
























1 INTRODUCTION 

In theory, everything is possible 

Well - not really - but we are not severely restricted to the real world in our minds,
which makes computational chemistry a powerful tool for expressing and testing 
new ideas and thoughts. 

Large assemblies of sequential amino acids are encoded in the genes. This code is 
duplicated. The peptide chain is synthesized and folded into a compact globule, a 
protein, with one or more functional groups, domains. [1] [2]

Today, we know that polymerases duplicate the information, mRNA carries the 
code in triplet bases, codons, and that each type of amino acid has its own tRNA, 
which provides the shape complimentary in anti-codons. Each tRNA successively
adds the correct amino acid at the ribosome, where rRNA merges the entire 
sequence into a polypeptide chain [3]. When biosynthesis is completed, the peptide 
is released and subsequent folding processes commence in various ways to yield a 
functional three-dimensional structure. Biophysical techniques [4], mainly X-ray, 
NMR and EM, have characterized a large number of these structures, and 
consequently a wide diversity of functional domains has been unraveled. Some of 
these structures are deposited in the Protein Data Bank, [5, 6] with the atoms
represented in Cartesian x, y, z coordinates. In a broader sense, though, many
issues in the chemistry of life are yet poorly understood.

Unfortunately, there is no universal way of gathering the entire cascade of
biochemical mechanisms with one single method. Skilled biochemists or 
molecular biologists and equally skilled structural biologists contribute with a 
solid experimental ground. Often, however, there is a gap in experimental
resolution, owing to different laborative observations or procedures, and this is 
where computational modeling enters to play a substantial role in linking,
explaining or at least mediating these gaps and hopefully suggest new
experiments. Sometimes, experiments may be limited for other reasons (i.e. 
financially or technically), making computational chemistry an alternative. As for
the experimentalist, there are many different and more or less established 
computational approaches with their own limitations and advantages, in resolution 
or in accuracy.

Structural biology is the science that characterizes the sequence-structure-function
relationship for interacting biomolecules (proteins, peptides, DNA, RNA). A 
synergy of recombinant DNA techniques, structure determining methods and 
computer modelling has proven powerful in this context and in many other fields 
such as food-, agricultural-, and pharmaceutical industry, gene therapy and de
novo design of proteins. Faster and cheaper computers, new or refined 
computational methods and sophisticated graphic programs for visualizing and 
manipulating biomolecular structures has made computer modelling a salient 
feature within the field of structural biology, which now has a devoted mission in 
interpreting the results from the enormous and accomplished human genome
project (HUGO)[7].
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Zinc is important for humans, enzymatic reactions [8-10] and appropriate folding 

of proteins [11, 12], the latter often represented in zinc finger motifs [13] [14], 

where different amino acid coordination schemes of cysteines and histidines to 

zinc are encountered, owing to the closed d
10

 electronic valency of this metal.

a) b) c)

Figure 1. Three commonly found zinc finger motifs: a) classic C2H2 zinc finger, 

b) di-nuclear zinc coordinated by six cysteines and c) Really Interesting Gene 

(RING-finger), with C4 coordination and C3H coordination to zinc. The pictures 

were generated with Rasmol and the structures have pdb accession codes 1tf3.pdb, 

3alc.pdb and 1g25.pdb respectively. 

These zinc fingers are frequently found in DNA or RNA – binding proteins, which 

are used for repairing, proofreading, amino acid synthesis and transcription. As 

implied by the name, the latter class of proteins regulates the transcription 

machinery either by facilitating and/or preventing the action of polymerases, and is

thus termed called transcription factors [15]. They are often activated by a cellular

signal; e.g. a neurotransmitter, a peptide-hormone, metal or another ligand, to

promote gene regulation by recognising and binding to a specific sequence of

DNA bases called response elements. Naturally, such proteins are in focus of

extensive research since they are involved in the primary step of sequence-function 

relationship between DNA/RNA and proteins. 

