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ABSTRACT

TESTING THE ABILITY OF STANDARD MOLECULAR DYNAMIC SOFTWARE
FORCE FIELDS TO ACCURATELY MODEL THE STRUCTURAL FEATURES OF

INTRINSICALLY DISORDERED PROTEINS

A main tenet regarding the study of proteins states the structure of a protein
defines its function. That is, the structure of the protein imbues characteristics that allow
it to perform a specific function in the body. Intrinsically disordered proteins (IDPs) and
intrinsically disordered regions of proteins (IDRPs) are common in all biological systems.
It is estimated that up to forty percent of the human proteome is composed of IDPs or
IDRPs. These proteins and regions of proteins, respectively, are responsible for gene
regulation, cellular control, and molecular signaling pathways. Many human diseases are
caused by mutations in IDPs and IDRPs, thus one could rationalize the mutated proteins
fail to adopt appropriate structures to perform their intended function. It is estimated that
up to fifty percent of human cancers are caused by mutations in the human tumor
suppressor protein p53 (p53). p53 has an N-terminal IDRP mapping to residue positions 1
through 93. This region of p53 is crucial for transcription and apoptotic pathways.
However, traditional techniques used to elucidate high resolution structural features
(HRSF) of structured proteins, such as NMR and x-ray crystallography, are not amenable
to the study of IDPs and IDRPs structural features, thus they remain unresolved.

Previously, we used the intrinsically disordered N-terminal region of the human tumor



suppressor protein p53 (1-93) as a model system to study temperature and sequence
effects on the structural features of IDPs using a combination of computational and
laboratory experimental techniques. Using AMBER, a molecular dynamics suite software
package, we now perform atomistic molecular dynamic simulations of the IDP p53(1-93)
with the ff12SB force field and the ff99SB force field in explicit solvent in an attempt to
recapitulate the experimental results from the temperature and sequence effects studies.
Molecular dynamic (MD) simulations have the potential to help resolve the structural
features of IDPs and IDRPs with atomic-scale resolution. Unfortunately, MD simulations
are only as good as the force fields used. That is, if the force field parameters
unrealistically express physical relationships between atoms in the simulation the results
can end up being quite artificial and thus useless in elucidating molecular descriptions of
protein interactions and consequently, protein structure. Here we analyze the structures
produced from completed MD simulations and compare them to our experimental
measurements. This analysis shows that the ff12SB protein force field did not accurately
model the structural features of p53 (1-93). The ff99SB force field simulations have not

yet completed.



CHAPTER ONE
INTRODUCTION

1.1 Proteins Are Linear Polymers Composed of Amino Acids

A protein is a biological polymer composed of monomeric units called amino
acids. In humans there are twenty standard “alpha” amino acids. Excluding proline, the
standard amino acids have the ubiquitous substituent arrangement of a carboxylic acid,
primary amino group, and R group attached to the alpha carbon, hence the name alpha
amino acids. The R group substituent, also known as the side chain, distinguishes amino
acids from each other by conferring distinct physiochemical properties. Although the
twenty standard amino acids vary, they can be assigned to three general categories based

on side chain polarity at a physiological pH: non-polar, polar, and charged polar.

Non-polar amino acids have a wide range of side chain moieties ranging from the
single hydrogen atom in glycine to the large aromatic and ring structures in tryptophan;
all of which have varying degrees of hydrophobicity. The polar amino acids have thiol,
hydroxyl, and amide side chains. Cysteine, a polar amino acid, is capable of forming a
disulfide bond, a type of covalent bond, via its thiol side chain. The charged polar amino
acids can be either positively or negatively charged. Glutamic acid and aspartic acid are
negatively charged while arginine, lysine, and histidine are positively charged. Histidine
is unique in that the pKa of its sidechain is near the physiological pH, thus histidine will

have a positive charge or be neutral depending upon the microenvironment.



