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Abstract 

 
In this thesis a computational complement to experimental observables will be 

presented. Computational tools such as molecular dynamics and quantum chemical tools 

will be used to aid in the interpretation of experimentally (NMR) obtained structural data. 

The techniques are applied to study the dynamical features of biologically important 

carbohydrates and their interaction with proteins. When evaluating conformations, 

molecular mechanical methods are commonly used. Paper I, highlights some important 

considerations and focuses on the force field parameters pertaining to carbohydrate 

moieties. Testing of the new parameters on a trisaccharide showed promising results. In 

Paper II, a conformational analysis of a part of the repeating unit of a Shigella flexneri 

bacterium lipopolysaccharide using the modified force field revealed two major 

conformational states. The results showed good agreement with experimental data. In 

Paper III, a trisaccharide using Langevin dynamics was investigated. The approach used in 

the population analysis included a least-square fit technique to match T1 relaxation 

parameters. The results showed good agreement with experimental T-ROE build-up 

curves, and three states were concluded to be involved. In Paper IV, carbohydrate moieties 

were used in the development of prodrug candidates, to “hide” peptide opioid receptor 

agonists. Langevin dynamics and quantum chemical methods were employed to elucidate 

the structural preference of the compound. The results showed a chemical shift difference 

between hydrogens across the ring for the two isomers as well as a difference in the 

coupling constant, when taking the dynamics into account. In Paper V, the interaction of 

the Salmonella enteritidis bacteriophage P22 with its host bacterium, involves an initial 

hydrolysis of the O-antigenic polysaccharide (O-PS). Docking calculations were used to 

examine the binding between the Phage P22 tail-spike protein and the O-PS repeating unit. 

Results indicated a possible active site in conjunction with NMR measurements. 
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1.  Introduction 

 

The projects herein will primarily concern carbohydrates. The main interest and 

originally the objective of this work was the study of protein-carbohydrate interactions. 

Such systems are involved in a number of biologically important phenomena, for instance 

in the blood-coagulation system [1, 2] and the activation and the regulation of the pituitary 

hormones, to name only two. These systems are involved in rather significant biological 

processes and there is a large interest in elucidating their intrinsic interaction mechanisms. 

Because these are very large and complex systems one needs to understand the “exactness” 

or the reliability of the methods to be used. Large systems usually mean that we have to 

use classical methods, such as molecular mechanics (MM) or force field based methods. 

For our work, we used the PARM22 (Molecular Simulation Inc., San Diego, CA) all atom 

force field based upon the CHARMM program [3]. A generally parameterised force field 

has to be used with some care. Due to their broad-spectrum, special properties associated 

to a specific molecular system may be missed. In this situation, this meant that we could 

have an uncertainty in its behaviour towards carbohydrates. Before any advanced studies 

on the carbohydrate-protein system we had to focus on the force field and its applicability 

towards the interacting species.  

In Paper I, the force field is investigated to see how it holds up against both 

experimentally determined values as well as against quantum (QC) chemical calculations. 

A brief summary of the active variables applicable to carbohydrates and their new 

optimised values will be given.  

Papers II and III will use this newly modified force field in a structural study of the 

biologically important disaccharide α-L-Rhap-(1 2)-α-L-Rhap-OMe (R2R) and a 

trisaccharide α-L-Rhap-(1 2)[α-L-Rhap-(1 3)]-α-L-Rhap-OMe (R2R3R). The study 

will investigate both the dynamical and structural preferences of the carbohydrates as well 

as test the “stability” of the modifications made on the force field in Paper I.  

In paper IV will QC methods be examined to see how they can be applied, in 

conjunction with classical methods, to retrieve information and distinguish between 
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possible conformers. Information and knowledge from this study can also serve as a good 

foundation for later applications to more complex systems. 

In Paper V, the knowledge and experience from previous papers will be gathered and 

the interactions between the Phage P22 tail-spike protein and the repeating unit of the hosts 

O-antigenic polysaccharide, will be investigated through the use of docking calculations.   

 

1.1 Carbohydrates 

Carbohydrates are a very diverse group of compounds, important not only as energy 

storage in living cells [4], but they also have an important part in cell-cell interactions, for 

example in processes that influence fertilization, embryogenisis and viral and bacterial 

infections [5, 6]. The properties of such interactions have significant consequences on the 

hosts. If one would like to either influence or disrupt certain biological processes, 

knowledge of their mechanisms are of utmost importance, and these will be significantly 

dependent on the three dimensional (3D) shape of the carbohydrate.  

The structural determination of carbohydrates in their natural environment is rather 

complex and often requires a variety of methods. There are several factors influencing the 

overall conformation and shape of these species. Depending on the applied method 

different aspects and parameters must be taken under consideration. Using QC methods we 

are able to handle the electronic distribution in the system very accurately, but the large 

number of degrees of freedom (DOF) introduced via all the hydroxyl groups (see Figure 

1.1), can constitute some convergence problems. When dealing with a single monomer 

residue these problems can be manageable, however increasing the size of the systems 

increases the problem dramatically. When using classical methods applied to a single 

monomer residue we are restricted to the accuracy of the force field to describe the 

stereoelectronic and steric effects of the system. Increasing the size by subsequently adding 

more residues and solvent molecules introduces more DOF, which will affect the spatial 

shape. Special care and parameterization must deal with the inter and intra residue 

interactions as well as with the solvent effects, and we are consequently bound by how 

well these influences are described. 
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Figure 1.1.  The main degrees of freedom are the three torsional angels φ, ψ and ω. Also depicted are 

the many hydroxyl groups that affect the overall conformational preference to a large 
degree. They also constitute a difficulty when performing QC calculations.  

 

 

The main DOF for a an oligosaccharide are the torsion angles between the residues, φ  

and ψ, and the exocyclic torsion angle ω as depicted in Figure 1.1.     

Variations in the principle torsion angles will have consequences to the overall 3D- 

shape of the structure, thereby influencing the species ability to interact with other 

molecules. When properly parameterized, the use of computational tools, such as 

molecular dynamics and Langevin dynamics, aided by quantum calculations, give valuable 

insight into how all the aforementioned factors influences the final conformational 

distribution and thus give valuable information when predicting their behavior.  

In Papers I-V, a major part relies on the computational tools. Due to their importance in 

this thesis the following sections will be dedicated to give the reader a summary of the 

techniques employed.  
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2.  Computational Chemistry 

 

 
 

 

 

Computers can offer a fast and easy way to understand many important processes in 

chemistry. If we have some idea of what is happening in a system, we can set up a series of 

equations to describe these phenomena and via the power of computers solve them. 

To understand the intrinsic properties of molecules one has to set up equations to deal 

with the building blocks of the molecules and atoms. These are based on either classical 

mechanical methods or on quantum mechanical methods depending on what properties we 

are interested in. The following chapter will give a short introduction to both of these 

techniques.  

 

 

2.1 Molecular Modeling 

In the middle of the 20th century when computers made their entrance to the scientific 

scene, it prompted a new branch of chemical research.  

Some modeling techniques rely on classical methods. They have their origin in 

experimentally measured data, such as vibrational spectroscopy.  

Other more exact, methods based upon quantum mechanics enable one to calculate 

reaction potentials and transition state structures. However, these methods, while accurate, 

are very tedious and require both very powerful computers as well as a lot of time even for 

fairly small systems. For the most part we are only interested in structural features and 

properties of a molecular system, and then the exact electronic information is of little use.  

 

 

...from the same principles, I now demonstrate the frame of the System of
the World. 
Principia Mathematica. Isaac Netwton 
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2.1.1 The force field 
 

The origin for this type of procedure lies in the vibrational spectroscopy, where one uses 

the detailed information therein to develop potential energy functions for different 

properties of the system under investigation. The basic concept of the underlying theory 

can be derived from an alternative approach to the Born-Oppenheimer approximation 

(which will be more detailed in chapter 2.4). One considers the nuclei of a molecular 

system to have a fixed electronic distribution. The nuclei are then considered to be joined 

by springs, which is a classical way to describe two particles vibrating. In order to describe 

the energy surface for the rest of the system we have to, in a similar fashion, apply a 

classical mechanical descriptor for each individual property. The total energy of the 

molecular system is then calculated as a sum of the different individual interactions and 

these are made up of the steric and the non-bonded interactions, respectively.  

 

         BondedNonproperImDihedralAngleBondTot −++++= EEEEEE        (2.1) 

          

The bonded, or steric, interaction energy functions for the molecule contains the energy 

for the bonds, the bond angles, the out-of-plane angle bending and the dihedral angles 

(Figure 2.1), while the non-bonded energy function is comprised of the Van der Waals 

interactions and the Coulomb electrostatic interactions. 

 

                                              
 
Figure 2.1 These are the general terms that have to be considered when parameters are applied to 
  mimic the atomic or molecular motions [†].  
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The task ahead then consists of defining these energy functions for all the properties in 

the "entire" molecular system.  

 

• EBond 
The potential energy function for bond stretching is described by the harmonic potential 

energy for the stretching of a spring. KL is the force constant or “spring” constant and l0 is 

the equilibrium bond distance. 

 

                                ( )∑ −= 2
02

1 llKLBondE                  (2.2) 

 

• EAngle 
 Bond angles are usually treated in the same fashion as the bond distance case that is 

with a harmonic potential energy function 

 

           ( )∑ −= 2
0θθθKAngleE                        (2.3) 

 

Kθ is the force constant and θ0 is the equilibrium bond angle, where as θ  is the specific 

angle. As in the bond distance case this may not be the ideal or perfect description for 

every compound, but it is usually an adequate first approximation. If values disagree too 

much from experimental values, higher order terms can be added. 

 

• EDihedral 
The torsion or dihedral angle potential energy function can have a bit more complicated 

appearance and one cannot emulate it with a simple function as in the previous cases. To 

simulate the energy potential of a dihedral angle rotation, as shown by the equation below, 

one uses a cosine series function. 

 

 ( )[ ]n
n nDihedral nV δφ −+∑=

=
cos1

3

1
E                    (2.4) 
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Expanding this equation we can see that it is made up of a maximum of three-cosine 

functions, each of which has a different periodicity and amplitude. 

 

     E = K + V1cos(1φ - δ1) +  V2cos(2φ - δ2) + V3cos(3φ - δ3)       (2.5) 

 

V1, V2 and V3 are the amplitude or the weight of each curve, and δ1, δ2 and δ3 are the 

phase shift (see Figure 2.2) of each function and K is sum of all the amplitudes. 

 

                            
 
Figure 2.2 A phase shift occurs when the curves are “moved” compared to one another. In this case a 

45-degree shift was applied, dashed curve. If δ1=45 the first cosine curve as written in 
equation 2.5 will pass through zero amplitude at an angle of 45 degrees, instead of at 0 
degrees, bold curve [††].  

 
 

If one makes the summation of equation 2.4 we see how the simple individual cosine-

curves can emulate a much more complicated energy function, see Figure 2.3. 
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Figure 2.3  The individual cosine curves, above, can emulate only simple potential energy function. 

When added together they have the capacity to simulate a very complicated rotational 
motion. In the lower graph the summation of three cosine curves with different periodicity, 
but with the same amplitude and with zero phase shifts, is shown [††]. 

 
 

• EImproper 
Improper angle bending takes care of out of plane bending  

 

                             ( )∑ −= 2
0χχχKproperImE                       (2.6) 

 

As seen from the equation, one again uses a harmonic energy function, where Kχ is the 

force constant and χ0 is the equilibrium angle. 

                                     

Figure 2.4.  The definition of the improper torsion is the out-of-plane angle bending motion , as
  shown [††]. 
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• ENon-Bond 
The non-bonded energy functions, consists of the Van der Waals and Coulomb 

interaction energies. The Van der Waals energy term is constructed by the interactions 

between non-bonded atoms with a 1,4-relationship or greater separating distance according 

to the Lennard-Jones energy function. 

 

               ∑





























−










=

< ji ij

ij

ij

ij
jVdW rri

612

4
σσ

εE          (2.7) 

 

ε is the well depth, σ  is the minimum energy interaction distance, that is the distance at 

which the energy is zero, and r is the atom-atom distance.  

At close distances between the nuclei the repulsive interaction will dominate, when the 

distance grows the second or the attractive part will increase in strength. Optimal 

conditions will be reached when req is slightly larger then σ. 
 

                                  
Figure 2.5. An overview of a Morse potential energy curve is shown, energy versus the atom-atom 
  distance. σ is the zero energy distance, req is the equilibrium bond distance, ε is the depth of 
  the energy well. As can be seen, close to the req the potential energy function resembles a  
  harmonic one [††].   
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The final term is the Coulomb electrostatic interaction potential. This function is 

calculated using the partial atomic charges on each atom, qi. 

 

                            ∑=
≠ ji ij

ji
elect rD

qq
E

 .            (2.8) 

 

D is the dielectric constant and rij is the distance between the charges or atoms. The 

depicted energy expression, equations 2.2–2.8, contains the basic components of the most 

commonly used force fields. For a more accurate approach refinements can be made and 

one can use more complicated and expensive functions instead of the described ones. 

Values to all the force constants and equilibrium distances and angles are usually obtained 

through spectroscopic measurements or with quantum chemical calculations and stored in 

a file known as the force field. 

The force field used in this thesis is the PARM22 (Molecular Simulation Inc., San 

Diego, CA) force field and modifications done to it. This is a general-purpose force field, 

which is used in conjunction with the molecular mechanics program CHARMM [3]. 

 

 

2.2 Molecular Dynamics  

In molecular dynamics simulations we are interested in mimicking the motion or the 

dynamical behaviour of a system of particles with respect to the forces that are present in 

the system. By applying forces to a collection of particles for instance by adding heat we 

will cause the system to change. The forces will thus initiate a change or a motion amongst 

the particles over a time frame, which can be described by Newton's laws of motion, 

especially Fi = m*ai. 

From the second law we see that F is the force (net-force) acting on the particle and m is 

its mass and a is its acceleration. In order to extract the dynamical behavior of the system, 

which is a constant change of the system over a period of time, we must modify the 

equations to incorporate this variable. Thus by writing the acceleration as the second 

derivative of the displacement with respect to time we will achieve this. So if we want to 
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analyze the dynamics of a molecular system we now have to solve the following 

differential equation for every particle. 

 

                                 { }  zy,x,r       , Fr
==

∂

∂
mt2

2
          (2.9) 

 

By integrating twice with respect to time we get 

                              

                       2
2

2
1 Ctt iii ++= var            (2.10) 

 

At time t=0, ri = C2 which is the initial or starting coordinates of the molecular system. 

This gives us the means to calculate the changes in position from an initial position, initial 

velocities, and the initial acceleration. The integrations are performed over very small 

periods of time, ∆t, ideally infinitesimally small. This is, however, not practical and 1fs is a 

commonly used timestep. A rule of thumb when selecting the size of the timestep is to 

keep it shorter then the highest frequency vibration in the system. 

 

 

2.2.1 Explicit water and periodic boundary conditions 
 

One of the main advantages with using force field methods is that one can incorporate 

explicit solvent molecules and study the compound in a realistic environment over a 

significant period of time. This is especially desirable for carbohydrates.  

