possible to 
carry out and the coupling constants were determined. The long-range 
experiment was also performed on deuterated α-CD. It was also possible to 
J-double the spectrum from this experiment and it revealed the same value 
of Jψ as for α-CD with band-selective decoupling. For comparison, 3JC,H for 
methyl β-maltoside were measured. When employing the long-range 
experiment and the J-doubling method, the same problem as for the CDs 
with spectral overlap for the Jψ occurred. For the maltoside band-selective 
decoupling was not possible to perform, instead the J-Heteronuclear 
Multiple Bond Correlation (J-HMBC) experiment [77] was employed. This 
is a two-dimensional 1H,13C correlated, proton-detected experiment which 
gives long-range coupling constants in the indirect dimension. The long-
range couplings are given in Table 3.2. 

Table 3.2. Long-range coupling constants for the oligosaccharides 
 Experimentala Simulated 

Molecule Jφ /Hz Jψ /Hz Jφ /Hz Jψ /Hz φ /° ψ /° 
α-CD 5.2 5.0 5.95 5.68  –3 (19)b –6 (22) 
β-CD 5.2 5.2 5.96 5.86    1 (19) –1 (21) 
γ-CD 5.2 5.4 5.98 6.08  –1 (19) –5 (17) 

Me β-maltoside 4.1 / 4.2c / 4.8c     
a Measured using the long-range experiment devised by Nishida et. al. [35] Experimental 
error ± 0.1 Hz. 
b Standard deviation in parenthesis. 
c Measured using the J-HMBC experiment devised by Meissner and Sørensen [77] Estimated 
error ± 0.25 Hz.  
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The translational diffusion constants for the five CDs in table 3.1 were 
measured by NMR spectroscopy and those for α-, β- and γ-CD were 
calculated from computer simulations. The NMR experiments were 
performed ten times and a 95% confidence interval was calculated for the 
diffusion constants, see Figure 3.3. The averaged diffusion constant for 
water was 1.908 × 10-9 m2s-1 for the 50 experiments. The diffusion constants, 
both experimental and calculated, from MD simulations are given in Table 
3.3. 
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Figure 3.3. Experimental translational diffusion constants measured by NMR 
spectroscopy vs. molecular weight for the CDs in table 3.3. The 95% confidence 
interval is shown by the error bars. 

Table 3.3. Translational diffusion constants data for CDs from computer simulations 
and NMR experiments. All values are given as 10-10 m2s-1. 

Molecule NMR MD 
α-CD 2.292 2.535 
β-CD 2.168 2.400 
γ-CD 2.097 2.375 

2,6-di-O-Me-β-CD 2.014 – 
2,3,6-tri-O-Me-β-CD 2.218 – 

 
For α-, β- and γ-CD 13C relaxation times were measured at 30 °C at 14.1 

and 18.8 T. The experiment used was the HSCQ type of experiment 
described in section 2.2.1. The results are shown in Figure 3.4. τm and S2 
were fit from the relaxation rates with the program Modelfree and model A 
was used for all spin pairs. The τm values from Modelfree were analyzed 
with the program Quadric diffusion. The results are shown in table 3.4. 
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Figure 3.4. R1 values (●) and R2 values (♦) for α- β- and γ-CD at (a) 14.1 T and (b) 
18.8 T. 

Table 3.4. Rotational diffusion for α-, β- and γ-CD. 
Molecule Isotropic Axial Symmetric 

 Diso (10-7 s-1) Diso (10-7 s-1) D||/D⊥ 
α-CD 29.1 29.1 0.95 
β-CD 22.0   22.8  0.59 
γ-CD 19.4          19.6 0.87 

 
Translational diffusion measurements were used to calibrate the 

simulations. Experimental data revealed that the translational diffusion 
decreased with increased mass, except for tri-OMe-β-CD, which showed 
faster translational diffusion. The trend for α-, β- and γ-CD was the same for 
the simulations as for the NMR measurements.  

