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ABSTRACT
In this study, we investigated the effect of each amino acid in the
conserved linker “TGEKP” and one of its variants “TGQKP”, on the
binding free energy of Zif268 to its optimal DNA binding site (5A GCG
TGG GCG T 3). Ten point mutants of Zif268 were created. The free
binding energy for each mutant with the optimal binding site was
estimated

using

Molecular

Mechanics

Generalized

Born

Surface

Area

Method (MM/GBSA).
Compared to the wild type protein Zif268, one mutant (T56Y) resulted in
lower binding energy by 20.74 kcal/mol; Three mutants (Q30E, E58Q and
P60A) produced considerably higher binding energy (by 25.5, 18.2, 27.6
kcal/mol, respectively); Six mutants (T28A, G29P, K31D, P32G, and
G57V, and K59P) produced binding energy values within the standered
deviation from the binding energy of the wild type

, where T28A showed

an increase in the free binding energy by 14.38 kcal/mol, whereas G29P,
K31D, P32G, G57V, and K59P

showed a decrease in the free binding

energy by 13.44, 8, 11.42, 9.4, 15.83 kcal/mol , respectively. The free
binding

energy

values

were

decomposed

into

their

three

major

VII

components: electrostatic energy, van der Waals, and the electrostatic
contribution to the solvation free energy. The binding free energy values
for the ten mutants had the highest correlation with the total electrostatic
energy

(the

sum

of

electrostatic

energy

as

calculated

by

molecular

mechanics and electrostatic contributions to the solvation free energy).

Having only one out of ten with considerably lower binding energy
suggests that the main reason for the high conservation of these linkers
could be due to their role in biological processes other than specific
binding to the DNA. Hydrogen bond analysis revealed that each mutant
affected the stability and bond lengths. The effect on hydrogen bond
stability was not confined to the vicinity of the mutated amino acid, and
was detected throughout the zinc finger protein.
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فِىسهالرشاسةقمناباختباشتأثْصكلحمضنًٌُفِسلسلتِاألحماضاألمْنْةاللتيْ تصباياببيْ  يطاء
بييصًتْ الطني )ً )TGEKP()TGQKPعلييَقاقييةشبيييبييصًتْ الطني بييالمٌقعالم ييرذلييوعلييَال مييض
الصّبٌضُالنًٌُالمنطًعاألًكسجْ .تي تويٌّ عةيصفقتيصا مي بيصًتْ Zif268ًمي ثي حسيااقاقية
الصبيلولقتصفعلَحيرهميعنتيلالمٌقيععليَال ميضالصّبيٌضُالنيًٌُالمنيطًعاألًكسيجْ باسيتدرا 
قصّقة).)Molecular Mechanics Generalized Born Surface Area

مقاشنييةمييعالبييصًتْ ))Zif268قتييصفًاحييرف )(T56Y نتجييطقاقييةشبييي قييلا((20.7 kcal/mol،ثي



قتصا )(Q30E, E58Q and P60A نتجطقاقةشبياعلَا(25.5, 18.2, 27.6 kcal/molعلَالتصتْي))،
سييتةقتييصا ()T28A, G29P, K31D, P32G, G57V, K59P نتجييطقاقييةشبيييقصّبييةم ي قاقييةشبييي
بصًتْ ) )Zif268مع خسقْمةاالن صافالمعْاشُبعْ االعتباش .
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ت تتوْ قْ قاقةشبيالبصًتْنا معال مضالصّبٌضُالنًٌُالمنطًعاألًكسجْ الَث ثةمي موٌناتييا
األساسييْةاالااقييةاإكتصًسييتاتْوْة،قاقييةفييابذّييصفييالل،ًاإسييياما االكتصًسييتاتْوْةلااقييةاإزابيية.قييْ 
قاقةالصبيللعةصقتصا كابليا قٌٍاشتباقمعمجمٌعالااقةاإلوتصًستاتْوْة. 
ً ييٌذقتييصفًاحييرففقيييمي  اييلعةييصفلييياقاقييةشبييي قييل،ّةييْصظلييَ بالسييب)الص ْسييِل تي تسلسييل
األحميياضاألمْنْيية )(TGEKPقييرّعييٌذألىمْييةىييساالتسلسييلفييًِخييا دحٌّْيية خييصٍعييرٍعي اشتبيياق
بصًتْ الطن بمٌقعوالم رذعلَال مضالصّبٌضُالنًٌُالمنطًعاألًكسجْ  .
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Chapter 1

INTRODUCTION
1.1

DNA-binding proteins

DNA binding proteins perform many of the precise processes that take place
on DNA, such as DNA replication, DNA repair, and gene expression control.1
These proteins consist of several small domains and interact with DNA either in a
sequences-specific or non-specific mode.2 Some DNA–binding proteins interact
with the DNA minor groove but the majority of these proteins bind DNA in the
major groove, where the bases in this groove are more accessible to the protruding
surfaces of these proteins.3,4
There is a variety of different structures of DNA binding proteins including
helix-turn-helix (HTH), leucine zipper and zinc finger proteins, this structural
diversity is reflected as functional variety of different DNA-binding proteins.1,4
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1.1.1 Zinc Finger Proteins
About 30 years ago the first zinc finger protein was discovered in the African
clawed toad Xenopus transcription factor (TFIIIA).5 This protein was found to
consist of nine consecutive zinc finger domains. Each domain had a sequence of
the form X3-Cys-X2−4-Cys-X12-His-X3−4-His-X4 (where X is any amino
acid).5,6Scince then, many other zinc finger proteins were discovered in various
species, such as ADRI in yeast, GLI in humans and Zif268 in mice.7
The general role of zinc finger proteins can be described as “interaction
modules”, since they carry out their functions through binding to various targets
including DNA, RNA, as well as proteins and small molecules.8 It is fair to say that
DNA replication and repair, transcription, translation, cell proliferation and
apoptosis in addition to other vital cellular processes depend heavily on the role
played by zinc finger proteins.8,9
Zinc finger proteins are usually composed of one or more zinc finger
domains. Each zinc finger domain contains one or more zinc ions to establish its
folding pattern.10 However, zinc finger proteins were classified into different
structural classes depending on how the protein folds around the zinc ion. These

3

structural classes include: Cys2His2 fingers, treble clef protein fingers, zinc ribbon
and Zn2/Cys6 fingers. Among these classes Cys2His2 fingers are the most abundant
and recognizable class.8,11,12 As the name Cys2His2 implies, these proteins bind the
zinc ion by 4 conserved residues, 2 cysteins and two histidines. Their structure
takes the shape of a finger which consists of an α-helix and two anti parallel βsheets.10

1.2 The zinc finger protein Zif268.
Zif268 has been considered as a suitable model system for the investigation of
zinc finger-DNA interactions, for two reasons. First, many studies have been
conducted on Zif268-DNA complexes and succeeded to give a good picture of
how Cys2His2 zinc finger proteins recognize their DNA targets13-19. Second, the
availability of Zif268-DNA structure (with 1.6Å resolution) constitutes an
adequate framework for carrying a molecular modeling study20. These studies
elucidated the main contacts between the zinc finger protein and the DNA bases in
the major groove. The effect of mutating an amino acid in the linker region of
Zif268 on the stability of the main hydrogen bonds will be investigated in this
study.
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Zif268 consists of three zinc finger domains. Each finger has about 30 amino
acids taking the shape of an α-helix and two anti parallel β-sheets20. This whole
functional finger motif maintains its conformation through its coordination to a
zinc ion, and its hydrophobic core composed of hydrophobic amino acids which
hide the zinc ion from water21 (Figure 1.1).

Figure 1.1 The structure of a single zinc finger domain belonging to Cys2His2 family.
Two Histidine residues (from α-helix) and two cysteine residues (from β sheets) protruding
toward the zinc ion (represented as a sphere) are shown. Three hydrophobic residues are
displayed22.
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1.2.1 Zif268 -DNA interactions and specificity
The identity of the side chains that project out from α-helices gives each
finger certain specificity by which it can bind to certain bases on DNA. Known
trends in specificity concluded from experimental mutagenesis and binding studies
are : Arg (on position -1withrespecttothestartingpointofαhelix)infingers 1,2,
and 3 interact with G bases on the primary strand of DNA. His (on position 3) in
finger 2 interacts with G base on the primary strand of DNA. Glu (on position 3) in
fingers 1 and 3, interact with C bases on primary strand of DNA, Arg (on position
6) in fingers 1 and 3, interact with G bases on the primary strand of DNA. Asp (on
position 2) in fingers 1 and 3 interact with A bases on the secondary strand of
DNA. Asp (on position 2) in finger 2 interacts with C base on secondary strand of
DNA14,23-26 (Figure 1.2).
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Figure 1.2 Zif 268-DNA complex . Conserved Hydrogen bonds between amino acids
in the α-helix of zinc finger domains and the coding strand in DNA are shown as black
arrows. Hydrogen bond contacts with the non-coding strand are shown as gray arrows22.

1.3

Linkers in zinc finger protein interaction with DNA.
Linkers are short peptide chains connecting adjacent fingers. Most of linkers

in zinc finger proteins have a highly conserved sequence that matches or resembles
TGEKP sequence which corresponds to the following amino acid residues
respectively: Thr–GLY–Glu–Lys–Pro.27 This sequence is known as Drosophila
protein Krupple-type linkers. Zif268 has two canonical linkers TGQKP that
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connect finger 1 with finger 2, and TGEKP which connects finger 2 with finger
39,28,29.
In Zif268-DNA complex the length of the linkers TGQKP and TGEKP was
foundtobe14.5Ǻand14.4Ǻ, respectively. This means that they are too short to
make zinc finger motifs skip a base pair in the DNA recognition motif (Figure 1.3).
Due to this shortness, in addition to the slight difference in helical periodicity of
the DNA and that of the α-helix in the protein, DNA has to change its
conformation and become slightly unwound in order to allow a better fit of the
proteinα-helix to the DNA major groove30.