Carbohydrates have a significant amount of polar side groups, so adding water 

molecules will influence the structure by disturbing intra and inter hydrogen-bonding 

networks. Adding a huge amount of solvent molecules to a molecular compound will 

create a system of considerable size. Ideally one would like to have an infinite number of 

solvent molecules, as this is more true to the natural system. However calculations of that 

magnitude are not feasible at present time, so approximations are implemented such as 

confining the system to a finite size and shape, for instance a box.  
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The water model used throughout this thesis will be the popular three-site model TIP3P 

[7]. As the name implies we will have a possible 3-way connection to other water 

molecules or other atoms. It is not easy finding the best water model, which resembles the 

true bulk water properties and has a reasonable computational cost. The TIP3P model is 

sufficient for our purpose and will therefore be used. To limit the computational cost we 

will restrict our computation to a finite system, as mentioned above. Thus difficulties may 

arise due to this fact. The atoms at the center of the box will experience the correct 

interactions, which will differ from those experienced by atoms at the faces or edges of the 

box. This problem can be solved by a technique known as periodic boundary condition. 

The system under investigation is surrounded by images of itself. So atoms at the edge of 

the real box will then interact with the image atoms or molecules in the surrounding boxes, 

thereby minimizing the edge effects. And if one molecule or atom leave the real box an 

image atom will enter the real box at the opposite end (see Figure 2.6). 

 

 

     
 
Figure 2.6.  The real system (darker central box) is surrounded by images of itself, with equal forces 

and movement capabilities as the original system. 
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2.2.2 Cut-offs 
 

When explicit solvent molecules are added calculations can be quite tedious. Evaluating 

both the bonded terms and the non-bonded terms for an atom in a solvated molecular 

system requires a lot of the computer resources. The bonded terms are rather limited for an 

atom in a molecule, and restricted to the atoms bonded to it, with their respective bond 

distances, angles and dihedral angles etc. The non-bonded terms however could in theory 

incorporate almost everything else in the system. One way to reduce the computational 

effort is to truncate the non-bonding energies to zero at a specific distance away from the 

atom at interest [8, 9]. This distance is far enough away so that the energies involved are 

small enough not to produce any significant error, and are smoothed to zero. In this work 

different cutoff distances will be used depending on the size of the molecule and the size of 

the box. As a rule of thumb one can choose the cutoff to be less then or equal to half the 

size of the solvent box. 

 

 

2.3 Langevin Dynamics  

Adding explicit water molecules requires a lot of computer resources, even with the 

applied boundary conditions and cutoffs. One way to get around this is to mimic or 

simulate the influence and effect of the water molecules without actually adding them. One 

wants to add the erratic behavior of the solvent molecules on the solute but not having the 

solvent itself present. This is done with the Langevin approach. Thus by reducing the size 

of the system we can sample the conformational space more efficiently.  

 

          ( ) ( )tRtFm iiii +−= va γ              (2.11) 

 

The Langevin equation (2.11) is divided into three components. The first is the 

interatomic force, which reflects the interaction between particle i, and the surrounding 

atoms. This force is equal to the force described previously in Newton's equation of 

motion. The second term incorporates the effects of the solute moving through a solvent, 

that is it describes the frictional drag of the solvent on the solute particles. γi is the 
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frictional coefficient and it symbolizes the magnitude of the drag. By altering this value 

one can emulate the effect of different solvents. The third and final component, Ri(t), 

incorporates the random or stochastic forces due to the thermal fluctuations of the solvent 

on the solute molecules. If we set the frictional and random forces to zero the Langevin 

equation would reduce to Newton's equation of motion discussed previously.   
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2.4 Quantum Chemistry 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

2.4.1 The electronic wave function 
 

The inability of the theories of classical mechanics to explain the intrinsic nature of the 

properties of small bodies, initiated the development of the field of quantum mechanics. 

This area gives us the means to explain and probe the structures and interactions of atoms. 

At the heart of this theory and the foundation of modern quantum chemistry is the wave 

equation. 

 

             ΕΨ=ΨĤ         (2.12) 

 

This eigenvalue equation is known as the time-independent Schrödinger Equation [10]. 

The solution to it constitutes the wave function, Ψ , and the total energy, E, of the system. 

Ĥ  is the Hamiltonian operator which is made up of terms concerning both the electrons 

and the nucleus.  

Once at the end of a colloquium I heard Debye saying something like:
“Schrödinger, you are not working right now on very important problems…. Why
don’t you tell us some time about that thesis of de Broglie, which seems to have
attracted some attention?” So, in one of the next colloquia, Schrödinger gave a
beautifully clear account of how de Broglie associated a wave with a particle, and
how he could obtain the quantization rules…. by demanding that an integer number
of waves should be fitted along a stationary orbit. When he had finished, Debye
casually remarked that he thought this way of talking was rather childish…. To
deal properly with waves, one had to have a wave equation. 
 

FELIX BLOCH, Address to the American 
Physical Society (1976)   
From lecture notes, course in Quantum 
Chemistry and Spectroscopy, KTH (1998) 
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The Schrödinger equation (2.12) can be separated,a to a rather good approximation, [10, 

11] into a nuclear part and an electronic part, equations 2.13 and 2.14. 

 

          NNNNH ψψ Ε=ˆ          (2.13) 

 

           elelelelH ψψ Ε=ˆ         (2.14) 

 

           elNtot Ε+Ε=Ε          (2.15) 

 

The main problem now lies in finding solutions or approximate solution to these 

equations, especially to the later one, equation 2.14. 

 

            ∑ ∑+∑ ∑−∑ ∇−=

= 〉= =
=

N

i

N

ij ij

N

i

M

A iA

AN

i
iel

Z
H

11 1
1

2 1

2
1ˆ

r
 

r
          (2.16) 

 -ˆ  elH is the electronic Hamiltonian 

 

The first term describes the kinetic energy of the electrons, the second term describes 

the attractional forces between the electrons and the nuclei, ZA is the atomic number of the 

nuclei, and riA is the distance between the nuclei A, and the electron i. The final term in this 

equation deals with the electron-electron repulsion effects, rij is the distance between 

electron i and electron j.  

 

 

 

                                                 
a The Born-Oppenheimer approximation states that since the nuclei are much heavier than the electrons, they 
move more slowly. One can therefore, to a good approximation regard the electrons in a molecule as moving 
in a field of fixed nuclei positions. The energy terms for the nuclei can then be omitted from the electronic 
one, and the repulsion between nuclei can be considered constant [10]. 
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2.4.2 The spin and the antisymmetri principle  
 

To simplify the application of the Schrödinger equation to a many electron problem we 

must build the wave function from functions that depend on the spatial coordinates of one 

electron. However for a complete description of an electron one must also take into 

consideration its spin. The spin is described by the two spin functions ( )ωα  and ( )ωβ , for 

spin up and spin down respectively. These functions are both complete and orthonormal. 

 

             ( ) ( ) 1==∗∫ ααωωαωα    d        (2.17) 

             ( ) ( ) 1==∫ ∗ ββωωβωβ    d   

             ( ) ( ) 0==∗∫ αβωωαωβ    d                   (2.18) 

             ( ) ( ) 0==∗∫ βαωωβωα    d  

 

Using this new methodology the description of the electron now depends on not only 

the spatial coordinates, r = {x,y,z}, but also on one spin coordinate (ω), that is  

 

     { }ω,rx =          (2.19) 

 

As seen from equation 2.16 our electronic Hamiltonian does not make any reference to 

the spin, which means that our depicted approach would not lead anywhere. Additional 

requirements have to be applied to our wave function.  

  

     

 

A many electron wave function must be antisymmetric with respect to the

interchange of the coordinate x of any two electrons, considering both the spin and

space coordinates, equation 2.19 [10]. 
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This formulation is known as the antisymmetry principal, and is a general way of 

expressing the Pauli Exclusion Principle. 

 

      ( ) ( )1221 ,, xxxx Φ−=Φ         (2.20) 

 

 

2.4.3 Spin orbitals, spatial orbitals and the Hartree Product 
 

By the previous definition, an orbital is a (wave) function describing only one electron 

in an atom. However for our purpose we are mostly interested in the molecular electronic 

structure of a system. So we will be using molecular orbitals, which describe the wave 

function of the electron in a molecule.b   

A spatial orbital ψi (r) is defined as a function depending on the position vector r. It 

will describe the spatial distribution of a property or a particle, in our case an electron in 

either an atom or a molecule. The square of such a function, |ψi (r)|2dr, would give the 

probability of finding the electron in that volume element (dr). The spatial orbitals, atomic 

or molecular, are assumed to form an orthonormal set. 

 

             ( ) ( ) ijji d δ=∫ ∗ r rr ψψ                    (2.21) 

 

If these functions {ψi} were complete any arbitrary function f(r) could be exactly 

expanded on them, as shown by equation 2.22. 

 

               ( ) ( )∑=
∞

=1
ψ

i
iiaf rr           (2.22) 

 

ia  is a constant coefficient. As mentioned previously this expansion holds if the orbital 

function is complete, however this would require an infinite set of orbitals. Due to the 
                                                 
b Atomic orbitals describe the electronic wave function for a single particle in an atom. 
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computational limitations this is of course not possible in practice, and one uses a finite set 

of orbitals, K, instead. 

 

               ...,K,.........,ii 21ψ     , =         (2.23) 

 

 

 

Still for a complete description of the electron, no matter which type of spatial function 

used, we need to include its spin. This is done, as mentioned previously, by introducing the 

spin functions α(ω) and β(ω). Our new electronic wave function which now contains both 

the spin and spatial coordinates is called the spin orbital, χi (x). 

 

                   
( ) ( ) ( )
( ) ( ) ( )ωβχ

ωαχ
 rx
 rx

ψ
ψ

=
=

        (2.24) 

 

From equation 2.23 above we see that we have a given set of K spatial orbitals, giving 

us the possibility of creating a set of 2K spin orbitals.  

When we now have the appropriate representation for a single electron, we will now 

turn our attention to a system of N-electrons, i.e. a many electron structure. 

 

As a first approach let’s start by looking at a system compiled of non-interacting 

electrons. The Hamiltonian will then have the form given in equation 2.25, expressing the 

energy of electron i. 

 

                    ( )∑=
=

N

iel i
1

ˆ   H  h          (2.25) 

Because a finite set of orbitals only span a certain region of the complete

space, one can only say that the results are exact within that subspace

spanned by the finite set. 
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The Schrödinger equation applied to the one-electron situation will then look like  

 

            ( ) ( )ijjiji x  x χχ Eh =         (2.26) 

 

The eigenfunction χi  is the spin orbital with the spatial coordinate ri , equation 2.19. As 

seen from equation 2.25, elĤ  is the sum of these one-electron Hamiltonians. The 

corresponding wave function to such a summation would then be a product of the 

individual spin orbitals, as follows. 

 

              ( ) ( ) ( )Nkji x......xx χχχ 21
HP =Ψ        (2.27)   

 

 

 

Putting this wave function into the original eigenvalue equation 2.12.  

  

            HPHPˆ ΨΕ=Ψ elelH         (2.28) 

 

The sum of the individual spin orbital eigenvalues is defined as:     

 

                   Kji EEE +++=Ε .......el                    (2.29) 

 

So now we have a procedure for dealing with a system of more then one electron, 

however as mentioned earlier in the text we simplified the method by looking at 

HPΨ  is known as the Hartree-Product. For this many electron wave function,

electron-one is described by the spin orbital χi and electron-two by spin orbital χ j

and so forth…. 
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uncorrelated or independent non-interacting electrons. The direct effect of this is that the 

probability of finding a “specific” electron, lets say e1 at a given point in space is 

independent of the position of electron e2 [10, 12]. Intuitively one sees that this is not a 

good representation. Electrons naturally repel each other and try to avoid regions already 

occupied by another one (correlated motion). Another deficiency with the Hartree-Product 

is that it distinguishes between different electrons, that is it places e1 in spin orbital χ i and 

e2 in χ j and so forth (equation 2.27). This clearly contradicts the uncertainty principle 

which states that we cannot distinguish between particles, and as shown in section 2.4.2 the 

antisymmetry principle requires the electronic wave function to be antisymmetric with 

respect to interchanging space or spin coordinates of two particles. 

 

                            ( ) ( )NK xxxxxx ...,.........,,........, 1221 Ψ−=Ψ        (2.30) 

 

 

2.4.4 Slater determinants 
 

An easy and convenient way to get around this obstacle and to assure that the 

antisymmertry principle is maintained is to write the many-electron wave function as a 

determinant. For a two-electron structure we get the following functional form of the 

orbital, as depicted in equation 2.31. 

 

          
( ) ( )
( ) ( ) ( ) ( ) ( ) ( )( )12212211

2221

1211
2

1
2

1 xxxx 
xx
xx

 χχχχ
χχ
χχ

−==Ψ      (2.31) 

 

The rows in the determinant represent the same electron while the columns represent the 

same spin orbital. Exchanging two electrons, i.e. switching two rows in the determinant, 

will change the sign of it consequently proving that the antisymmtery principle is 

guaranteed, equations 2.20 and 2.30. Another advantage with the determinantal picture of 

our wave function is that if two rows are identical, symbolizing two electrons that share the 

same spin function and the same spatial coordinates, the determinant vanishes. We have 
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now correlated the motion of electrons with the same spin, however we have still left the 

motion of electrons with opposite spins uncorrelated. The most considerable effect arises 

when looking at the probability of finding two electrons at the same point in space, which 

for a correlated system is zero but for an uncorrelated system is non-zero. 

 

 

2.4.5 Solving the problem  The Hartree Fock approximation. 
 

We have now gone through the basic concept of the orbitals and it is now time to attack 

the many-electron solution to the Schrödinger equation (2.28). One of the basic methods in 

use for this job is the Hartree-Fock approximation, which also functions as a first step in 

more elaborate and accurate approximations [10, 13] that incorporates the electron 

correlation effects. As shown previous, the simplest way for depicting a many-electron 

antisymmetric wave function is via a single determinant. 

 

                    Nχχχ .......210 =Ψ                     (2.32) 

 

The ground state wave function is the one that gives the lowest energy, in accordance 

with the variational principle. This means that we are “free” to vary the spin orbitals χx as 

long as they are orthonormal  

 

              abba δχχ =                       (2.33) 

 

until we reach an energy minimum E0. 

 

           000
ˆ ΨΨ=Ε elH                    (2.34) 

 

elĤ  is the complete electronic Hamiltonian. Breaking down this to its basic 

components one can say that the Hartree-Fock (HF) approximation treats the N-electron 
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problem as an N one-electron problem. The HF equations are derived from equation 2.26, 

with the difference in the applied operator. In the HF one uses an operator f(i), known as 

the Fock-operator, that is a sum of the core-Hamiltonian h(1), equation 2.26. 

 

           ( ) ( ) ( )iE xx χχ =iif         (2.35) 

 

               ( ) HFM

A iA

Aif ν−∑−∇−=
=1

2
2
1

r
Z

                  (2.36) 

 

νHF is the effective one-electron potential operator. It expresses the average potential 

felt by an electron i, due to the presence of other electrons. As a result of this the HF-

potential νHF(i) depends on the spin orbitals of the other electrons in the system, the Fock 

operator depends on its on eigenfunction χ(x1). This suggests that the HF equations are 

non-linear and have to be solved itteratively. The commonly applied procedure for this is 

the Self-Consistent-Field-method (SCF).  

One start by guessing the initial values for the spin orbitals, whereby calculating the 

equations described above. The solution will give us a new set of spin orbitals, and the 

procedure prolongs until the spin orbitals are constant. We have now shown the basic 

method of approach for solving the many one-electron problem, and the introduction of the 

SCF procedure.c 

 

 

 

                                                 
c For more insight into the numerical solvation procedure, via the Roothan equations pages 132-138 in the 
Szabo book can be of good use [10]. 
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2.5 Density Functional Theory  

The failure of the HF-method for treating same spin electrons requires the use of post- 

HF treatment in order to incorporate these effects. Usually these methods are quite 

computationally demanding (MP2, CI, CC to mention a few). Another method that has 

grown in popularity over the last couple of years is density functional theory, DFT. Using 

this methodology we have the luxury of incorporating the electron correlation effects, 

without the use of expensive post treatments, resulting in a reduction in computer time 

while still providing a high level of accuracy. 