Amino acids polymerize through a condensation reaction that creates a peptide
bond between the carboxylic acid moiety of the first amino acid and the free amine
moiety of the second amino acid. This reaction always results in a linear chain of amino
acids (1). A protein sequence is described by listing the amino acids in the order they’re
connected, starting with the amino acid with the free amine, called the N-terminus, and

ending with the C-terminus, the amino acid with the free carboxylic acid moiety.

R R R O
D % + _O’ g HD NH2 4 HED
NH3 NH; —» H
0 '} O R

FIG. 1. Protein Polymerization Reaction. This reaction displays two amino acids
forming a peptide bond. Proteins grow in a linear fashion through this reaction. The OH end is the
C-terminus, while the NH. end is the N-terminus (1).



1.2 Biological Significance and Classification of Protein Structure

A main tenet regarding study of proteins is that the structure of the protein defines
its function. That is, the structure of the protein imbues characteristics that allow it to
perform a specific function in the body. Proteins can exhibit up to four levels of

increasing structural complexity.

Secondary

Quaternary

FIG. 2. Classification of Protein Structure. The diagram depicts how protein structure
is classified in a manner that all levels of structural complexity incorporate the previous levels
within them.



Primary Structure

The primary amino acid structure is the simplest of protein structures, consisting
solely of the amino acid sequence starting at the N-terminus and ending at the C-
terminus. The primary amino acid sequence only describes the order of amino acids that

compose a protein.
Secondary Structure

The secondary structure of proteins is a property of hydrogen bonding patterns
between amino acid “backbone” atoms. Proximity of hydrogen donors and acceptors is
necessary in hydrogen bond formation and is facilitated by protein “backbone” flexibility
(2). The protein “backbone” consists of the alpha-carbon, amine nitrogen, and the
carboxylic acid’s carbon and oxygen atoms. The partial double bond character of the
peptide bonds connecting adjoining amino acids does not allow free rotation about the
bond. However, there are bonds that allow rotation of the “backbone” and thus increase

flexibility.

Two common angles of rotation are referred to as Phi and Psi angles. Phi (¢)
corresponds to the torsion angle, also known as a dihedral angle, between the nitrogen
atom and the alpha-carbon, while Psi () refers to the dihedral angle between the alpha
carbon and carboxylic acid’s carbon atom. There are only certain (¢) and (y) values
allowed due to steric effects of the van der Waals radius of atoms (3). VVan der Waals
radii can be thought of as hard spheres that represent the volume or space that individual

atoms occupy. Common folding patterns arise from repeating (¢) and (y) values (2).



—.TURN

FIG. 3. Common Secondary Structure Conformations. Made with VMD 1.9.1,
cartoon representations of common secondary structures arising from repeating (¢) and (y)
values and their respective names (4).



Tertiary Structure

The tertiary structure is described by the three-dimensional arrangement of the
protein. Tertiary structures consist of a single protein backbone and may have one or
more secondary structural motifs. Large proteins may have several areas of secondary
structures called domains. Each domain may possess unique physiochemical properties
that allow a protein, specifically the domain of the protein, to perform a biological

function.

Domains are often stable and their conformations conserved when studied
independent of the protein sequence. For example, if a protein is normally 250 residues in
length and a domain is present spanning residues 1-50, the domain consisting of residues
1-50 could be studied independently from the rest of the protein. The tertiary structures
vary based upon the pH, ion concentration, and temperature of the microenvironment;
therefore, the native structure of a protein is defined as the most common conformation in

a physiological environment (5).



FIG. 4. Tertiary Structure and Domains. Made with VMD 1.9.1, this cartoon
representation is of rabbit muscle pyruvate kinase complexed with Mn2*, K*, and pyruvate made
from PDB structure 1PKN. There red piece highlights a helix and the bottom purple arrows are [3-
sheets .The 3-D arrangement is the tertiary structure of this protein (4,6).