Figure 1.3 The Krüppel- type linkers in Zif268 are too short to make zinc finger pass over one of
the base pairs of DNA recognition site31.
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1.3.1 Role of Zinc finger protein linkers
The high conservation of the linker sequence in most of the zinc finger linkers
encoded by the human genome caused a lot of curiosity about its functional role.
Some early structural and mutagenesis studies tried to remove the ambiguity
surrounding the role of the linkers28,32.
One of the first important observation in this regard was that the consensus
linkers in the first three linkers in TFIIIA zinc finger protein are dynamically
disordered in solution, where the zinc finger protein is free, but exhibit a well
ordered structure upon binding to DNA33,34 .
An experimental study was conducted on the first three fingers of TFIIIA zinc
finger protein to investigate the effect of the linker sequence TGEKP between the
first two fingers and the linker sequence TGEKN between the second and the third
fingers28. Exchanging these linkers with other linkers obtained from different
proteins led to loss of binding. Single mutations in these consensus linkers led to a
decrease in binding affinity of up to 24-fold in the case of G39P mutant, in which
glycine in the first linker was mutated to proline. However, results of this study
could not account for the reason behind the high conservation of Krüppel -type
linkers.28 In another experimental study on TFIIA the replacement of three amino
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acids from the Krüppel-type linker with 3 amino acids of an equivalent position
from another linker resulted in a decrease in its DNA binding affinity up to 8fold32.
NMR studies on the first three fingers of TFIIIA and the first four fingers of
Wilm‟stumorsuppressor protein confirmed the formation of α-helix capping up on
binding to DNA35,36. This α-helix capping is caused by hydrogen bonds between
amino acids in the linker (Glycine and thronine) and amino acids from the end of
the α-helix. The α-helix capping was suggested to be a stabilizing factor for
Cys2His2 zinc finger-DNA complexes by providing an important enthalpic
contribution to the binding process. Crystal structures of the Zif268-DNA complex
showed a hydrogen bond between carbonyl oxygen of the third residue from the
end of the helix (Arg) and the backbone amide of the second amino acid in the
linker(Gly), also a hydrogen bond between the hydroxyl oxygen of Threonine (the
first amino acid in the linker) and the backboneamideofthelinker‟sthirdamino
acid (Glutamate) was observed6,36. These interactions are induced by binding to
DNA and makes the α-helix become more helical. This led to an assumption that
the intrinsic flexibility of the linkers is important while the zinc finger is diffusing
along the DNA searching for its cognate site. After finding the binding site these
linkers will be induced to “snaplocks like” structures that will fix the zinc finger in
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the suitable orientation to bind DNA. As a result C-capping was suggested to give
a structural role of the TGEKP linker and some of its variants and account for the
possible justification of the high conservation of Krüppel -type linkers36.

1.4 Applications of Zinc finger proteins in gene regulation.
One of the characteristics that distinguish zinc finger proteins from other
DNA-binding proteins is that they can be connected consecutively to recognize
different lengths of specific sites on DNA. In view of this fact many engineered
zinc finger proteins have been created so far by fusing various zinc fingers
together23.
At the beginning zinc fingers were fused using the conventional linkers but
theseshortlinkersweren‟tthebestchoicetoproduceapoly-zinc finger protein
with high affinity. This is due to the increase in the mismatching between the
helical periodicity of the protein and DNA, which requires an additional unwinding
in DNA37,38. As a result, longer linkers were used. In the first example of utilizing
longer linkers to design engineered zinc finger proteins with high specificity and
affinity, Zif268 was linked to another zinc finger protein namely, NER which
consists of three zinc fingers 30 as shown in Figure 1.4. a. Another method to make
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a six zinc finger protein using a variant of the consensus linker TGEKP, in which
three additional amino acids were inserted, to fuse three proteins, with each
protein consisting of two zinc fingers (Figure 1.4. b). The variety of possible
combinations of linkers and fingers makes the design of specific artificial zinc
finger proteins for different targeted genes more feasible22.

Figure 1.4 Schematic representation of two strategies used to design an engineered
zinc finger protein: a) Two zinc finger protein consisting of three fingers each, are linked
using long linker b) Three zinc finger proteins, consisting of two fingers each, are
connected using an extended Krüppel –type linker22.
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A further utilization was achieved by fusing engineered zinc finger proteins
with transcription activators or repressors, thus producing highly specific
transcription factors. Taking it to the next level, zinc finger proteins were
connected to DNA cleavage domain, producing zinc finger nuclease which is
considered to be an efficient tool, used to repair defective genes. In principle, zinc
finger nucleases reach the defective gene via the engineered zinc finger proteins
which then binds to a locus adjacent to the defective gene. This directs cleavage
domain to the site where it should introduce the break in DNA. This process takes
place on the other strand of DNA, but in an opposite direction by another zinc
finger nuclease, eventually producing a DNA double-strand break which would
then be mended via a natural process called homology-directed repair22,39 (Figure
1.5).

13

Figure 1.5 Schematic representation of zinc finger nuclease pair. Each one consists of an
engineered zinc finger protein linked to a nonspecific cleavage domain of the Fok1 type II
restriction enzyme22.

1.5 Computational approach for finding free energy of binding.
Computational methods have emerged as very effective tools for predicting
freeenergyofbinding(∆G)40-47. These methods facilitated the understanding of the
factors accounting for binding affinity in protein-protein interactions, protein-DNA
interactions and drug actions.48 Several computational methods are available to
perform this task. Some are rigorous but computationally expensive such as, the
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thermodynamic integration (TI) and the free energy perturbation (FEP) methods4952

. Others are less accurate but more computationally efficient methods. These

include, molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) and
molecular mechanics/ Generalized Born surface area (MM/GBSA) methods53
(Figure 1.6).

Figure 1.6 Comparison between different computational methods in terms of their
accuracy and speed.

Both (TI) and (FEP) deal with the solvent explicitly and calculate the binding
free energy of Protein-DNA complex depending on simulations taken at
intermediate stages between the two end states (unbound and bound states of a
protein and its target DNA). These principles adopted by (TI) and (FEP) explain
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the high accuracy and time consuming characteristics of the two rigorous
methods.54
The simpler (MM/PBSA) and (MM/GBSA) are end point methods (i.e. they
predict the binding free energy depending on simulations of only two end states,
the unbound and the bound states of a protein and its target DNA). These methods
treat the solvent implicitly and for that they are called continuum solvent
methods54.

1.5.1

Molecular dynamic software used in this work.

Through performing molecular dynamics one is actually trying to mimic
experimental procedure for reading a certain property over certain time interval. In
the experiment, one first prepares the sample to be studied, and then the sample is
to be connected to a device that takes the measurement of the property over
particular time duration. Any statistical noise that may accompany the
measurement can be eliminated by longer averaging time55.

In an analogous way, when using molecular dynamics a model system
composed of N particles is chosen. Newton‟s motion equation are integrated and

16

solved for the system until the system equilibrates, and the properties of the system
reach a steady state. at this point the desired measurement can be taken55.
Various software suites have been used for running (MD) simulations. One of
the most used packages is AMBER56,57. This acronym stands for assisted model
building and energy refinement. The use of AMBER to perform MD simulations is
not limited to giving the equilibrium property but also the transport property of the
system.58 Using AMBER to carry out molecular dynamic simulation and to
calculate binding free energy is an important approach that complements
experimental work since in some cases binding affinities calculated through
experimental procedure were reported with 40-50% error28.
AMBER consists of many programs that collaborate to carry out the
molecular dynamic simulations. Examples of these programs are: LEap, Sander,
Ptraj, Nmode. These programs are created to help in various tasks56,59:
(i) Leap is designed to help in setting up and adjusting structures of
biomolecules and to prepare input files that can be used by other molecular
dynamics programs within AMBER suit .
(ii) Sander is designed for conducting minimization and other molecular
dynamic steps.
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(iii) Ptraj can be used to analyze the output files.
(iv) Nmode can be used to carry out normal mode calculations.
(v) MM-GBSA: enables calculating the binding free energy of bio-molecule
complexes.
AMBER also stands for the set of force fields required for performing
molecular dynamic simulations of biomolecules. These force fields contain a large
collection of parameters that define the constituents of biomolecules and several
relevant solvents. This family of software programs, together with a diverse set of
force fields, constitute a suitable environment to carry out MD simulations of biomolecules60.

1.5.2 MM-GBSA method for calculating free energy of binding of
protein-DNA complex.
The protein-DNA binding free energy can be calculated as the difference
between the free energy of protein-DNA complex and the free energies of
protein and DNA, in separate, as illustrated in the diagram and the
equation (1.1) below53.
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Figure 1.7 Calculating binding free energy for a solvated system as the difference
in free energy between bound and unbound states. Light blue indicates solvent
shell.

(1.1)

Nonetheless, solvent-solvent interactions are the major contributors in the
simulations of solvated systems, and the fluctuations in total energy is about ten
times greater than the binding energy. This will result in taking excessive time
before total energy converges to an acceptable tolerance. Therefore, a more
efficient approach is to partition the calculation53,56,61, as illustrated in the
thermodynamic cycle below (Figure 1.8).
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Figure 1.8 Thermodynamic cycle demonstrating steps of calculating binding free energy
using MM/GBSA method. Light blue indicates solvent shell, while the black background
indicates vacuum.

It is clear from the thermodynamic cycle that the binding free energy can
now be calculated as in equation (1.2).
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(1.2)
0

Computing solvation free energy (∆G

solv)

requires encompassing of two

components, a polar and non polar contribution as in equation (1.3).

(1.3)

In order to gain a deep understanding of solvation free energy, one should first
visualize how implicit solvent methods deal with the solvation process. Implicit
solvation methods account for the following steps in solvating a charged solute: (i)
a cavity is formed in the solution to host the solute while hypothetically assuming
that this solute is hydrophobic by turning off all atomic charges (ii) the atomic
charges on the solute are turned on again 53.
The first step in the solvation process accounts for the non polar contribution
to solvation free energy which is assumed to be proportional to solvent accessible
surface area, and given by the following equation (1.4)

(1.4)

Where γ and β values depend on which method and solvation model is
applied.62
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The second step in the solvation process accounts for the polar component of
solvation free energy. This polar component comes from the difference in free
energy resulting from transporting the charged solute from gas phase with low
dielectric constant (Ɛ = 1) to a solvent which has a high dielectric constant (Ɛ = 80),
equation (1.6).
(1.5)

The polar component can be calculated by solving the Generalized Born equation
by estimating the work needed to turn on all atomic charges in the system giving
equation (1.5)56,63.

(1.6)

In the Generalized Born model, each atom is represented as a sphere with
radius ρi and charge qi. The inner part of the sphere is filled with a material
with low dielectric constant (Ɛ =1), and the atom it exists in a solvent with
high dielectric constant (Ɛ = 80 for water at 300K).
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Figure 1.9 The atom as represented by Generalised Born model. Light blue indicates
solvent with high dielectric constant.