At the theoretical basics of the DFT procedure lays the theorem by Hohenberg and 

Kohn [14]. As shown previously the electronic wave function of an N-electron system 

depends on 3N-spatial and N-spin coordinates. 

 

            ( )Nx.,,.........xx 21,Ψ                      (2.37) 

 

However as the Hamiltonian operator only contains one- and two- electron spatial terms 

one can thereby write the energy in terms of integrals involving only six spatial 

coordinates. The electron density on the other hand is the square of the wave function 

integrated over N-1 electrons. This means that we are only dependent on three coordinate 

axis no matter how many particles are present in our molecule [15]. 

 

                 ( ) ( )zyx ,,ρρ =r                    (2.38) 

 

As the density is only a function of three coordinates a simplification of the calculations 

can be made by using a wave function based upon it. 

 

           ( )( )rρΨ                     (2.39) 

 

Hohenberg and Kohn proved that the non-degenerate ground state energy and potential 

of the exact Hamiltonian could be expressed in terms of an unique functional of the 
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electron density [11]. All the molecular electronic properties of an examined system are 

then exclusively determined by the electric probability density. The goal is then to design a 

functional that connects the electron density to the energy. 

 

             [ ]ρf=Ε            (2.40) 

 

As with the HF-approach one can also divide this energy expression or energy 

functional into several parts (three): 

 

• Kinetic Energy,      [ ]ρΤ   

• Nuclei – Electron attraction energy,   [ ]ρeNΕ  

• Electron – Electron repulsion energy,  [ ]ρeeΕ  d 

 

The nuclei–nuclei interaction potential can as in the HF–case be considered constant 

within the Born–Oppenheimer approximation.  

 

                      [ ] ( )
∑ ∫

−
=Ε

a A

a
eN dr

rR
rZ ρρ             (2.41) 

 

                  [ ] ( ) ( )
∫∫

−
= 'rr'rr

'rr ddρρρ
2
1J           (2.42) 

 

The terms of the kinetic energy T[ρ] and the exchange energy K[ρ], however require 

some extra attention. To solve these two terms one require to introduce orbitals, which was 

shown by Kohn and Sham in 1965 [15]. These orbitals, commonly referred to as Kohn-

Sham (KS) orbitals, are not “real” physical MO, but merely just functions that will give the 

correct electron density. 

 
                                                 
d Which is comprised of a Coulomb part and an exchange part, J[ρ] and K[ρ], implicitly including the 
correlation energy in all the terms. 
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                    ∑=
i

i
2ϕρ                               (2.43) 

 

The non-interacting KS-orbitals, iϕ , retrieved by the Kohn-Sham expression satisfies 

the following independent-particle Schrödinger Equation:  

 

                    iiii ϕϕϕ Ε=+∇− KS
2 V

2
1             (2.44) 

 

The introduction of the KS-orbitals gave us the means to finally be able to evaluate the 

kinetic energy expression.e 

 

           ∑ ∇−=Τ
=

N

i
ii

1
2

2
1 ϕϕ         (2.45)  

 

 

 

The term Vks is a local one-body potential, spawned by the assumption that we are using 

a non-interacting density, which should mimic a fully interacting system. This potential 

can be further expanded to visualize this. 

 

          XCeleNKS VVVV ++=            (2.46) 

 

Vne and Vel are the derivative of the nuclei-electron energy functional and the electron-

electron repulsion energy functional respectively. 

                                                 
e Assuming non-interacting orbitals/electrons 

By using non-interacting electrons we will arrive at about 99% of the correct

answer. The remaining kinetic energy will be treated by the exchange-correlation

term [13].  
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[ ]

δρ
ρδ eNΕ

         (2.47) 

 

              [ ]
δρ

ρδ J          (2.48) 

 

                    
δρ

δ XC
XC

Ε
=V                    (2.49) 

 

EXC  is the exchange-correlation energy functional. 

 

So in order to solve the KS-equations we therefore have to know the exchange-

correlation functional, EXC, or at least have an adequate expression for it, if the exact one is 

not available to us.  In here lies one of the difficulties with the DFT approach, and as no 

one knows the exact expression for EXC approximations have to be applied.  

As a first step to this is the local spin density approximation, LSDA, where one assumes 

the electrons to be moving in a uniform electron gas.  

 

                   ( ) ( )[ ]∫ Ε=Ε rrr 3dXCXC βα ρρ         (2.50) 

 

βαρ /  are the spin densities 

 

As the density around an atom or a molecule seldom is completely homogeneous, one 

must go beyond the local density approximation. This is achieved by introducing gradients 

of the electronic density, ∇ρ(r). The improved methodology falls under the non-local 

density procedure. The exchange-correlation energy is then separated in to two terms, so 

that each individual term can be treated more accurately 

 

                     CXXC Ε+Ε=Ε         (2.51) 
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Where EX is the exchange energy functional and EC is the correlation energy functional. 

To find a more accurate exchange and correlation energy functional many new expressions 

popped up, in this work however mainly the B3LYP [11] functional will be used. This 

functional is a combination of exact Hartree-Fock exchange with local and gradient-

corrected exchange correction terms as first suggested by Becke [16]. 

 

        ( ) ( ) VWNLYPBeckeHF
0

Slater
0

3 a1aaaa1 CCCCXXXX
LYPB

XC ∆Ε−+Ε+∆Ε+Ε+Ε−=Ε      (2.54) 

 
Slater
XΕ  is the Slater local exchange energy functional, Becke

XΕ  is Becke’s gradient 

correction to the exchange functional, HF
XΕ  is the Hartree-Fock exchange energy 

functional, LYP
CΕ  is the correlation functional of Lee, Yang and Parr [17, 18] and the last 

term VWN
CΕ  is the local correlation functional from Vosko, Wilk and Nusair [19]. The 

constants a0, ax and ac are empirically fitted values by Becke.  
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3.  Basis Set 

 
In order to extract information about a chemical system using the heavier theoretical 

methods, one requires solving the exact time independent Schrödinger equation, while this 

is not practical, approximations are introduced. The introduction of basis sets in quantum 

chemical methods, such as DFT and ab initio methods, is a convenient way to solve this 

problem, and is one of the primary methods in use. The procedure involves expanding an 

unknown exact function, such as a molecular orbital (MO) in a known set of functions, i.e. 

atomic orbitals (AO), equation 3.1. As long as the set is complete, which requires the use 

of an infinite number of orbitals, the solution is exact. This is not realistic in an actual 

calculation, due to the massive computational cost, so approximations are done and one 

uses a finite number of orbitals, and only the components of the MO along those 

coordinate axes corresponding to the selected basis are represented [13]. The larger the 

basis set used the better the representation of the “true” structure. 

 

                 ∑= kiki c ψΨ           (3.1) 

 

 

3.1 Slater and Gaussian type orbitals 

The most commonly used basis set or functions in QM calculations are composed of 

atomic functions. There is no restriction to what mathematical function to use, but the most 

commonly expanded MO are usually made up of either one of these two [10]: Slater Type 

Orbitals, STO’s, or Gaussian Type Orbitals, GTO’s [13]. The Slater type functions created 

as a result of the approximate solution to the time independent Schrödinger equation has 

the following functional form consisting of an exponential part and a harmonical part. 

 

    ( ) ( )ϕθϕθψ ζ ,,, 1
ml

n-
nlm eC  

r   Υ r   r −=      (3.2) 
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  C is the normalization constant, Yl m  is the angular part of the function and ζ is the orbital 

exponent, or zeta. The exponential form of the radial part ensures that the MO converges 

fairly rapid when increasing the number of functions, however the Slater type functions, 

though more accurate are not practical to implementation in MO calculations [20]. This is 

because some integrals are complicated to assess, particular when the atomic orbitals are 

centred on different nuclei, which makes the two-electron integrals very challenging to 

evaluate [10]. A common and respected method to overcome this predicament is based on 

replacing the Slater orbitals by functions created upon Gaussians [12, 20].  

A Gaussian function has the radial dependence in the form of exp(-αr2), and the orbital 

can be written in either polar equation 3.3 or cartesian coordinates equation 3.4. 

 

                     ( ) ( ) ( ) 222
,,,, ,,, r r Υr αϕθϕθψα

−= −− eN ln
mlmln           (3.3) 

 

                 ( ) 2
,,, ,, r  α

αψ −= ezyxNzyx z
ly

l
x

l
mln          (3.4) 

 

The superscripts lx, ly and lz determines the type of orbital (s, p, d, etc.) and the 

exponential coefficient determines the size or the diffuseness of the basis function. 

Although, the GTO’s look somewhat intimidating when compared to the STO’s, the 

GTO’s are infact faster and easier to solve nummerically, mainly due to the fact that the 

product of two Gaussian situated on different “nuclei” centers is simply another Gaussian 

[12]. The differences in the exponential part for the two types create some problems in 

their implementation. The most significant effect of this is that the STO slope at distances 

close to the center are high, the derivative is discontinuous, whereas the GTO slope is zero 

(at r = 0), and at large distances, r, the Gaussian functions decays more rapidly than the 

Slater function, as seen in Figure 3.1. 
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Figure 3.1. Comparison of a Slater orbital (ζ = 1) with a Gaussian function(s). To mimic the behaviour 

of the more exact STO a least square fit of exponents and coefficients are made for a series 
of Gaussian functions. The contraction coefficients and the exponents used were taken 
from [10] pages 155-159 [††]. 

 

 

To be able to use these functions for basis set one has to compensate for their (GTO’s) 

lack of exactness. One way is to use fixed linear combinations of the primitive Gaussians 

as basis functions, as can be seen from the figure above. These linear combinations, called 

contractions, leads to what is known as a Contracted Gaussian Function or CGF [21]. 

Figure 3.1 depicts how the single Gaussian fails to reproduce the exact performance of the 

STO. As seen from eq. 3.4 the normalization coefficient N and the orbital exponent are 

determined through an exponential fit of the GTO to the STO, accordingly. First we revise 

the expression for the STO and the GTO, to accommodate for the normalization 

coefficients.  

 

                  ( ) r SF
1s r ζ

π
ζζψ −











= e

4
3

3
,           (3.5) 

 

r = r - RA, RA is the position vector for nucleus A [10]. 
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The STO, equation 3.2, is rewritten to accommodate for the fact that the normalization 

constant is a “function” of the orbital exponent. The expression for the normalized 

Gaussian, equation 3.4, then becomes  

 

                 ( )
24

3

, r GF
1s

 2r α
π
ααψ −





= e               (3.6) 

 

To improve the GTO one uses a linear combination of them (see Figure 3.1). This gives 

the generalized functional form of the CGF: f  

 

           ( ) ( )∑=
=

L

p pp pd
1

,rr GFCGF
µαψψ µµ                     (3.7) 

 

Where L is the length of the contraction, the number of Gaussians used in the series, 

and µpd  is a contraction coefficient. ( )r,GF
µαψ pp  is the primitive Gaussian Function 

expanded from equations 3.3 and 3.4 with its functional dependent normalization 

coefficient. By proper choice of the parameters, L, µpd , µα p , the CGF can be manipulated 

to assume any functional form consistent with primitive Gaussians. The elucidation of the 

unknown variables in equation 3.7 is acquired through a procedure in which one compares 

the two methods and minimizes their respective integrals or maximises their overlap. This 

is done by a least-square fit of the CGF to the Slater function with a specific value on its 

exponent, ζ.. This means that we are interested in minimizing the integral in equation 3.8.g 

 

               ( ) ( )[ ] rrLG,STO  r CGF
1s

SF
1s d

2
,0.1,0.1∫ −=−==Ι ζψζψ                     (3.8) 

 

 

 

                                                 
f  For a more thorough elucidation for the compilation of the contracted form see references [10, 12, 21]. 
g For further reading on this subject the interested parties are referred to the Szabo book [10] appendix A 
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The STO-LG formalism, refers to the number of Gaussians (G), that is the length of the 

contraction (L in equation 3.7) which is used to resemble a STO with the exponential 

coefficient ζ = 1.0. Since the two functions are normalized one can also solve this problem 

by maximizing the overlap between them.  

 

                    ( ) ( ) rrLG,STO rS CGF
1s

SF
1s d−=∫ == ,0.1,0.1 ζψζψ             (3.9) 

 

If one uses only a single Gaussian function, we only need to find the primitive Gaussian 

exponent α, the contraction coefficient µpd  = 1.0, equation 3.9, then becomes 

 

             ( ) ∫





= −−− r S r r dee

24
3

21 2 α
π
απ          (3.10) 

 

The best overlap is acquired at α = 0.270950 [10, 12]. So by putting the α value in 

equation 3.6 gives the STO-1G curve in Figure 3.1. The other exponents and contraction 

coefficients for the other curves in the figure can be found in a similar fashion The same 

procedure applies for retrieving contracted functions for the other types of orbitals, p , d 

etc.h  

 

To summarize : the main idea with the use of CGF, ( )rCGF
µψ , is to use a predetermined 

length, L, for the contraction and predetermined values for the coefficients to form an 

attractive set of basis functions. The contraction coefficients are not allowed to change 

during the course of a calculation self consistency field calculation (SCF). This makes the 

procedure very suitable for application on the core orbital which usually does not change 

much. 

 

 

                                                 
h for a more extensive view of their apperence see the book by Szabo and Ostlund [10] pages.180-190 or  the 
book by  Leech [12] p.70. 
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3.2 Minimal basis set and beyond 

The choice of the atomic basis set is an essential in any ab initio or DFT calculation. 

The basis set needs to be large enough to portray the properties under investigation. They 

have to accurately model the molecular properties, and at the same time the basis set 

should be small enough so that it can be used on the molecule of interest within a 

reasonable limit of computational time. The choice of basis set should then reflect both the 

accuracy required for the investigation at hand, and the size of the molecule as well as on 

the property under examination. For instance, geometry optimisations can be done with 

slightly smaller basis set than NMR shielding calculations, where one needs to operate at 

the Hartree Fock limit of a set of complete functions. The smallest number of functions 

that can be used to define an atom or any other electronic system, is called a minimal basis 

set [10]. Only a sufficient amount of functions are used to describe all the electrons in a 

neutral atom/molecule.  

For Hydrogen and Helium one uses only one function to describe the 1s orbital, and for 

the first row atoms, such as carbon, nitrogen and oxygen etc. one uses two functions for the 

s-orbitals (1s, 2s), and one set of p-orbitals, (2px, 2py, 2pz). The minimal basis, however 

cannot account for the changing chemical environment [12]. In order to improve the 

functions one increases the amount of functions used. One can double the number of 

functions, i.e. instead of one function for describing the 1s orbital one uses two (1s and 

1s'), and for carbon and nitrogen we would get ten functions consisting of four s-orbitals 

(1s, 1s', 2s and 2s') and two sets of p-orbitals. This type of basis set is often referred to as 

Double Zeta (DZ), and introduces more flexibility to the basis set.  

