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Figure 1. 6. Workflow for constructing and optimizing substituted bullvalene isomer structures (14, 16). 

 

 Importantly, the quantum chemical calculations also yield the potential energy of each 

isomer. From this, a network describing the interconnectivity of all the bullvalene isomers and 

their transition structures, as well as their energies, is built (the interconversion graph). An 

example of such a network is given in Figure 1. 7 for dimethylbullvalene. It is substantially 

more complicated than the mono-substituted bullvalene network shown in Figure 1. 5. 
 

 
Figure 1. 7. The dimethylbullvalene network. Nodes (rectangular boxes) represent isomers, and the lines connecting 

them represent transition structures. The binary codes represent the positions of the two substituents (where 1 means 
that the substituent is on that carbon atom, while 0 means there is no substituent on that carbon atom). The numbers 

below the rectangles are the relative energies (relative to the lowest energy isomer) (kJ/mol) and the numbers 
between the lines are the relative transition state energies (relative to the lowest energy isomer) (kJ/mol) (14, 16). 
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lipid interactions. There are different types of membrane proteins, of which the two main 

classes are: integral membrane proteins and peripheral membrane proteins (26) (Figure 1. 11). 

Integral membrane proteins are embedded in the membrane and are typically transmembrane, 

which means they stretch across the bilayer. Peripheral membrane proteins bind to only one 

surface of the membrane, and may have loops or lipid anchors that protrude into the membrane. 

 

 
Figure 1. 11. Schematic simplified representation of integral (left) and peripheral (right) proteins, and their  different 

types of interaction with the cell membrane (light yellow colour). 
 

Membrane binding domains of peripheral membrane proteins may interact with the 

head groups of specific cell membrane lipids, largely through electrostatic interactions. These 

are typically mediated by the interaction of positively charged amino acids (ARG, LYS and 

HIS) with acidic (negatively-charged) phospholipids in the cell membrane. In many, but not 

all cases, there are also hydrophobic interactions between hydrophobic amino acids and the 

hydrophobic membrane core, which comprises the hydrocarbon lipid tails (41). Hydrophobic 

amino acids, such as TRP, PHE, TYR, LEU, ILE, and VAL, can therefore play an important 

role in membrane penetration by parts of the protein, with the effect of anchoring the protein 

to the membrane surface (42).  

The process by which a peripheral membrane protein interacts with a cell membrane 

can be divided into two parts - membrane association, and membrane binding. Non-specific 

long range interactions, typically electrostatic interactions, drive membrane association, in 

which the protein approaches the membrane surface. The process of membrane association 

plays an important role in not only translocation of the protein to the membrane, but also 
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ensuring that membrane binding occurs with the protein in the proper orientation to attain its 

membrane-bound function (26). 

 

1.2.2. Phosphatidylinositol 3-kinases (PI3Ks) 

One of the most important types of protein-protein interactions are those between signalling 

molecules, which lead to signal transduction. Cellular functions are regulated by extracellular 

signals through these signalling pathways, and signal transduction has a vital role in various 

biological procedures and in many diseases, such as cancer (43). 

An important family of intracellular signal transducer enzymes are the 

phosphatidylinositol 3-kinases (PI3Ks). PI3Ks were initially discovered in the 1980s (44, 45). 

They participate in signalling pathways regulating functions like cell growth, proliferation, and 

survival, as well as motility, differentiation, glucose transport (46) and intracellular trafficking, 

which are also involved in cancer. These lipid kinases are peripheral membrane proteins that 

catalyse the phosphorylation of the 3 position OH group of the inositol ring of 

phosphatidylinositol (PtdIns) (47), switching phosphatidylinositol 4-phosphate (PI(4)P) or 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to phosphatidyl 3,4-bisphosphate (PI(3,4)P2) 

or phosphatidyl 3,4,5-triphosphate (PI(3,4,5)P3), respectively (Figure 1. 12). These then cause 

increased downstream signalling of the Akt pathway, initiated by Akt, a serine/threonine kinase 

(48). Akt is fully activated through attraction to the membrane by interaction of its 

phosphoinositide docking sites with PI(3,4)P2 or PI(3,4,5)P3 (49). It then mediates downstream 

responses, including cell growth,, growth, migration and proliferation, by phosphorylating 

various intracellular proteins (50). 
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Figure 1. 12. Catalytic activity of PI3K, and structure of (a) 18:0-20:4 PI(4,5)P2 and (b) 18:0-20:4 PI(3,4,5)P3. 

 

The PI3K family can be classified into three main classes: Class I, Class II, and Class III 

(Figure 1. 13). The divisions are on the basis of differences in structure, regulation mechanism, 

and substrate specificity (48). The three classes are described in more detail below, with a 

particular focus on Class I, the type of PI3K studied in this thesis. 
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Figure 1. 18. Summary of inhibitory mechanism of KstR, and how the protein affects expression of genes in the 

presence and absence of ligand. 