Thus the solvation free energy (∆Gᵒsolv) can be given by the following overall
equation (1.7).54
(1.7)

The binding free energy in vacuum (∆GᵒBind, Vacuum) equals the summation of
the average interaction energy between the protein and DNA in gas phase
(∆EᵒMolecular mechanics) and the change in configurational entropy through binding,
as shown in equation (1.8).
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(1.8)

The average interaction energy between the protein and DNA in gas phase
can be estimated using molecular mechanics through applying force field functions
and parameters. This term is composed of two types of energy. The first is the
covalent energy represented by bonds, angles and dihedral energies. The second is
non-covalent energies consisting of electrostatic and van der waals energies. These
different energy contributions are summed up in equation (1.9) 54.
(1.8)

The Change in configurational entropy can be calculated using nmode.
However, in many cases this term is ignored especially when calculating relative
binding free energy, where the protein is binding to similar targets in each time.
This is due to the fact that calculating entropy is a computationally demanding
process that adds little information when ligands bound to the protein are
similar53,54.
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Chapter 2

Computational Methods
2.1 Protein data bank structures
The Zif268 zinc finger-DNA complex X-ray structure (PDB code:
1AAY) was obtained from the RCSB Protein Data Bank. The names of
some atoms and residues were changed to fit those in the amber topology
files. The connectivity data at the end of the file were removed, and „TER‟
cards were added between the different parts of the complex. Water
molecules were removed from the PDB file.
Zif268 contains three zinc ions. Each zinc ion is coordinated to two
cystein and two histidine residues. Therefore each one of the coordinated
residues should be in the deprotonated form (i.e. as negatively charged
amino acids). The Zif268 file obtained from the protein data bank is not
written in a way that enables xleap to discriminate bonded from nonbonded amino acids. Thus, these amino acids were manually modified to
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enable them to bond the zinc ion.
Cystein residues in positions 5, 10, 35, 38, 63, and 66 were edited as
follows:
(i)

The atom named HG was erased from each residue.

(ii)

The residue name for all atoms contained in that residue was
converted from CYS to CYM, where CYM is the residue name
used by xleap for deprotonated cystein.

Histidine residues number 23, 27, 51, 55, 79, and 83 were edited as
the following:
(i)

The atom named HE2 was erased from each residue.

(ii)

The residue names for all atoms contained in that residue was
changed from HIE to HID, where HID is the residue name used
by xleap for deprotonated Histidine in delta position. This edited
PDB file was saved as 1AAY-dry.pdb
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2.2 Creating prmtop and inpcrd files.
The Prmtop and inpcrd files are the molecular topology/parameter
and coordinate files, respectively. These files are necessary for running
molecular dynamics simulation using Sander. The xleap program was used
to build these files. In order to open xleap the following command was
typed in a terminal:

This command not only starts xleap, but also loads the configuration files
needed for AMBER FF99SB force field64 as shown in Figure 2.1.
However, the zinc parameters required for our complex are not included in
the AMBER FF99SB force field.
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Figure 2.1 Loading of configuration files needed for AMBER FF99SB force field

In order to add the zinc missing parameters, the AMBER PREP input,
PARMSET and OFF library files for the zinc ion are loaded before loading
the Zif268 zinc finger-DNA complex X-ray structure in xleap, (see
Appendix A).
The following command lines were typed in the main xleap window
to load these files:

Figure 2.2 Preparing xleap to load the ZIF268-DNA complex X-ray structure.
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After these steps, xleap was ready to load the 1AAY-dry.pdb file
without having problems in recognizing ZNA residue. 1AAY-dry.pdb file
was loaded into xleap after setting it to a new unit   called “a” and using
the command loadPdb. The command edit was then used to look at the
unit named “a”. As a result, the editor window of xleap appeared showing
the graphical representation of 1AAY-dry.pdb (Figure 2.3).

Figure 2.3 The editor window of xleap showing the graphical representation of
1AAY-dry.pdb.
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The

structure of ZIF268-DNA complex was examined using the

command check and the it was found to be Ok. In order to bond the zinc
ion with the four residues, the command bond was used as the following:

A library file was then saved to add the previous parameters to the
force field, to avoid repeating all the previous steps each time we load a
zinc finger protein PDB file. Instead, we only need to load this library file
together with the previous AMBER PREP input, PARMSET and OFF
library files each time we start xleap and before loading the 1AAY.pdb or
the Zif268 mutant‟s PDB files  , which will be mentioned later. The library
file was saved using the following order:
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Then the prmtop and inpcrd files for the 1AAY-dry.pdb file were
saved

as

1AAY-dry.top

and

1AAY-dry.crd,

respectively

using

the

saveamberparm command. The next step was to neutralize the system by
adding counter ions. The total charge was found to be -5. Thus, 5 Na+ ions
should be added to counteract the charge of the system. This task was
accomplished using the following order:

This order actually causes a columbic potential on a grid of 1Å
resolution and then puts the counter ions simultaneously at the points of
lowest/greatest electrostatic potential (Figure 2.4).
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Figure 2.4 Neutralization of the Zif268-DNA complex by addition of sodium ions.

Finally, the system was solvated using this command:

A rectangular parallelepiped box of TIP3PBOX water model was
created around the solute. The number 10.0 is called the buffer argument.
It indicates the distance in angstroms separating the edge of the solute
from the closest atom in the solute. In this case the buffer argument
consists of one number and thus the buffer distance equals 10.0 Å in x, y,
and z directions (Figure 2.5).
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Figure 2.5 A graphical representation for Zif268-DNA solvated system.

The prmtop and inpcrd files for the solvated system were saved as the
following:
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2.3 Equilibration of the solvated system.
Before performing MD production stage, the system was equilibrated in the
following four steps: minimization, heating, density equilibration and unrestrained
equilibration.
(i)

Minimizing the solvated system.
Minimization was performed using 500 steps of the steepest
descent method, followed by 500 steps using the conjugate
gradient algorithm. Constant volume periodicity was applied. It
is

necessary

to

minimize

the

system

before

conducting

molecular dynamic simulations. This is needed to take the
structure to the nearest local minima in the force field being
used. Minimization helps in getting rid of the greatest stress in
the system that can be caused by unfavorable van der Waals
and electrostatic interactions. When our system was solvated,
the solute was surrounded by a box of pre-equilibrated TIP3P
water. This process may leave some gaps between the solvent
and solute. In addition to this, the pre-equilibrated box of water
did not sense the effect of the solute. Minimizing the solvated
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system would allow water molecules to be more comfortable
with other components of the system, thus resulting in a more
stable and relaxed solvated structure.
Performing minimization using sander requires three files: prmtop,
inpcrd, and mdin files. The mdin file is the input file for minimization
that contains parameters to control the run. The file titled min.in was
used to perform minimization (see Appendix B).
(ii)

Heating the solvated system.
The system was heated gradually to 300k using langevin dynamics.
Harmonic potential with 2 kcal/mol-A2 weight was imposed on heavy
atoms of the complex. The file titled heat.in was used to perform
heating (see Appendix B).

(iii)

Density equilibration.
A 50 ps of density equilibration at 300 k with constant pressure
periodic boundary and positional restrains of 2 Kcal/mol-A2 weight
harmonic potential was applied to adjust the density of system. The file
titled density.in was used to perform this step (see Appendix B).
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(iv)

Unrestrained equilibration:
500 ps of unrestrained equilibration at 300 K and constant pressure was
performed to further equilibrate the system throughout the last three
steps. The SHAKE method was applied to hold all hydrogen-heavy
atom bond distances. The file titled equil.in was used to perform this
step (see Appendix B).

2.4 Production MD simulation of the solvent system.
2 ns of production runs were performed at the same condition of the
preceding equilibration step in order to avoid any sudden jump in the potential
energy, which would result from the heterogeneity in conditions of the system
between subsequent equilibration runs. Snapshots of the MD trajectories were
output every 10 ps. The 2 ns of production were carried out over four consecutive
steps using the file prod.in (see Appendix B).
Binding free energy of Zif268-DNA complex was calculated using the
MM/GBSA method. The value of ionic strength was determined to be 65mM as it
is in experimental conditions. SURFTEN and SURFOFF values which are utilized
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to estimate the non polar contribution to solvation energy were set to .00542
Kcal/A2.mol and 0.92 Kcal/mol , respectively.
During all the previous MD simulations, harmonic constrains with a force
field of 50 Kcal/mol/A2 were applied on three zinc ions. The Particle Mesh Ewald
(PME) method was utilized with 10Å cutoff for long-range interactions.

2.5 Calculating the free energy of binding for the proteinDNA complex
In order to calculate the free energy of binding for the protein-DNA
complex, the following steps were performed:
(i)

The PDB file of the dry protein was split into two new files, one
containing the DNA and the other containing the zinc finger protein.

(ii)

snapshots from the coordinates files of the production runs were
extracted using the input file extract.mmpbsa (see Appendix B).
The files needed to carry out the extraction were the PDB files for
the desolvated complex, DNA and zinc finger protein. In addition to
the production coordinate files.
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(iii) The total binding free energy was calculated from the extracted
snapshots and using the input file binding-energy.mmpbsa (see
Appendix B).

2.6 Calculating the entropy contribution.
The entropy contribution was calculated using nmode. The file titled
calculate-entropy.in was used to do this (see Appendix B).

2.7 Analyzing the results
The energies were extracted from output files using a perl script. After that
several summery files were plotted using xmgrace. RMSD values of the DNA
backbone and protein backbone were calculated by supplying input files
DNA.calc_rms and Zif.calc_rms to Ptraj.

Ptraj was used to follow up the percent occupancy and bond lengths of
hydrogen bonds through the trajectory. The file Hbond.ptraj was used as input
file in Ptraj to perform this task. Hydrogen bonds with percent occupancy greater
than 60% were considered stable hydrogen bonds. The length of a hydrogen bond
was defined as the distance between donor and acceptor atoms. Based on this
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definition, the bonds with lengths (2.2-2.5 Å) were considered strong, the bonds
with lengths (2.5-3.2 Å) were considered moderate and the bonds with lengths
(3.2-4.0 Å) were considered weak65.

2.8 Preparing mutants of Zif268.
Different single point mutations were introduced using PyMOL66, each time
targeting different amino acid in the linkers region through the following steps:
i.

The Zif268-DNA complex PDB file (1AAY.PDB) was loaded into
PyMOL.

ii.

From the Display menu sequence was selected. This choice displays
the sequences of amino acids, nucleic bases, and zinc ions composing
the complex.

iii.

From the Wizard menu, mutagenesis was chosen.

iv.

Certain amino acid residue was chosen from the sequence displayed in
the PyMOL viewer window.

v.

The choice No mutation was clicked and the resultant residue was
selected as illustrated in Figure 2.6.
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Figure 2.6 The PyMOL viewer window showing how the amino acid Thrionine (T), in
position 28 in Zif268, can be selected from the sequence bar and then mutated by choosing
the resultant amino acid from the list after clicking “No Mutation” option.