Quaternary Structure

The highest level of structural complexity in proteins is quaternary structure.
Quaternary structure consists of two or more protein chains bound together. Each protein
chain comprising the quaternary structure is a subunit. In some proteins, changes in the
tertiary structure of a single subunit can modulate the conformations of other subunits.
Similar to the tertiary domains of proteins, subunits may have unique physiochemical
properties that allow it to perform functions unique from other subunits in the protein

complex.

Together the secondary, tertiary, and quaternary structures of proteins, all of
which are resultant of unique primary structures, imbue characteristics essential for
biological function. In light of this, there is a large class of proteins lacking in stable
tertiary structures that possess uncorrelated residue dynamics and exhibit dynamic and

flexible backbones (7,8). These dynamic proteins are said to have intrinsic disorder.
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FIG. 5. Disordered and Ordered Protein Dynamics. Made with VMD 1.9.1, each color
represents a snapshot of the protein at a different point in time. The left image represents a
disordered protein created with PDB structure 2FFT (9). The right image is a well-folded protein
using PDB structure 1D3Z (10). Although the well-folded protein exhibits a small degree of
flexibility and movement, its structure is constrained to a specific conformation (4).

11



1.3 Intrinsically Disordered Proteins and Their Biological Significance

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions of
proteins (IDRPs) are responsible for gene regulation, cellular control, and signaling
pathways of biological systems (11,12). It’s estimated that up to forty percent of the
proteome is composed of IDPs or IDRPs (7). Furthermore, greater than 70 percent of
transcription factors are IDPs or contain extended regions of disorder (12). IDPs and
IDRPs generally have a high net charge and adopt more extended structures, relative to a
statistical coil, than structured proteins of the same size, which adopt compact structures
relative to a statistical coil (7,13,14). A random coil size is calculated from a statistical
distribution of protein conformations where residues are randomly oriented. As a protein
travels through solution it tumbles and because the protein has an average length it
creates a spherical volume defined by this length. A tumbling extended structure would
circumscribe a larger volume than a relatively more compact structure. Using the Stokes-
Einstein equation a measurement of extendedness or compaction, called the
hydrodynamic radius (Rh), can be calculated experimentally with techniques such as
dynamic light scattering. Rh has become an important global feature when structurally
characterizing IDPs and IDRPs due to its ease of measurement and difficulty in

measurement of local structural features (7).

12
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FIG. 6. Extended Structures of IDPs and IDRPs. Rh vs number of residues present in
the protein demonstrates that IDPs, closed circles, adopt more extended structures than folded
proteins, open circles, relative to a random coil, the solid line. Rh values and residue numbers
were taken from published data (13,15-35).

While structural characterization techniques, such as NMR, currently describe the
tertiary structures of IDPs and IDRPs as transient and unstable, many human diseases are
caused by mutations in IDPs and IDRPs, thus one could rationalize the mutated proteins

fail to adopt the appropriate structures to perform their intended functions.
Human Tumor Suppressor Protein p53

Up to fifty percent of human cancers are caused by mutations in the Human
Tumor Suppressor Protein p53 (p53) (36). Sometimes referred to as the guardian of the
genome, p53 plays a vital role in tumor suppression (37). The N-terminal region of p53,

p53 (1-93), is responsible for activation of both transcription and apoptotic pathways.

13



Residues 1-42 compose the major acidic transcription-activation domain (TAD) known
as AD1. Complimentary to AD1 is the minor TAD, AD2, between residues 43 and 63.
Furthermore, the proline rich domain between residues 64-92 is essential for apoptotic

activity (38).
Difficulty Studying IDPs and IDRPs

Rapid fluctuations of IDPs and IDRPs make it difficult to elucidate high-resolution
structural features (HRSF) through traditional techniques such as NMR and X-ray

crystallography.
1.4 Molecular Dynamic Simulations

Molecular dynamics (MD) simulations have the potential to help resolve IDPs and
IDRPs with atomic-scale resolution. Unfortunately, MD simulations are only as good as
the force fields used. That is, if the force field parameters unrealistically express physical
relationships between atoms in a simulation, the results can end up being quite artificial
and thus useless in elucidating molecular descriptions of protein interactions and

consequently protein structure.
Atomistic MD Simulations with AMBER Force Fields

AMBER (Assisted Model Building with Energy Refinement) is a software
package that can be used to run atomistic MD simulations (39). Atomistic MD is one of
the various computational techniques used to study proteins. In atomistic MD, each atom
of the protein is represented. Forces that the atoms within the simulation experience and

exert upon one another are dictated by a mathematical expression consisting of several