 
KstR structure 
 
Structures of KstR have been solved by X-ray crystallography in three different states: bound 

to DNA, bound to ligands (3OChA-CoA and BNC-CoA, separately), and in its apo state (142). 

When bound to DNA, which inhibits transcription, KstR undertakes a conformation in which 

the two DBDs are close together, sitting in the major grooves of the DNA, while the ligand-

bound structure takes on a conformation with the two DBDs further apart (143) . The apo 

conformation in between these (138, 139) (Figure 1. 19). Although the three states are well 

defined, the process by which KstR transitions between them is not known.  

 
Figure 1. 19. Cartoon representation of proposed KstR transition model. DNA-bound KstR (PDB ID: 5UA2, 
magenta), apo KstR (PDB ID: 3MNL , cyan), and ligand(3OCh)-bound KstR (PDB ID: 5CW8, yellow). The 

superimpositions of the structures are shown on the arrows to indicate the transition between states. 
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Figure 1. 27. The workflow of MD simulation. 

 

 

1.4.1. Initial conditions 

The initial coordinates for an MD simulation can be obtained in a number of ways. For small 

molecules, coordinates may be available from structural databases such as the Cambridge 

Crystallographic Database (166). Another option is to use the output from quantum mechanical 

structure optimisation. For macromolecules such as proteins, experimentally determined 

structures from databases such as the Protein DataBank (PDB) (167) are preferable. In their 

absence, it may be possible to predict the structure using homology modelling, but these should 

be interpreted with caution, particularly when homology to known structures is low. 

Particle velocities are also required to initiate an MD simulation, as the integration 

algorithms rely on adjustment of existing velocities by the acceleration due to the calculated 

forces on the atoms due to their current positions. Because velocities are seldom known, they 

are typically assigned from a Boltzmann distribution at a low temperature. This ensures that 

contradictory velocities, for instance bonded atoms being assigned velocities in opposite 

directions, are small and thus unlikely to strongly perturb the system. The system is then 

equilibrated briefly at this low temperature to allow the velocities to become correlated before 

slowly heating it to the desired temperature. It is common to additionally (or sometimes, 

alternatively) restrain the atoms to their initial positions during this heating phase as a further 

means of avoiding anomalous atomic motions. 
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where r i are the current coordinates of each of the i selected particles and kpr is the harmonic 

restraint force constant that determines the strength of the restraints. Other functional forms are 

also possible (180). The position restraints can be switched on or off in each spatial dimension, 

which means atoms can be harmonically restrained to a line, a plane, or a point in three-

dimensional space (181). 

 
Figure 1. 32. Position restraint potential. 

 

1.4.6.2. Distance restraints 

Distance restraints are used to keep the distance between a pair or two groups of atoms below 

or above a specified distance. A standard approach is to use a flat-bottomed harmonic potential 

(180) (Figure 1. 33) Vdr that becomes linear at large distances (Equation 1.18. This means that 

the restraint potential is zero between distances of r0 and r1, is harmonic for distances below r0 

and above r1, but becomes linear (resulting in a constant attractive force (181), Equation 1.19) 

for distances greater than r2, to prevent extremely high forces at large distances. 

 

  Equation 1.18 
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   Equation 1.19 

 

 
Figure 1. 33. Distance restraint potential. r0, r1 and r2, respectively in equations 2 and 3 are indicated by coloured 

lines. 

 

1.5. Free energy 
 

The free energy is the energy in a system that can be converted to do work. It is considered as 

the most important thermodynamic quantity. Knowing the free energy change associated with 

a process allows its likelihood to be predicted, thus free energy calculations have a variety of 

uses in chemistry and biochemistry (182). Free energy calculations can determine the 

partitioning of a solute between immiscible liquids (partition coefficient calculations), 

solvation/hydration free energies, the stability of proteins, and receptor-drug, protein-protein 

and protein-DNA binding affinities (182). Binding and solvation free energies are connected; 

the former is often required for an accurate calculation of the latter. The solvation free energy 

of a small molecule provides information about its desolvation in the thermodynamic process 

of host-guest binding (183). 

The Gibbs free energy (Equation 1.20), or free enthalpy, is the thermodynamic free 

energy at a constant temperature and pressure, and is therefore the relevant free energy for a 

simulation conducted under isothermal-isobaric conditions (NPT ensemble). 
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Figure 2i. 1. Diagram outlining the host-guest binding potential energy profiling (HGBPEP) process. 
 

 
Figure 2i. 2. Example of HGBPEP 2D heat map. On the x-axis is the degree of rotation of bullvalene around the z-axis 

of the simulation box, and on the y-axis is the distance of bullvalene along the z-axis of the simulation box from the 
centre of geometry of cyclodextrin. The colour bar represents the non-bonded potential energy values. Dark blue and 
red colours indicate the most and least energetically favourable positions and orientations of bullvalene in complex to 

cyclodextrin, respectively. The white zone represents very large and positive potential energies, which are highly 
unfavourable and beyond the colour scale. 

 

  

  

  

  

  




























































































































































































































































































































































































































































































