The file of Zif268 mutant was saved as follows: the single letter abbreviation
of the mutated amino acid, followed by its position, followed by the single letter
abbreviation of the resultant amino acid. Each mutant PDB file was treated as
1AAJ, starting from minimization, and finishing with calculating the binding free
energy for each mutant of Zif268 with DNA.
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Chapter 3

RESULTS & DISCUSSION
3.1 Zif268 point mutants
In this work, each amino acid in the linker region of the zinc finger protein
was mutated separately, producing ten point mutants of the zinc finger protein
(Figure 3.1). Subsequently, the free energy of binding of each mutant to the
binding site was calculated using MM/GBSA. Zif268 zinc finger protein with its
optimal binding site (5A GCG TGG GCG T 3)20 was used as a model system for
this study.
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Figure 3.1 Amino acid sequences of the two canonical linkers in Zif268 and ten of its point
mutants. Positions of the amino acids in the linkers with respect to the first amino acid in
finger 1 are indicated above each residue. Amino acids are represented by their one letter
abbreviation. Amino acids in red show the resultant amino acid in each mutant.

3.2 Analysis of simulation output files
Over different stages of simulations, the system under study is supposed to
reach an equilibrated state and subsequently maintain this state. Accomplishing
this state should be checked by monitoring how different properties of the system
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changed during the simulation67. This type of analysis is important in order to
make sure everything went correctly, and no sudden jumps of the system properties
took place. As such, we extracted the system properties from the output files of the
different equilibration runs, and here we present plots of the density, temperature,
pressure, and energy versus time. Figure 3.2 to 3.4 shows the different plots for
Zif268-DNA complex.

Figure 3.2 Density of Zif268-DNA system during equilibration runs.
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The first 50 ps of the simulation represents the heating stage for the system,
which was carried out under constant volume, thus no density data were recorded.
After that, the density increased to about 1.024 g/ml and stayed around that over
the last 550 ps of the simulation. The value of the equilibrated density corresponds
to the density of pure water (1g/ml) to which the protein-DNA complex has been
added, leading to the slight rise in the density of the system.

Figure 3.3 Temperature of Zif268-DNA system during equilibration runs.
In the plot of temperature versus time (Figure 3.3), the temperature rises
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regularly from 0 K to 300K, which is consistent with the heating stage. After that,
the temperature is equilibrated around 300 K over the rest of the simulation,
indicating that langenvin dynamics worked effectively.
At the beginning of the simulation, during the heating step, pressure data were
not collected because the system was under constant volume. Over the remaining
part of the simulation the system was kept under constant pressure. However, the
plot in Figure 3.4 shows that in the time between 50 ps to 100 ps the pressure
decreased slightly then it fluctuated around a mean value of 1 atm. This kind of
behavior was reported as adequate to prove that the system reached the required
equilibrium state68.
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Figure 3.4 Pressure of Zif268-DNA system during equilibration runs

Itisworthmentioningthatnegativepressurevaluesrepresenta“force”trying
to reduce the volume of the water box, whereas the positive values represent a
“force”tryingtomakethewaterboxlarger68.
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Figure 3.5 Total, kinetic and potential energy of Zif268-DNA during equilibration
runs. The red, black and green plots represent kinetic, total and potential energies,
respectively.

The energy plots (Figure 3.5) show a rise in both forms of energy during the
first 50 ps of simulation. After that the kinetic energy remained constant indicating
successful performance of temperature thermostat which affects the kinetic energy.
On the other hand, the potential energy plot shows a slight decrease that
corresponds to system relaxation due to simulation under constant pressure,
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followed by potential energy stability through the rest of the simulation. Total
energy is the sum of kinetic and potential energy. As such, it shows a plot
consistent with the behavior of the two forms of energy.
RMSD variation for DNA backbone and protein during the equilibration run
from their starting structures was calculated for each one separatly. Figure 3.6
shows that the RMSD value for the DNA backbone increased rapidly in the first
75 frames, then it fluctuated steadily around 1.4 Å, which is an acceptable value.
Figure 3.7 indicates that after the first 100 frames, the RMSD values fluctuated
around 1.2 Å, which indicates that conformational changes in the protein backbone
were acceptable.
Analysis of output files for all of the mutants-DNA complexes showed similar
results.

48

Figure 3.6 RMSD of DNA backbone during the unrestrained equilibration run of Zif268DNA complex.

Figure 3.7 RMSD of protein backbone during the unrestrained equilibration run of Zif268DNA complex.

3.3 Total binding free energy (GBTOT) for Zif268-DNA complex
compared to its ten point mutants bound to the same DNA binding
site.
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In this study, we present the values of the binding free energy of Zif268-DNA
complex and ten single point mutants of this complex (Table 1) calculated using
MM/GBSA method.
Table 3.1: Total binding free energy, electrostatic energy as calculated by molecular
dynamics(ELE), van der Waals energy as calculated by molecular dynamics(VDW), electrostatic
contribution to solvation free energy (GBCAL) and non polar solvation free energy(GBSUR)
for Zif268-DNA complex and for ten of its point mutants to the same binding site. The unit of all
energy terms are in kcal/mol.
Protein
1AAY
T28A
G29P
Q30E
K31D
P32G
T56Y
G57V
E58Q
K59P
P60A

GBTOT
-179.39
-193.77
-165.95
-204.9
-171.4
-167.97
-158.65
-170
-197.55
-163.56
-207.01

STD
16.89
10.04
11.86
12.14
10.61
9.62
11.88
9.8
9.89
10.3
10.02

ELE
-5894.6
-5942.1
-5781.6
-5704.4
-5072.8
-5883.9
-5778.3
-5803
-6282.7
-5496.5
-5931.6

VDW
-139
-136.18
-125.22
-147.58
-126.5
-120.22
-136.04
-137.04
-131.22
-124.26
-129.03

The binding free energy of mutants
vietavsmv fnisv en vfoi ia
ttsisoiea vni

P60A,

GBCAL
5878.44
5907.82
5763.14
5671.71
5050.51
5855.91
5778.32
5794.85
6239.02
5480.08
5877.08

GBSUR
-24.1
-23.34
-22.26
-24.66
-22.65
-22.08
-22.58
-24
-22.7
-22.91
-23.47

tnaov eest ni vniviravvisvirav

in the wild type Zif268-DNA complex, fsoiv

T56Y,

Q30E

and

E58Q

which

experienced

a

considerable change in their binding free energy otsivfoiinsi, where one
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mutant (T56Y) resulted in lower binding energy by 20.74 kcal/mol;
whereas the other three mutants (Q30E, E58Q and P60A) produced
considerably

higher

binding

energy

(by

25.5,

18.2,

27.6

kcal/mol,

respectively). The effect of mutation was less pronounced for the rest Six
mutants (T28A, G29P,

K31D, P32G, and G57V, and K59P)

which

produced binding energy values within the standard deviation from the
binding energy of the wild type

, where T28A showed an increase in the

free binding energy by 14.38 kcal/mol, whereas G29P, K31D, P32G,
G57V, and K59P

showed a decrease in the free binding energy by 13.44,

8, 11.42, 9.4, 15.83 kcal/mol , respectively.

(Figure 3.8.a). The binding

free energy for the proteins with the optimal binding site vary in the order
P60A ˃ Q30E ˃ E58Q ˃ T28A ˃ 1AAY ˃ K31D, P32G, G57V ˃ T56Y
(Figure 3.9.b).
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Figure 3.8.a The Binding free energy for Zif268-DNA complex and for
ten of its point mutants to Zif268 optimal binding site .

Figure 3.8.b The change in binding free energy upon point mutations in the linker region of
Zif268.
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The major contributor to the binding free energy for all of the complexes are
the electrostatic energy, as calculated by molecular mechanics (ELE), and the
electrostatic contribution to the solvation free energy, as calculated by the GB
method (GBCAL). Nonetheless, these two predominant values have opposite signs
and thus cancel each other out (Figure 3.9), allowing the van der Waals
contribution calculated by molecular mechanics (VDW) to have a significant
impact on the value of binding free energy69.

Figure 3.9 The major contributors to the binding free energy of Zif268 and its mutants to
Zif268 optimal binding site: the electrostatic energy as calculated by molecular mechanics
(ELE) and the electrostatic contribution to the solvation free energy calculated by GB
method (GBCAL).
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The binding free energy values are well correlated with the total electrostatic
energy (i.e. the sum of the electrostatic energy as calculated by molecular
mechanics (ELE) and the electrostatic contribution to the solvation free energy
calculated by GB method (GBCAL)). The correlation coefficient in this case
equals0.86, (Figure 3.10).

Figure 3.10 Correlation between total binding free energy and total electrostatic energy,
upon point mutations in the linkers.

To the contrary, the correlation between the sum of van der Waals and nonpolar contributions, and the binding free energy, is weaker (Figure 3.11). This
suggests that the small difference between the two opponent energies (i.e, the
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electrostatic interactions

as calculated by molecular mechanics and the

electrostatic contributions to solvation) plays a vital role in deciding the value of
the total binding free energy ( Figure 3.12).

Figure 3.11 Correlation between total binding energy and the sum of van der Waals and
non-polar contribution to solvation, upon point mutations in the linkers.

Figure 3.12 Contributions of total electrostatic energy and van der Waals energies to the
total binding energy of Zif268 and ten of its point mutants to the same DNA binding site.
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3.3.1 Analysis of the binding free energy of Zif268-DNA complex.
The total binding free energy (GBTOT) for Zif268-DNA complex is 179.39(±16.89) kcal/mol. The negative value is indicative of favorable proteinDNA binding in water. This binding affinity reflects contributions from several
interactions, including specific interactions between amino acids and DNA bases,
non-specific interactions between amino acids with DNA backbone, and
interactions between amino acid side chains.69,70

3.3.2 Analysis of the binding free energy of T28A-DNA complex:
Crystal structure of Zif268-DNA complex showed that the first linker residue
(Thr28) is involved in two types of interactions.6 The first is a hydrophobic
interaction by the Threonine‟s methyl group, which was suggested to play an
important role in stabilizing the finger by aiding in shielding the zinc coordination
sphere from the solvent. The second interaction is a hydrogen bond between the
hydroxyl group in Threonine and the back bone amide of the third amino acid in
the linker. A similar hydrogen bond in the zinc finger protein TFIIA was found to
help in forming DNA-induced capping of the α-helix of its first finger36. Mutating
the first amino acid linker (Threonine) to Leucine in TFIIA resulted in a noticeable
reduction in affinity of this zinc finger protein with its DNA binding site. In order
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to study the effect of these two interactions on the free energy of binding,
Threonine was mutated to Alanine.

Figure 3.13. Mutating the first linker residue threonine28 to Alanine.