Molecular dynamics (MD) simulation techniques [16] are based on Newton’s 

motional laws [17], where successive conformations of a molecule are generated 

in a trajectory. A detailed atomic picture of kinetically and time-coupled events 

can be provided for macromolecules in their natural environment (nicely reviewed

in Acc. Chem. Res., 35, 2002). Metals, which are variable in electronic valency, 

are difficult to treat in MD. Since metals often are incorporated in the protein

architecture and used for a diverse set of functions, such as enzymatic, structural

build-up and signalling processes, it is of interest to describe metals according to

classical laws and, if possible, model the metals to be flexible in ligand 

coordination geometry.

This thesis is based on protein-metal-DNA-solvent functional interactions in a zinc 

finger protein from a classical viewpoint and supplies some ingredients needed for

modelling, exploring, validating and applying the interaction potential of metals in 

biomolecules, but it should always be kept in mind that a model is an attempt to

describe the reality, not the reality in itself. Complexity does not always mean

accuracy, and one has to rationalize the model versus approximations and 

consistency with experiments. For instance, spending CPU-months in calculating 

the absolute energy of a hydronium molecule would be somewhat aberrant if the 

goal is to model the folding of a protein, although both approaches in themselves

are important.
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The main computational method throughout this study is MD, but higher level of 

theories, such as ab initio quantum mechanics and semi-empirical methods has 

been visited to provide a basis for modelling zinc to its ligands (cysteins) and 

energetically resolve observations made from MD simulations. 



2 NUCLEAR RECEPTORS

Nuclear receptors (NRs) form the largest known family of eukaryotic transcription 

regulators [18-24]. These receptors are ligand-inducible and involved in 

development, growth, proliferation, apotosis, homeostasis, metabolism, and cell 

differentiation [25]. Various diseases and immune-suppressive issues such as 

inflammatory, osteoporosis, depression, diabetes, skin diseases and different 

cancers are related to malfunctioning NRs, thus making them a substantial target

for pharmaceutical interests. Depending on the type of activating ligand or

phylogenicy, NRs can be sub-categorised into six classes; steroid and thyroid 

hormone receptors, retinoids, vitamin D3, and orphan receptors with unknown or

absent ligands. In general, the overall topology of the NRs consists of three 

discrete functional domains [26]; the N-terminal transactivation domain, the DNA-

binding domain (DBD) and the C-terminal ligand-binding domain (LBD).

2.1 DNA BINDING DOMAIN

In 1990, Härd and co-workers determined the first NMR solution structure [27, 28] 

of a DBD within the NR superfamily, namely the DBD of the glucocorticoid 

receptor (GR), and in 1991 Luisi and co-workers presented the first (GR DBD)2-

DNA crystal structure[29]. Ever since, DBDs belonging to different NRs has been 

solved [30-38] unravelling a high degree of homology and structural similarity for 

the DBDs in the receptor subfamilies; a globular fold of about 70-80 amino acids

arranged in two perpendicularly packed amphipathic helix loop regions with eight 

out of nine invariant cysteine residues formed in two Cys4-zinc fingers. The first

finger directs three residues (the P-box, “P” for protein) for specific recognition of

the response element [39, 40]. In GR, these residues are G458, S459 and V462, 

which recognise the palindromic –AGAACA- DNA response element. Site-

specific finger P-box swapping mutagenesis in GR to the corresponding estrogen 

receptor (ER) residues (i.e. the triple mutant G458E, S459G and V459A) results in

an altered specificity toward the ER response element, -AGGTCA-[40].