The introduction of more functions makes it possible to mould the orbitals to take into 

account the surroundings, and create a different electron density in different directions 

around the atom, which is of principal importance when describing chemical bonds. The 

next step is to triple the number of added functions, which give rise to the Triple Zeta (TZ) 

basis set, and Quadruple the amount (QZ-basis set), and so fourth [11]. However, 

continuing adding on additional functions this way, one usually reaches a limit where 
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further enhancements do not improve the results that significantly,i further improvements 

are then done by introducing polarization functions. When the environment surrounding an 

atom is polarized, this has to be introduced in the basis set. For small atoms such as the 

hydrogen this is usually not necessary [10], but for larger atoms, in which the electrons are 

influenced by the electric field created by the surroundings, higher angular momentum 

functions must be added [10], in order to perturb the lower orbitals. This is done by adding 

p-orbitals to s-orbitals in small molecules such as the hydrogen atom and for larger atoms 

polarisation functions are introduced to the valence part. As s-orbitals are polarized by p-

orbitals, p-orbitals are polarized by d-orbitals, etc. A further step is the inclusion of 

“diffuse” functions. This improves the wave function properties far away from the nucleus. 

These functions are important when performing calculations on anionic systems or systems 

which require a less restricted or localized density. 

 

                                                 
i The basis set would also become unbalanced resulting in further problems and errors, [10] pages 180-190. 



 

36 

3.3 Pople style orbitals, basis set 

The most common style basis set in use today are the so-called Pople style basis 

functions, named after their designer John A. Pople. These orbital shapes are of valence 

double zeta, which means that only the valence orbitals are split. The Pople style basis sets 

are constructed according to the contracted formalism which means that the energetically 

important core-electrons are treated with several functions having constant expansion 

coefficients whereas the valence part have variable coefficients. The basis set is denoted 

with the following formalism 

 

     k-nlmG         (3.11) 

 

The k denotes the number of primitive Gaussian type orbitals (PGTO) used to represent 

the core orbitals. The nlm part portrays the number of functions (PGTO’s) that are used to 

represent the valence orbitals and how they are split (contracted), nlm indicates a triple 

split valence. If one only has nl, this would point to a double split valence basis set. The G 

symbolizes the use of Gaussian type functions. As an example we can look at the simple 

basis set 3-21G, which is a double split valence basis. The core orbitals are represented by 

three PGTO’s. The inner part is constructed by two PGTO’s and the outer part of the 

valence orbital is characterized by a single PGTO. This would give, for a carbon atom, the 

following representation; the 1s orbital would be characterized by three PGTO's the 2s and 

2p-orbitals would be symbolized by two PGTO's for the inner, contracted, part and by a 

single PGTO for the “outer” part. The most commonly used split valence basis sets are the 

3-21G, 4-21G and the 6-31G. This thesis uses the 6-31G with implemented diffuse 

functions and polarization functions, 6-31+G*. The + sign indicates that basis set contains 

an additional set of diffuse s- and p-orbitals on heavy atoms. If ++ sign is present it 

indicates that diffuse functions are also included for hydrogen's. The asterix, *, indicates 

that polarization functions are added on the heavy atoms (non-hydrogens), i.e. d-orbitals 

for p, and so forth, adding another asterix adds polarization functions to the hydrogens. 

The triple split valence basis set 6-311G will also be used in this study, with added diffuse 

and polarizing functions. 
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4.  Rigid Protein Docking 

 
For these types of calculations we are interested in obtaining the best fit between a 

smaller molecule and a larger one, for instance between a protein and an inhibitor. Due to 

the sheer size of such a system we are unable to use molecular mechanical or quantum 

mechanical techniques. An alternative approach is to use some kind of scoring function, 

where we grade points along the protein. When the entire protein has been examined one 

tries to maximize the favourable encounters until the best scores between the protein and 

the smaller ligand have been obtained. For a fast and easily applicable method one has to 

make a couple of assumptions. We assume the protein to be rigid in contrast to the ligand. 

Depending on the type and size of the protein and the size of the ligand, the protein can be 

considered as rigid compared to the internal motional timescales of the ligand. However 

when considering larger and less flexible ligands the changes then become more and more 

comparable with the protein timescales and one has to take the simplification criteria into 

consideration, as a possible source of errors. Another dilemma appears when we have 

ligands that themselves stimulate a binding pocket on the protein, the so-called induced fit 

model. Programs that take these effects into account are usually more computationally 

demanding,j nevertheless, the selected method should for our study be quite suitable. 

 

 

4.1 How does the method work ? 

The program used in this thesis, Autodock 3.0 [22], uses a sampling algorithm to search 

for the most suitable configuration of the ligand within the binding pocket. Generating 

configurations of the ligand can be made by a completely random approach or one can 

systematically search through all the possible combinations. Neither of these techniques 

are particularly efficient, and the autodock program uses an optimisation technique based 

upon the genetic algorithm (GA) approach, or the simulated annealing (SA) method. These 

are not the only methods available, and some programs use a more heuristic method to 

                                                 
j http://mondale.ucsf.edu/ . 
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tackle the task [FlexX, DOCK]. A few even use explicit MD simulation.k The scoring 

function or ranking function, which is a way for the program to rank or to discriminate 

between the different calculated possible docked configurations, is based on an empirical 

scoring function. Before we can make any differentiation between different configurations 

we must first generate them, which is done accordingly:  

 

• First, the structure for the protein is determined and its surface is mapped 

according to the interactions that one could encounter between the ligand and 

the protein. To accomplish this the protein is placed in a large grid, or cube, 

with a predefined size and space between the grid points. Thereafter, “atoms” 

corresponding to those of the ligand are then moved through this cube. At each 

point in the grid the interaction energies are calculated between the “atom” and 

the protein. In our study, Paper V, an octasaccharide is fitted to a bacteriophage 

tailspike protein. Thus the following atoms must be; C, O and H, plus a unit 

charge, to check the electrostatic interactions.  

 

                                      
 

Figure 4.1 The protein is placed inside a cube shaped grid with defined spacing between the grid 
points. An atom is then moved through the points, as shown. All the energies calculated are 
subsequently stored in separate files [†††]. 

                                                 
k Some programs also use a refinment operation, whereby molecular mechanical methods are used to rank or 
sort the “best-fit” structures [ZDOCK, RDOCK]. 
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• A search of the ligand is then performed. The ligand is placed at a random 

position and with a random orientation in the box (without the protein present). 

The most exhaustive examination would include all possible states that the 

ligand can adopt. If one uses a rigid ligand, no internal degrees of freedom has 

to be accounted for, at each point in the grid the rotations of all the axes and 

translation of the structure in all the directions, would have to be examined, see 

Figure 4.2.  

 

 

           
 

Figure 4.2. The ligand is placed in a coordinate system and oriented according to the centre off mass. 
  The principal degrees of freedom for a rigid ligand with no internal alteration, is shown 
  [†††].  

  

 

If one considers a 5° step for rotation around the axises this would give a total 

of 723 tries at each grid point in the cube. A standard grid used in our project, 

consists of 1003 points, which gives a total of about 4*1012 energy evaluations 

for the system. As one can imagine, the time consumed by such a massive 

approach would be enormous, making the method very ineffective for practical 

applications. 
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• The search method used to classify all the possible states is the Lamarckian 

Genetic Algorithm (LGA).l The method utilizes an evolutionary process, where 

the search space is constructed by a set of solutions called population, with 

different parameters being represented by the chromosomes. The original set of 

parameters making up the parents, will be mixed resulting in a set of 

offspring’s. After mutation new energy evaluations will be made, and through 

natural selection only the best will survive. The method has the advantage over 

the regular GA method as it alternates the local search with selection and 

crossover.m  

 

• After the search method has been chosen and the possible states that will be 

examined are known, a scoring function is applied to evaluate the energy 

interactions at each state. As we have interaction energies for all the points, 

evaluation of these are carried out by a trilinear interpolation from the 

surroundings.  

 

            
   

Equation 4.1. The empirical scoring function as utilized in the Autodock program.n  
 

 

The lower the resulting values are from the scoring function the more stable the 

corresponding ligand-protein complex, and if everything goes smoothly the highest ranked 

candidate with lowest energy, will be the docked species consistent with experimental data, 

if available. 

                                                 
l For the interrested reader who would like to know more about the person and the theory , there is a nice 
page “dedicated” to Jean-Baptiste Lamarck,  http://www.ucmp.berkeley.edu/history/lamarck.html . 
m A very good a simple description of the GA-procedure can be found at http://cs.felk.cvut.cz/~xobitko/ga/, 
so no further details will be given. 
n The equation is taken from http://cnx.rice.edu/content/m11464/latest/ . 
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5.  Calculating the Chemical Shielding 

 
As the electrons move around the nucleus of an atom their motion or momentum will 

generate a current,o and this induced current consequently gives rise to a locally induced 

magnetic field.p  

 

                                                         
 

Figure 5.1.  The momentum of the electron induces a local magnetic field at the center. The strength  
  depends on the distance and the current. 

 

 

The strength of this field therefore depends on the number of electrons present i.e. the 

electron density or current density, and also on the surrounding environment felt by these 

electrons. The NMR chemical shift or chemical shielding depends on the magnitude or 

strength from the locally induced field as compared to the externally applied one. The 

shielding will then as a consequence depend on the molecular orientation in the magnetic 

field.  The nuclear shielding tensor can be calculated from the first-order magnetic induced 

current density, j (1). The total shielding is then obtained via the local shielding density in a 

point in space (r) according to [23, 24] 

                                                 
o The electrical current is defined as the rate of flow of charge through a surface I=dQ/dt, according to 
University Physics, H. Benson, John Wiley & Sons, Inc., 1991. page 524. 
p For more information or a more pictorial view on current induced magnetic fields the reader is referred to 
the Ampere’s law or the Biot-Savart law, which can be found in most physics books or on the internet. 
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N

αβσ  denotes the shielding for nucleus N in the direction of the α-axis (component of 

the induced magnetic field) when the external magnetic field B is applied in the β 

direction, rN is a position vector relative to the nucleus and E is the total energy. Equation 

5.1 gives us the means of calculating the given shielding of nucleus N at a specific point in 

space (r) and to get the total shielding for that nucleus one must integrate this shielding 

density over all space. 

 

         r r d
r

NN
∫= )(αβαβ σσ               (5.2) 

 

If we break down equation 5.1 into its key components we see that the most significant 

influence to the shielding density comes from the current density. Depending on the 

variations in ( )r1
βj  around a nucleus in a molecule we will get variations in the locally felt 

shielding for that nucleus. One therefore needs a good description of that quantity. 

The current density consists of two parts, first is the paramagnetic term, which depends 

both on the ground state as well as on the perturbed first order corrected part. 
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where p is the linear momentum operator for a single electron, p = ∇− hi , e is the 

electron charge and m is its mass. The first order orbital, )1(
iφ , are resolved by expanding 

them on the basis of the unperturbed virtual molecular orbitals (MO’s). 
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The coefficients, ( )1
pic , are solved by either coupled-perturbed Hartree-Fock (CPHF) 

or by the coupled-perturbed Kohn-Sham equations depending on the method used, [25, 26] 

and references therein. The paramagnetic term develops due to a mixing of virtual MO’s 

with occupied MO’s via the perturbation caused by the externally applied magnetic field. 

 

The second part consists of the diamagnetic part, which only relies on the ground state 

current density, ( )0
iρ . 
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Where e is the electron charge, m is its mass and c is the speed of light, and ( )rΑ  is a 

vector potential which describes the uniform magnetic field with gauge origin centred at 

the nucleus or 0r . It can be seen that the shielding has a coordinate dependence, and the 

results might depend on the choice of the origin, 0r . This affects both the terms that make 

up the current density. For the paramagnetic term it is embedded in the perturbed orbital 

and in the diamagnetic part it arises in the vector potential. 

Thus in the absence of a complete basis difficulties can arise. The most significant 

effect of this is that the results retrieved from these kinds off calculations will give 

different values depending on the position of the molecule in the cartesian coordinate in the 

field. One can avoid this so-called gauge origin dependence by using very large basis 

functions, because in the limit of a complete set we get gauge invariance. This is not 

practical due to the large computational effort required [26]. 
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As a solution one sets up local gauge origins, in order to define the potential vector of 

the external magnetic field at each atomic centre. To accomplish this we can adopt one of 

several methods, such as the gauge independent atomic orbitals (GIAO) method, 

individual gauge for localized orbitals (IGLO),q or the localized orbital/local origin 

(LORG) method. The latter methods are a further development of the GIAO method, by 

employing gauge factors to localized molecular orbitals instead of on each atomic orbital, 

thereby increasing the computational efficiency [27, 28].  

 

The GIAO method was used in this study (Paper IV) as implemented in the Gaussian98 

[29] and Gaussian03 programs [30]. This method is sufficiently accurate and efficient for 

our work and has the advantage over the localized methods by being able to easily 

accommodate for molecules with delocalised electron structure. The procedure basically 

takes into account the field dependency of the atomic basis functions.  

 

                ( ) ( )0R µβµ
β

µ
β φφ r

Β
×−=

c2
                 (5.6) 

 

µR  is the position vector of the basis function, and ( )0µφ  denotes the usual field 

independent basis function, β  is the direction of the applied external magnetic field. This 

gives the field dependency term to the field independent orbital, which is the basics of the 

GIAO method. 

                                                 
q by Shindler and Kutzelnigg 
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6.  Computing the Scalar Spin-Spin Coupling Constants. 

 
The indirect nuclear scalar spin-spin couplings (SSCCs) between two components 

depend on the electron density or more accurately the electron distribution between them. 

The increased presence of electrons between two nuclei represents a sort of bond, and this 

makes the SSCCs an important source of information on the bonding situation [31]. Two 

NMR active nuclei can interact or couple to one another either directly (through-space) or 

by an indirect (mediated through-electrons) mechanism. For any situation other than an 

ordered one, only the latter mechanism will give rise to a signal, so the calculations are 

focused on this mechanism. Ramsey put forward a formulation of how to express, and 

ultimately calculate the SSCCs [32]. When a nuclear magnetic moment is inverted, Figure 

6.1, it will affect the entire electronic structure (distribution), or more correctly introduce a 

perturbation on the electronic wave function.  

 

 
Figure 6.1. The magnetic moments of the two nuclei are aligned with the external magnetic field (a). 
  Then a perturbation is applied and the moment is inverted (b). The two spin systems will 
  differ in energy [††]. 
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As the electrons are distributed in space throughout the molecule this perturbation will 

also be felt at other places in the structure.r The theory states that the effect can be 

expressed in terms of second-order perturbation theory with respect to the spin angular 

moment of the coupled nuclei. The interaction mechanism itself can be explained by four 

processes, namely the Diamagnetic Spin-Orbit (DSO) and the Paramagnetic Spin-Orbit 

(PSO) interactions which correspond to the effects of the magnetic field of the nuclei 

transmitted by the orbital motion of the electrons [31, 33]. 

The third term is the Spin-Dipole (SD) interaction, and it represents the interaction 

between the nuclear magnetic moments. The contact is mediated through the spin angular 

momentum of the electrons. The final component comes from the Fermi-Contact (FC) 

term, which stems from the interaction between the spin magnetic moment of the electrons 

close to the nucleus and the magnetic field inside the nucleus. If one wishes to reproduce 

the experimentally obtained values as accurate as possible one cannot omit any of these 

terms.s The aforementioned interactions are rather complicated effects and require a lot of 

computational effort. First, a very flexible description of the electronic system is needed, 

secondly the most dominant effect, the FC-term, is extremely sensitive to the electron 

density at the nucleus, consequently one needs a very large basis set for good results.  

 

In our work (Paper IV) guidance was needed to discriminate between the experimental 

observables, and how they would change concerning different conformations of a 

compound (cis/trans). For this purpose we were interested in both the chemical shift, or 

chemical shielding effect, and the indirect SSCC. To calculate the SSCC, DFT was used 

with the implemented methods in the Gaussian 03 program [30]. The perturbational effect 

of the magnetic moment of nuclei K on nuclei L can be expressed as the second derivative 

of the energy with respect to the participating nuclei moments. 

