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Computational Modeling of DNA Sequence Effects orhe Nucleosome Core Particle

Abstract

The nucleosome particle is an essential biologi@atromolecule serving both a
structural and gene regulatory roles in eukaryggéicomes. The nucleosome particle has
a cylindrical shape, composed of 8 highly consehistbne proteins wrapped by a
sequence of 147 base pairs of DNA. Considerakfgrenental evidence has shown that
different sequences of 147 base pairs have vapreigrences for forming stable
particles, yet atomic-level descriptions for thefprences are vague at best. Microscopic
descriptions contribute to fundamental understajpdingenomes process, facilitate
rationale approaches to drug design for certaiegediseases, and can contribute to
genetic engineering. We have established a n@as$ thor computational modeling
DNA interactions with the nucleosome core partidomputational modeling can
approach the complexity and vast number of DNA sageas of potential interest. Our
method is the first to substitute DNA on the nusl@oe core and explore the rotational
degree of freedom, crucial to assessing a DNA helpreferred, low-energy states. This
work was carried out along with experimental woslked as a reference for the
computational studies. Specifically, we experinaéintdetermined the relative binding
affinities of 3 DNA sequences for forming nucleogsn These experimental data
provide a ranking of stability as a function of seqce on the free energy of binding.
Accurate free-energies of binding for large biobagisystems are extremely difficult to
compute. The computational modeling hinges orgh-hesolution crystal structure (1.9
A) of the nucleosome core particle. In our methwe substitute DNA molecules of
interest on the crystal structure in order to stimystructural dynamics using
sophisticated computational models centered oncutdedynamics simulations. In this
work, we performed three separate molecular dynamialations, one for each of the
sequences, in order to explore the atomic-levakbdasthe differentials in binding,
which were determined experimentally. Crucialhg totational degrees of freedom are
explored applying novel methods to a complex geamahd chemical problem. This
method uses systematical sampling and dynamicaéhmagdof the DNA rotational
conformers. Through this work we have demonstrttedeasibility and methodology
for atomic-level modeling of DNA with potential fiigh throughput. This thesis
describes methods and results of this work.
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1 Background

In this thesis, we contend that computational modedf sequence effects on
nucleosome structure, dynamics, and function avewidhin our reach. We demonstrate
this with our development of a robust prototypetaystested against experimental
studies conducted along with the computations tepdrere.

First, we give an overview of the general naturéhefproject. This was a large
molecular modeling project (~450,000 atoms per fatan system) of considerable
complexity. Computationally, sustained acces0@tb 200 processors was required
throughout the project. The nucleosome itselfdarg contemporary standards; the size
increases considerable with the use of explicitesttlin the simulation. The patrticle is a
tightly arranged molecular complex with 1.7 turhi®©NA bent around a roughly
cylindrical protein core. Formation of the nucleo® in vitro and in vivo is facilitated
through the input of energy. Our work focusedlmmfinal configuration, that is, the
DNA wrapped around the histone core; we did not@ggh the formation of the
nucleosome in our work; this is a daunting probleith current computational models.
However, it is now relatively commonplace to asshssstability of molecular
complexes in their final configuration through aigty of computational means.

Sability is often correlated withinding affinity; in this case the affinity of a particular
sequence of DNA for forming a nucleosome partidiée developed protocols through
experienced trial and error as is commonplacenukitions such as this, particularly in
developing novel methods. The rotation of DNA wattplicit atoms (including

hydrogen atoms) on the nucleosome core has notdismpted, to our knowledge, prior
to this work; the rotation is nevertheless an esslgorerequisite to model novel DNA
sequences. We emphasize that it is impracticé¢termine atomic-level structures of
the many DNA-histone-core complexes of interesd, léely to continue to be so for the
foreseeable future. Furthermore, important atdewel details are difficult and
impractical to obtain experimentally. It has belemonstrated experimentally that many
DNA sequences are neutral in their binding effe¢tewever, an enormous body of
literature demonstrates dramatic effects of manyABEquences on binding affinity.

The nucleosome occurs approximately every 200 paise in bulk human genomic

DNA (with the haploid sequence containing approxeha3 gigabases of DNA). This
creates significant opportunities for sequencecggfthrough nucleosome interactions on
gene regulation, chromatin structure, and otheogea processes. It is important to
keep in mind that genome function varies in larggsvacross the sequence from, for
example, the centromeres central to nuclear diviaid the genes comprising only ~3%
of the genome sequence. The landscape of conmetimelse studies is extremely rich
and unexplored.

1.1 The Nucleosome Structure

The nucleosome particle is composed of two copliesch histone protein,
H2A, H2B, H3, and H4 forming a cylindrical octaneare wrapped by approximately



147 base pairs of DNA (Figure 1). A super coiapproximately 1.7 turns is formed
around the octamer core of proteins when the DNilig wrapped after an involved
assembly process. The nucleosome particle istsdwgpproximately every 200 bases
throughout bulk genomic DNA. The nucleosome-DNAeraction is a first-order
chromatin structural element, giving rise to higbeter structures such as the 30-nm
chromatin fiber; nearly 30-40 times compactionioéar DNA is achieved by the
chromatin fiber (Figure 2).
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Figurel. Schematic representation of the formation of the istone octamer and the full nucleosome
with DNA wrapped around. Not shown is the H2A-H2Btetramer which is formed in the same
fashion as the H3-H4 tetramer.

In the past decade, Richmond and colleagues hgstaltized a series of
nucleosome particles culminating in the 1.9 A dtrces of theXenopus laevis (African
clawed frog) recombinant histone core bound tordh®tic palindrome modeled after
human alpha satellite DNA [8]. The core histonet@ins are among the most highly
conserved proteins throughout eukaryotic organidinis fact permits reasonable
extrapolation from th&enopus laevis histone octamer, where, for example, in the 1KX5
crystal structure only 9 amino acids differ betwésmhuman histone counterparts. A
detailed sequence analysis of the histone profeinsd inXenopus laevis and human
histones has been compiled and is listed by ugjeAdix 7.3. The crystallographers
used palindromic DNA sequence was chosen for usréble properties in forming
nucleosome crystals [7-9].

! Bishop notes this in his paper two references Harp!. et. Al. and another paper Richmond...
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Figure2. A Schematic representation showing the increasj levels of DNA compaction facilitated
by the nucleosome.