14



terms and representing molecular potential energy (V(r")); this mathematical expression
and its constituent parameters are collectively referred to as a force field (40). As
progress is made in understanding these interactions through experiment and quantum
mechanical calculations, the force field parameters are revised to represent atomic

interactions in the real world more accurately.

VrN)y = 3" kil —1o) + Y ka6 — 60)’

bonds angles
1  N-1 N ror\ 12 R_——l 00
+ Z Z 5Va[l + cos(nw — )]+ Z Z f}-j{gi‘] [ (l) —9 (J) } a3 4}
torsions n j=1 i=j+1 Tij T'ij 47“07'1']'

FIG. 7. Potential Energy Equations. These four terms calculate the potential energy of
each atom in a MD simulation. Labels below terms 1-3 describe the type of potential energy
calculated. The fourth term consist of two long range potential energy calculations, the van der
Waals and electrostatic interactions (40).

How Energies are Recorded and Simulation Progression

During MD simulations, the protein samples many conformations before it
eventually finds an energetically favorable structure. The MD simulation progresses in
increments called timesteps, which are small units of time in the simulation; 2
femtoseconds (fs) is commonly used for atomistic MD. The amount of actual time it takes
for 2 fs of time to pass in the simulation depends largely on the number of atoms present
in the simulation. As the number of atoms increases, the amount of time it takes to reach

a certain simulation time increases (39).
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For AMBER 14 with 20 CPU cores:

# of atoms -- ns/day --CPU/run time for 20ns
23,558 atoms --16.82 ns/day -- ~1.2 days
90,906 atoms -- 4.46 ns/day -- ~4.5 days
408,609-atoms -- 0.97 ns/day -- ~21 days

FIG. 8. Simulation Progress Dependency on Atom Number. This diagram shows the
simulation time for a 20ns simulation with 20 computer processors for AMBER 14 (39).

This is a result of the MD simulations having to solve for Newtonian equations of
motion while using the above V(rV) equation to determine the energies of each atomic
interaction. Every X number of steps, as defined by the input file, the computer records the
energies, coordinates, and velocities of all of the atoms, to files for subsequent processing

and analysis. Each recording is called a frame.

Implicit vs Explicit Solvent Simulations

Atomistic MD simulations can be generally broken into two categories, implicit
and explicit solvent simulations. Implicit solvent simulations approximate solvent-ion-
solute interactions and exclude actual solvent atoms and ions. Implicit solvent
simulations are thus less computationally expensive. However, due to the use of
approximations, and in some cases the exclusion of solvent-solute interactions, they are

generally less accurate than explicit solvent simulations (41,42).

Explicit solvent simulations incorporate solvent atoms and ions, such as Na* and
CI, into the simulation. This drastically increases the computation time. For example,

you could only have around one or two thousand atoms in an implicit solvent simulation

16



depending upon the size of the protein, but once a 10-angstrom water box and ions are

added, the number of atoms present in the simulation can easily exceed 100,000.
Preparing the System and Running Production MD Simulation

There are three basic steps for setting up and running MD simulations: Building

the system, setting conditions, and starting the simulation.
Building the System

Some aspects of building the system are the same for both implicit and explicit
solvent simulation. Initially a starting structure is created and saved in the Protein Data
Bank (PDB) file format. A program within the AMBER software package called xleap
can be used to build the system. First, force field parameters are loaded followed by the
PDB structure. Addition of ions and solvent is an extra step that is required for building

the system of an explicit solvent simulation; this step is also carried out with xleap.