The binding free energy for T28A-DNA complex as calculated using
MM/GBSA equals -193.77 ± 10.04 kcal/mol. In view of this result T28A shows a
slightly greater binding free energy than the wild type peptide. This result indicates
that the loss of the hydrogen bond between Thr28 and backbone amide of Gln30
didn‟tcauseasignificantreductionin binding affinity as it did in the zinc finger
protein TFIIIA28. The reason behind this increase is unclear but our computational
analysis of the factors contributing to binding free energy suggests that this
mutation may cause a decrease in some unfavorable electrostatic interactions. One
possible explanation of this result is that the replacement of Threonine with
Alanine, which has a smaller side chain, reduced the sterric hindrance between the
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atoms of this amino acid and the neighboring atoms, taking into consideration that
thisaminoacidiscitedintheα-helix of finger 1.
The hydrogen bonds between Zif268-DNA and the mutant T28ADNA were studied using Ptraj. Subsequently, the percent occupancy
during the production runs and the average lengths of these bonds were
compared. Emphasis was on the first linker, second linker, and crucial
hydrogen bonds between conserved amino acids in the α-helices of the
protein and bases in the major groove of DNA. The occupancy of
hydrogen bonds over the trajectory of the production runs reflects the
stability of these bonds during the production simulations. The changes in
the percent occupancy and lengths of hydrogen bonds from the first linker
in T28A-DNA and Zif268-DNA complexes are shown in Figures 3.14 and
3.15.
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Figure 3.14 Percent occupancy of hydrogen bonds over production runs of
1AAY and T28A.

Only hydrogen interactions between amino acids in linker 1

and other amino acids are considered. Each hydrogen bond is represented as
(residue no. @ atom of the donor – residue no. @ atom of the acceptor).

As can be seen from Figure 3.14, mutating Thr28 to Ala caused a loss of the
hydrogen bond between Thr28 and Gln30, in addition to losing three unstable
hydrogen bonds. This mutation also caused a decrease in the percent occupancy of
hydrogen bond between the backbone amides of Ile26 and Gly29. On the other hand,
it created a new hydrogen bond between Arg25 and the carbonyl oxygen of Gln30.
The hydrogen bond between the carbonyl oxygen of Arg25 and backbone amide of
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Gly29 wasn‟taffecteduponmutation,thisbondisresponsibleforforming“Gly Ccap” that help in terminating the α-helices6,36. The lengths of these hydrogen bonds
were compared and no significant changes due to this mutation were observed.

Figure 3.15 Average lengths of hydrogen bonds over production runs of 1AAY and T28A.
Only hydrogen interactions between amino acids in linker 1 and other amino acids are
considered. Each hydrogen bond is represented as (residue no. @ atom of the donor –
residue no. @ atom of the acceptor).

Figure 3.16 shows the percent occupancy of hydrogen bonds in the second
linker, as can be seen the stability in T28A mutant increased for some hydrogen

60

bonds and decreased for the others. Thus no certain trend can be observed
concerning the stability changes of hydrogen bonds due to the mutations. The
length of hydrogen bonds, however, remained stable (Figure 3.17).

Figure 3.16 Percent occupancy of hydrogen bonds over production runs of 1AAY and
T28A. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered. Each hydrogen bond is represented as (residue @ atom of the donor residue @ atom of the acceptor).
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Figure 3.17 Average lengths of hydrogen bonds over production runs of 1AAY and T28A.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered. Each hydrogen bond is represented as (residue no. @ atom of the donor –
residue no. @ atom of the acceptor).

The occupancy of the crucial hydrogen bonds, connecting side chains of
conserved amino acids in the α-helices of the protein with bases in DNA major
groove, were monitored and analyzed in the Zif268-DNA and T28A-DNA
complexes (Figure 3.18). The highly stable hydrogen bonds (occupancy≥80%) in
the T28A-DNA complexes did not suffer any noteworthy changes in their stability
due to mutation, except for two hydrogen bonds. The first, is significant
destabilization of the a crucial hydrogen bond connecting two conserved amino
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acids, Arg16 and Asp18. This bond is one of two bonds that are supposed to
stabilize and fit Arg18 to specifically interact with the guanine base (G10)6.
Moderately stable Hydrogen bonds (those with percent occupancy: 60% < %
occupancy < 80% ) showed destabilization of most of the bonds. However, the
less stable hydrogen bonds were stabilized to further extent after the mutation.

Figure 3.18 Percent occupancy of the crucial hydrogen bonds between, the
conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and T28A. Each hydrogen bond is
represented as (residue @ atom of the donor - residue @ atom of the acceptor).

The bond lengths analysis shown in Figure 3.19, indicates a measurable
change in the length of two hydrogen bonds only. These are the hydrogen bonds
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formed between the two conserved amino acids, Arg16 and Asp18, mentioned
previously. The first bond (18 @ OD2 - 16 @ HH21) experienced an increase in its
length of 0.59 Å which is consistent with the observed destabilization of this
bond after the mutation. The second bond (18 @ OD1 - 16 @ HH21) suffered a
decrease in its length of about 0.55 Å which is consistent with the observed
increase in its stability. These two details suggest a potential sliding of the Asp
carboxylate group, which brings the carboxylate oxygen (OD1) closer to Arg
hydrogen atom (HH21), and simultaneously shifts the other Asp carboxylate
oxygen (OD2) away from the Arg hydrogen (HH21).
These results suggest that mutating Thr28 to Alanine altered the stability of
hydrogen bonds and probably other electrostatic interactions all over the protein
without limiting this effect on the neighboring region.
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Figure 3.19 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and T28A. Each hydrogen bond is represented as (residue @ atom of the donor residue @ atom of the acceptor).

3.3.3 Analyzing the binding free energy of G29P:
The second linker residue is Glysine (Gly29). Itislocatedattheendoftheαhelix. Gly29 wassuggestedtocontributetowardterminatingtheαhelix6, through
forming “Gly C-cap” via a hydrogen bond between the CO from Arg25 and
backbone amide of Gly296,36. This small amino acid was mutated to Proline to
study the effect of this small sized amino acid on the binding free energy, and to
examine the effect of
(Figure3.20)

Gly C-cap on stabilizing Zif268-DNA complex.
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Figure 3.20 Mutating the second linker residue (Gly29) to Proline.

The binding free energy for G29P- DNA complex was found to be -165.95 ±
11.86 kcal/mol. This indicates a slight loss in binding free energy due to mutating
Glycine to Proline. Our computational analysis suggests that an increase in the
unfavorable electrostatic energy by 113kcal/mol took place. This was canceled out
by an accompanying reduction of about 115 kcal/mol in unfavorable electrostatic
contributions to the solvation free energy calculated by GB, in addition to an
increase in unfavorable van der Waal by 13.8 kcal/mol. These values can be
explained by the loss of Gly C-cap, in addition to the fact that Proline is a
constrained amino acid. In addition, since it is located in the terminus ofα-helix, it
produces restraints on this part of the linker.
Mutating Glycine to Proline greatly influenced hydrogen bonds that involve
amino acids from the first linker. It caused a loss of four hydrogen bonds
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accompanied by a great destabilization of two hydrogen bonds. One of these bonds
connects Arg25 and Gly29, and is responsible for C-capping of the α-helix. The
hydrogen bonds involving amino acids in the second linker maintained their
stability in general. Hydrogen bond analysis for the conserved hydrogen bonds in
the α- helices of the protein with DNA bases in the major groove showed that
amongthehighlystablehydrogenbonds(i.e.thosewithpercentoccupancy≥80)
four hydrogen bonds were destabilized, whereas most of the moderately stable and
non-stablehydrogenbondswerestabilized.Nosignificantchangesinbondlength
wereobservedexceptforonecase,wherethelengthofthebond(100 O6 –22
HH22)increasedby.5Å. This increase is consistent with the observation that
this bond was the most affected bond by destabilization in the G29P mutant.
(Figure 3. 21 to 3.26 )
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Figure 3.21 Percent occupancy of hydrogen bonds over production runs of 1AAY and
G29P. Only hydrogen interactions between amino acids in linker 1 and other amino acids
are considered.

Figure 3.22 Average lengths of hydrogen bonds over production runs of 1AAY and G29P.
Only hydrogen interactions between amino acids in linker 1 and other amino acids are
considered.
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Figure 3.23 Percent occupancy of hydrogen bonds over production runs of 1AAY and
G29P. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.

Figure 3.24 Average lengths of hydrogen bonds over production runs of 1AAY and G29P.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.
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Figure 3.25 Percent occupancy of the crucial hydrogen bonds between, the conserved
amino acids in the α-helices of the protein and bases in DNA major, over production runs
of 1AAY and G29P.

Figure 3.26 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and G29P.

70

3.3.4 Analysis of the binding free energy of Q30E-DNA complex:
Glutamine is the third amino acid residue in the linker. It has no important
interactions between its side chain and DNA. In addition, no interaction with
neighboring amino acid was found6. Since the first linker in Zif268 differs from the
conserved linker sequence, TGEKP, in having Glutamine (Q) instead of glutamate
(E) in this position, the mutant Q30E was created.

Figure 3.27 Mutating the third amino acid in the first linker (Gln30) to
glutamate.

Mutating glutamine to glutamate produced the largest effect on the free
energy of binding. Its free energy of binding to target DNA was -204.9 ± 12.14 k
which means its -25.5 k cal/mol larger than that of the wild type peptide.

This increase in binding energy may be attributed to the decline in the
unfavorable electrostatic contribution to solvation energy which overweighed the
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increase in unfavorable electrostatic interactions calculated by molecular
dynamics. The increase in favorable van der Waals interactions is also a
contribution to this energy.
In the first linker six hydrogen bonds were stabilized. One stable hydrogen
bond in 1AAY became unstable in Q30E, and three hydrogen bonds were lost
upon mutation. In addition, a new hydrogen bond was formed between one of the
carboxylate oxygen‟s of Glu30 and the backbone amide of the adjacent amino
acid Lys31 (Figure 3.28). In the second linker three hydrogen bonds were
destabilized and two were stabilized upon mutation. However, no considerable
changes on the lengths of these bonds were observed.
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Figure 3.28 The third and forth amino acids of the first linker in a) Zif268, b) Q30E.

The Hydrogen bonds connecting the conserved amino acids in the α-helices
of the Q30E mutant to DNA bases, retained their percent occupancy for the highly
stable hydrogen bonds (occupancy ≥ 80), and changed moderately for the rest of
hydrogen bonds. (Figure 3.29 to 3.34)
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Figure 3.29 Percent occupancy of hydrogen bonds over production runs of 1AAY
and Q30E.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.

3.30 Average lengths of hydrogen bonds over production runs of 1AAY and
Q30E.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.
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Figure 3.31 Percent occupancy of hydrogen bonds over production runs of 1AAY and
Q30E. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.

Figure 3.32 Average lengths of hydrogen bonds over production runs of 1AAY and Q30E.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.
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Figure 3.33 Percent occupancy of

the crucial hydrogen bonds between, the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and Q30E.