1.2 Biological Function of the Nucleosome

The long-studied relationship of nucleosomes wiéhegregulation has been
firmly established [1], [2]. Highly transcribed gesisuch as housekeeping genes have
been associated with nucleosome depleted regulatenyents [1]. Data mining applied
to genome sequence has found enrichment in polg-daéquence upstream of
housekeeping genes. In contrast, upstream regidissoe-specific genes are relatively
depleted in poly-dA/dT sequence [3]; poly-dA/dT seqce of sufficient length is thought
to repel or destabilize nucleosomes [4-6]. Sevdealses of topological arrangements of
nucleosomes relative to gene regulatory elememts been identified in recent reports
involving the yeast genome. For example, trandorad start sites were found
concentrated at ~13 bp inside the border of tls¢ fipstream nucleosome, suggesting a
role for the H3 histone N-terminal tail in trangtion regulation; TATA boxes were
found to have likely locations at positions on tlueleosome downstream border [1] and
in regions unoccupied by nucleosomes [2]. Thectiral and regulatory aspects puts the
nucleosome particle and its interaction with DNAcenter stage for work in gene
regulation, genetic engineering, drug design [ amost biophysical events in the
eukaryotic nucleus.

1.3 Sequence Preference

It has been shown that DNA sequence affects canifisantly vary affinities for
nucleosome binding. DNA bendability and histonetaots are considered two
nucleosome stabilizing factors. Large free enartpe bending DNA on the nucleosome
during formation [10] can be reduced by more beftedlBINA sequence [11][12]. The
understanding of atomic level effects on DNA benlitgths ongoing research, proving to
be a difficult problem. Interestingly, the curvedwf the DNA around the nucleosome
are not uniform; a variety of approaches reachmancon conclusion of more tightly
super-coiled DNA around the pseudo dyad axis otiath®.5 bp per turn and about 10 bp



per turn to either side of the central region [113]is asymmetry in curvature exemplifies
the need for molecular modeling beyond simple secgibased curvature models devoid
of the nucleosome environment. For example, easitek has attempted with little
success to predict the capacity of DNA to form easbmes based on simple bendability
models of free DNA. More recently, Johnathan Widegroup experimentally searched
a library of 18%*randomly generated clones, discovering the higimiaffDNA sequence,
clone 601 [14]. The sequence is listed in Apperrdix

1.4 Medical Problems Associated with the Nucleosome

High resolution nucleosomes with custom DNA seqeqmovide a basis for
modeling important situations in chromosome disdeé\ disease that is directly related
to improper compaction of the X chromosome duebtwoamally low affinity for
nucleosome formation is known as fragile X syndrombe severity of the disease is
directly proportional to the number of triplet reype of the sequence CGG on the long
arm of the X chromosome. The disease causes nmretaadiation, facial deformities, and
macroorchidism in males. Increasing numbers pfdtirepeats have been found
experimentally to decrease the affinity for formstgble nucleosomes. Disrupting the
first order level of nucleosome compaction leadsharacteristic breaks in the X
chromosome of fragile X patients (fig. 3). A segce containing 49 CGG triplet repeats
is one of the three sequences modeled in this stodys listed in Appendix 7.4.

\/"

Iragile X chromosome

Figure3. Two examples of breaks in the X chromosome
are shown due to mis-compaction of the chromatirifer.
A normal chromsoome is shown on the right in botltases.

However, numerous other diseases are associatedripiet repeats. For
example, the sole genetic defect known to be astaativith myotonic dystrophy type 1
(DM1) is expansion of the unstable CTG/CAG repedhe 3’ untranslated region (UTR)
of the myotonin kinase gene on human chromosonj&é3]9DML1 is characterized by
muscular dystrophy and myotonia in combination vigtures including heart defects
and cognitive impairment [16]. The impact of theatise is significant, although
estimates vary as widely as 1 in 500 to 1 in 20j@@%/iduals [15]. A multi-system
disease, DM1 produces a pathological effect via-tufsfunction mechanisms by shutting
down the expression of DMPK, SIX5, and DMWD genkg|[Wang and colleagues
have demonstrated the strong nucleosome positi@ifagt by the expanded CTG/CAG



repeat [18]. Those studies showed nucleosome posig strength increased with triplet
length (ref). Free energy studies demonstrated(@iB&/CAG), triplets are one of the
strongest nucleosome-positioning signals known=&6r{17]. However, the precise
reason why the repeating triples generate suchyhgg@ible structure remains unclear.

In addition to genetic diseases such as DM1, thegidation of the formation of
compacted chromatin is implicated in many formsanicer. Silencing of tumor
suppressor genes through such aberrant chromatctge is particularly critical in
cancer progression. The inhibitors for histone dgdase and DNA methyltransferase,
which are key enzymes in the formation of compacbmatin, have been developed as
therapeutic drugs to reactivate the repressed germgesetic diseases and cancer (Cheng
et al, 2004; Garcia-Manero and Issa, 2005; MarkkJeang, 2005). However, because
these drugs target all compacted chromatin regiaigding the regions in which
heterochromatin is the norm, possible side effartsnevitably associated with these
drugs. The methods developed and study conducteccharacterizes the nucleosomal
DNA-histone interactions at the atomic level. Uréqateractions between DNA and
histones that are found in this study could proyideential targets for small therapeutic
chemicals.

2 Development of a Computational Model for the Nuclesome

With the advent of highly parallel computing envinoents large biological
complexes can be studied at an atomic level. Heweas with any model it must be
tested and verified before conclusions can be médegeries of troubleshooting and
refinement of the nucleosome model has been castiegroducing a reliable robust
testing environment.

2.1 Computational Methods for studying Macromolecular Systems

Molecular Dynamics (MD) is a well established nwethior investigating
structural and dynamical properties of large maalecular systems. MD has been
successfully applied to systems of free DNA [24-264 protein DNA complexes [27-
30]. Within the past ten years, force fields capaid modeling B-DNA have been
developed which are central to MD simulations. Mi2 studies presented in this work
were carried out through the use of the highly lbelized package NAMD on the ITTC
cluster [31]. The atomic-level interactions thabMenerates have been well established
for large macromolecular complexes such as DNA@notkin [33][48]. The use of
explicit solvent in the simulations is critical ander to understand the structural
implications of DNA sequence effects in the struatand dynamical interactions. A
recent study showed varying results from implioivent simulations of the nucleosome
compared to previous explicit simulations [47]. plontant interactions are lost when
implicit solvent is used such as water bridges Wwiiave been implicated in stabilizing
protein-protein complexes and DNA-protein compleidey. (The explicit waters
increase the computational and data managemeistlopsin order of magnitude.) The
trajectories from an MD simulation are contiguosenpled snapshots in time of every
atom’s position and velocity ( a sampling frequenty picosecond with 2 femtosecond
time steps is a typical approach). These trajexgtaran be analyzed using numerous
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techniques which elucidate time correlated propsiif the system with
thermodynamics, kinetics, and dynamical and stratfeatures.