Once the appropriate force fields have been set a parameter-topology file
(.prmtop) and a coordinate file (.inpcrd) are created. The .prmtop file expresses the
connectivity of the atoms in the simulation and various parameters (e.g., those in the
V(rN) equation shown above), while the .inpcrd file expresses the locations of the atoms

in three-dimensional space.
Setting Conditions

Multiple input files are needed to set the conditions for consecutive stages of MD
simulations; typically, four stages are used: Minimization, heating, equilibration, and

production. There are various settings such as the timestep, total number of steps, cutoff

17



distance (used to exclude the direct calculation of long-range interactions), and settings
related to pressure and temperature control that can be set for each of these MD stages.
The minimization stage optimizes the bond lengths and angles of all the atoms in the
simulation (i.e., to locally minimize the value of the V(r) equation mentioned earlier).
Once the system energy has been minimized, the heating stage can begin, during which
the system is heated to an appropriate temperature. Then the equilibration stage is used to
insure that the temperature has stabilized and to introduce and stabilize the pressure.
After the equilibration stage, the production MD stage can begin. The minimization,
heating, and equilibration stages serve to prepare the system, while the production MD

stage provides the data to be subsequently analyzed.
Starting the Simulation

MD software can be configured to spread the atoms of a simulation over multiple
computer processors and across multiple interconnected computers in a process known as
parallelization. AMBER has two “engines” that are used to run MD simulations in
parallel, namely, sander.MP1 and pmemd.MPI1. Pmemd.MP1I is a newer MD engine
optimized for better parallel performance (i.e., can complete the same simulation in less
time relative to sander.MPI); however, pmemd.MPI does not yet support all of the
features built into sander.MPI. The three input files created in the above “setting
conditions” section are input into one of the two “engines” along with the .prmtop and

.inpcrd files from the “building the system” section to begin the simulation stages.

18



1.5 Inconsistencies with MD Simulations of IDPs and IDRPs and Previous Studies of p53

(1-93)

Previously, p53 (1-93) has been used as a model to study the sequence and
temperature effects on IDPs and IDRPs (13,43). Sequence mutations have been used to
study contributions of specific amino acids to the transient tertiary conformations.
Specifically, 3 mutants were made, Pro-, Ala-, and Ala-_Pro-, by substituting the proline,
alanine, and both proline and alanine residues, respectively, with glycine in the

background of the wild-type (WT).

19



WT :
MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDIE
QWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAPSWPL

Ala- (12 amino acids) :
MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDIE
QWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAPSWPL

Pro- (22 amino acids):
MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDIE
QWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAPSWPL

Ala- Pro- (34 amino acids):
MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDIE
QWFTEDPGPDEAPRMPEAAPPVAPAPAAPTPAAPAPAPSWPL

FIG. 9. p53 (1-93) Variants Used in Previous Studies. Labeled in blue are the
sequences of the four variants used in our previous studies. In parentheses are the number of
amino acids replaced with glycine, colored in red. For example, the 12 alanine residues in the
Ala- variant have all been substituted with glycine. Glycine was used because it has similar
charge and polarity of the amino acids it substitutes.

FIG. 10. Atomistic Rendering of p53 (1-93) Variants. Made with VMD 1.9.1, this
atomistic representation of the four variants used in previous studies. Red dots are amino acids
substituted with glycine (4).

20



Temperature effects were assessed with various techniques such as dynamic light
scattering, SDS-PAGE, CD-spectroscopy, and SEC. It was shown that p53 (1-93) had a
large hydrodynamic radius at low temperatures and an increasingly smaller

hydrodynamic radius as the temperature increased (13,43).