 

 

 

                                                 
r The better the overlap is between the orbitals of the interacting species the better will the perturbation be 
felt by the other atom(s). 
s However for simple organic molecules one can get fairly accurate predictions of the SSCC by only 
calculating the FC contribution [70] and references therein. 
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The magnetic moment for nuclei K is derived accordingly 

 

 KKK IM ∗∗= hγ           (6.1) 

 

γ is the gyromagnetic ration for the specific nuclei,  IK is the nuclear angular momentum 

in units of h .t The expression for the indirect nuclear SSCC is expressed as the second 

derivative of the energy with respect to the spin angular momentum of nuclei K and L. 
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Using the expression for the magnetic moment as defined in equation 6.1 with equation 

6.2 we get  
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Where the mixed partial derivative  
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is equal to, or known as the reduced coupling tensor, which is independent of the gyro 

magnetic ratios for the two nuclei. As we are interested in the energy of the molecular 

system, which is disturbed by a change in the magnetic moment, we have to introduce this 

effect into the Hamiltonian operator of the system.  

 

                                                 
t For more information on the derivation of magnetic moments http://hyperphysics.phy-
astr.gsu.edu/hbase/nuclear/nspin.html#c2.  
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According to Ramsey’s theory the Hamiltonian has the following appearance  

 

         FCSDPSODSO
0

ˆˆˆˆˆ HHHHHH ++++=                     (6.5) 

 

0Ĥ  is the ground state energy or the unperturbed energy. According to the DFT 

formalism the four additional terms, due to the magnetic field of nucleus K, MK, will lead 

to four additional terms in the DFT energy expression [31],  

 

        ( ) FCSDPSODSO EEEEE K +++=M          (6.6) 

 

and using these energy expressions with equation 6.4, one can calculate the coupling 

between nuclei K and L as a result of the induced disturbance of nuclei K.  
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7.  Structure Analysis 

 
The results or output of a computational simulation (MD or LD) are usually presented 

in trajectories. These trajectories will contain snapshots of the molecule or system at 

different points in time, enabling us to extract the dynamical behaviour of the system. MD 

investigations of the conformational space then provide us with a very descriptive picture 

of a systems internal vibrations, rotations and its diffusional motion. This is a valuable tool 

in the interpretation of data gathered from for instance NMR experiments. In these 

experiments optimally one would like to translate the extracted data into characteristics of 

the molecular structure. 

The approach is, in a sense, a statistical one, where one has to extract the different 

conformational states possible for a molecule and via analysing the population, and 

weighing it with the calculated observables. The finally weighted values should then be 

comparable to the experimentally obtained ones. 

 

 

7.1 Spectral components for dynamical information. 

In order to use the information gathered by our MD/LD simulations it is desired to 

compare them against experimental parameters. For this work T1/T2 relaxation and 

NOE/T-ROE effects will be dealt with as these are influenced by the dynamics of the 

system. 

 

 

7.2 Solving the problem by computers. 

Because the relaxation rates are effected by the dynamics in a system. One can apply 

mathematics to solve or to elucidate the mechanism behind them. So both theoretical and 

experimental methods can be used to extract structural preferences of our examined 

molecule. 
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7.3 The correlation function and spectral densities 

As mentioned previous the relaxation processes are a measure of the time it takes for a 

perturbation of the spin system to reach thermal equilibrium. This means that we have to 

transfer the energy from the spin system to other degrees of freedom. Mechanisms that 

cause relaxation must interact directly with the spins and must be time dependent and on a 

suitable time scale, static interactions would merely add to the main magnetic vector. Due 

to the time scale dependence we can rule out such rapid interactions as electronic motions 

and vibrations, and only consider slower ones as rotations and diffusion.  

One approach to figure out these processes is to look at the “frequencies” of motions or 

interactions that will contribute to NMR relaxation. Thus an examination of both the 

frequency and the strength of these mechanisms are needed to get a full understanding of 

the contributing factors. This can be done by peeking at the magnetic field felt a particle. 

This field will be randomly affected by the dynamical behaviour of the molecule and the 

solvent. To get a value for the strength of this varying field we need to take the square of 

the time varying function  

 

                    ( ) ( )tftf ∗                   (7.2)  

 

Obtaining the variation in frequencies is accomplished by the Fourier transform of this 

function. The problem at hand now lies in trying to specify what function to use. One 

function that has come to good use in describing the strength of a varying field is the 

autocorrelation function. 

This function gives an explanation in how self-similar a function is. 

 

               ( ) ( ) ( )tftft '∗=G                                 (7.3) 

 

To put it in other terms one can say that the autocorrelation function portrays the decay 

of an orientation of a specific vector and it is therefore a good way to explain how fast a 

molecule is tumbling around. So if we would have no dynamical behaviour, that is, no 
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tumbling or internal motion in a system, there be no change or decay in the orientation of a 

“spin” vector. The autocorrelation would be constant. However for most “random-walk” 

processes the G(t) will be large at short times and die out at larger times. Usually when we 

are dealing with random diffusion motion or random walk models, equation 7.3 can be 

described by the Brownian motion equation. 
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Equation 7.4 is the autocorrelation function for a simple isotropic Brownian motion. In 

the simplest case we assume a diffusional motion of a rigid rotor, which has the same 

probability for diffusion or movement in all directions. τc is the correlation time. The 

correlation time, τc, as it stands in equation 7.4 can be considered as a constant for the 

exponential decay of G(t) and is taken as the time it takes the molecule to rotate one 

radian. Due to this fact it will be highly dependent on several geometrical and 

environmental features, such as the molecular size and shape as well as by the solvent 

viscosity and temperature etc..  If one wants to extract information about the number of 

motions that contribute to different relaxation processes we need to take the Fourier 

transform of G(t). 
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τc can be calculated according to the expression by Debye. 
kTc 3

r4 3πητ =   

  

Equation 7.5 is known as the spectral density function. As can be seen from Figure 

7.12, short correlation times will give a wide spectral density and long τc will give narrow 

ones.  
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Figure 7.12. Short correlation times give a lower spectral density but span a greater region of      
  frequencies, compared to longer correlation times, i.e. slower tumbling species [††]. 

 

 

One can say that vectors that tumble and loose their original position very fast can 

sample a vide range of frequencies (or that they are effected by a large amount of different 

motion species which absorb their energy). And opposite is true for molecules that have a 

very long τc. There are a lot of important concepts, such as the relaxation rates R1 (1/T1) 

and R2 (1/T2) and the relaxation between two spins, i.e. the cross-relaxation, that depends 

on the spectral density function (at different frequencies). So by mapping or studying the 

spectral density one can obtain a lot of important structural and dynamical features about a 

molecular system. However as said before equation 7.4 and hence 7.5 are valid only for an 

isotropic motion, and this is not always the case so a more elaborate function has to be 

constructed. To incorporate the effects of internal motion and structurally diverse 

compounds the spectral density function has to incorporate extra terms to describe them. 

The ever so popular Liparo-Szabo model-free [34] approach incorporates a generalized 

order parameter S2 to deal with them.  In our study we are interested in mapping relaxation 

rates of proton bearing carbon-13 nuclei (Paper III). The spectral density function will then 

be taken at different combinations of the carbon (ωC) and proton (ωH) Larmour 

frequencies. The longitudinal relaxation, T1 will then be described by 
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  dCH = (µ0/4π) γH γC h/(2π) rCH
-3.        (7.6b) 

 

γC, γH is the magnetogyric ratio for carbons and hydrogens respectively, rCH is the 

carbon-proton bond distance [35]. 

  

The spectral density function however cannot for our purpose be treated using the 

simple model previously described (equation 7.5), we must consider different aspects of a 

more complicated molecular structure. There are three ways to tackle this dilemma; the 

first is to treat the problem as a completely isotropic one. Secondly one can start to 

introduce some form of deviating effect; we start by assuming an axial symmetric model, 

and finally a totally anisotropic one. For a system with any kind of symmetry and with 

only internal motion a significant improvement of equation 7.5, can be achieved by 

introducing a generalized order parameter to restrict the spatial properties as a first step. 
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eM τττ

111 += ,  

 

τe is the correlation time for internal motion and τM is the correlation time for global 

motion. 

 

If the molecular shape differs, modifications have to be made. For instance a cylindrical 

disc will diffuse (move) through a solvent differently than for instance a completely 

symmetrical shape like a spherical bead. The diffusion as shown below will be similar in 

two directions but dissimilar in the last one. 
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Figure 7.13.  For a cylindrical geometrical shape, rotation around two of the axes will be equal and 
   dissimilar to the last one. As shown the IZ will be smaller compared to IX and IY, which are 
  equal in size [††]. 
 

 

Diffusion or movement in the X/Y-direction will be similar but different from Z. For 

such a case also known as axial symmetrical we need a spectral density function that 

includes this distinction. By including properties connected to the different axis, which is a 

function of the inertia tensor, we get [36]. 

 

                    ( )
( )

( )
( ) 












+

−
+∑ 














+
=

= 2

2

321 2
2

1
S1

1
AS

5
2

ωτ
τ

ωτ

τ
ω

,,k k

k
kJ                     (7.8) 

 

Where the variable components A1, A2 and A3 will represent the geometrical influence.  
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θ is the angle between the interacting spin-pair vector and the moment of inertia 

principle axis, depicted in the Figure 7.14. 
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Figure 7.14. The figure depicts a molecular system in a principal coordinate frame along the moment of 
  inertia axes (old frame in dashed lines). The angle θ is defined as the angle between the  
  principal axis in the z-direction and between the C-H bond vector. 
 

 

To be able to use a similar starting point for all structures no matter what the shape and 

no matter how they lie in the coordinate system (X, Y, Z) one uses the principal axis 

components derived from the moment of inertia tensor. For more complicated structures 

more “structural” parameters have to be included. We now take away all similarities and 

treat the diffusion or motion in the different directions separately; this gives us the 

anisotropic model.  
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Figure 7.15.  In contrast to figure 7.13 the moment inertia is now dissimilar in all directions [††]. 
 

 

As can be seen from the figure above all the sides are different. This will give different 

resistance to rotation for the different axis, YXZ III ≠≠ . The spectral density function 

will then have to incorporate the effects of this difference accordingly [38-40]:  
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Dxx, Dyy and Dzz are the principal components of the diffusion tensor,  
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The x, y and z terms are the directional cosines of the interacting spins. 
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The perturbating effects due to the geometrical difference in the 3 directions should now 

be represented to a satisfactory degree. 

 

 

7.4 The Homonuclear Overhauser effect. 

The Nuclear Overhauser effect (NOE) originates from nuclear spins that relax. This 

occurs through cross-relaxation via dipole-dipole interactions. NOE is significantly 

influenced by dynamical effects such as molecular tumbling frequency and the internuclear 

distance,  

 

                 NOE 
6

,

1

jir
∝ , Hi ≠ Hj.         (7.10) 

 

As the strength of the cross-relaxation is dependent on the distance, it makes a rather 

useful parameter to calculate. For the homonuclear dipolar relaxation the solution takes the 

form 

 

                       0RMM
−=

dt
d         (7.11) 

 

M is a column matrix displaying the instantaneous magnetization of all the spins in the 

system. R is the relaxation matrix. This equation describes how large each magnetization is 

and how fast they disappear. The relaxation matrix has a different appearance depending 

on which effect we wish to measure (NOE, Rotating frame Overhauser effect, ROE, or 

transverse ROE, T-ROE), and also on the type of geometrical structure. For NOE the 

relaxation matrix elements are ρii, which are the diagonal elements, and the off-diagonal 

elements σij, which describe the cross relaxation rate. 
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A matrix representation is used because we are dealing with all the non-exchangeable 
proton-proton spin pairs, and their respective relaxation mechanism, not as when we only 
had an isolated C-H pair to consider. 
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dHH
NOE −= ωσ         (7.14) 

 

            dHH = (µ0/4π) γH γH h/(2π) rHH
-3     (7.14b) 

 

Where dHH is a function of the proton-proton distance, this gives that σ12 = σ21 because 

the distance H1 to H2 and H2 to H1 are equal and only different distances will give rise to 

different relaxation rates. The spectral density function J(ω) is calculated as shown in the 

previous section, and will differ depending on correlation times and the method. The 

solution to equation 7.11 will give us the instantaneous magnetization as a function of the 

mixing time. 

 

The magnitude of our NOE will depend on both the size and shape of the molecule as 

well as on the magnetic field. For small to medium sized molecules the NOE will be 

positive, but when moving to larger or slower tumbling molecules the NOE becomes 

smaller and ultimately negative.  
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However, by "moving" the cross relaxation from the laboratory frame into the rotating 

frame (or coordinate system) we can get a constantly positive signal which does not pass 

through zero signal. This method is known as the Rotating Overhauser Effect or ROE. In 

this thesis we will however use another similar method namely the transverse - ROE or T-

ROE. This is in fact a ROE method but where one uses a multi-pulse spin lock to eliminate 

or reduce the non-ROE signals [41]. The cross relaxation in T-ROE, σT-ROE, is calculated 

as a mean of the cross relaxation rates for the NOE and ROE, accordingly. 

                      

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

2
JJJdHH

ROET ++=− ωωσ        (7.15) 
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8. Results and Discussion 

 
The following section summarizes the results from my work in the papers I-V, and 

gives a short presentation of the aim and the difficulties faced. 

 

 

8.1 Molecular dynamics simulations of an oligosaccharide 

using a force field modified for carbohydrates (Paper I). 

Due to the significant role played by carbohydrate moieties in biological processes, 

knowing their structural preference can aid the understanding of their behaviour and 

interaction pattern with other species. Molecular modelling techniques offer us a 

convenient way to sample the conformational space of the structures. However the results 

are only as good as the force field used, and herein lies the dilemma. The ideal solution 

would be to use parameters for each individual energy term and for every atom type using 

very complex energy functions. However, several approximations have to be made to limit 

the computational effort, for example one uses harmonic functions instead of the more 

exact Morse potential for bond stretching energy potentials, and assuming that different 

species can use the same parameters for the same type of atom interactions. For our type of 

compounds there has been some difficulties describing the glycosidic linkage. This is 

nonetheless crucial for describing the conformational space for carbohydrates, particularly 

oligo and poly – saccharides. It has been noted in a previous study [42] that the used force 

field, PARM22,u used in conjunction with the CHARMM program [3], overestimates the 

population of an anti-φ torsion for a trisaccharide. There had also been noted some 

difficulties in conformational determination of the exocyclic rotamer population, reflecting 

the parameterisation of the exocyclic torsion angle ω. Further investigations were needed. 

 

                                                 
u Accelrys Inc. http://www.accelrys.com/.  
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8.1.1 Method and results 
 

To get an understanding of the problem a comparison was made between the force field 

(MM) and the quantum chemical (DFT) methods. A reduced carbohydrate model 

substance was used, 2-methoxytetrahydropyran (2MTHP), in its axial and equatorial 

conformation, seen in Figure 8.1.  

          
Figure 8.1.  The rotation as indicated above, φ-torsion angle, will model the rotation around the 

glycosidic linkage in a carbohydrate type structure [†††]. Hydrogens not depicted 
 

 

The rotational scan was performed around the “glycosidic” linkage, using 10° 

increments. The molecular mechanics calculations are performed with the CHARMM 

program [3] using the PARM22 force field (Molecular Simulation Inc., San Diego, CA). 