The rate at which the simulation can be propagthitexligh time (the discretized
time step) is determined by the highest frequeriaytwation — that among bonded
interactions involving the lightest in the systélrgpically, the computed forces are
applied in increments of 2 femtoseconds which ntheesystem forward in time.
Electrostatic forces are computed with long-rarigeteostatics based on a series
expansion of the Coulomb potential, and simplernaae interactions for close atoms
(those within about l&). The long-range electrostatic forces have besimumental in
accurately simulating DNA.

2.1 Previous Computational Studies of the Nucleosome

Thomas Bishop was one of the first to study therfutleosome system with a
molecular dynamics study using explicit solvent gmel1KX3 2.0A crystal structure
[20]. 1KX3 is one of the earlier crystal structsiand does not include the tails of the
histone proteins. More recently, Martin Zacharig@sup used the 1KX5 1.9A crystal
structure and explored the structural effects efrthcleosome with full protein tails and
with truncated protein tails [19]. The same studs performed and differences in our
results are noted. Ramaswamy'’s group investighteglobal motions of histone
variants using an elastic network model and a keswlution structure of 2.8A [44].

2.2 Initial Computational Studies of Substituted Sequences

X-ray crystallography and NMR are not suited toduoe nucleosome structures
at a pace with the vast DNA sequence combinatibpstential interest to modeling
research. Our computational approach presentedaderesses this problerihe first
models that were run with the 1KX5 system were @éngineered sequences |11 and A7
which were hypothesized to show low binding andhtbanding do to the computed
bendedness of the two sequences. The |1 sequersceonstructed to have high bend by
including sequence motifs that have been showomntribute to nucleosome stability.
The sequence motifs are characterized by dinudeiiases that have been found
experimentally at positions along the nucleosomere/the minor grove faces inward.
The dinucleotides which include AA/TT/TA and GC kaween shown to produce sharp
bends in free DNA. By positioning these locallyndable motifs in phase with the minor
groves the sequence |1 was engineered to be Higinigable. Similarly, the motif
(AAACCCT), was chosen due to its locally low bendable progertThis was the basis
for the engineered weak binding sequence, A7. sbiftevare package BEND was used to
compute the relative bendability of these two seqgas [39]. The DNA sequences were
substituted onto the nucleosome core particle usiogstom script to interface with the
Tripos Sybyl Biopolymer module. The nucleotide stithitions along the 147 bases of
the X-ray crystal structure use the orientatiotheforiginal DNA as a template for
positioning the substituted nucleotides. Graphispection showed that the substitution
retains the hydrogen bonding structure in the @arfehe original sidechains, while also
retaining the helical backbone orientation.
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When first exploring the system the histone tailsH3 were clipped to reduce the
total volume of the box used to simulate the systdnch would allow for faster
throughput of the simulation. The length of the tdiBs was reduced from 135 amino
acid residues to 101. The simulations with thppsed tails ran for 5ns before the ends of
the DNA started to unwind from the protein corg @).

Figure4. DNA coming unbound from the core protein after 5. The H3 (A) in pink and H3" (E) in
blue are highlighted to orient the reader and exhili the truncated tails.

The problem was first addressed by using a restigaforce on selected phosphate
atoms within the DNA backbone. If phosphates 1416, or 145 on chains | and J
moved more than a defined distance from the prat@ia a restoring force was applied
in the opposite direction. The restraints weréuded in the NAMD configuration file
for each run in the simulation (Appendix 7.4). Hmaulation was started from the
beginning and run for 25ns without the DNA unwirglirHowever, a harmonic wave
could be seen propagating through the DNA struadueeto the restraining forces.
These simulations were terminated and could naiskee for analysis.

A study of the original DNA, full length tails, anmtb constraints was conducted to
provide a basis for comparison of any subsequérdtsuted systems. (The penalty was
a larger, more computationally intensive systegecond simulation was also run with
the original DNA, truncated tails, and no constisinT he tails contain numerous
positively charged amino acid residues includingiAine and Lysine which are attracted
to the strong negatively charged DNA backbone.
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An electrostatic potential map has been generatethé DNA (fig. 5) and protein (fig.
6) illustrating the negatively charged DNA and piesiy charged protein tails.

Figure 5. Electrostatic potential map of positively chargedegions (blue) and negatively regions
(red) on the DNA. The negatively charged regionsaininate the surface of the DNA.
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Figure 6. Electrostatic potential map of the protein core.Dominating the surface landscape are
positively charged regions (blue). Negatively chged regions (red) are found sparsely distributed on
the surface. The H3 tails contain primarily positvely charged regions.

The simulation has run for an impressive 25ns withibe DNA coming unbound
from the protein core. Furthermore, with no raatsabeing applied the structure exhibits
no harmonic waves propagated along the backbdre tails can actually be seen
cupping the ends of the DNA after several nanosgsoh simulation (fig. 7).
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Figure 7. Histone proteins H3 (A) colored pink and H3" (E) olored blue are seen binding to the DNA
ends after only a few nanoseconds of simulation.

As expected the truncated tail experiment came wmidbdrom the core at 5ns into the
simulation. The interaction of the tails with #eds of the DNA correlates with known
transcriptional regulation mechanisms mediateddeyydating sites on the tails. The
proteins in the 1KX5 crystal structure are in sorabinant state and are not acetylated
therefore they should bind to the DNA preventingviming [23]. Another group came
to the same conclusion running a truncated tailkition alongside a full tail simulation.
However, they did not carry their simulations oaybnd 20ns and did not witness the
dramatic unwinding event [19]. Previous computadicstudies of the nucleosome with
truncated tails can not be reliably used for stadtanalysis.

3 Experimental Evidence

Once the full tail model had been proven to proddeliable environment to
model the 1KX5 system it was decided to exploreisages with experimentally
determined affinities for nucleosome formationy d&lecting sequences which can be
experimentally ranked based on binding affinitiesthe nucleosome the computational
model can then be applied to explore structuréihces. For our experimental studies,
we used: clone 601 (kindly provided by Jonathandiill CGG triplet repeat; 5S rRNA,
and the Richmond and Davey human satellite palmdr®NA. The 5S rRNA sequence

15



is used as a reference point in the experimentsvaschot used in the computational
models.