The experimental long-range coupling constant, Jφ was found to be the 
same for all CDs (within the experimental error), while the Jψ values were 
different for all CDs with Jψα < Jψβ < Jψγ, see Table 3.2. The same trend was 
found for the calculated coupling constants from MD simulations. The 
deviation in the magnitude of the couplings might be due to the force field 
and the water model used. 

The amplitude of internal motion was calculated employing the root-
mean-square fit time correlation function and the data from MD simulations. 
[78,79] The results are shown in Figure 3.5.  
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Figure 3.5. Time correlation functions for α-, β- and γ-CD. 

The time correlation functions indicate the amplitude of the internal motion 
and the time scale for the motion to reach its equilibrium. The equilibrium 
for α- and γ-CD are 0.9 and 0.6 Å respectively, while for β-CD it is 0.5 Å 
and the relaxation time to reach the equilibrium was found to be shorter for 
β-CD (200 ps) than for α- and γ-CD (500 ps and 850 ps, respectively). This 
indicates that β-CD is less flexible and has smaller internal motions than the 
more soluble α- and γ-CD. 

There is no significant deviation in flexibility shown for the glycosidic 
linkages from the trajectories, see Figure 3.6. The fluctuations of the torsion 
angles were found to be low from MD simulations, around 20 °. Still the 
time correlation functions show flexibility for all CDs; this flexibility must 
be found somewhere else in the molecules. A pseudo-torsion angle, ω, was 
defined in the CDs between four ring oxygens. Distribution functions for ω 
showed that β-CD is different than what could be expected for the seven 
residue cyclic molecule, see Figure 7, Paper VI. The distribution function for 
the pseudo-torsion angle is higher and narrower than the ones for α- and γ-
CD, indicating lower flexibility for β-CD. 
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Figure 3.6 φ, ψ plots for α-, β- and γ-CD. 
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Spatial distribution functions (SDFs) were calculated for α-, β- and γ-CD, 
which are shown in Figure 3.7. [80,81] 

 
Figure 3.7. Contour plots for the spatial distribution functions for the water 
surrounding (a) α-CD, (b) β-CD and (c) γ-CD. 

Calculations of SDFs revealed that the more soluble γ-CD has less ordered 
water around itself and the least soluble β-CD has more ordered water in its 
hydration shell. This indicates smaller macrocyclic ring motions and an 
ability to order the surrounding water and; this finding can explain the low 
solubility of β-CD. 

The results from the relaxation measurements, see Table 3.4, also 
revealed that β-CD differs from α- and γ-CD. The ratio between D||/D⊥ < 1 
for all CDs indicating that the rotational diffusion around D⊥ should be 
larger than D||. For β-CD this ratio is much lower than for the other CDs.  

In conclusion, time correlation functions and distribution functions 
revealed flexibility for all CDs. β-CD was found to be the most rigid 
followed by α- and γ-CD. MD simulations showed that the glycosidic 
linkages were rather rigid and the flexibility was found to be macrocyclic. 
SDFs revealed higher ability for β-CD to order water than for α- and γ-CD. 
The low solubility of β-CD in water can be explained by its smaller 
macrocyclic ring motions and its ability to structure water in its hydration 
shell. 

3.2 Paper IV 
When studying conformation, the aim is to determine the distribution 

function, P(φ,ψ). Recently a new method, Additative Potential Maximum 
Entropy, (APME) for calculating P(φ,ψ) from NMR data, for example 
RDCs, was developed. [82–84] In this Paper, the APME method is evaluated 
for a disaccharide, α-L-Rhap(1→2)-α-L-Rhap-OMe, (R2R), see Figure 3.8. 
R2R is found as a structural element in the lipopolysaccharide attached to 
the outer membrane of pathogenic Shigella flexneri bacteria. For infection of 
Shigella flexneri the LPS plays an important role for inducing inflammatory 
response. [85] 
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Figure 3.8. Schematic of α-L-Rhap(1→2)-α-L-Rhap-OMe, (R2R). 