Correlations between changes in molar residue ellipticity and magnitude of Rh
with temperature fluctuations and sequence variation, along with a local maximum at
221nm via CD spectroscopy, made a case that changes in Rh were related to
conformational changes in the backbone polyproline 11 propensities (ppll); a common

secondary structure present in IDPs (13).

Fluorescent studies assessed whether compaction as a function of temperature and
sequence variation was due to folding of the hydrophobic residues tryptophan, at residue
positions 23, 53, and 91, into a hydrophobic core or a result of other phenomena (43).
The fluorescent studies results were consistent with the tryptophan residues being fully
exposed to solvent in all variants across the experimental temperature range (43). Using
the Rh data and a quantitative model that correlates Rh as a function of ppll propensities

we calculated ppll propensities for the proline and alanine.

21



1.6 Goals

Using AMBER, a MD suite software package, we now perform atomistic MD
simulations of p53 (1-93) with the ff12SB force field and the ff99SB force field in
explicit solvent in an attempt to recapitulate the previous experimental results from the

temperature and sequence effects studies.

22



CHAPTER TWO
METHODS
2.1 Model Protein and Variants

We used the same four variants of p53 (1-93) used in the studies of temperature

and sequence effects.

2.2 Hardware and Software

The AMBER suite software package was used to run the MD simulations using
pmemd.MPI on the Texas State University STAR Cluster and North Carolina State
University High Performance Computing Center. We created the protein structures with
Discover Studio Viewer 4.0. Once all of the preliminary software and hardware was setup
we began with implicit solvent simulations of the p53 (1-93) variants followed by explicit

simulations.

2.3 Simulation Force Fields and Parameters

Implicit Solvent Simulation

Implicit solvent simulations were performed first to create a semi-folded protein
structure. This decreased the overall computation time. For the implicit solvent
simulations, we used the Amber force field ff12SB. The semi-folded protein structures
obtained from the implicit solvent simulations were used as the starting structures for the

explicit solvent simulations.
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Explicit Solvent Simulations

Two sets of explicit solvent simulations were ran using two different force fields,
ff99SB and ff12SB. The ff12SB force field is biased toward secondary structure
formation while the ff99SB force field is not. Both sets of simulations used the AMBER
gaff force field and frcmod.ionsJC _tip3p. For both simulations a water box that covered
the entirety of the protein was created using TIP3CP water, then using the known volume
of the water box, a 100mM concentration of NaCl was added to mimic experimental
conditions. Counter-ions were also added to balance the negative 15 net charge of p53 (1-
93).

([M] * 6.023 = A%)
104
FIG. 11. lon Calculation Equation. Using this equation the number of ions needed in a

simulation to replicated experimental conditions can be calculated in molarity ([M]). The volume
of the water box, in angstroms, is represented in the equation as A3,

Temperature, Duration, and Total Number of Simulations

Both the ff99SB and ff12SB simulations used the four p53 (1-93) variants
described above. Simulation were ran at two different temperatures, 300K and 350K, for
a total of sixteen simulations. Each simulation was scheduled to run for a total of 100ns in

hopes the simulations would reach an equilibrium.

24



Analysis

Analysis of RMSD was done using the AMBER analysis software CPPTRAJ and
PTRAJ. RMSD was used to monitor the evolution of the protein structure and ascertain
when it had reached equilibrium.

12

10

RMSD (A)

0 5000 10000 15000 20000 25000 30000 35000 40000

ps/2

FIG. 12. RMSD Plot Describing Equilibrium. Root mean square deviation (RMSD) is
used to ascertain when a simulation has reached an equilibrium. It is a measure of the
displacement of a structure, in angstroms, from the starting structure. This graph is from the
simulation of Pro- ff12SB at 350K. The RMSD of the simulation undulates around 8 in the
frames between the red bars, thus it is considered to have converged to an energetically favorable
structure and be in equilibrium.