Relative free energy for the affinity of nucleosofoemation has been obtained
for clone 601 but no published data exists forafimity of the palindrome sequence
used in the 1KX5 crystal structure. Furthermaneyur reconstitution experiments, we
used a novel approach of using trimmed sequencké/obasepairs; nucleosome
reconstitution experiments do not use sequencéslengths of 147 base pairs but
instead add flanking DNA of up to 100 base pairsorder to determine an accurate
ranking of relative free energies of binding foggences of 147 base pairs in length we
visited Dr. Yuh-Hwa Wang'’s Biochemsitry laborat@tythe Wake Forest Medical Center
to carry out experimental free-energy of bindingenments with the same DNA we
were modeling computationally. The experimentakiag provides a reference for
correlating atomic-level structure and dynamichwiticleosome stabilityThe
hypothesis is that the sequence with a higher affity for the nucleosome core
protein will exhibit less fluctuation throughout the simulation, contain more stable
contacts, and be appropriately curved.

3.1 Competitive Nucleosome Reconstitution Theory

Shrader and Crothers pioneered the methodologyg esimpetitive nucleosome
reconstitution to determine relative free enerffldd. The method measures the ability of
a labeled DNA fragment to compete with bulk DNA &limited amount of histone
protein during nucleosome assembly. Free-enerdgrdiices can be obtained for the
binding of a variety of sequences relative to bigdof a standard reference sequence.
Using the software package Image Qaanunts of nucleosome bound DNA and free
DNA can be computed which defines the equilibrionstant Kq

AGC%ampie= -RTIN(Keg), where RT = 0.55 kcal/molfor T=4°C)
AAG‘Osample: AGOsample‘ AG‘Oreference

This procedure has been applied to determine thtvefree energies of several
repeating sequences including the CGG repeatsltRé&sum prior studies are listed at
the right side of the free energy scale bar (Fgwih the reference free energy of the
vector DNA (pUC19 fragments) defined as 0 cal/md@l][52][53]. Data which are at the
left of the bar were adapted from Shrader and @rstfi2]. Importantly, denoted in red
is the synthetic sequence clone 601, showing tbhagest affinity for nucleosome
formation.

2 Image Quant was formerly made and sold by MoledDimamics. Amerhsam Biosciences is now
supporting the software.
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Figure 8. Ranking of experimentally determined relative freeenergy binding of different DNA
sequences to histone protein. Highlighted in redgiclone 601 which has been found to be one of the
strongest binders of histone protein.

3.2 Sdlection of Sequences

The sequences chosen to be reconstituted with htareome proteins were Jonathan
Widom'’s synthetic 601 clone, Richmond and Daveyistisetic palindrome sequence,
Fragile X Syndrome (CGG)and the 5S rRNA gene sequence (Accession number
K01537). Jonathan Widom'’s sequence is the highigffbinder, the affinity of
Richmond and Davey’s was speculated to be low(@&G), triplet repeat is a low
binder, and the 5S rRNA gene sequence is whaeid as the reference.

3.3 Preparation of Sequences

The experiments conducted at Wake Forest weresdawrit in 2 trips. The goal
for the first trip was to prepare the chosen segegffor the nucleosome reconstitution
experiments. The goal of the second trip was twlaot the reconstitution experiments
and analyze the collected data.
3.3.1 Clone601

The Widom sequence was received cloned into thelHsite of the plasmid
pPGEM3Z. The sequence of the 601 clone is as falow
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601nv Length: 282 April 1, 1999 07:27 Type: Mieck: 1888 ..

1 CGGGATCCTA ATGACCAAGG AAAGCATGAT TCTTCATC GAGTTCATCC
51 CTTATGTGAT GGACCCTATA CGCGGCCAIGGAGAATC CCGGTGCCGA
101 GGCCGCTCAA TTGGTCGTAG ACAGCTCTAG CACCGCTTAA ACGBBCG
151 GCGCTGTCCC CCGCGTTTTA ACCGCCAAGG GGATTACTCC CTAGACT
201 GGCACGTGTC AGATATATAETCCTGGCA TGTATTGAAC AGCGACCTTG
251 CCGGTGCCAG TCGGATAGTG TTCCGAGCTC CC

Three primers were selected to produce two seqseafdengths 190bp and 147bp
(Appendix 7.1). The 147bp sequence is highligineed and was the sequence used in
our computational model as well as the reconstituéixperiments. The additional 43bp
sequence encompasses the 190bp sequence and rsishpmk. Shown in figure 9 is

the pGEM3Z vector map which the .

Sspl
¥mnl 1937 2442 Astl
Scal 1818
LI l 1 stan
EcoRl 5
Sacl 15
Kpnl a9
Aval 21
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(2. 743bp) F:'.::II EH
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Pstl 48
=phil 54
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]
‘I !-';FI."I o2

Figure9. pGEM-3Z Vector map displaying the restriction stes. The Hincll site
is where the clone 601 sequence was inserted.

Transformation of the pGEM-3Z vector with the 6@0dne insert into Super
Competent E. Coli SURE cells was carried out usiiregfollowing method. Chilling
cells in the presence of divalent cations suchad$ (@ CaC}) causes the cell walls to
become permeable to plasmid DNA. The cells arebated on ice with the DNA and
then briefly heat shocked (e.g. 42°C for 30-12®sds), which causes the DNA to enter
the cell. This method works well for circular pteid DNAs. An excellent preparation
of competent cells will give ~f@olonies per microgram of plasmid.

Transformed bacteria are then plated out ontoagar + ampicillin Petri dishes
and grown overnight at 37°C ~8 hours. Six uniguierdes are then scrapped (3 from
each plate) with sterile toothpicks and grown ipasate tubes overnight at 37°C in a
gentle shaker. The growth medium contains 5ml k@hband Tl ampicillin
(100ug/ml). A miniprep procedure is carried out to puthe plasmid DNA from the
bacterial cells. The cells are lysed under allkationditions yielding both DNA and
proteins. Addition of acetate-containing neuttiatigbuffer will cause the larger and less

% This clone originated form Lowery and Widom, 198@w DNA Sequence Rules for High Affinity
Binding to Histone Octamer and Sequence-directetlddsome Positioning. JMB: 276, 19-42.
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supercoiled chromosomal DNA and proteins to préaipiout leaving the small bacterial
plasmids in solutiof.