The disaccharide R2R is a suitable molecule for NMR studies. It is small, 
without much spectral overlap and it is fairly easy to determine its 
coordinate system. Since it is a (1→2)-linked disaccharide there are only two 
torsion angles, φ and ψ, between the residues that can contribute to different 
conformations and a lot of the dynamics of R2R is known from earlier 
studies. This study is based on the NMR data from a previous study [82] 
where the presence of two conformational states was indicated by 
calculating the generalized degree of order (GDO) for the two residues. [86] 
The GDO is a scalar that reflects the orientational averaging. The two rings 
showed a difference in GDO by a factor of 1.2. If the molecule had been 
completely rigid the GDO of the residues would have been the same. These 
two conformations have also been shown by molecular dynamics computer 
simulations. [87] This time the analysis is extended. 

All NMR experiments were carried out at 37 °C. 1H-1H cross relaxation 
rates (σ) were measured with the 1H,1H-T-ROESY experiment as described 
in section 2.2.3. Selective excitations were made for H1, H2, H1’ and H2’. 
Proton-proton distances were calculated from σ employing ISPA, using the 
distance between H1’-H2’ as the reference distance. 1DC,H were measured in 
an ordered phase employing the J-modulated constant time HSQC 
experiment as described in section 2.4.2. The ordered phase used for this 
study was DHPC:DMPC with the addition of CTAB to increase the stability 
of the bicelles. 3DH,H coupling constants were measured with the phase 
sensitive COSY experiment and the spectra were processed and analyzed 
with the ACME program, see section 2.4.2. 

Molecular dynamics computer simulations were performed in explicit 
water in a 30 Å water box. The simulation was carried out for 5 ns.  A longer 
(50 ns) Langevin dynamics computer simulation was also performed and the 
results from the two simulations were consistent. 

To be able to determine the distribution function with APME, the signs of 
the residual dipolar couplings have to be known. For DH,H this can be 
established from the signed COSY experiment, see section 2.4.2. When the 
experiment was performed for R2R, signs could only be derived for the 
intra-residual 3DH,H. For the inter-residual 3DH,H, no cross peaks were shown 
and the signs were not possible to determine. In order to determine the signs 
of the RDCs another approach had to be found, see Figure 3.9. First a 
distribution function, PNOEJ(φ,ψ) was determined by the Maximum Entropy, 
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(ME) [88] model from cross relaxation rates, (σNOE) and J-couplings, see 
Figure 3.10a. From PNOEJ(φ,ψ) the internal potential, Uint(φ,ψ) could be 
calculated. To be able to determine the external potential, Uext(φ,ψ), the 
order, S was established from DC,H. When the total potential, U(φ,ψ) was 
known, the Additative Potential, (AP) [89] model could derive a new 
distribution function, PAP(φ,ψ) and this distribution function could then give 
the signs of the 1H, 1H RDCs. When the absolute sign of the 1H, 1H RDCs 
were known, the distribution function, PAPME(φ,ψ) could be derived from the 
APME model, see Figure 3.10b. The two distribution functions PNOEJ(φ,ψ) 
and PAPME(φ,ψ) were similar, although the maximum of PNOEJ(φ,ψ) is found 
at a lower φ-value than PAPME(φ,ψ). A conformational distribution function 
was also calculated from the LD simulation, see Figure 3.10c. 
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Uint(φ,ψ)

DC,H
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PAPME(φ,ψ)
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Figure 3.9. Overview for the method for deriving the signs of the RDCs in R2R and 
for calculating the distribution functions. 