Figure 2. Schematic representation of the free

NMR solution structure of GR DBD (pdb

accession code 1gdc). The two zinc fingers and

residues G458, S459, V462 and P493 are

indicated

The second finger is involved in non-specific phosphate DNA binding and protein-

protein contacts formed in the protein dimerisation interface (D-box, “D” for 

dimerisation). This region is significantly altered in conformation when bound to 

DNA, such that the free NMR solution structure [27, 28] adopts a conformation

perpendicularly oriented relative the crystal structure[29]. However the P493R 

mutant [41], which is positioned between to the two C-terminal cysteinate ligands

in the second zinc finger results in a crystal-like D-box conformation of the free 

NMR solution structure[37]. This change in conformation is also observed for the 

S459A mutant [37]. Thus, depending on where a mutation is done in the GR DBD, 

DNA specificity and/or D-box conformational changes are induced. Luckily, the 
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3.4.2  Non-bonded terms – electrostatic charges and Lennard-Jones 

parameters

Various schemes for calculating the charges have been suggested over the years [50-
53] since the quantity of charges cannot be devised experimentally. Usually, the wave 
function is used for calculating the polar moment (of order 2 or higher) and the 
charge distribution around the nuclei. In the subsequent force field fitting the charge 
may be centered at the nucleus or distributed around the nucleus and/or be assigned to 
reproduce the polarity moment only, ignoring the resulting numbers of the charges 
from the QM calculation. The latter procedure will only be valid if the net charge of 
the molecule is zero.  
An initial guess for the s term is normally taken from the periodic system, or may 
derived from crystal packing data. Given a reference molecule, e.g. water (model), 
the solvent radial distribution around the atom corresponds to s and the hydration 
free energies (for e) are calculated in an iterative way to be consistent with 
experimental data (if available). Such calculations are mainly carried out with Monte 
Carlo or molecular dynamics simulations, and uses statistical thermodynamics for the 
parameterisation of e (corresponding to the 6:th term in equation 2), where the 
relative differences in hydration free energies, DDG, are determined.

3.5 METALS IN FORCE FIELDS 

Metals are not encoded in the genes. Their variance in electronic structure enables 
diverse functions in the biomolecules. This flexibility in electronic valence makes 
metals, and in particular those with higher valence and transition row metals, difficult 
to describe in standard force fields without sacrificing some other property.  

In the beginning of the simulation era, metals were often left out in the calculations 
and the biomolecule was treated as being in the apo-state. Not very exciting, although 
a calculation in the absence of a metal may provide information of local 
folding/unfolding processes.

3.5.1 Bonded models 

A bonded [48, 54-60] representation of the metal interaction benefits the 
preservation of local geometry around the metal, but will also restrict the ligand 
coordination flexibility, which may strain the biomolecule and eventually lead to a 
propagation of atomic displacements.  

3.5.2 Non-bonded models 

The use of a non-bonded model allows for conformational relaxation and 
ligand coordination flexibility, but may result in anomalous geometries. Another 
difficulty is to treat the non-bonded interactions appropriately, such that solvent-
ligand-zinc interactions are balanced and fairly reasonable in magnitude. Åqvist and 
coworkers[61] devised an elegant model to mimic the valence electrons of ionic zinc 
by placing six symmetrical charges around the nucleus, which carries a charge of –1, 
while the overall charge on the zinc ion is +2. Later, very similar models for zinc 
appeared in the literature[62]. 
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In paper I, a non-bonded model based on fractional charges centered on the nucleus 
was constructed for the thiolate-zinc formation. In this model, the charges were
obtained from a semi-empirical MNDO[48]/ESP[63] calculation, followed by fitting 
of Lennard-Jones parameters and a charge-constraining scheme. This model
performed well in MD simulations, but needed additional support for solvent 
interactions. Therefore, a formal +2 charge zinc model from Stote [64] was
reconsidered. This model is parameterised in accordance with CHARMM parameters
and claimed to be  “simple but accurate”[64], a statement, which in my eyes, has 
become less convincing by the time.