Once the plasmid DNA has been purified a teserfopmed to ensure the
transformation process was successful. Restrieiaymes are used to cut out a region
where the 601 clone was inserted. Using the pGENRAp, EcoRI and Hindlll
restriction enzymes were selected. The expecsgphfent length after cutting these two
sections in the circular plasmid is 333bp illustthbelow:

(EcoRl):::::35bp::::::(Hincll insert sitefor 601 clone282bp):::::16bp::::::(Hindlll)

Figure 10 shows the results of the restriction emegxperiments. Six bands can be
distinctively seen at the expected 333bp mark.e&lsamples of 601-Lane 1, 601-Lane
2, and 601-Lane 3 were selected, frozen via aarypath, and stored at -80°C. The
clones are then used for growing larger quantdfeabe 601 sequence in the future. The
yield of the miniprep is approximately 25-p0 and the yield for a midiprep is
approximately 300L.

—
—
—
—
 —
—
—-—
| —
—
—
| —

Figure 10. From left to right, lanes 1 and 8 were loaded wht 100bp marker

and the other lanes were loaded with purified plsmid DNA from the six colonies.
The gel ran from top to bottom in a 1.5% agarosegel, 1XTE buffer, at 100V

for 45 minutes.

3.3.2 Palindrome 1KX5 Sequence

Starting from selected oligonucleotides the seqgeaf interest is generated and
then inserted into the vector pPGEM3zf(+). Transfation is performed using the
SURE-2 cells. A miniprep is carried out to test ftirategy. Midiprep is carried out
for DNA sequencing of the fragments and reconsbituéxperiments.

4 The Alkaline lysis method was developed by Birmb@ind Doly in 1979.
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The sequence is palindrome and cannot be syntladdsyzasing simple primers. The
strategy devised to generate the 147bp sequenck@svcreating two equal halves of
the full length sequence and then ligating thenetiogr. Illustrated below are the full
length palindrome sequence and the two half seqsahat are generated. Extra
sequence is added to the halves in order to allowgy binding of the restriction
enzyme. The restriction enzyme Hinfl cleaves #guences at the location of the

arrows.

1 U 147
5-ATCAATATCC------GCTG ATCCATCT--mmmmm GGATATTGAT-3'
3-TAGTTATAGG------CGAC TACGTAGA-------- CCTATAACTA-5’
147 ft 1

U
5-ATCAATATCC-----GCTG ATCNNNNNN-3'
3-TAGTTATAGG------CGAC TACGNNNNNN-5'

ft

U
5-ATCAATATCC------GCTG TTCNNNNNN-3'
3-TAGTTATAGG------CGAC AACNNNNNN-5'

ft

Cutting the two half sequences yields the followisticky” end sequences shown
below which can be ligated together to form thdréedsl47bp sequence.
5-ATCAATATCC------ GCTG
3-TAGTTATAGG------ CGAC T
5-ATCAATATCC------ GCTG
3-TAGTTATAGG------ CGAC AA
The primers to be synthesized are shown below:

P1 5-ATCAATATCCACCTGCAGATACTACCAAAAGTGTATTTGGAAACISCT
P2 5-GGATCCGATTCCAGCTGAACATGCCTTTTGATGGAGCAGTTTCCAA-3
P3 5-GGATCCGAATCCAGCTGAACATGCCTTTTGATGGAGCAGTTTCCAA-3

PrimersP1+P2 andP1+P3 are annealed together pairing in the followingptation
shown below.

P1 5-ATCAATATC-----TATTTGGAAACTGCTC-3'
P2 3-AACCTTTGACGAGGTAGTTTT----- TACAGCCTAGG-5’

P1 5-ATCAATATC-----TATTTGGAAACTGCTC-3'
P3 3-AACCTTTGACGAGGTAGTTTT----- AACAGCCTAGG-%

After annealing the primers together the klenowgrinant is used to fill in the nucleotides
on the single strands. The two halves are reféoed 1KX5-(P)1/(P)2 and 1KX5-
(P)1/(P)3, respectively. The characteristics efgghmers are listed in appendix 7.1.
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Figure1l. The annealing and ligation strategy using the Hiclones was tested by running the
products on a 1.5% agarose gel, 1XTE buffer, at 1080for 45 minutes. Counting the lanes from left
to right, 3 and 4 contain 1KX5-1/2 and 1KX5-1/3, repectively, after annealing and the Klenow
fragment fill in reaction. The fragments in lanes3 and 4 appear to be just to the right of the 100bp
marker indicating they are the expected 79bp in legth. The fragment in lane 5 is the product of
Hinfl cleavage of the two fragments in lanes 3 and followed by ligation of the sticky ends. There &
two bands, one faint at the expected 147bp and os&onger near the location of the 79bp fragments.

The 1KX5-1/2 and 1KX5-1/3 fragments were inseitéd plasmids. The site
selected for insertion was the smal site in the & f(+) vector (Appendix 7.1). To
ensure that this site did not exist within the Jgipalindromic sequence the program
Stryder was used. The program analyzes the segd@nknown restriction sites. The
smal site was not found in the sequence. Transfbomand Growth of Colonies was
carried out using the SURE2 Supercompetent Cellshndre lacZ The plasmid vector
is lacZ" but an insert at the smal site will disable theeje function. Colonies which
have the insertion in the vector will be white oiar after incubation and those that do
not have disrupted lacZ genes will be blue. Twaigs were coated with the transformed
cells and numerous white colonies were identiffeglriext day. Six colonies were
selected for miniprep and grown overnight at 3#*@e shaker. The results of the
miniprep were examined on two agarose gels whiehretuded in Appendix 7.1. Two
restriction enzymes were used to check for the 78&grts. EcoRI and Hindlll were
chosen which considering the total length of tlagfnents after cleavage should be
130bp. The 1KX5-1/2 samples showed a strong batieeaxpected 130bp length. The
1KX5-1/3 sample showed a strong band in lane 4esponding to the expected 130bp
length. These were frozen down and saved fordbenstitution experiments.
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333 CGG

FRAXA (CGG), has been shown to be a low binder and the causegiie X
syndrome. The 484bp sequence containing the (g@&@gat, shown below, has been
cloned into the vector pCR-Script Amp SK(+) (Append.1). The transformed vector
insert is called pFXA53. Midiprep of pFXA53 wagitad out using the pFXA53
bacterial vector clones. The concentration ofpfasmid DNA was determined to be
330ngpl from the midiprep.