Both MD and LD simulations showed two conformational states, one 
with ψ < 0°, (referred to as A) and one state with ψ > 0°, (B) both states had 
φ ~40°. The LD simulation also revealed a third conformational state with φ 
< 0°, (C). This state was only observed once in the MD simulation and 
therefore it was judged to be less important for the analysis. Both 
simulations showed that A is the major conformer and B the minor. The LD 
simulation showed a slightly higher amount of state B than the MD 
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simulation. The experimental 3JC,H were found to be in quite good agreement 
with the ones calculated from the simulation. The deviation might be caused 
by small discrepancies in the conformational sampling, or that the 
parameterization of the Karplus-type relationship might need to be adjusted. 
The experimentally measured distances were found to be in good agreement 
with the ones from the simulations. The results from the LD simulation were 
found to agree better than the MD simulation, indicating that state B should 
be more populated than the MD simulation indicates.  
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Figure 3.10. Conformational distribution functions for R2R, (a) PNOEJ(φ,ψ), (b) 
PAPME(φ,ψ) and (c) calculated from LD simulations. 

All three distribution functions in Figure 3.10 show good agreement, 
considering all the approximations made prior to the calculations and the 
simulation methods used. They show two states, which correspond to 
conformation A and B. This study revealed that it was possible to obtain a 
conformational distribution function from RDCs, J-couplings and NOEs for 
a small carbohydrate employing the APME model. The computer 
simulations showed two conformational states and good agreement between 
NMR data and simulated data could be seen. 

3.3 Paper V and VI 
The third largest constituents of human milk are oligosaccharides with 

concentrations up 12 g/L. [90] Papers V and VI focus on two of them, Lacto-
N-neotetraose (LNnT) and Lacto-N-fucopentaose-1 (LNF-1), see Figure 
3.11.  
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Figure 3.11. Schematic of (a) Lacto-N-neotetraose, β-D-Galp-(1→4)-β-D-GlcpNAc-
(1→3)-β-D-Galp-(1→4)-α-D-Glcp and (b) Lacto-N-fucopentaose-1, α-L-Fucp-
(1→2)-β-D-Galp-(1→3)-β-D-GlcpNAc-(1→3)-β-D-Galp-(1→4)-α-D-Glcp 

The sugar chain from milk oligosaccharides consists of D-glucose, D-
galactose, N-acetyl-D-glucosamine, L-fucose and sialic acid. Almost all of 
them have lactose at their reducing end and many of them are fucosylated at 
the non-reducing end. [91] They are enzymatically synthesized in the Golgi 
apparatus, starting from lactose. First, GlcNAc is attached with a β-(1→3)- 
or (1→6)-linkage, followed by Gal which is added β-(1→3) or (1→4). 
Further elongation can then occur with lactosamine, fucose and sialic acid 
residues. [92] The composition of the oligosaccharides is dependent on the 
Lewis blood group of the mother. [93] Human milk oligosaccharides have 
been found to be important for the development of immune defense in 
infants. [90–92] They act as potent inhibitors of bacterial adhesion to 
epithelial surfaces and inhibit the binding of pathogenic or toxic products to 
host cell surface receptors, which usually are glycoconjugates. [90,91] 
Bacteria recognize and bind to the oligosaccharides on the glycoconjugate 
on a cell surface, for example the β-GlcpNAc-(1→3)-Galp moiety in human 
milk oligosaccharides, such as, in LNnT, has been found to interact with 
Streptococcus pneumoniae. [94] 

The flexibility of the β-D-GlcpNAc-(1→3)-β-D-Galp linkage in some 
human milk oligosaccharides has in some studies, found to be relatively 
rigid [95–97], whereas in other studies it is found to be flexible. [98–100] 
Therefore special attention was paid to the torsional angles between the two 
residues β-D-GlcpNAc-(1→3)-β-D-Galp in both LNnT and LNF-1. 
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LNnT has been studied several times before. The flexibility has been 
studied by NMR spectroscopy and relaxation measurements. [98] RDCs 
have been measured by NMR spectroscopy. [99,101] A previous study of 
LNnT revealed different RDCs in different media. This could be explained 
by a change in the alignment tensor for LNnT, a conformational change or a 
combination of these two effects. In one of the media, NaCl was added in 
order to study a possible salt effect, therefore NaCl was added to the media 
in the new study as well. [99] LNF-1 has been studied previously using 
relaxation measurements [102] and RDCs have been measured. [97]  