However, using Stote’s zinc model together with standard CHARMM [65] 
parameters for the cysteinate ligands, turned out to be pretty much like fitting an
elephant into a bikini, and therefore it was necessary to modify the interaction
potential of the thiolate ligands to zinc for maintaining the tetrahedral coordination
geometry.

c)

b)

a)

Figure 3. Schematic drawing of different approaches for
modelling metals in proteins. The ligands (cysteins) are
yellow and the metal (zn) is in red. 
a) a bonded formalism.
b) Åqvist’s fractional charge model.
c) a non-bonded charge-centered model.

In most cases, one or more properties has to be sacrificed when modelling metals in 
classical ways, but for a successful parameterisation, one has to use at least some
chemical intuition, stick with reasonable interactions and targeting acceptable
geometries together with some patience. A centered formal charge of +2 at zinc is 
only true for an isolated ion, whereas for interacting particles, fractional charges often 
results of numbers close to one, irrespective of the valence state of the metal. The
present model for the cys4 zinc finger assumes that Stote’s zinc model is appropriate 
in the sense of solute-solvent interactions seen from a thermodynamic perspective.

Papers I and II describes a comparative study of how the force field and protein
dynamics are influenced when the thiolate-zinc interaction potential is altered for a
cys4 - zinc finger and the perturbation in coordination ligand geometry associated 
with conformational changes in the biomolecule respectively. 
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4.4 VIRTUAL MUTAGENESIS 

Besides calculating some physical properties of the biomolecule, it is interesting to 

estimate and predict putative sites for mutation. Such information may be useful in 

designing drugs or proteins or understanding biomolecular mechanism for humans 

with a specific mutation in their genes. A rapid way of preliminary mapping the 

protein stability is a so-called virtual alanine-scan [109] (paper IV). Putative mutation 

sites may then be resolved computationally by more elaborate calculations, for 

instance free energy perturbations. 

A somewhat simplified view, for a protein with i residues in an ensemble of j 

structures, is given in the following pseudo-code: 

DO I=1, NRES 

   “CALL LIBRARY REFENER” 

    DO J=1, NSTRUC 

          READ STRUCTURE 

             “CALCULATE ENERGY = E1” 

             MUTATE RESIDUE “I” 

            “CALCULATE ENERGY = E2“ 

             “CALC ENERGY DIFF = (E2 – E1) – REFENER” 

     ----------- 

        ENDDO 

------------

  ENDDO

The wild-type ensemble of structures can be generated with a MD or Monte-Carlo 

simulation.             



5 RESULTS AND DISCUSSION 

5.1 SOLVENT – CYSTEINATE LIGAND EXCHANGE (PAPERS I AND II) 

The use of a non-bonded thiolate-zinc interaction potential and a zinc model[64]

parameterized against TIP3P [82, 83] water, allows ligand solvent-thiolate exchange. 

This observation, and recent experimental [110-112] and theoretical [113-115] reports 

prompted a QM calculation on variant methiolate-Zinc-H2O complexes with an

overall charge of –2.0 

Figure 5. Model compounds of different

methiolate-Zinc-H2O complexes. Atoms

“bonded” to zinc are colored in black. The

net charge on all systems was –2.0. 

The potential energy surface from these calculations indicate that the relative energy-

differences between the complexes are quite low, and thus support the findings of 

possible ligand exchange at the zinc. 

Figure 7. Potential energy surface of the optimized

methiolate-Zn-H2O complexes relative the lowest energy

(formation [1]). All optimizations were performed  with the

B3LYP functional and the LANL2DZ basis set. 

5.2 THE REGULATORY ROLE OF PROLINE IN ZINC FINGERS (PAPERS

II AND IV) 

Despite the simple form of the zinc-cysteinate interaction potential, novel dynamics

within the Cys4-zinc finger type has been observed. From a biological view, the 

dynamics in the second finger of the GR DBD (and similar systems) governs the 

orientation of the D-box and provides a route for the release/uptake of zinc possibly 

via residue C476, which exhibited increased side chain flexibility in contrast to the 

other cysteinate ligands. This flexibility was repeatedly seen in different simulations
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