The DFT calculations where carried out using the combination of Becke’s [16] three-

parameter mixing of exchange (B3) and the Lee-Yang-Parr [17] correlation functional 

(LYP), which has been shown to provide accurate geometries and reaction energies [43]. 

Rotations were carried out with the Gaussian98 program [29] using the scan command. 

Some discrepancies were noticed between the two potential energy curves. To correct 

these effects the active force field components had to be identified, as shown below. 
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                        Possible candidates     

 

 

 

 

   

 

 

 

 

 

 

When the individual components were compared (MM vs. DFT) the most significant 

deviation was found for the torsional terms. The main concern was then be to obtain a 

good parameterisation for the selected torsions. To solve the problem a heuristic approach 

was adapted, whereby the individual parameters (V1, V2, V3 and their respective phase 

shift δn, see chapter 2.1.1) were changed. Plots of the torsion potential function, equation 

2.4, for each value of the variables was used as visual aid to help in the determination of 

the parameters. To improve the parameters influencing the exo-cyclic torsion angle, ω, an 

approach suggested by Woods et al [44] was applied where one used both a α-D-Glcp-

OMe and an α-D-Galp-OMe as a model system and applied a repulsive rotation. The added 

constraint had to be utilized in order to impede possible internal hydrogen bonding, which 

could disrupt the “pure” rotational energy potential. After an extensive search final values 

for the force field parameters were found, see Table 8.1. 

Torsion components:  C – C – O – C  

     O – C – O – C  

     O – C – C – O  

Angle components:   C – O – C  

       O – C – O  

        C – C – O   

Bond components:   C – C  

     C – O  
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Table 8.1  Optimised parameters for the PARM22 type force field  

Type V1 V2 V3 

CT-CT-OE-CT 1.2 0.0 0.25a 

OE-CT-OE-CT 1.2 1.0 0.9 

OT-CT-CT-OE -3.4 (δ 200) b 1.3 0.5 
a As in PARM22. b δ = phase factor in degrees. 

 

The tabulated values above gave the best energy fit when compared to the DFT 

calculated values, as shown in Figure 8.2. 

 

     
 
Figure 8.2 MD (■, dark line) versus DFT (●, grey line) energies for the rotations of the axial 2-MTHP 

(a), and the equatorial conformation (b). The constrained ω rotation of α-D-Glcp-OMe is 
presented in (c) and α-D-Galp-OMe is shown in (d). 

 

 

The new force field parameters give a representation of the applied rotation very similar 

to the quantum chemical results, the question then lies in how good will it perform on a 

“real” system in its “true” environment. To check the reliability we used the modified force 

field on the trisaccharide β-D-Glcp-(1→2)[β-D-Glcp-(1→3)]-α-D-Glcp-OMe in water, 

Figure 8.3. The system was simulated at 300K for approximately 5ns.  
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Figure 8.3. The crystal structure of the trisaccharide β-D-Glcp-(1→2)[β-D-Glcp-(1→3)]-α-D-Glcp-

OMe. The inter-residue distances measured are shown by the dashed lines. 
 

 

The model was chosen because there was a good deal of experimental data available. 

Several key distances were selected for comparison with both NMR as well as X-ray 

crystallographic data. The inter residue proton-proton distances selected in the 

examination, Figure 8.3, showed good agreement with experiment, Figure 8.4. 

 

                                 
 
Figure 8.4  Bond distances in the tested trisaccharide, (a) H1g2–H2g; (b) H1g3–H3g; and (c)  
  H1g2–H1g, the first column depicts the MD extracted distances (black), the second  
  shows the NMR values (gray), and the third presents the X-ray values (white) [††]. 



 

65 

 
Thus the applied improvements gave a positive effect for our tested system not only for 

the constrained model system, see Figures 8.1 and 8.2 (a and b), but also for the large 

unconstrained system, see Figures 8.3 and 8.4, thus giving credit to our new modifications. 

A further comparison of the hydroxymethyl rotamer in hexapyranosides showed that the 

transitions between different rotamer states are on a comparable timescale, i.e. on the 

nanosecond timescale [45]. 

 

                                 
 
Figure 8.5  The exocyclic torsion angle, ω, for the α-D-Glcp-OMe residue of the trisaccharide shown 

in Figure 8.3. The rotamer transitions occur at the ns timescale [††]. 
 

 

Although the current simulation is not sufficiently long to make any final and general 

concluding remark on the rotamer population, the results thus far show very promising 

results. 

 
In conclusion one can say that choosing the right force field for a structural study is of 

utmost importance. During our work some shortcomings of the applied force field was 

corrected. The new improvements were tested and showed very promising results which 

further strengthened our findings. For a final deduction further testing is needed to gather 

more statistics on its reliability.   
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8.2 Glycosodic linkage flexibility: The conformational 

distribution function extracted from NMR residual 

dipolar couplings (Paper II). 

The conformational preference of the disaccharide α-L-Rhap-(1 2)-α-L-Rhap-OMe 

(R2R), Figure 8.6, was examined using both a novel method relying on the combined 

models of Adaptive Potential (AP) [46] and Maximum Entropy (ME) [47], as well as with 

MD and LD techniques. 

 

                                       
 
 
Figure 8.6. The two major degrees of freedom are depicted in the structure of R2R, i.e. the φ and ψ  
  torsion angles.  

 

 

8.2.1 Background 
 

Understanding the intrinsic nature and dynamics of carbohydrates can give a heightened 

understanding of the nature of very important biological processes. Complex carbohydrates 

in the form of glycocalyx [48, 49], or the endothelial surface layer, ESL which covers the 

cell surface are important for cell-cell communication and protection from pathogens.v The 

ESL carbohydrates are usually coupled to a non-carbohydrate element resulting in a 

relatively complex structure (glycoconjugate) for analysis. However, many species that 

interact or affect the cell are only sensitive to the carbohydrate part. For instance if such a 
                                                 
v http://www.bme.jhu.edu/~kjyarema/CellSurCarbo1.htm.  
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receptor is present in bacteria the receptor–ligand interaction could result in bacterial 

adhesion to the host cell. The characterization of the molecular properties and the 

interaction mechanism will enable the development of new types of drugs or vaccines that 

interfere with these processes.  

The disaccharide, R2R, examined in this paper has its origin as a structural element 

found in the lipopolysaccharide (LPS) that is attached to the outer membrane (Figure 8.7) 

of several pathogenic species of the Shigella flexneri bacterium.  
 

 

                        
 
Figure 8.7 Membrane of a gram-negative bacterium. The cell wall is composed of a thin inner layer 
  of peptidoglycan and an outer membrane. The outer part is made up of phospholipids, as 
  the inner part, and also of LPS, and surface proteins  
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It is believed that the LPS play an important role when inducing inflammation in host 

species.w Although the Lipid A, composed of fatty acids, part can stimulate pathological 

damage, [50] and reference therein, it is generally considered that the O-antigenic 

polysaccharide (O-PS) determines the antigenicity of the bacterium and its resistance 

towards host cell defense [51, 52]. Understanding the properties of the building blocks ot 

the O-PS is vital for further analysis and is the primary goal here. The O-PS as seen in 

Figure 8.7 is itself made up of smaller elements or repeating units, where the smallest 

element is the disaccharide R2R.  

For an accurate description of biomolecules NMR-methods are employed, however 

when analyzing the dynamical properties in carbohydrates one is often faced with a rather 

complex issue concerning its geometrical and dynamical properties, and more complex 

methods have to be used. In this study both MD and LD calculations will be performed in 

combination with NMR measurements. 

 

 

8.2.2 Procedure 
 

For a disaccharide, the geometrical (3D) shape can be determined through two “main” 

variables affecting the overall shape, namely the two torsion angles over the glycosidic 

linkage, φ and ψ, as shown by Figure 8.6. By examining the population distribution of 

these two variables it is possible to understand the conformational flexibility of the 

substance. The calculations use the APME method [53, 54] to construct the distribution 

function for the two torsion angles P(φ,ψ) in conjunction with both LD and MD methods. 

 

 

 

 

 

                                                 
w For more information, or detail,  on shigella infection, http://www.emedicine.com/ped/topic2085.htm   



 

69 

8.2.3 Computational detail 
 

The simulation process involved both MD-techniques using explicit water molecules, 

TIP3P, in conjunction with the disaccharide R2R. A common technique when simulating 

systems with a high tendency for hydrogen bonding is to utilize explicit solvent molecules, 

however in R2R inter residue hydrogen bonding is limited. For this reason we also used 

LD simulations employing only a single isolated molecule of R2R. For the simulations, the 

CHARMM program [3] was used employing the parallel version c27b4 running the 

computations on an IBM SP computer at PDC, KTH (center for parallel computing at the 

Royal Institute of Technology). The force field utilized in both the MD as well as for the 

LD computations consisted of a CHARMM22 type force field [55] modified for 

carbohydrates, PARM22SU/01 [56]. The MD simulation collection period was set to about 

5 ns whereas for the LD it was set to 50 ns. A collision frequency, γ, of 2 ps-1 was utilized, 

instead of the more commonly applied gamma value, γ =50ps-1 [57], for a more efficient 

sampling of the conformational space. 

 
 
Figure 8.8 The left system indicates the MD model. A large system with 868 water molecules. The 
  right LD model, only uses the single R2R residue, thus reducing the computational 
  effort. VMD is used for visualization [††††]. 
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8.2.4 Results 
 

 The obtained trajectories for the two torsional angles from both the LD and MD 

simulations indicated three possible populated conformational states for the disaccharide. 

The states, referred to as state A, B, and C are shown in the scatter plot below. 

 

                                      
 
Figure 8.9  Scatter plot for the LD (a), and for the MD (b) simulations respectively [††]. 
 

   

State A is defined as ψ < 0°, state B as ψ > 0°, and finally state C as the non-exo-

anomeric conformation with φ < 0°. The latter state is sparsely visible in the MD 

simulation, and although the state does not seem especially populated (considering both the 

number of times visited as well as the time spent in it), the simulation is not sufficiently 

long to draw any final conclusions on its importance. The focus was then turned to the two 

major states for a population comparison between the models and experimental NMR 

parameters as well as the APME derived values. The MD calculations showed a higher 

tendency for a higher populated state A then did the LD, 9:1 versus 8:2.  
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Figure 8.10  The Karplus curve can give an approximate hint on how to relate the torsion/dihedral angle 

between two coupled spins [††].  
  

            15.0cos96.0cos49.7 23 +−= θθCOCHJ         (8.1) 

 
Analysing the torsions from the trajectories for both the approaches a the Karplus-type 

relationship [58], equation 8.1 and Figure 8.10, gives a means for comparing the 

theoretical results against experimentally measured ones, Table 8.1. 
 

 

Table 8.2. The values gathered from LD and MD simulations. The calculated coupling values are  
  determined using the above Karplus expressions.  

 MD LD NMR 

<φ> (°) 38 40  

<ψ> (°) –39 –33  

Jφ (Hz) 3.3 3.7 4.2 

Jψ (Hz) 3.9 3.6 4.8 

A-state (%) 90 83  

B-state (%) 10 17  
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The calculated results, although somewhat lowe then the NMR data, still gives the 

correct difference between the torsions components, especially the MD. The LD values are 

almost identical (0.1 Hz difference). 

 

Through distance dependent NOE measurements we can evaluate and compare the 

obtained inter and intra residue proton-proton distances. For this study the cross-relaxation 

rates were measured through 1H,1H T-ROESY experiments. The H1'-H2' (intra-residue) 

bond-distance was set as a reference point for further comparison between the T-ROE 

build-up calculated distances and the simulated. The MD/LD distances were computed 

from the trajectory files as  

 

    6
1

6r
r
1 −=            (8.2) 

 

Where the bracket indicates the mean value for all individual values, along the 

trajectory. The collected results are depicted in Table 8.3. 

 
Table 8.3 Proton-proton distances from 1D 1H,1H T-ROESY NMR experiments from the computer 
  simulations.I 
 

Proton pair 

 

σ (s-1) 

 

rexp (Å) 

 

rMD (Å) 

 

rLD (Å) 

H1’-H2 0.128 2.24 2.31 2.31 

H1-H5’ 0.053 2.59 2.86 2.80 

H1-H1’ 0.018 3.10 2.92 3.07 

H2-H2’ 0.004 3.99 3.86 3.96 

H1’-H2’ 0.060 2.54II 2.54 2.55 

H1-H2 0.058 2.55 2.52 2.53 
I  1/r = <r–6>1/6 from simulation. 
II Reference distance from MD simulation. 
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The distances calculated from the LD simulation, indicate a slightly better agreement 

with experiments then those from MD, indicating a more probable population distribution 

of our two variables, φ and ψ. Although not arriving at the complete solution we can say 

that the MD approach overestimates the importance of state A, as shown by the inter 

residue proton-proton distances, Table 8.3. A further comparison was made between the 

distribution functions, P(φ,ψ) from data gathered by the LD simulation against the APME 

model that utilized NMR-parameters, Figure 8.11. This showed a very good agreement 

between the two models. 

 

 
 
Figure 8.11. The distribution function for the LD simulation (a) is in good agreement with the one 

obtained from the APME model (b) using NMR parameters [††]. 
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8.3 A conformational dynamics study of α-L-Rhap-(1 2) [α-

L-Rhap-(1 3)]-α-L-Rhap-OMe in solution by NMR 

experiments and molecular simulations (Paper III).  

The previous studies have focused on carbohydrates involved in biologically important 

subsystems such as the building block of the O-PS in Shigella flexneri (paper II). This 

study will focus primarily on the method used for structure evaluation. A trisaccharide      

α-L-Rhap-(1 2)[α-L-Rhap-(1 3)]-α-L-Rhap-OMe, referred to as R2R3R, will be 

examined. This structure can be used as a model for studying the behavior and preferences 

of larger branched oligosaccharides. The strong similarity with the carbohydrate R2R, 

examined in Paper I, should be noted, though as will be seen the structural properties are 

somewhat different and rather challenging to evaluate. 
 

                               
 
Figure 8.12. R2R3R, in the ψψ  negative state visualized by VMD [††††].   
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8.3.1 Simulation properties 
 

LD simulations were employed using the parallel version of the CHARMM program 

[3], c27b4, in conjunction with a CHARMM22 type force field [55] modified for 

carbohydrates, namely PARM22/SU01 [56]. The simulation was carried out at 300K using 

a collision frequency, γ=50, to emulate the effects of the solvent, and a dielectric constant 

of 3. 

The analysis of the extracted trajectories (time series) involved torsion angles over the 

glycosidic linkage and investigations of both the intra and inter residue proton-proton 

distances. As a comparison was made against measured NMR data; care had to be taken to 

the intrinsic dynamical properties of the molecule. As explained in chapter 7, the 

measurements are dependent on the molecular shape and on local and global “motion”. 

 

 

8.3.2 Results 
 

The analysis of the trisaccharide, R2R3R, was divided into several parts. Attention was 

focused on the shape and dynamics of the structure, thus interest was turned to the 4 major 

degrees of freedom affecting the overall shape of the system, namely the four torsional 

angles over the glycosidic bonds between the residues. Correlated motion between them 

could influence and affect the calculated observables. As noted in the trajectories, Figure 

8.13, we could attain 4 conformational states (referred to as states 1-4), one which had ψ2 

and ψ3 positive, ψψ+ (1), one where they where negative, ψψ− (2), followed by a state 

which consisted of φ2 in a negative conformation, non-exo-φ2 (3), and a final state which 

showed the negative configuration for the φ3 angle, non-exo-φ3 (4). When averaging the 

calculated distances, in accordance with the observed populations for the four states, a 

considerable deviation was still observed, compared to the NOE distances. Further 

investigations were needed, and more structural parameters had to be incorporated into the 

model. As a first approach we used a multi-parameter least-square fit of the states to the 

distances. As a first approximation only two states were considered (the two major ones, 

ψψ+ and ψψ−). 