For both oligosaccharides, cross relaxation rates, RDCs and long-range 
coupling constants were determined by NMR spectroscopy. The experiments 
were carried out in isotropic solution in D2O and in a lyotropic liquid 
crystalline media. For LNnT this media was C8E5 for 1DC,H and CPCl/n-
hexanol in brine for 3DH,H. For LNF-1 all RDCs were measured in 
ditetradecyl-PC:dihexyl-PC. Measurements of 1DC,H for LNnT were also 
repeated with 500 mM of NaCl added. Molecular dynamics computer 
simulation was performed employing a CHARMM22 type of force field, 
(PARM22SU/01) [103] that has been modified especially for carbohydrates. 
The lengths of the simulations were 4 and 42 ns for LNnT and LNF-1, 
respectively. 

Molecular dynamics computer simulations showed higher flexibility for 
the ψ torsion angle of the β-D-GlcpNAc-(1→3)-β-D-Galp linkage than for 
the other torsions. For LNnT this is the ψB torsion angle and for LNF-1 it is 
ψC, see Figure 3.12. 
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Figure 3.12. Scatter plots for (a-c) LNnT and (d-g) LNF-1, (b and f) showing the 
flexibility of the ψ torsion angle for the β-D-GlcpNAc-(1→3)-β-D-Galp linkage. 
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From the trajectory for ψB in LNnT, see Figure 3.13, two conformational 
states could be identified. One in which the ψB torsion angle was positive 
(minor conformer, 32%) and one where it was negative (major conformer, 
68%). These two conformational states are referred to as +

Bψ  and −
Bψ  and 

they were analyzed separately. This flexibility was found for the same 
linkage in LNF-1. These two states will be referred to as +

Cψ  (48%) and −
Cψ  

(52%) in analogy with LNnT. 
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Figure 3.13. Trajectories showing two conformational states for (a) LNnT and (b) 
LNF-1. 

3JC,H coupling constants over the glycosidic linkage were measured as 
described in section 2.4.1. This resulted in the determination of one coupling 
constant for LNnT and six for LNF-1, see table 3.5. All 3JC,H were calculated 
from the MD simulations. For both oligosaccharides, the agreement between 
calculated and experimental data was good. The largest deviation was found 
for JψB and JψD for LNF-1. 
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Table 3.5. 3JC,H for LNnT and LNF-1 determined experimentally by NMR 
spectroscopy and from MD simulations. 

Molecule 3JC,H Experimentala /Hz Calculatedb /Hz 
LNnT JφA n.d.c 2.8 

 JψA n.d. 6.1 
 JφB 4.1 3.7 
 JψB n.d. 3.5 
 JφC n.d. 3.3 
 JψC n.d. 5.9 
    

LNF-1 JφA 3.4 3.4 
 JψA 5.5 4.9 
 JφB n.d. 2.2 
 JψB 5.0 6.2 
 JφC 4.0 3.5 
 JψC n.d. 3.7 
 JφD 3.6 2.9 
 JψD 3.4 6.0 

a Measured using the long-range experiment devised by Nishida et. al. [35] Experimental 
error ± 0.1 Hz. 
b Derived from a Karplus-type relationship. [34] 
c n.d = not determined. 
 