484bp Insert

GGAACAGCGT TGATCACGTG ACGTGGTTTC AGTGTTTACA CCTBAGCCGGGGGTT CGGCCTCAGT CAGGCGCTCA
GCTCCGTTTC GGTTTCACTT CCGGTGGAGG GCCGCCTCTG AGGGGGGGCCGACGG CGAGCGCGGG CGGCGGCGGT
GACGGAGCG CGCTGCCAG GGGGCGTGCG GCAGCGCGGC GGCGGCGGLG GEBGEGGEGCGGLC GGCGGCGGCG
GCGGCGGCGG CGGCGGLCGGC GGCGGCGGLG GCGGCGGCGGEGGGEEGGCGGCG GCGGCGGLCGG CGGCGGCGGL
GGCGGCGGCG GCGGCGGLGG CTEEEACCGCCCGCA GCCCACCTCT CGGGGGCGGG CTCCCGGCGC TAG@CAGGGC
GAAGAGAAGA TGGAGGAGCT GGTGGTGGAA GTGCGGGGCT CCAATAGCTACAAG GTACTTGGCT CTAGGGCAGG
CCcCC

Bsahl cleaves the sequence at the position showaediand Xhol cleaves the sequence in
the region shown in magenta. Both of these régtncites are also found in the vector
presenting a resolution problem. Furthermore,nfragts of length 147bp cannot be
obtained due to no unique restriction site existiitfpin the (CGG) triplet repeat motif.
Results of the restriction cleavage experimentdared in Appendix 7.1. The final
preparation of purified DNA for the reconstitutierperiments was conducted using
polyacrylamide gel which could resolve 230bp fragtedrom 180bp fragments.

3.34 5SrRNA

This sequence has been cloned into the vector p&fRb# referred to as pXP10. The 5S
rRNA gene is highlighted below; in red is the fipsimer 5’-3’ (17bp), in magenta is the
second primer 5’-3’ (20bp), and in orange is theaptementary sequence of the third
primer.

Xenopus Borealis 5S RNA gene

GGCCCQWCC AGAAGGCAGC ACBEGGAG GAAAAGTCABCTTGTGCTC
GCCTACGGCATACCACCCT GAAAGTGCCC GATATCGTCT GATCTCGGAA
GCCAAGCAGG GTCGGGCCTG GTTAGTACTT GGATGGGAGA CGEZCTG
ATACCAGGTG TCGTAGG TGA GTAACAGCAG
GGGGCAGTCT CCTCCATGCA TTTTTCTTTC CCCGAACAGC

The selected primers for the 5sRNA gene are lisieltlistrate that this set of primers
had a strong self dimmer 5S-2. Polymerase Chaattite experiments had to be
modified to adjust for the dimerizing effects oétprimer.
5S-1 17bp F: 55.5°C GC:58.8% PD:No OD@260=0.068 OD@280=0.T84A]=272nghl
5'-CCCAGAAGGCAGCACAA-3

5S-2 20bp F: 63.5°C GC:70% PLIYES OD@260=0.138 OD@280=0.088 [DNA]=552pb/

5-CCTTGTGCTCGCCTACGGCC-3’
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5S-3 20bp F: 51.0°C GC:40% PD:No OD@260=0.263 OD@280=0.1164B052ngfl

5'-GAATGGCAAAAGTGCAAAAG-3’

The prominent primer dimers formed within the 5Seguence are displayed below.

5' CCTTGTGCTCGCCTACGGCC
il
3 CCGGCATCCGCTCGTGTTCC

5'CCTTGTGCTCGCCTACGGCC
[l
3 CCGGCATCCGCTCGTGTTCC

3.4 Competitive Nucleosome Reconstitution Experiments

The goal of the nucleosome reconstitution experimesas to determine the relative free
energy of binding for the human histone core protenong the four sequences.
Sequences of lengths longer than 147bp were ndtwisk the exception of the CGG
triplet reapeat. It was not possible given thetstime in the lab to generate a triplet
repeat of length 147bp therefore the previouslpared sequence of 180bp was used.
The purified sequences are labeled with radioagtiR¥ by using a kinase enzyme to
add the radioactive phosphate to the 3’ end.

Optical Density readings were taken for each peatiSample to determine the
concentration of DNA.

Sequence OD@260nm OD@280nm NgfuL
601 .016 .008 8.5
1KX5 .066 .039 35.2
(CGG)n .022 .018 11.7
5S .027 .021 14.4

The concentration of 601 was the lowest therefopeerof that sample is used in the
subsequent radio labeling experiment.

Kinase radio labeling is carried out by incubatihg solution at 37°C for 1 hour
after adding the following to the samples:

601 1KX5 CGG 5S
43ulL(365.5ng)DNA 10.4uL DNA 28.6uL DNA 25.4 uL DNA

5uL 10xBuffer 5uL 10xBuffer 5ulL 10xBuffer 5uL 10xMHar

luL gamma-p32-ATP 1uL gamma-p32-ATP 1luL gamma-p3RA 1uL gamma-p32-ATH
1uL Kinase 1uL Kinase 1uL Kinase 1uL Kinase

OuL dH20 32.6uL dH20 14.4uL dH20 17.6uL dH20
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After incubation AL (7.35ng/(iL) of each sample was run on a 5% polyacrylamide ge
@125V for 2 hours to verify they had been correlztheled. The gel was transferred to
filter paper and placed in the phosphor imagingeptevernight. The plate was then
scanned the following morning and all samples stibwd
excellent labeling. Reading from left to righthéal is
CGG, lane 2is 5S, lane 3 is 601 and lane 4 is 1KX5
Note that lane 3 shows some contamination of other
DNA fragments but does not affect the subsequent '
experiments. This could be due to 601 being mdifi - . .
from the agarose gel instead of a polyacrylamide ge
However, 5S which shows a well defined band was alp &
purified from the same agarose gel. 1KX5 and CGG
were purified from a polyacrylamide gel. Once the
samples have been labeled the reconstitution
experiments can be carried out.

The first reconstitution experiment is carried out
using histone protein denoted with a + and no hisfarotein denoted with a -, for each
sample. The following table lists, in order, reatgeadded to carry out the reconstitution
experiments.