Figure 3.34 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and Q30E.
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3.3.5 Analysis of the binding free energy of K31D-DNA
complex:
Lysine, the fourth linker residue, was reported to form two water mediated
hydrogen bonds with the phosphate group of the thymine base in position 5 in the
oligonucleotide20. (Figure 3.35)

Figure 3.35 Two water-mediated contacts between Lysine33 and the DNA base T520.

To investigate the effect of this positively charged amino acid on the binding
free energy, it was mutated to the negatively charged amino acid Aspartate.

Figure 3.36 Mutating Lysine31 in the first linker to Aspartate.
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The binding energy of K31D-DNA complex was found to be -171.4 ±
10.61kcal/mol. Replacing the positively charged amino acid with a negatively
charged one did not seem to have a considerable effect on the value of the binding
free energy. However, this mutation caused drastic changes in the three main
components of binding free energy. These changes consist of a drop in the
unfavorable electrostatic contribution to solvation of about 828 k cal/mol, a
reduction in electrostatic interactions of about 822 kcal/mol, and a reduction in the
favorable van der Waals interactions of about 12.5 kcal/mol. Eventually all these
valuable changes almost canceled each other leaving a net slight effect on the
binding free energy.
All changes can be explained as a consequence of two factors. The first is the
introduction of the negative charge to this site. The second is losing the water
mediated interactions which existed between the positively charged side chain of
Argnine and the negatively charged phosphate on Thymine number 5 base20. The
introduction of the negatively charged amino acid caused unfavorable electrostatic
interaction with the negatively charged phosphate group in DNA backbone. The
distances between the oxygen in Aspartate and the two oxygen atoms in the
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phosphate group are shown in Figure 3.37.

Figure 3.37 The distances in Å between the oxygen in Aspartate and the two oxygen atoms
in the phosphate group

Mutating Lysine to Aspartate had an effect on the hydrogen bonds that
include amino acids in this linker. Three hydrogen bonds were significantly
stabilized, while two unstable hydrogen bonds in 1AAY were lost in K31D, and
three remained almost un affected. In the second linker, one stable hydrogen bond
in 1AAY was significantly destabilized in K31D, and a slight stabilization of one

79

hydrogen bond was observed. Bond lengths involving amino acids from the two
linkers were nearly the same.
The hydrogen bonds between conserved amino acids in the α-helices of the
protein and DNA bases in the major groove were influenced by this mutation. The
highly stable bonds (i.e., thosewithpercentoccupancy≥80)retainedtheirstatus
with the exception of four hydrogen bonds; three were destabilized and one was
lost. The rest of the hydrogen bonds in this domain changed as follows:
Stabilization of four bonds, and destabilization of one bond, and loss of another.
Arg22 in 1AAY-DNA complex was connected by four hydrogen bonds with DNA
bases. Two of these bonds were with G8 and two with G9. However, the two
hydrogen bonds connecting Arg22 with G9 disappeared upon mutation. This was
mainly due to a conformational change in Arg22 side chain in K31D-DNA
complex.
The average length of hydrogen bonds changed considerably for three bonds which
exist between Arg72 and Asp74. Among these three bonds two were shortened.
This agrees with the observed stabilization of the two bonds. The one that was
elongated is consistent with destabilization of this bond. (Figure 3.38 to 3.43)

80

Figure 3.38 Percent occupancy of hydrogen bonds over production runs of 1AAY and
K31D. Only hydrogen interactions between amino acids in linker 1 and other amino acids
are considered.

Figure 3.39 Average lengths of hydrogen bonds over production runs of 1AAY and K31D.
Only hydrogen interactions between amino acids in linker 1 and other amino acids are
considered.
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Figure 3.40 Percent occupancy of hydrogen bonds over production runs of 1AAY and
K31D. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.

Figure 3.41 Average lengths of hydrogen bonds over production runs of 1AAY and K31D.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.
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Figure 3.42 Percent occupancy of the crucial hydrogen bonds between, the conserved
amino acids in the α-helices of the protein and bases in DNA major groove, over
production runs of 1AAY and K31D.

Figure 3.43 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and K31D.
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3.3.6 Analysis of the binding free energy of P32G-DNA complex.
The last amino acid in the first linker is Proline, which is a constrained amino
acid. No contacts were reported between this Proline and any other part of the
complex, suggesting that its conservation may be due to its sterric structure6,20,28.
To test this hypothesis, Proline was mutated to the small amino acid, Glycine.

Figure 3.44 Mutating Proline32 in the first linker to Glycine.

The binding energy of P32G-DNA complex was estimated to be -167.97 ±
9.62 kcal/mol. The different energy components did not experience any
considerable change. However, the slight decrease in binding energy suggests a
potential preference toward having a constrained amino acid in the terminus of the
first linker.
Hydrogen bonds in the first linker were subjected to destabilization of three
bonds, stabilization of two other bonds, and a loss of three unstable hydrogen
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bonds. Similarly, in the second linker one hydrogen bond was destabilized, one
stabilized and two hydrogen bonds were lost. Bond lengths did not show any
noteworthy changes except for an increase in the length of the hydrogen bond
between Ile25 and Gln30 by 0.3 Å corresponding to the calculated decrease in the
percent occupancy of this bond of 18%.
The hydrogen bonds between conserved amino acids in the α-helices of the
protein and DNA bases in the major groove were affected by this mutation as
follows: Thehighlystablebonds(occupancy≥80%) retained their status , with the
exception of two bonds that were significantly destabilized. The moderately stable
hydrogen bonds showed stabilization of two bonds and destabilization of two
other bonds. All of the unstable hydrogen bonds in 1AAY became more stable in
P32G. Also a new hydrogen bond between Guanine 93 and Arginine 22 was
formed after the mutation. Alteration in lengths of hydrogen bonds was limited to a
reduction by 0.3 Å in the hydrogen bond connecting Arg18 and Asp16. This
reduction agrees with a 33% increase in percent occupancy of this bond. (Figure
3.45 to 3.50)
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Figure 3.45 Percent occupancy of hydrogen bonds over production runs of 1AAY
and P32G.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.

Figure 3.46 Average lengths of hydrogen bonds over production runs of 1AAY and P32G.
Only hydrogen interactions between amino acids in linker 1 and other amino acids are
considered.
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Figure 3.47 Percent occupancy of hydrogen bonds over production runs of 1AAY
and P32G.

Only hydrogen interactions between amino acids in linker 2 and other

amino acids are considered.

Figure 3.48 Average lengths of hydrogen bonds over production runs of 1AAY and P32G.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.

87

Figure 3.49 Percent occupancy of the crucial hydrogen bonds between, the conserved
amino acids in the α-helices of the protein and bases in DNA major, over production runs
of 1AAY and P32G.

Figure 3.50 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and P32G.
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3.3.7 Analysis of the binding free energy of T56Y-DNA complex.
The first amino acid in the second linker Threonine (Thr56) was mutated to
Tyrosine to test the effect of having a polar amino acid, with larger steric
hindrance, on the binding energy.

Figure 3.51 Mutating Threonine56 in the second linker to Tyrosine.

The binding free energy of T56Y-DNA complex was calculated and gave a
value of -158.65 ± 11.88 kcal/mol. Mutating Threonine to Tyrosine had a
significant effect on the free energy of binding and produced the mutant with the
lowest binding free energy to the target DNA among the ten mutants created in this
work. This reduction in binding energy may be explained as being due to the
reduction in the favorable electrostatic interactions calculated by molecular
dynamics. This lowering in electrostatic energy exceeded the accompanied
reduction in the unfavorable electrostatic contribution to solvation energy. These
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changes are possibly a consequence of the huge size of the tyrosine side chain,
compared to that of Threonine. This is due to the fact that the amino acid is located
in the α-helix of finger 2, which subsequently led to loss of the hydrogen bond
between Thr56 and the back bone amide of the linker third amino acid.
The hydrogen bond analysis of T56Y-DNA complex showed that, four
hydrogen bonds were noticeably stabilized, two destabilized, and one hydrogen
bond was lost in the first linker. Three hydrogen bonds in the second linker were
lost and two weren‟t significantly affected. However, no measurable changes in
hydrogen bond lengths were observed. Among those lost hydrogen bonds, the
hydrogen bond connecting Thr56 and Glu58, similar to the bond in the zinc finger
protein TFIIIA6 was found to be responsible for DNA-induced α-helix capping of
the second finger in TFIIIA and was suggested to stabilize the TFIIIA-DNA
complex (Figure 3.52). However, the loss of this bond is expected because Thr56
was replaced with Tyrosine. Although the side chain of Tyrosine contains a
terminal hydroxyl group, it cannot form a hydrogen bond with Glutamate
backbone amide. This is due to the bulkiness of the Tyrosine side chain, which
consequently directs this side chain away from the backbone amide of Gln. (Figure
3.53).
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Figure 3.52 Hydrogen bond between Thr56 and Glu58 in 1AAY.

The hydrogen bonds between conserved amino acids in the α-helices of the
protein and DNA bases in the major groove were affected by this mutation as
follows:

Five stable hydrogen bonds in 1AAY (occupancy ≥ 60%) were

significantly destabilized in T56Y. One hydrogen bond connecting G 9 with
Arg22 in 1AAY was lost in T56Y. A hydrogen bond between G at base pair 8 and
Arg22 was formed, and one hydrogen bond connecting Asp18 and Arg16 was
stabilized to a great extent. This stabilized hydrogen bond in T56Y mutant
experienced a 0.63 Å reduction in its length.

Among the five destabilized

91

hydrogen bonds in T56Y, only two had notable increase in their length of
approximately 0.4-0.5 Å. (Figure 3.54 to 3.59)

Figure 3.53 The distance between Tyr56 and Glu58 in T56Y mutant.
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Figure 3.54 Percent occupancy of hydrogen bonds over production runs of 1AAY and
T56Y. Only hydrogen interactions between amino acids in linker 1 and other amino acids
are considered.

Figure 3.55 Average lengths of hydrogen bonds over production runs of 1AAY and T56Y.
Only hydrogen interactions between amino acids in linker 1 and other amino acids are
considered.
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Figure 3.56
occupancy of hydrogen bonds over production runs of 1AAY and T56Y.

Percent
Only

hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.

Figure 3.57 Average lengths of hydrogen bonds over production runs of 1AAY and T56Y.
Only hydrogen interactions between amino acids in linker 2 and other amino acids are
considered.
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Figure 3.58 Percent occupancy of

the crucial hydrogen bonds between, the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and T56Y.

Figure 3.59 Average Lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and T56Y.
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3.3.8 Analysis of the binding free energy of G57V-DNA complex:
Glycine, the second amino acid in the second linker, was mutated to Valine,
which is more hydrophobic and larger than Glycine. Glycine57 plays a vital role in
forming Gly C-cap via the hydrogen bond between the backbone amide of Gly57
and the carbonyl oxygen of Arg536,36. This mutant is expected to give information
about the importance of this C-capping on the binding energy, and to examine the
impact of hydrophobicity and steric hindrance in this site on the binding affinity.