The 1H,1H T-ROESY experiment was performed for both 
oligosaccharides. In LNnT H4C was excited selectively and cross relaxation 
rates (σ) were determined for H4C–H1B and for H4C–H3C/5C. The latter 
was used as a reference distance. H3C and H5C give peaks at the same 
chemical shift and the distance used as reference distance was calculated 
from molecular dynamics computer simulations and was found to be 2.41 Å 
for both distances. For LNF-1 two experiments were performed, H5A and 
H4D were selectively excited. This resulted in cross relaxation rates for 
H1C–H4D, H5A–H1B, H5A–H2B, H5A–H2C and H3A–H5A. The latter 
was used as reference distance for both experiments and was set to 2.58 Å 
from the MD simulation. For LNF-1 a set of NOESY experiments were 
performed which resulted in short distances (<2.4 Å) for all transglycosidic 
proton pairs. The proton-proton distances were calculated employing ISPA. 
Values from NMR experiment and computer simulations are given in Table 
3.6. 
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Table 3.6. Proton-proton distances derived from NMR experiments and computer 
simulations. 
Molecule Atomic 

interaction 
Calculated 
distancea 

Experimental 
distance 

σT-ROE σNOE 

LNnT H1B–H4C  2.96b 3.39 0.026  
   4.45c  3.28d  0.026d  
   2.76e    
 H4C–

H3C/5C 
2.41  2.41f 0.200  

  2.41 2.41  0.180d  
      

LNF-1 H1A–H2B 2.43 <2.4  –0.102 
 H1B–H3C 2.38 <2.4  –0.103 
 H1C–H3D 2.39 <2.4  –0.204 
 H1C–H4D 3.13 3.62 0.018  
 H5A–H1B 3.59 3.31 0.031  
 H5A–H2B 3.09 3.15 0.043  
 H5A–H2C 2.52 2.56 0.147  
 H1D–H4E 2.33 <2.4  –0.159 
 H1A–H2A 2.39 2.39f  –0.076 
 H3A–H5A 2.58 2.58f 0.140  

a 
6161 −= rr . 

b full trajectory 
c +

Bψ  
d with NaCl 
e −

Bψ  
f reference distance 
 
In order to determine the ratio between +

Bψ  and −
Bψ  in LNnT a two state 

analysis was employed, see Equation 3.1.  
( ) ( ) 6

exp
66   1 −−− =+− rrxrx posneg    (3.1) 

This was necessary since the simulation was short and it was likely that the 
correct ratio was not obtained. The H1B–H4C distance was used to 
determine the ratio. The two state analysis showed that +

Bψ  is the major 
conformer found for 75% of the time. 

Reorientational time correlation functions were calculated for both the 
oligosaccharides from the simulations as described in section 2.3.1. They 
were calculated for both C–H and H–H vectors that were found to be of 
interest. For LNnT ( ) ( )( )tP µµ ⋅02  were calculated for the two 
conformational states of 500 ps each, whereas for LNF-1 they were 
calculated for 14 ns and no states were specified. S2 for the C–H vectors in 
LNF-1 were found to be lower for residues D and E of the molecule, 
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indicating that the reducing end is more flexible. The same behavior was 
found for LNnT where the C-H vectors nearly parallel to the molecular long 
axis showed higher S2. 

For LNnT, both of the models described in section 2.4.2 for calculating 
order parameters were employed, showing similar results, see Figure 3.14. It 
should be noted that the values for the order parameters have to be scaled to 
fit the experimental values and that the two models do not have to have the 
same scaling factor. Order parameters were calculated for the full trajectory 
as well as for two fractions of 500 ps each, corresponding to +

Bψ  and −
Bψ . 
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Figure 3.14. The order parameters for LNnT calculated based on (a) the moment of 
inertia and (b) the gyration tensor. 

The biaxiality was calculated for +
Bψ  and −

Bψ  employing the two methods. It 
revealed lower biaxiality for +

Bψ  than for −
Bψ  and the result was the same for 

both calculation methods, see Figure 3.15.  

 
Figure 3.15. The ellipsoid model for LNnT calculated based on the moment of 
inertia for (a) +

Bψ  and (b) −
Bψ . 

The calculated order parameters for LNnT were used to fit the RDCs. 
1DC,H coupling constants were measured in C8E5/n-octanol employing the J-
modulated constant time HSQC experiment and compared with the 
calculated values, shown in Figure 3.16, which revealed good agreement for 
the full trajectory. +

Bψ  was found to be in better agreement with the 
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experimental values, giving further evidence that +
Bψ  should be the major 

conformer. 