601+ 601- 1KX5+ 1KX5- 5S+ 5S- CGG+ CGGH
4M NaCl(uL) 9.1 9.1 9.1 9.1 91 91 91 9.1
10% 1GEPAL(uL) 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.6%
100XBSA(uL) 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.6%
Calf Thymus DNA(10ug/uL) 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0
Radio Labeled DNA 50ng total (uL) 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8
Buffer A(uL) 8.8 88 8.8 8.8 88 88 88 8.8
Histone Protein(uL) 5.0 0.0 5.0 0.0 50 00 5.0 0.0
2M NacCl(uL) 0.0 50 0.0 5.0 00 50 0.0 5.0
Total Volume(ul) 32.0 32.0 32.0 32.0 320 32.0 32.0 32.90
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[NaCl](M) Buffer B added (uL) Total Volume (uL)

After adding the hi_ston(_a protein or i:g '1_7 :;%g
2M NaCl the solution sits for 5 1.8 1.9 35.6
minutes. The next series of steps in| 1.7 2.1 37.7
the experiment involve adding 1.6 2.3 40.0
increasing amounts of Buffer B to 12 gz jé-;
each of the solutions which 13 35 49.3
effectively lowers the concentration | 1 » 41 53.4
of NaCl. After each addition the 1.1 4.9 58.3
solutions sat for 5 minutes before th¢ 1.0 5.7 64.0
next addition. 0.9 71 /11

After completion of the 08 8.9 80.0

o ; 0.7 11.4 91.4
reconstitution experiments samples | 0.6 15.2 106.6
can then be run on polyacrylamide | 0.5 21.3 127.9
gels to determine what percentage df0-4 32.1 160.0
DNA bound to the histone protein. 8-3 igg’? 323-3
Using 40uL of prepared sample and| 5y 320 640

8uL of dye the mixtures are loaded
into a 5% polyacrylamide gel and run for 2 hour$28V. The first gel that was run had
to be thrown out because the concentration of TBt&e buffer solution and the
concentration of TBE in the gel were different
causing the samples to smear as they ran.
Correcting for this error another gel was
prepared using the correct buffer concentratid

which produced the following gel image.

Lanes are counted from left to right; L1 CGG- :l =

L2 CGG+ L3 5S-, L4 5S+, L5 601-, L6 601+, j *‘ D T
L7 1KX5-, L8 1KX5+. The odd numbered - 3 5 7
boxes highlight the retarded bands created by 2 ""|':" -@.@

DNA bound to the nucleosome protein. The
even numbered boxes are the free DNA
samples which have run faster through the ge
Taking the ratio of intensity counts in the areg
demarked by the boxes a general ranking car
established.

34 Analysisand Determination of Ranking

Since only 180bp constructs of CGG could be usebameconstitution
experiments analysis was only conducted on thed4@&bguences 1KX5, 5S rRNA, and
the synthetic clone 601. Three separate recotistitexperiments were performed and
several gels were run for each reconstitution yigjdeveral sets of data. Using
collected data from a total of eight trials theragge relative free energy for 601 and
1KX5 was computed to be -0.63 kcal/mol and -0.2&/keol with standard deviations of
0.29 and 0.08, respectively. The data supportsdhelusion that the 601 sequence is the
stronger binder compared to the palindrome 1KX%ueage. Previous studies relative to
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similar length sequences as the 180bp CGG tripfegat have proved its affinity to be
less than 5S rRNA. Itis reasonable to place tfeity for the 147bp triplet repeat which
is used in the computational model as the weakedebin the set.

4 Simulations of Substituted Sequences

Three simulations were run using the same coretesproteins for comparison
to experimentally determined free energy bindingeziments. The three sequences
were the palindrome sequence from 1KX5, the cldfesequence, and the triplet repeat
CGG sequence. The clone 601 and CGG triplet reggeptences were positioned in the
same position as the palindrome sequence fourteeiorystal structure. The positioning
of new substituted sequences on the crystal steicgiconsidered in the next chapter.
Here results of the three simulations are presented

4.1 Preparation of Molecular Dynamic Simulations

The 1KX5 native crystal structure was solvated ggsROMACS with all
crystallographic histone tails intact. Tlegombinant proteins used to determine the crystal
structure were without post-translational modificat21]; hydrogen atoms were added with
the Tripos BioPolymer module and C-terminal anceNrinal ends were patched using
CHARMM. The ions found in the crystal structure were inellithy (1) retaining the 4 €l
ions and (2) substituting the 14 Kirwith 14 Mgzé'.5 To neutralize the remaining charge, 120
Na™* counter ions were added at random positidie system was solvated in a 150 x 220 x
135 A2 rectilinear boxThe final system containe26064 solute atoms (15470 protein
atoms, 9324 DNA atoms, and 138 counter ions) a®®é33 water atoms (3130 of the
water molecules were from the crystal structuré&usl the total number of atoms in the
1KX5 simulation was 443855 atoms.

4.2 Root Mean Square Deviations and Fluctuations of DNA

Root mean square deviation is traditionally usechéasure the scalar distance
between atoms of the same type for two structuireghese calculations the center of
mass of a group of atoms is used to compare thrageespatial deviations between
structures in time and the original structure ifaet= Ons). Drift and rotational
aberrations of the entire simulation system areacted for by first computing an
optimal alignment of a particular structure at apo time compared to the initial
structure. The structure at a particular poirtirire is then moved to the optimally

® The Mrt* ion parameters detected in the crystal structnewot available in the CHARMM
force field. Therefore, the Mhpositions were substituted with KgMg**is the most prevalent
divalent cation in physiological systems, and d&ume is smaller than Mh Thus, modifying

the force field was avoidedhile retaining the divalent cations positioninghsistent with the
crystal structure. Although the coordination chemgibetween the two ions differs, the classical
model does not explicitly account for the molecwebitals.
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aligned position effectively removing the aberrasidoefore computing the RMSDTo
calculate the RMSD of a pair of structures (saya ), each structure must be
represented as a 3N-length (assuming N atoms)vettmordinates. The RMSD is the
square root of the average of the squared distdetesen corresponding atoms of x and
y. Itis a measure of the average atomic displaceinetween the two conformations:

N

1
~ 2z — uil?

i=1

In this RMSD analysis the position of each nuchad residue in a structure throughout
the simulation is compared to the positions ofrdsdues in the initial structure.
Increased deviations from the initial structureragéfy more movement compared to the
initial structure. A more stable structure willnéxit less deviation throughout a
simulation. Experimentally, large RMS deviatiorisiacleosome crystal structures
containing poly (dA/dT) sequences show distortedcstires providing further evidence
to our approach [35].