 

76 

             
 
Figure 8.13. Torsion angle scatter plot, every 20th value is depicted from the 18 ns trajectory. We can 
   deduce a non-exo conformation in both the φ3/ψ3 (a) and φ2/ψ2 torsion angles (b) [††]. 
 
 

This gave a new population distribution for the four states, PD1. Utilizing this new 

population, PD1, attempts were made to fit the T1 relaxation (equation 7.6) values for the 

C-H spin vectors using the isotropic, axially symmetric model and the fully anisotropic 

models respectively. After considerations (evaluations of the plots and of the inertia 

tensor), only the fully anisotropic path was examined. Attempts were made to investigate 

the usage of individual S2 values for each C-H vector. The relative difference was not 

significant enough to account for the deviation of the C2'' and C2' pairs, which were the 

most difficult vectors to describe the dynamics for, and further analysis was made using 

ring average S2 values. A S2 = 0.74 for the double-primed ring, S2 = 0.70 for the primed 

ring, and S2 = 0.86 for the non-primed ring. Utilizing these new order parameters a further 

optimization of the populations could be undertaken. Expanding the multi-parameter least-

square fit model to include all of the four states and seven different distances across the 

rings, gave a new population distribution, which showed a better agreement with 

measurements, State 1 = 49%, State 2 = 39%, State 3 = 0%, State 4 = 12%. 

Finally, selected 1H,1H T-ROE build-up curves derived from measurement were 

compared against those calculated with the above populations, utilizing an anisotropic 

model describing the molecular tumbling and a full relaxation matrix approach. For a 

complete description of the system the model must hold up when comparing dynamical 
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properties between the rings. The S2 values are however not known for the interacting 

proton-pairs and as a first approximation the average S2 ring values were used, giving S2
HH 

= 0.8 for H1''–H3, S2
HH = 0.72 for H1''–H2'', and S2

HH = 0.71 for H1'–H3''. The build-up 

curves showed excellent agreement, Figure 8.14, for the latter two distances and good 

agreement for the first, giving a 4% deviation when considering the effective distance for 

the atom pair. 

 

                               
 

Figure 8.14. The weighted T-ROE build up curves for the three H-H distances. H1''–H3 (●)   

  (σ=0.159 s–1), H1''–H2'' (■) (σ=0.077 s–1) and H1'–H3'' protons (▲) (σ=0.043 s–1).  LD 

  gave H1''–H3 pair (solid line) (σ=0.115 s–1), H1''–H2'' (dashed line) (σ=0.070 s–1), and 

  H1'–H3'' (dotted line) (σ=0.043 s–1) [††]. 
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8.3.3 Methods 
 

For the analysis of the molecular properties we used an in-house developed program 

SIMMA, Simulation and molecular analysis, based upon Matlab [††]. The scripts were 

developed to be applied to CHARMM [3] based trajectory files, extracting molecular 

properties such as relaxation rates, build-up curves, structural shape variables and other 

data. 

 

 

 

An overview off the SIMMA program.     

 

                      
 
Figure 8.15.  The GUI uses the binary files created from the simulations to extract coordinate 

information from the molecule, then applying the equations from chapter 7.  
  

 

A full trajectory analysis would look something like the Figure 8.16. This computation 

used the binary from a CHARMM [3] based simulation (little endian byte-coding) as input. 

The *.CRD and *.RTF coordinate files are needed to abstract the atomic information. The 
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calculations are then made on a selection of the trajectory, using either an axially 

symmetric or a fully anisotropic molecular tumbling model. In our case we took out a 

selection of the states 1,2 and 4, where state 1 was comprised of 2000 structures and states 

2 and 4 of about 200 and 100 structures respectively. Selecting the method and properties 

in the GUI, Figure 8.15, and pressing calculate made it possible to obtain a build-up curve 

for each coordinate time-frame. The final σ-value was obtained through fitting a 

polynomial function to the weighted average build-up curve. 

 

                
Figure 8.16.  The example above is from the calculation of the H3-H1’’ spin-pair T-ROE build-up from 

the ψψ−negative state [††]. Magnetic field strength (B) of 14.09 Tesla, τM = 0.15ns and τe 
of 0.015 ns was utilized in the calculations. 

 
 

The variations in the gradient can differ significantly over the structures, a fact that 

should be noted for later distance evaluations.  

The same procedure was adapted for calculating the T1 relaxation values. 
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8.3.4 Program procedure 
 

Step 1, setting up calculation: 

• The coordinates are read from the binary file and put into an n*3 matrix, 

n=time-frames*atoms.  

• Computation of the center off mass (PCM) using equations 8.3, followed by a 

centering of all the coordinates (done in the loop), as shown in Figure 8.17 
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Figure 8.17   Deriving the center of mass was done according to equations 8.3, thereafter the system 
  needs to be at the center off mass to make calculations of the moment of inertia more 
  simpler.x 
 
 
                                                 
x http://kwon3d.com/theory/lsm/cm.html  
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Point P1 (or point Pn) will be related to the new center by taking the vector  

P1 (or Pn) – PCM giving the relative distance vector (r1,CM), this is then done for all the 

components along the entire trajectory.  

 

Step 2, in loop calculations:  

For each time frame the inertia tensor will be computed, as the calculations of spectral 

densities will in our subsequent analysis be dependent on the moment of inertia values. For 

a rigid body the inertia tensor will be given by equations 8.4 and 8.5.y 
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The diagonal elements, IXX, IYY, IZZ are the moment of inertia for the system, while the 

off-diagonal elements are the product of inertia. The Inertia of a body is not only a function 

of its mass distribution in space but also dependent on the axis of rotation in the coordinate 

frame. As seen in Figure 8.17 b, a badly placed axis or system will give rise to both 

moment terms as well as product terms upon rotation around the axes. Transforming the 

system to a well placed body (Figure 8.17 a) the moment of inertia components will lay 

                                                 
y http://kwon3d.com/theory/moi/iten.html  
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along the principle axis of rotation, and the product terms will vanish, resulting in a 

diagonal matrix. 

 
 

 
Figure 8.18. An ellipse is placed in a coordinate system along its principal moment of inertia 

components, resulting in a “good” placed body (a). When placed randomly in a coordinate 
system (b), rotations around the axes will result in off diagonal components in the Inertia 
tensor [††]. 

 
 
The solution to the problem shown in Figure 8.17 b is solved by diagonalization, or by 

decomposition of the inertia tensor (matrix). Any square matrix can be decomposed to 

three matrices, where one is a diagonal matrix, accordingly. 

 

     1−××= DDI λ          (8.6) 

 

Where λ is the moment of inertia components and the matrix D is the principle axis 

expressed in coordinates of the old coordinate frame. The diagonal components can be 

used to give a good idea of the geometrical properties of the system. For instance IXX = IYY 

= IZZ this indicates equal resistance for rotation in all directions which matches that of a 

spherical body, and if two components are equal and opposite it would indicate an axial 

symmetric body. If all the elements are dissimilar, IXX ≠ IYY ≠ IZZ, we would have a fully 

anisotropic rotational resistance. 
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The next step in the calculation is to make a relaxation matrix for all the spins. This step 

uses a precalculated distance matrix involving only all the non-exchangeable hydrogen 

atoms in the system.  

 

 

  H1 H2 . . . Hn 

H1 - r21 . . . rHn1

H2 r12 -    . 

. .  -   . 

. .   -  . 

. .    - . 

Hn r1Hn r2Hn . . . - 
 

 
The relaxation matrix is defined according to equation 7.12 and its elements are defined 

according to the equations 7.13 – 7.16, and dHH is defined according to equation 7.14b, and 

the distances used in the dHH expression comes from the matrix above. The Intensity build-

up for a distance vector is described by equation 7.11 and the solution to this equation is 

given by the equations below. 

 

              1−××= χϑχR           (8.7) 

 

               ( ) ( ) 1

0
exp −∗−== χτϑχ

τ   
M

M
mix

mixIntensity            (8.8) 

 

τMIX, is a vector describing the mixing time in seconds. R is the relaxation matrix, χ is 

the eigenvector matrix,ϑ  is the eigenvalue matrix. 
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From the intensity matrix we abstract the selected atom-atom pair intensity, which is in 

matrix form of the same length as the τMIX vector, and size as the number of time frames in 

the “state”, giving the solution in the form depicted in Figure 8.16. Calculations of the 

relaxation rates are done in a similar fashion. 

 

Step 3, End loop. 

 

 

By visualizing the results as in Figure 8.16 a mean curve will be calculated and 

displayed, whereby a statistical fitting can be done. Depending on the shape of the Build-

up curve one can utilize either a quadratic or cubic polynomial fitting curve. The linear 

constant from the fitting curve will represent the build-up gradient, σ. 
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8.4 Stereochemical assignment of diastereomeric Imida- 

zolidinone-ring-containing bicyclic sugar-peptide 

adducts : NMR Spectroscopy and molecular calculations 

(Paper IV). 

Humanity has been using extracts from plants and seeds as both stimulants and 

analgesics. The opiate group, which is the focus of this study, has been used for several 

thousands of years to relieve pain. The early “drugs” or extracts where taken directly from 

the opium puppy. However, in the beginning of the 19th century (1803) the alkaloid 

morphine was isolated by Sertürner, and it was determined to be the main active 

component for the analgesic activity of crude opium.  

Knowing the active component and also its specific structure spawned the theory that 

their initiated response is a result of their interaction with specific receptors. It was soon 

discovered that there is more then one type of opioid receptor, and through a series of 

investigations it became apparent that there are three well-defined or classical types of 

opioid receptors,z these are the µ, δ and κ – receptors.aa The findings of and 

characterization of morphine and opioids in general gave birth to the field of opioid 

pharmacology. 

The later discovery of endogenous morphine-like opioids (alkaloids) indicated an 

internal opioidic system, whereby the body uses these kinds of compounds to trigger and 

mediate responses.  

At the present time, it is understood that this system is not only involved in regulating 

the pain threshold but also in controlling nociceptive processing and in the modulation of 

gastrointestinal function, to mention a few areas. The endogenous opioid “peptide” family 

of compounds, that triggers these responses, are divided into three classical groups, namely 

                                                 
z http://opioids.com/receptors/.  
aa For more insight into the characterization of the receptor groups and their respective subgroup the reader is 
referred to the appropriate literature.  
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the endorphins, the enkephalines, the dynorphines, and a recently discovered endogenous 

opioid group, the endomorphines [59]. bb 

 

 
 

Figure 8.19. The bold arrow, or path, indicates the primary agonist for that receptor, the dashed arrows 
  indicate possible additional receptor activity for that alkaloid family. 
 

 

To take advantage of the effects that the endogenous opioids induce, one would like to 

make drugs that either mimic the peptide behaviour or ideally use the peptides themselves 

[60]. However the latter approach is limited or hindered by the rapid biodegradation of the 

peptides by peptidases. Also, some of the available opioids have a number of side effects 

such as respiratory depression, urinary retention and reduced GI mobility.cc Some of the 

major side effects are thought to be caused by the activation of the µ2-receptor. One way to 

circumvent the unwanted effects of the opioids is to search for a more selective agonist, or 

to hinder the agonist activation of certain receptors.  

 

 

 

                                                 
bb http://www.kulturfonden.fi/fls/flsh202/flsh_2_02_nyman_nurminen.pdf.  
cc http://www.sivauk.org/Glasgow/Abstracts/Bovill.htm. 
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The GI consequence could, for instance, be controlled to some extent by additional 

administration of an opioid antagonist. Another approach has been to look at drug 

candidates that target other receptors. The opioid agonists active towards the κ-receptor 

lack the tendencies to induce respiratory depression, although they do have some drastic 

side effects on the central nervous system (CNS). Limiting the access to the CNS will 

nevertheless reduce the negative impact of them, consequently increasing their usefulness 

[61].  

To avoid biodegradability and increase their permeability through the two major 

biological membrane barriers, the intestinal and the blood-brain barrier, the peptide moiety 

has to be disguised in some way. The goal is to create a type of peptide prodrug which 

hides the active components and delivers the peptide ingredient to the specific location in 

the body. The peptide is then released from its “captor” via, for instance, enzymatic 

transformation. 

This study is focused on the enkephalin opioid family. The two endogenous opioid 

pentapeptides in this family, Methonine-Enkephaline and Leucine-Enkephaline, produce a 

broad spectrum of biological activity (Paper IV) and have therefore initiated an increasing 

interest as potent therapeutic agents. The difficulties associated with peptide drug 

candidates demanded a prodrug pathway for the enkephaline based compounds, and the 

concept facilitated in this study, utilized different N-terminal tyrosine-based 

imidazolidinone derivatives. This is achieved by direct condensation of an α-amino amide 

moiety from the N-terminal end of the peptide chain with a reactive aldehyde or ketone 

[62], and in our work that role is played by carbohydrates. 

Carbohydrates have been shown to be a very useful candidate for peptide-based drug 

design, showing both in vivo stability as well as reduced side-effects [63, 64]. However, 

due to the racemic properties of the carbohydrate moiety the resulting bond formation of 

the carbohydrate to the imidazolidinone ring will have different stereochemical 

arrangements leading to cis/trans configuration. The resulting product will hence show an 

altered receptor selectivity compared to the parent peptide, making structural elucidation a 

key feature for any further development. 
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In this paper, the structural preference, and relative geometry of the pentitolyl-residue 

and the hydroxybensyl group at the five membered imidazolidinone ring will be shown, by 

using both 2D NMR spectroscopy as well as molecular modelling techniques. 

 

                                           
 

Figure 8.20. The full model was used for the LD simulations, in order to get a more realistic picture of 

   the properties for the system before a more closer examination could start. 

 

 

8.4.1 Computational procedure 
 

To acquire an “accurate” picture of the dynamical properties of our molecular system, 

LD simulations were performed, employing a CHARMM22 type force field 

(PARM22/SU01) in conjunction with the parallel version of the CHARMM program, 

c27b4 [3]. 

The investigation involved different carbohydrate moieties; however the same 

computational procedure (parameters) was utilized for all the species. Each simulation run 

used a collection period of 20 ns employing a temperature of 300 K and a collision 

frequency, γ, of 2 ps-1 for a more efficient sampling of the conformational space [57]. The 

simulations were conducted using the Leap-frog algorithm [65], a heuristic non-bond 

frequency update employing a force-shift cutoff acting upon 15 Å, a dielectric constant of 

unity, a time step of 1 fs, and a data collection rate of  2 ps-1. To aid in the structural 

determination between different configurational isomers, independent of the carbohydrate 
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moiety used, attention was focused on the behavior of the “ring” and the substituents 

directly connected to it. Questions were raised as to the chemical deviation of the 

examined atoms between the different isomers. For this Quantum Chemical methods were 

employed. To incorporate the dynamical behavior of the system the mean pseudo torsion 

angle according to the LD calculations, was used in the QC calculations (DFT),  see Figure 

8.21. 

                        
Figure 8.21 . The pseudo torsion angle, θ, is defined accordingly, H2 – C2 – C4 – H4. This definition 

holds for both the cis isomer (shown) as well as for the trans isomer. The depicted model is 
the smaller “scaled” version of the imidazolidinone ring. Visualization is done with VMD 
[††††]. 