-10 0 10

-10

0

10

full trajectory
ψ+

    
B

ψ−

    
B

D
(c

al
c)

 /H
z

D(exp) /Hz
-10 0 10

-10

0

10

D
(c

al
c)

 /H
z

D(exp) /Hz

full trajectory
ψ+

    
B

ψ−

    
B

a b

 
Figure 3.16. Experimental vs. calculated RDCs for LNnT. The order parameters 
used for the fitting were calculated employing the method based on (a) the moment 
of inertia and (b) the gyration tensor. 

3DH,H coupling constants for LNnT were measured in CPCl/n-hexanol in 
brine employing the phase sensitive COSY and the ACME procedure. The 
choice of a different phase for measuring 1DC,H was due to spectral overlap 
with the resonances from C8E5. The order of the two phases can be assumed 
to have the same magnitude [60] and therefore the same scaling factor κ was 
used. Two experimental 3DH,H couplings were possible to estimate, see Table 
3.7. 

Table 3.7. Experimental and calculated 3DH,H for LNnT. 
 Experimental /Hz Calculated /Hz 
  +

Bψ  −
Bψ  Full trajectory 

H1A–H2A 0.97 0.66 1.22 0.95 
H1C–H2C 0.20 0.84 0.86 0.79 

 
Since the error in the ACME procedure for calculation of 3DH,H is on the 
order of 0.5 Hz [50] the calculated and experimental values are in good 
agreement.  

For LNF-1 3DH,H and 1DC,H were measured in ditetradecyl-PC:dihexyl-PC 
employing the same experiments as for LNnT, see Figure 3.17. These results 
will be further examined at a later time. From a signed COSY spectrum, 
signs of several proton-proton RDCs could be established, see Table 3,  
Paper VI. These RDCs will be very useful in order to give more information 
about the conformation of LNF-1, see Figure 3.17. 
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Figure 3.17. (a) 3DH,H and (b) 1DC,H for LNF-1 measured in the ditetradecyl-
PC:dihexyl-PC. For (a) H1B–H2B, H1D–H2D and H2Eβ–H3Eβ the signs are 
negative, but the magnitudes of the couplings were not established. Possible 
magnitudes are shown as black and white bars. 

For LNnT the GDO was calculated, [86] see Figure 3.18. It was found to 
follow the order parameters, i.e. it reflects the motion of the molecule. 
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Figure 3.18. The generalized degree of order for LNnT. 

For LNF-1 a number correlation function for the isomerization between 
+
Cψ  and −

Cψ  was calculated from the MD simulation, see Figure 2.8. The 
isomerization time, τN was determined from the decay of the function and 
was found to be 101 ps. 

In conclusion, both the oligosaccharides revealed two conformational 
states. For LNnT the molecular dynamics computer simulations showed two 
conformational states where +

Bψ  appeared to be the minor conformation. 
Further investigation by the 1H,1H T-ROESY experiment of this torsion 
employing the two-state analysis for the distance from H1B to H4C revealed 
that +

Bψ  should be the major conformation populated for 75% of the time. 
For LNF-1 results from 1H,1H T-ROESY and NOESY revealed good 
agreement with calculated distances. MD simulations of LNF-1, which was 
ten times longer than the one for LNnT, revealed two states, −

Cψ  (52%) and 
+
Cψ  (48%), almost equally populated. The isomerization time for this 
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transition was found to be 101 ps which is much shorter than τm for the 
molecule (~600 ps). [102] For LNnT, 1DC,H and 3DH,H were measured and fit 
from order parameters that were calculated from MD simulations. The order 
parameters for the +

Bψ  state resulted in better agreement with the fit RDCs, 
giving further evidence that +

Bψ  is the major conformation. The results from 
NMR experiment revealed no salt effect on the isotropic solution and only a 
small effect on the 1DC,H perpendicular to the molecular long axis of LNnT. 
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4. Conclusions 

NMR spectroscopy together with molecular dynamics computer simulations 
are powerful tools for conformational studies. The flexibility of 
carbohydrates is related to their biological function and commonly caused by 
changes of the torsion angles across the glycosidic linkage. Therefore, 
derivation of distribution functions is of great interest. J-couplings, proton-
proton distances, NOEs and residual dipolar can provide information for 
determining distribution function.  