Figure 3.60 Mutating Glycine57 in the second linker to Valine.

The binding energy of G57V-DNA complex was calculated, it was found to
be -170 ± 9.8 kcal/mol. This mutant gave a value of total binding energy close to
that of the wild type binding to DNA. This mutation caused an increase in the
unfavorable electrostatic free energy of about 92 kcal/mol. In addition, it caused a
reduction in the unfavorable electrostatic contribution to solvation energy of about
84 kcal/mol. One possible explanation of these changes is the increase in
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hydrophobicity and steric hindrance as a result of replacing a methyl group with a
isopropyl group. Nevertheless, increasing the hydrophobic effect by the isopropyl
side chain inaddition to the loss of Gly C-cap upon mutation did not have a
considerable effect on the binding free energy.
Hydrogen bonds in the first linker were moderately affected by this mutation.
Two of them were stabilized and one was destabilized. Among the detectable five
hydrogen bonds in the second linker, three were destabilized and two were lost.
Nonetheless, no notable changes in hydrogen bond lengths were detected.
The hydrogen bonds between conserved amino acids in the α-helices of the
protein and DNA bases in the major groove were affected by this mutation as the
following: most highly stable hydrogen bonds in 1AAY (occupancy ≥ 80%)
maintained their stability in G57V mutant except for three hydrogen bonds. Two of
them were destabilized, and one hydrogen bond connecting G9 with Arg22 in
1AAY was lost in G57V.One hydrogen bond between G8 and Arg22 was formed,
and one hydrogen bond connecting Asp18 and Arg16 was stabilized to a great
extent. Among all the influenced hydrogen bonds in G57V mutant, only the
destabilized bond between G7 with Arg44 had a notable increase in its length of
0.38 Å. (Figure 3.61 to 3.66)
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Figure 3.61

Percent

1AAY and G57V.

occupancy

of

hydrogen

bonds

over

production

runs

of

Only hydrogen interactions between amino acids in linker 1

and other amino acids are considered.

Figure 3.62

Average lengths of hydrogen bonds over production runs of 1AAY

and G57V.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.
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Figure 3.63

Percent

1AAY and G57V.

occupancy

of

hydrogen

bonds

over

production

runs

of

Only hydrogen interactions between amino acids in linker 2

and other amino acids are considered.

Figure 3.64

Average lengths of hydrogen bonds over production runs of 1AAY

and G57V.

Only hydrogen interactions between amino acids in linker 2 and other

amino acids are considered.
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Figure 3.65

Percent occupancy of

the crucial hydrogen bonds between, the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and G57V.

Figure 3.66

Average

lengths

of

the

crucial

hydrogen

bonds

between,

the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and G57V.
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3.3.9 Analysis of the binding free energy of E58Q-DNA complex.
The Glutamate, the third amino acid in this linker, was mutated to Glutamine.
This mutation was created to test the possibility of having two identical linkers
would be more favorable, and its effect on binding.

Figure 3.67 Mutating Glutamate58 in the second linker to Glutamine.

The binding free energy of E58Q-DNA complex was calculated. The value
was found to be -197.55 ± 9.89 kcal/mol. Mutating Glutamate to Glutamine
produced a larger binding free energy by namely -18 kcal/mol. This increase in
binding free energy may be attributed to the decline in unfavorable electrostatic
interactions calculated by molecular dynamics which overcame the increment in
the unfavorable electrostatic contribution to solvation free energy, and the decrease
in favorable van der Waals interactions. These changes are likely a consequence of
replacing the negative charge on Glutamate with the neutral charge on Glutamine.
Hydrogen bond analysis showed that four hydrogen bonds that involve amino
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acids in the first linker experienced a considerable increase in their stability,
whereas three were destabilized. Among the five hydrogen bonds detected in the
second linker, three were notably destabilized, and two remained unaffected. Only
one hydrogen bond connecting Asp31 and Asn41 had a considerable change in its
bond length of 0.3 Å. This reduction in bond length corresponds to the observed
stabilization of this bond in the Q58E mutant. Analysis results of the hydrogen
bonds between conserved amino acids in the α-helices of the protein, and DNA
bases in the major groove, indicate that the stability of seven highly stable
hydrogen bonds in 1AAY were altered in the E58Q mutant, Six of these were
notably destabilized, while only one was significantly stabilized. There are
moderately stable and unstable hydrogen bonds in 1AAY. Four of these bonds
experienced a reduction in percent occupancy, two of which had a reduction in
percent occupancy of

approximately 55-58 %. In addition to these changes, the

bond connecting the two conserved amino acids Arg16 and Asp18 was greatly
stabilized.
Six bonds suffered significant changes in their bond lengths of 0.4-0.6 Å. All
of these changes agree with the detected change in percent occupancy of these
bonds. Formation of a stable hydrogen bond between G8 and Arg44 was detected
in the E58Q-DNA complex. (Figure 3.68 to 3.73)
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Figure 3.68
E58Q.

Percent occupancy of hydrogen bonds over production runs of 1AAY and

Only hydrogen interactions between amino acids in linker 1 and other amino

acids are considered.

Figure 3.69

Average lengths of hydrogen bonds over production runs of 1AAY

and E58Q.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.
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Figure 3.70

Percent

1AAY and E58Q.

occupancy

of

hydrogen

bonds

over

production

runs

of

Only hydrogen interactions between amino acids in linker 2

and other amino acids are considered.

Figure 3.71

Average lengths of hydrogen bonds over production runs of 1AAY

and E58Q.

Only hydrogen interactions between amino acids in linker 2 and other

amino acids are considered.
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Figure 3.72

Percent occupancy of

the crucial hydrogen bonds between, the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and E58Q.

Figure 3.73

Average

lengths

of

the

crucial

hydrogen

bonds

between,

the

conserved amino acids in the α-helices of the protein and bases in DNA major
groove, over production runs of 1AAY and E58Q.
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3.3.10 Analysis of the binding free energy of K59P-DNA complex.
Lysine59 forms two water-mediated interactions with the phosphate group of
the second base in the oligonucleotide20. Lysine59 was mutated to Proline, which is
unlikely to perform water mediated contacts, and is more constrained than lysine.

Figure 3.74 Mutating lysine59 in the second linker to Proline.

The binding energy of K59P-DNA complex was calculated and found to be 163.56 ± 10.3 kcal/mol. A significant decrease in favorable electrostatic
interactions of 398 kcal/mol was compensated by an equivalent reduction in the
unfavorable electrostatic contribution to the solvation free energy. An increase in
unfavorable van der Waals interactions was also estimated. The net result of these
changes was a considerable decrease in the binding free energy. This reduction is
probably due to the loss of the two water-mediated hydrogen bonds that Lys59
forms with the phosphate group in G2 base, and also due to the constraints

106

introduced to this site by Proline.
Hydrogen bonds involving the amino acids in the first linker did not suffer
considerable changes in K59P mutant, except for destabilization of one hydrogen
bond connecting Lys31 in the first linker with Asn41 in finger two. On the other
hand, hydrogen bonds involving amino acids in the second linker had more
dramatic changes: three hydrogen bonds were significantly destabilized, one
hydrogen bond was stabilized and one hydrogen bond was lost. Among these
bonds, only one bond connecting Arg53 in the second finger and Glu58 in linker 2,
had an increase in bond length. This increase in the bond length agrees with the
detected destabilization of this bond in the K59P mutant.
Forhydrogenbondsbetweentheconservedaminoacidsin theα-helices of
the protein, and DNA bases in the major groove, two highly stable hydrogen bonds
were lost; one connecting G at base pair 10 with Arg22, the other connecting two
conserved amino acids, Arg44 and Asp46, located in the second finger. In addition
to this, one highly stable hydrogen bond had a reduction in itspercentoccupancy
of55%.This change was accompaniedby0.4 Å increase in its bond length .
Extreme stabilization of

a crucial bond connecting G8 and Arg22 was also

detected. Three other hydrogen bonds between amino acids in the α-helices of
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K59P and DNA bases experienced a reduction in their percent occupancy of 72%,
60% and 39% for each bond. (Figure 3.75 to 3.80).

Figure 3.75

Percent occupancy of hydrogen bonds over production runs of 1AAY and

K59P. Only hydrogen interactions between amino acids in linker 1 and other amino acids
are considered.
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Figure 3.76

Average lengths of hydrogen bonds over production runs of 1AAY and

K59P. Only hydrogen interactions between amino acids in linker 1 and other amino acids
are considered

Figure 3.77

Percent occupancy of hydrogen bonds over production runs of 1AAY and

K59P. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.
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Figure 3.78

Average lengths of hydrogen bonds over production runs of 1AAY and

K59P. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.

Figure 3.79

Percent occupancy of the crucial hydrogen bonds between, the conserved

amino acids in the α-helices of the protein and bases in DNA major groove, over
production runs of 1AAY and K59P.

110

Figure 3.80 Average lengths of the crucial hydrogen bonds between, the conserved amino
acids in the α-helices of the protein and bases in DNA major, over production runs of
1AAY and K59P.

3.3.11Analysis of the binding free energy of P60A-DNA complex.
The last amino acid in linker two, Pro60, was mutated to Alanine. The latter
is a small amino acid, and is expected to provide more conformational freedom to
the linker, leading to a more negative binding energy.