The Rh for each structure was calculated by measuring the distance between the
two farthest alpha-carbons of the structure. This would represent the diameter of the
sphere circumscribed by the protein tumbling through solution. Then, this value was

halved to calculate the radius of the sphere, also known as Rh.
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FIG. 13. Rh vs Time. As the simulation reaches an equilibrium the Rh of the protein
stabilizes. This graph is from the simulation of Pro- ff12SB at 350K. The Rh of the simulation
undulates around 17 in the frames between the red bars, thus it is considered to have converged to
an energetically favorable structure and be in equilibrium.

We calculated ppllI propensities for each structure by measuring the (¢) and (y)
values for the protein. Then (¢) and (y) values within the canonical (¢) and (y) values
range of -75 and 145 -/+ 10 degrees were designated as being ppll conformation. Once
the number of alanine and proline residues in ppll conformations was known, the ppll
propensities of alanine and proline could be calculated by dividing the number of residues

in ppll conformations by the total number of respective residues present in the protein.
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CHAPTER THREE
RESULTS
3.1 Progress of Simulations

Out of the sixteen total simulations started, the five that completed were analyzed.
The completed simulations consisted of the four variants using the AMBER protein force

field ff12SB at 300K and the Pro- variant at 350K using the ff12SB AMBER protein

force field.

FF12SB - 300K FF12SB - 350K
100 100
90 90
80 80
70 70
60 60
50 2 50
40 40
30 30
20 20
10 10
0 0

WT Pro- Ala- Ala-_Pro- WT Pro- Ala- Ala-_Pro-

Variants Variants

FF99SB-300K FF99SB- 350K
100 100
90 90
80 80
70 70
60 60

50

40

30 30

20 I 20

10

: ] v B ] L

WT Pro- Ala- Ala-_Pro- WT Pro- Ala- Ala-_Pro-

NS

Variants Variants

FIG. 14. Progress of MD Simulations. Progress of each simulation is displayed above in
the four graphs. The titles display the force field used and temperature of each simulation. The
four bars represent the four variants. Their respective names are listed below each bar.
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3.2 Polyproline 11 Propensities and Hydrodynamic Radius

FF125B
Variant <Rh> fppii Pro |[fppii Ala
WT 300K 25.658| 0.12982 0.13861
Ala- 300K 23.216] 0.09642|***
Pro- 300K 20.731|*** 0.11231
Ala-_Pro- 300K 20.075]*** ek
Pro- 350K 16.973|*** 0.06723

FIG. 15. ppll Propensities and Rh Values for Completed Simulations. The title displays
the force field used. From left to right, the columns display the variant and temperature, the Rh, the

ppll propensity of proline, and the ppll propensity of alanine. Asterisk demark values not
calculated.
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CHAPTER FOUR

DISCUSSION

4.1 Conclusions

The Hydrodynamic Radius

Rh values from the simulation are both consistent and inconsistent with
experimental measurements. Consistencies with experimental measurements are seen
with the sequence mutation trends with the order Rh being, from largest to smallest, WT,
Ala-, and Pro- & Ala-_Pro- (43). However, all of the variants respective Rh values are
significantly smaller in magnitude compared to experimentally measured Rh values. The
MD simulations also seem to have captured the temperature effects. The Pro- variant

becomes more compact as the simulation temperature increases from 300K to 350K.

Polyproline 11 Propensities

Calculated ppll propensities for alanine and proline residues from the WT
simulation at 300K with the ff12SB force field are .13 and .12 respectively. They are
significantly smaller than previously calculated ppll propensities, .48 and .78 respectively
(43). Decreases in calculated ppll propensities from the simulations are observed when
temperature is increased from 300K to 350K with the Pro- variant. The ppll propensities

from the simulation also decrease as Rh values decrease due to sequence effects.
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However, ppll propensities from the simulation are so small that variation in Rh

between variants and temperatures with the Pro- variant are likely not a result of

backbone ppll conformations propensity fluctuation. This, if true, is contradictory to our

previous computational and experimental studies. Also, inconsistent with our previous

studies is the order of alanine and proline ppll propensities. Alanine and proline ppll

propensities previously calculated have proline with a greater ppll propensity than

alanine, .78 and .48, respectively, while the MD simulations have alanine with greater

ppll propensities than proline.