The explanation of the anomalous solubility of β-CD has been suggested 
to be the smaller macrocyclic ring motions and the enhanced ability to order 
the surrounding water in its hydration shell. The analysis of the relaxation 
data for the CDs was rather difficult to perform. In order to evaluate the 
results more closely, measurements at additional magnetic fields, are 
necessary. NOEs can also be useful for the analysis. The presence of a 
hydrogen bond over the glycosidic linkage has been suggested in several 
other studies. This is an interesting project for future work. The 13C 
relaxation measurements will be extended to methylated CDs. The 
possibility of hydrogen bonding will also be studied for two disaccharides, 
methyl β-maltoside and methyl 2,2’-di-O-Me-β-maltoside, which can be 
seen as analogues to β-CD and 2,6-di-O-Me-β-CD, respectively. 

A new method, APME, has been used to determine the distribution 
function for a disaccharide with good results. The method will be used for 
the experimental data derived for the pentasaccharide, LNF-1. In future 
studies the APME approach would be interesting to evaluate for even larger 
molecules. 
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Appendix 

Table A1. Chemical shift for the CDs obtained at 15 °C and Methyl-β-maltositde 
obtained at 37 °C. Reference external Sodium 3-trimethylsilyl 
tetradeuteriopropionate (TSP), δH=0 ppm and dioxan, δC=67.40 ppm. 

 1 2 3 4 5 6 OMe 
5.06 3.64 3.99 3.59 3.85 3.87, 

3.92 
 α-CD 

102.0 72.3 73.9 81.8 72.6 61.0  
5.09 3.67 3.98 3.60 3.89 3.90  β-CD 

102.6 72.8 73.8 81.8 72.5 60.9  
5.12 3.66 3.94 3.60 3.87 3.88  γ-CD 

102.4 73.0 73.6 81.1 72.5 60.9  
5.40 3.59 3.69 3.43 3.73 3.76, 

3.87 
 

100.4 72.5 73.7 70.2 73.5 61.4  
4.40 3.31 3.78 3.63 3.60 3.77, 

3.95 
3.58 

Methyl-β-
maltositde 

103.9 73.8 77.0 77.7 75.4 61.6 58.0 
 

Table A2. Chemical shift for LNF-1 obtained at 35 °C. 
 1 2 3 4 5 

A α-L-Fucp-(1→ 5.21a 3.80 3.70 3.77 4.31 
 100.3a 68.8 70.3 72.6 67.3 
B →2)-β-D-Galp-(1→ 4.67 3.62 3.86 3.91 3.71 
 101.1 77.4 74.3 69.9 75.8 
C →3)-β-D-GlcpNAc-(1→ 4.65* 3.84 4.02 3.54 3.52 
 104.1 55.7 78.1 69.3 76.1 
D →3)-β-D-Galp-(1→ 4.45 3.60 3.74 4.15 3.74 
 103.7 71.0 82.4 69.3 75.6 
Eα →4)-α-D-Glcp 5.24 3.60 3.85 3.66 3.97 
 92.7 71.9 72.2 79.1 70.9 
Eβ →4)-β-D-Glcp 4.68 3.31 3.66 3.66 3.63 

 96.6 74.6 75.1 79.1 75.5 
a From K. Hermansson et al., Carbohydr. Res. 225 (1992) 69-81. 
* 1H @ 25 ˚C @ 800MHz: H1Cα 4.644 ppm, integral ~1. H1Cβ 4.640, integral ~2. 
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