Figure 3.81 Mutating Proline60 in the second linker to Alanine.
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The total binding energy for P60A-DNA complex as estimated by MM/GBSA is 207±10 kcal/mol. This value indicates a more favorable energy of binding than
that of the wild type protein. The unfavorable electrostatic contributions as
calculated by molecular mechanics had a reduction of approximately 37kcal/mol,
accompanied by a reduction in the unfavorable Van der Waals interactions by
approximatly10 kcal/mol. These calculated changes can be attributed to the small
size and greater conformational freedom of Alanine compared to those of Proline.
It is worth mentioning that mutating Proline in the first linker to the smallest
amino acid Glycine, did not produce a similar effect. Thus in spite of the high
similarity between the two linkers, each linker has its unique effect, by being
located between different functional domains, i.e., the fingers.
Hydrogen bond analysis for P60A mutant shows that of the eight analyzed
hydrogen bonds in the first linker, two were considerably stabilized. In addition,
one unstable bond in 1AAY was further destabilized, and two other unstable
hydrogen bonds were lost. One of the stabilized hydrogen bonds in P60A is the
hydrogen bond responsible for C-capping through connecting the hydroxyl group
oxygen in Thr28 with the hydrogen atom in the backbone amide of Gln30. The
percent occupancy of this bond increased by 19%, compared to its occupancy in
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1AAY. This means more stabilization for C-capping in the first linker, and
subsequently more stabilization for the P60A-DNA complex.
The second linker had a single noticeable change on its hydrogen bonds: a
considerable stabilization of one hydrogen bond connecting Arg53 in finger 2 and
Glu58 in the second linker. In spite of these changes in hydrogen bonds‟ stability,
no considerable changes in bond lengths were observed.
Analysis of the crucial hydrogen bonds connecting the conserved amino acids
in the α-helices of the protein, and DNA bases in the major groove, indicate the
following changes: Among the highly stable hydrogen bonds, two hydrogen bonds
connecting Arg44 and G at base pair 8 were extremely destabilized, and two other
hydrogen bonds were lost. The moderately stable and unstable hydrogen bonds in
1AAY witnessed different changes in P60A, where three bonds were destabilized,
five hydrogen bonds were stabilized and two new bonds were formed. The bond
connecting Arg22 and G at base pair 9 had a reduction in its bond length of 0.35 Å
corresponding to the observed increase in percent occupancy of this bond. The
hydrogen bond connecting Arg44 and Asp46 had an increase of 0.33 Å
corresponding to the observed destabilization of this bond. (Figure 3.82 to 3.87)
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Figure 3.82

Percent

1AAY and P60A.

occupancy

of

hydrogen

bonds

over

production

runs

of

Only hydrogen interactions between amino acids in linker 1

and other amino acids are considered.

Figure 3.83

Average lengths of hydrogen bonds over production runs of 1AAY

and P60A.

Only hydrogen interactions between amino acids in linker 1 and other

amino acids are considered.
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Figure 3.84

Percent occupancy of hydrogen bonds over production runs of 1AAY and

P60A. Only hydrogen interactions between amino acids in linker 2 and other amino acids
are considered.

Figure 3.85
P60A.

Average lengths of hydrogen bonds over production runs of 1AAY and

Only hydrogen interactions between amino acids in linker 2 and other amino

acids are considered
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. Figure 3.86 Percent occupancy of the crucial hydrogen bonds between, the conserved

amino acids in the α-helices of the protein and bases in DNA major groove, over
production runs of 1AAY and P60A.

Figure 3.87

Average lengths of the crucial hydrogen bonds between, the conserved amino

acids in the α-helices of the protein and bases in DNA major groove, over production runs
of 1AAY and P60A.
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3.4 Mutagenesis studies of Zif268-DNA complex.
The role played by the highly conserved TGEKP Krüppel-type linker is not
well understood. Mutagenesis studies including calculating either the dissociation
constant or the binding affinity of mutants of the TGEKP linker and some of its
variants in several transcription factors which contain zinc finger protein, such as
ADR1, SP1 and TFIIIA, confirmed the importance of Krüppel-type linkers in
stabilizing TFIIA-DNA complex36.
Before comparing our computational results with relevant experimental
mutagenesis studies, there are several things which should be considered. There are
two known ways to calculate binding free energy. The first is by following a single
trajectory approach. The molecular dynamic simulations are only carried out for
the complex. This is then, followed by extracting snapshots for the complex, the
unbound protein, and the unbound DNA from the trajectory of the complex. This
approach saves computational time considerably71. On the other hand, it was
reported to produce overstabilized values of binding energy72. This

may be

explained by the fact that it neglects any conformational changes that might take
place in both DNA and protein systems upon binding20,36,72. When the snapshots of
the free DNA and protein are extracted from the trajectory of the complex, it gives
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strained conformations that are different from their actual conformation in the free
state71.
The second way is by following multiple trajectories. The molecular dynamic
simulations are carried out for the complex, unbound protein and unbound DNA.
This is followed by the extraction of snapshots for each one of these three systems
from its respective trajectory. This approach is more accurate than the first one, but
it is time consuming71. It approximately needs double the time needed to perform
the single trajectory approach.
In our work the single trajectory approach was adopted to lower the
computational cost. However this might have led to overstabilized values for the
calculated binding free energies, compared to the experimentally calculated
binding free energy of Zif268-DNA complex. It should be pointed out that both the
Zif268 and DNA experienced conformational change due to binding20,36,72.
Another key point here is to differentiate between two related terms which are
the relative binding free energy and the absolute binding free energy, with the
latter being equivalent to the binding free energy calculated experimentally.
However, calculating the absolute binding free energy using MM/GBSA is usually
avoided for two reasons. First, the absolute binding free energy can be calculated
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by subtracting the unfavorable conformational entropy from the relative binding
free energy. This is known to consume a considerable computational time and
result in a large error53.
The second reason is that MM/GBSA method was reported to produce
overestimated binding free energy values due to overstabilizaton of the ionic
interaction73. It is clearly established in the literature that MM/GBSA method is
usually most beneficial in calculating relative binding energy74-76, where any
approximation and overestimation will be introduced in equal values, and would
cancel out when comparing these values together.
Having these key points clarified, we can now proceed toward other
experimental mutagenesis analysis that resembles our work in some parts and
compare the results in a more flexible way.
The experimental value for binding free energy is -13.409 kcal/mol72. The
absolute binding free energy for Zif268-DNA complex was calculated to get an
estimate of overstabilization introduced to the computational result. The entropy
contribution for this complex is -94.6 ± 15.5 kcal/mol. Thus the absolute binding
free energy as calculated by MM/GBSA equals -84.79 ± 32.39 kcal/mol.
In one experimental study, a mutational analysis of zif268 was performed77.
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Point mutants of this protein were prepared in vitro, then the binding affinity of
thirty one point mutants of zif268 to one of its reported binding site (5 -GCG
GGG GCG- 3 was examined using gel shift assay. The binding phenotype of
these complexes was reported. Among the thirty one point mutants, nine of them
occurred in the linkers and are summarized in Figure 3.3277.
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Figure 3.32 Amino acid sequence of the two canonical linkers in Zif268 and nine of its point
mutants. Amino acids are represented by their one letter abbreviation. Amino acids in red
show the resultant amino acid in each mutant. The binding phenotype of each protein to
one of Zif268 characterized binding site (5-GCG GGG GCG-3) is shown on the right
column. Data from Wilson, T. E. et al. (1992)77.

As can be seen from the figure above four point mutants reduced the binding
affinity only slightly, these are77:
(i)

mutating the smallest amino acid, Glycine, in the first linker to a positive
amino acid , Arginine,.
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(ii)

mutating Glycine in the second linker to a negative amino acid, Aspartate,.

(iii) mutating Proline in the second linker to Alanine.
(iv) mutating Proline in the second linker to Threonine.
In our study mutating Glycine to Proline caused a considerable reduction in
binding free energy, whereas mutating Glycine in the second linker reduced the
binding free energy slightly. Mutating Proline in the second linker to Alanine
caused a considerable increase in binding energy in contradiction with the
experimental study in which a slight decrease in binding affinity was observed78.
In the experimental study mutating Threonine in the second linker to Isoleucine
reduced the binding affinity to less than the half of its original value77. In our study
mutating the same amino acid to tyrosine caused a significant decrease in the
binding free energy.
In the experimental study some mutants showed no detectable binding affinity
compared with the wild type, these are77:
(i)

mutating Lysine to Asparagine in the first and second linkers, separately.

(ii)

mutating Threonine in the second linker to Alanine.
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(iii)

mutating Glutamate in the second linker to Glycine.

In our work mutating Lysine in the first linker to a negative amino acid, Aspartate,
caused only a slight reduction in binding free energy. Mutating Lysine in the
second linker to a non polar and constrained amino acid Proline, caused a
significant decrease in binding free energy, while mutating Threonine in the
second linker to Tyrosine caused also a significant decrease in binding free
energy. However mutating glutamate to Glutamine caused an increase in binding
free energy.
Both binding sites (5-GCG TGG GCG- 3) and (5-GCG GGG GCG- 3) were
reported as consensus high-affinity binding sites for Zif268, with a small
difference in their binding affinity with Zif268 in favor of the former one6,77
79

, which was used in this study.

Given that binding affinity differs according the identity and position of the
mutated amino acid, in addition to the identity of the resultant amino acid, the
results of this experimental work cannot be directly compared to our results. Even
so some general conclusion may be extracted in the view of these studies.
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Chapter 4

CONCLUSION

The binding free energy for Zif268-DNA with its optimal DNA
binding site (5A GCG TGG GCG T 3) was calculated by employing
Molecular

Mechanics/

Generalized

Born

Solvent

Area

method

(MM/GBSA) in AMBER 9. It was shown that the estimated free energy of
binding gave an overstabilized value compared to the value calculated
experimentally.

However,

this

overstabilization

should

not

affect

the

comparative analysis in this study.
Ten amino acids in the linkers region of Zif268 were mutated
separately, producing the following point mutatnts: T28A, G29P, Q30E,
K31D, P32G, T56Y, G57V, E58Q, K59P, P60A. The free energy of
binding for these ten mutants was calculated using MM/GBSA method. It
was found that four mutants (T28A, Q30E, E58Q and P60A) resulted in
considerably

higher binding energy than the wild type protein Zif268.

One mutant (T56Y) produced considerably lower binding energy, whereas
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five mutants (G29P, Q30E, P32G, E58Q and K59P) did not show
significant changes in binding energy.
The binding energy of

Q30E and E58Q mutants to optimal DNA site

were higher than that of Zif268, suggesting that each linker has its unique
effect on binding energy. This suggestion is also supported by the
difference in the effect of mutating Proline into a small amino acid in both
linkers.
Hydrogen

bond

analysis

revealed

changes

in

stability

and

bond

lengths of hydrogen bonds in the zinc finger protein-DNA complexes upon
mutation. These changes included hydrogen bonds all over the zinc finger
protein-DNA complexes. This finding suggests that mutating an amino
acid in the linkers region affects the binding energy by both affecting a
wide

range

of

hydrogen

bonds,

and

probably

other

electrostatic

interactions in the zinc finger-DNA complex.
Having four mutants with higher binding energy and five mutants
with no considerable change in binding energy indicates that the reason of
conservation of the consensus linker sequence (TGEKP) could be due to
the importance of this linker in biological roles other than specific binding
to DNA.
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This work

can give a base for using molecular dynamics simulations

in estimating the binding of zinc fingers to DNA bases and comparing the
results with experiments to help in building more zinc finger proteins for
medical purposes.
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APPENDICES

Appendix A: Zinc finger protein files

File 1: metals.prep
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File 2: Frcmod.ZNA
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File 3: ZNA.lib
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File 4: frcmod.zf
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Appendix B: Input files for simulation.
File 1: min.in
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File 2: heat.in
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File 3: density.in
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File 4: equil.in
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File 5: prod.in
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File 6: calculate-entropy.in
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