 

 
The geometry optimization of the compound was carried out using a basis set of split-

valence double ξ (zeta) type, 6-31+G*, by Pople and coworkers [66]. Extra diffuse s- and 

p-orbitals were added on all non-hydrogen atoms and also higher angular momentum 

functions were utilized on these atoms to incorporate polarization effects. The calculations 

employed DFT using the popular hybrid functional by Becke with three-parameter mixing 

of exchange (B3) [16] and the exchange-correlation potential by Lee, Yang and Parr (LYP) 

[17]. The basis set was chosen due to its rather good geometry prediction it gives as 
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compared to the computational time required.dd For determination of the magnetic 

properties however we choose a much larger basis set. As explained previously in the 

thesis (chapters 3, 5 and 6) these properties require a very accurate and flexible description 

of the electronic wave function (especially close to the nucleus), thus demanding very large 

basis sets. The triple-ξ type basis set 6-311++G(2d,2p) was therefore used to calculate both 

the chemical shift as well as the nuclear indirect scalar SSCCs. Although there are many 

possibilities for the type of method and basis function to use there is no general method of 

conduct, but through the knowledge gathered both from various papers [25, 33, 67-70] as 

well as from model testing by us.ee The B3LYP approach showed a systematic deviation 

(more deshielding), though the relative shift between atoms showed a comparable accuracy 

with the other methods, giving credit to our approach.ff  The geometry was calculated 

using the average value for the pseudo-torsion angle, as gathered from the LD simulation 

on the molecule, Figure 8.20. For the DFT calculations a smaller “scaled” version of the 

imidazolidinone ring was used as shown in figure 8.21. From the LD simulations we 

obtained θmean = –158.3° for the trans isomer, and θmean = –1.3° for the cis isomer (these 

were set as ∆θ=0 in Figure 8.22), with standard deviations of 12.0° and 6.6°, respectively. 

                                       

The magnetic properties are heavily influenced by structural variations, so calculations 

where made of the SSCC’s at both the mean value for the θ-angle (with otherwise relaxed 

coordinates) as well as for points along the standard deviation (θ frozen otherwise 

optimized geometry). The SSCC was plotted as a function of the energy, Figure 8.22. 

 

                                                 
dd For these kinds of compounds a double zeta type of basis set coupled with DFT will yield a reasonably 
accurate structure compared to ab initio models, which often requires post treatment to incorporate electron-
correlation effects, thereby demanding longer computational time. 
ee Different methods were used for geometry optimization, as well as for calculating the magnetic properties, 
on the compounds, α/β-D-Glcp-OMe, and α/β-D-Galp-OMe. 
ff For a more comprehensive analysis of the methods to use in calculating the magnetic properties and how to 
select basis set there is a very good article by Helgaker et al. [33]. 
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Figure 8.22.   The coupling constant is plotted as a function of the energy (bold) for the trans (a) and cis 

  (b) conformations of the reduced model. The Zero or mean torsion values are set to the LD

   mean calculated value respectively and the deviation is computed using this starting point

  [††]. Values for the mean torsions are ∆θ0=2.115 Hz (a), and ∆θ0=2.103 Hz (b). 

 

 

The computed SSCC showed that differentiation between the two isomers should be 

possible, based upon the 4JHH. From Figure 8.22, one can deduce that the mean pseudo 

torsion angle only gives a very small separation (0.012 Hz), which is insufficient for 

measuring. However when taking into account for the averaging over the potential energy 

surface, for an approximate deviation of 4º we would get a separation of the 4JHH for the 

two isomers of about 0.5 Hz (1 Hz experimentally), which is measurable. We also noted a 

rather significant deviation between the two isomers regarding the 1JCH coupling constant, 

making differentiation with respect to this variable a potent contender for examination.  
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The computation of the chemical shift indicated in that C2 of the trans isomer should be 

more deshielded then the cis isomer, resulting in σC2 = 78.6 and σC2 = 73.5 ppm, 

respectively. Comparing the two proton chemical shifts (H4 and H2) also showed good 

agreement with experimental data, ∆(σH) = 0.75 ppm (0.61 ppm from experiments) for the 

trans isomer and ∆(σH) = 0.97 ppm (0.69 ppm from experiments) for the cis isomer.gg 

 

 

8.4.2   Conclusion and final remarks 
 

The calculations showed that differentiation of the two isomers is possible with respect 

to the evaluated atoms. Being able to accurately predict the conformational arrangement 

will give valuable information and aid in understanding the structure-activity relationship 

in the area of prodrug development. 

 

It should be noted that the use of the B3LYP functional has some shortcomings due to 

approximations, such as the derivation/parameterization of the exchange-correlation 

functional, whose exact form is not known. The most significant effect is that some 

functionals may underestimate the ∆εαi = εα – εi, (α=virtual orbital, i=occupied orbital), 

resulting in an overestimation of the paramagnetic shielding [67, 68]. In our study the 

effect seemed systematic in nature, and by setting an internal reference instead (of TMS) 

this problem was overcome.hh  

 

                                                 
gg The ∆−values are calculated accordingly: σH4 – σH2 for the two isomers. 
hh This problem could also be avoided by using high level ab initio methods coupled with very large basis 
set, [25]. 
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8.5 Interaction studies of a Salmonella Enteritidis O- antigen 

octasaccharide to Phage P22 tail spike protein by NMR 

spectroscopy and molecular modeling (Paper V). 

Conformational studies were made on an octasaccharide, Figure 8.23, specific to the 

Phage P22 bacterial adhesion mechanism. The O-PS repeating unit active towards the 

interaction consists of four subunits where three are common between the salmonella 

serogroups, or serotypes, A, B and D1,
ii namely Gal-Man-Rha and the fourth is specific to 

the serogroup. In this investigation the fourth monomer consisted of tyvelose, which is 

specific to the serogroup D1 LPS.  Both NMR measurements, utilizing 2D 1H,1H T-

ROESY and 1H STD (Saturation Transfer Difference) NMR, and molecular modeling 

techniques are employed.  The thesis contribution to this study was aimed at verifying the 
1H STD results using docking calculations.  

                
 
 

                                                 
ii More information on Salmonella groups and serotyping can be found at the links : http://www.safe-
poultry.com/AboutSalmonella.asp ; http://www.bacterio.cict.fr/salmonellanom.html#introduction ;  
and the link http://www.bacterio.cict.fr/s/salmonella.html contains information on salmonella nomenclature. 

Figure 8.23. The octasaccharide consists of two repeating units, each of which contains the 
   four monomer Gal, Man, Rha, Tyv.  The X-ray crystal structure of the bound 
   ligand is shown here. Visualization is done with VMD, [††††]. 



 

94 

8.5.1 Introduction jj 
 

A bacteriophage is a multicelluar parasite that infects bacteria. They utilize some of the 

host’s biosynthetic machinery to mature, multiply and then finally move, leaving the host 

bacteria in such a way that it is usually destroyed. The composition of a Phage may differ 

to some extent but they all contain protein and nucleic acid.kk The kind of nucleic acid 

depends on the Phage as well as its size. The number and types of proteins present in the 

Phage will also depend on the Phage in question, but they are active during infection of the 

host as well as to protect the nucleic acid from nucleases in its environment.  

Though the Phages can differ in both size and shape their basic structural features are 

the same, these are known as the head or capsid, and the tail, see Figure 8.24.  

 

           
 

Figure 8.24.  A schematic overview of a bacteriophage. The long tail-fibers are used, among other  
  things, to locate a site for the phage to attache to the cell.ll 
 

 

                                                 
jj http://www.med.sc.edu:85/mayer/phage.htm , and references therein. 
kk More information of the different structures of bacteriophages can be found at 
http://www.mun.ca/biochem/courses/3107/Lectures/Topics/bacteriophage.html  
ll The perticular bacteriophage in the picture comes from the T4 virsus, and was taken from the source   
http://news.uns.purdue.edu/UNS/html4ever/030818.Rossmann.baseplate.html [‡] 
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The head or capsid contains the nucleic acid and functions as a protective chamber 

made of copies of one or more proteins. The tail is a sort of tube that acts as a delivery 

mechanism for the nuclei acid into the bacterium upon infection. In the initial steps of 

Phage P22 bacterial binding, hydrolysis occurs, resulting in a subsequent breakdown of the 

host O-antigen [71]. This gives more access to the cell surface. It is the long threads at the 

end of the tail, incorporating the investigated tail spike protein that is involved in this 

initial process. The importance of this step for the overall adhesion process has led to the 

study of the constituent LPS building blocks, looking at both the structural properties as 

well as the interaction with the protein. 

 

           
 
Figure 8.25.    The tail-spike protein (PDB ID 1TYU) using the crystal structure, visualized with pymol  
  [†††].  
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8.5.2 Results 
 

Docking studies made with the X-ray crystallographic structure of the oligosaccharide, 

Figure 8.23, using the Autodock 3.0 program, showed an agreement with the original 

ligand coordinates binding to the starting pocket. Even though the initial structure was not 

optimized regarding its geometry, there was still an active binding to the pocket in 

question, with a final binding energy of -7.55 kcal mol-1. Additional applied NMR 

parameters from the STD experiment further strengthened the results. The STDs gave an 

indication of hydrogens in the ligand that are close in space to the protein. As shown in 

Figure 8.26, we see the close resemblance between the original crystal structure, the first 

“crude” docking attempt and a more refined approach.  

 

                

 
 
Figure 8.26.  Visualized docking results, dark gray is the original crystal structure, the purple is from the 

first “crude” attempts and the yellow is from the more refined approach [†††]. 
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Incorporating the obtained STD values and visualizing these values as spheres in Figure 

8.27, we see that the hydrogens active towards saturation transfer are the ones close in 

space to the protein as shown here by the crystal structure. 

 
                    

 
 
Figure 8.27.  The yellow spheres indicate protons for which large STD signals are observed, i.e. are 

close in space to the protein. Worth noting is the three spheres at the central monomer and 
the two spheres at the end (right), which are “pointing out” from the active site [†††].  

 
 

8.5.3 Methods and procedure  
 

The program AutoDock 3.0 [22] was used for the ligand-protein binding studies. The 

program utilizes, as mentioned in chapter 4, a Lamarckian Genetic algorithm (LGA) for 

screening through the possible best fit candidates. The energy evaluations are done by 

calculating each interaction between the ligand atoms and the protein through grid based 

atomic affinity potentials. The simulations were performed by first downloading the 
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structure from the RCSB protein databank mm (PDB ID: 1TYU). The downloaded crystal 

structure has some bound water that had to be removed. The dehydration was done using 

the built in awk-script; pdbdewater.nn This removed all the water molecules from the 

crystal structure. Then the two molecules were separated because in the crystal they were 

complexed to each other. This can be done by using the pdbsplitchains script, followed by 

abstracting the receptor or protein part via grep ATOM > receptor.pdb then using the same 

function to abstract the ligand atoms grep HETATM > ligand.pdb. Two approaches have 

been suggested when studying ligand-receptor interactions: one approach suggests docking 

with only polar hydrogens to be adequate, and another that all hydrogens have to be 

accounted for. This study will initially focus on the former path, although the later course 

will also be investigated for a future comparison. According to the autodock manualoo, 

both polar hydrogens and charges have to be added to the two compounds, as well as 

additional solvent effects to the receptor molecule. This was partly done using the 

autodocktools (ADT) program.oo For the receptor, polar hydrogens were added and the 

structure was saved. The partial atomic charges used in this study were applied to the 

receptor using a built in script utilizing Kollman’s united atom polar-hydrogen charges, 

Q.KOLLUA receptor.pdb.  

To add solvation parameters to the receptor we used the script addsol. The ligand, 

however, was entirely prepared using the ADT program. After loading the structure (PDB), 

hydrogens were added to all atoms, after which charges were applied and the structure was 

“neutralized”, followed by merging the non-polar hydrogens to the heavy atoms that they 

were attached to. The system was then ready for docking. An initial grid of 100 points in 

all direction (100×100×100) using a spacing of 1.0 Å was centered at the CM (center of 

mass) of the receptor. The probe used to scan through the protein was constructed using 

the constituent atoms of the ligand (C, H, O) and a charge of unity, thus creating a total of 

4 additional energy files. The docking production run used an initial “crude” setting of 

scanning the ligand through the grid using no internal degrees of freedom. The translation 

step/Å was set to 2.0 and the quaternion step/deg and torsion step/deg were set to 10 

                                                 
mm http://www.rcsb.org/pdb/  
nn Commands written in the linux command window are in italic. 
oo http://www.scripps.edu/mb/olson/doc/autodock/  
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respectively. Initial settings for the LGA parameters; number of individuals in the 

population was set to 500 and a maximum of number of energy evaluation of 3×105 and 

5×104 maximum number of generations were utilized. The gene mutation rate and 

crossover rate were set to 0.32 and 0.90 respectively, and elitism was applied to save the 

best individual in the current population for the next step. The number of LGA runs was 

set to 80. The starting variables such as initial position and rotation terms were always 

randomly set. When the search yielded a possible interaction site (+2.40 kcal mol-1, purple 

structure in Figure 8.26), we applied a “finer” set of parameters for a more thorough 

search. The box around the protein was made smaller using a grid spacing of 0.3 Å, and 

120 points in all directions (120×120×120) set in the previously determined active part of 

the protein. In a first attempt to refine the approach, 8 torsions concerning the hydroxyl 

groups closest to the surface of the protein were made active, grid spacing was set to 0.5 Å 

and a box of 80 points was used.  

The population size was confined to 500 individuals, and a maximum of number of 

energy evaluation of 3×105 and 3×104 maximum number of generations were utilized. The 

mutation rate and the cross over frequency were set to 0.02 and 0.8 respectively. A final 

docked energy of –7.55 kcal mol-1 was reached for the ligand-receptor complex (yellow 

structure in Figure 8.26).  

A further development in this direction involved activating more torsion angles and 

increasing the internal degrees of freedom for the ligand. 30 torsions involving both the 

glycosidic linkage angles as well as some hydroxyl groups indicated a possible interaction 

in close proximity to the original crystal site, Figure 8.28. A grid size of 120 points in all 

directions with a spacing of 0.375 Å were utilized, and the population size was set to 200 

individuals, the maximum number of energy evaluations and maximum number of 

generations were set to 1×107 and 1×104, respectively. The mutation rate and cross over 

frequency were set to 0.1 and 0.8 respectively. A docked energy of about –10.5 kcal mol-1 

was achieved. On a Pentium4 2.4 GHz computer with 512 MB of internal memory and 

running on Linux, one LGA run using the latter parameters, takes about 24 h. 
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Figure 8.28.  The dark gray structure (30 torsions active) shows a tendency to interact with the left 
   protuberance surrounding the active site. The light gray structure (8 torsions active) is the
   same as that shown in Figure 8.26 in close agreement to the crystal structure. 

 

 

8.5.4 Remarks 
 

The initial docking results have shown promising results. But as mentioned in the 

beginning some questions have been raised addressing the full incorporation of all 

hydrogens for accurate docking predictions. Additional experiments are planned, using this 

method. As can be seen from figure 8.27, based on the STD results, two values or spheres 

are pointing out from the active site at the far end and three at the central monomer. This is 

in contrast to the main effect, giving rise to the “signal” transfer. One guess would be that 

the ligand portion in those parts exhibits a larger degree of flexibility, switching contact 

protons close to the protein with those lying further away, thereby assuring that more 

protons receive transfer than the rigid model would predict. Another possibility is that 

signal transfer can occur when the ligand is slowly moving into place. Future work 

including MD techniques could possibly elucidate these effects. 
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