FF12SB
Variant Rh fppii Pro |fppii Ala Measured Rh |fppii Pro fppii Ala
WT 300K 25.658| 0.12982 0.13861 32.5 0.78 0.48
Ala- 300K 23.216] 0.09642|*** 30.4 0.78]***
Pro- 300K 20.731|*** 0.11231 27.4*** 0.48
Ala-_Pro- 300K| 20.075)*** *xk 27.4]*** ok
Pro- 350K 16.973|*** 0.06723 22 .5*** 0.48

FIG. 16. Comparison of Completed ff12B Simulations to Previous Experiments. This
table compares the simulation results of the completed simulations with the ff12SB force field,
columns 2-4, to the results of our previous studies, columns 5-7.
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4.2 Preliminary Results of ff99SB Fore Field Simulation

Preliminary results of the ff99SB force field simulations give credence to the
dismissal of correlations between Rh fluctuations and ppll propensities in the MD
simulations. Interestingly, the preliminary results of Rh on the unfinished WT simulation
with the ff99SB force field at 300k are significantly larger than experimentally measure
Rh values. This sharply contrast with the results of the ff12SB WT p53 (1-93) at 300K

with a calculated Rh of 25.6 angstroms.

FF99SB
Variant Rh fppii Pro | fppii Ala |Measured Rh|fppiii Pro| fppii Ala
WT 300K 55.386| 0.19242| 0.04611 32.5 0.78 0.48

FIG. 16. Preliminary Results of ff99SB Simulation to Results of Previous Studies.
This table show the comparison of the preliminary results of the ff99SB simulation with the WT
variant at 300K, columns 2-4, with the results of our previous studies, columns 5-7.

The ppll propensities for a 93 residue protein with an Rh of 55.3 angstroms would
be significantly greater according to our previous model (15). The extent of protein
expansion is also unrealistic when compared to the experimentally measured Rh proteins

that are more than 2.5 greater in residue number (FIG. 6.)
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4.3 Future Experimental Goals

In the future we may expand the definition of ppll conformations from -/+ 10
degrees of the canonical (¢) and (y) values to -/+ 20 degrees in order to reaffirm that the
simulations are not producing structures with similar ppll propensities to our previous

calculations.

Using AMBER analysis software CPPTRAJ, we want to calculate the solvent
accessible surface area (SASA) of the tryptophan sidechains in our MD simulation to
compare to our previous experiments. To do this we will need to first calculate the SASA
of a tryptophan sidechain in a 5-mer peptide with the sequence: Alanine-Alanine-
Tryptophan-Alanine-Alanine. This will be used as a benchmark for the SASA of a fully
exposed tryptophan sidechain. The methyl sidechain of alanine will give a benchmark
that is not unrealistically exposed as would be the case if a glycine or NATA molecule

was used.

FIG. 18. 5-mer Peptide Used to Calculate Benchmark Tryptophan SASA. Made with
VMD 1.9.1, this molecule is the 5-mer peptide with sequence, Alanine-Alanine-Tryptophan-
Alanine-Alanine, used to calculate the SASA for a solvent exposed tryptophan (4).
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It appears the MD simulations are not capturing important structural features of
IDPs and IDRPs when compared to our previous studies. Once all of the simulations have
completed we will have a better understanding of how standard MD software force fields,
such as the AMBER ff99SB and ff12SB force fields, affect various properties of the p53
(1-93) specifically, and in general, intrinsically disordered proteins. If the trends seen in
the preliminary data continue, the completed simulation results will highlight the need
for development of more robust MD force fields that can elucidate high-resolution
molecular descriptions of IDPs and IDRPs structural features; thus, ultimately offering a

deeper understanding of their role in normal cellular functions and disease pathologies.
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