A tcl script has been used to unpack the trajectory datarmine the alignment
matrix, and compute the RMSD for nucleic acid res&l A single base is defined as a
nucleic acid residue enabling us to look at theaye deviations of all 147 residues in
each chain. (Chain | is defined to be the 5’ tor®ntation and the J chain is defined to
be the 3’ to 5’ orientation of the sequences listedppendix 7.4.) A comparison of the
average RMSD for the nucleic acid residues aftenand 23.7ns of simulation time is
shown in figures 12 and 13, respectively. Thedatgviation of the 1KX5 palindrome
sequence indicates instability in DNA bound tophetein core.

To investigate this further we looked at the cdttion of individual nucleic acid
residues and refer to the analysis as root meaarsdjuctuations. Here only 1KX5 and
the 601 sequence are considered due to the lagknafation time for the CGG
sequence. Two representations are used to iltadtra data. The first two figures are
surface plots corresponding to each nucleic acdiue along the X-axis for chain I,
simulation time along the Y-axis, and RMSD along #iaxis. These surface plots are
then projected down into the XY plane and showfigares 16 and 17. The overall
lighter shade of blue in the 1KX5 surface plot aades the overall higher average
RMSD. The dark blue regions (low RMSD) exemplityistability by the 601 sequence
(fig 17) can be seen falling in tracts spanningduess {31-41}, {66-75}, {81-87}, {97-
105}, and {121-125}. Both simulations show largevéations towards the ends of the
DNA which is to be expected.

® This technique is often referred to as LRMSD st root mean square deviation. A sample ofdhe
script that performs this calculation is includadippendix 7.2.
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Average RMSD for Nucleic Acid Residues
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Figure 12. This plot shows the average RMSD of each residirethe DNA sequence broken down into
contributions of chain | and J for 6.9ns of simulaion time. (In all figures, KX corresponds to the
1KX5 simulation DNA, XWF corresponds to clone 601 DA, and CG corresponds to the CGG triplet
repeat DNA.)

Average RMSD for Nucleic Acid Residues
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Figure 13. This plot shows the average RMSD of each residue the DNA sequence broken down into
contributions of chain | and J for 6.9ns of simulaiton time.

28



RMSF of Nucleic Acid Residues KX sequence chain |

Angstroms

Nucleic Acid Base Pair Residues

Figure 14. Root Mean Square Fluctuations of the nucleic acitesidues for 1KX5. Plotted along the
Y-axis is simulation time out to 23.7ns.

RMSF of Nucleic Acid Residues XWF sequence chain |
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Nucleic Acid Base Pair Residues

Figure 15. Root Mean Square Fluctuations of the nucleic acicesidues for 601. Plotted along the Y-
axis is simulation time out to 9.7ns.
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Figure 16. Root Mean Square Fluctuations of the nucleic acitesidues for 1KX5. Plotted along the
Y-axis is simulation time out to 23.7ns.

A N W A D N o

=

4 RMSF of Nucleic Acid Residues XWF sequence chain |

| ST 10 e Y

Nanoseconds

Y ST g

4
=
-
"
¥
%
p
t

6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 8 8 91 96 101 106 111 116 121 126 131 136 141 146
Nucleic Acid Base Pair Residues

Figure 17. Root Mean Square Fluctuations of the nucleic acicesidues for 601. Plotted along the Y-
axis is simulation time out to 9.7ns.

4.3 Root Mean Square Deviations and Fluctuations of Histone Protein

30



Using the same approach used to calculate the RidSiucleic acids residues we
computed the RMSD for protein residues throughaoutsimulations. Here only the
proteins in 1KX5 and 601 are considered. The ldeaations for the histone proteins
H3 (A) and H3 (E) can be seen in the 1KX5 simulafffig. 18). Similarly, 601 also
shows large deviations in the H3 (A) histone protaid less in the H3'(E) protein at
9.7ns. These two proteins contain the long taitb start the simulations stretched out
into the solvent where they have freedom to mowifbA per residue RMSF analysis
was performed on each residue in each of the teteims characterizing the large
deviations. XZ projections of the RMSF for the tproteins in each simulation are
shown in (fig. 20 and fig. 21) for 1KX5 and (fig2 2nd fig. 23) for 601. Locations of
the two proteins within the nucleosome can be gseégure 7 where the colors used here
correspond to those in figure 7. The low RMSF seeesidues {41-135} are
characteristic of protein residues located awagftbe surface. A measure of solvent
accessibility would reveal little surface exposuwr¢hese regions.

KX Average RMSD of Octameric Histone Core Proteins
15 T T T T T T T T 1 T T T T T T 1

I e

Angstroms

I N O T A N A | \ \ | \ \ | i i
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Nanoseconds

Figure 18. Histone proteins plotted are H3 (A), H4 (B), H2A.1{C), H2B.2(D), H3'(E), H4°(B),
H2A.1°(C), and H2B.2"(D). Plotted here are the RMB for protein residues in 1KX5.
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15

XWF Average RMSD of Octameric Histone Core Proteins
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Figure 19. Histone proteins plotted are H3 (A), H4 (B), H2A.1{C), H2B.2(D), H3'(E), H4'(B),
H2A.1°(C), and H2B.2"(D). Plotted here are the RMB for protein residues in 601.
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Figure 20. XZ projection of histo

ne protein H3(A) RMSF after 23.9ns for the 1KX5 system.
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KX Histone Protein E RMSF
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Figure 21. XZ projection of histone protein H3 (E) RMSF after 23.9ns for the 1KX5 system.
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Figure 22. XZ projection of histone protein H3(A) RMSF after 23.9ns for the XWF system.
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Figure 23. XZ projection of histone protein H3 (E) RMSF after 23.9ns for the XWF system.

4.4 Helical Parameters and Curvature

The helical parameters are a geometric representatieach individual basepair
within the helix. The parameters are depictedgare 24 and can be computed using
both the Curves package and the X3DNA packagee Heults of our two simulations
are compared to several values computed by pregiogises (Bishop and Zacharias).
The parameters are first computed for each stre@nd then averaged over the entire
course of the simulation. After this step the deta been reduced to 146 averages
corresponding to the basepairs of the DNA sequeNext an average is computed for
all 146 base pairs providing a table of averade titi| twist, shift, slide, and rise.
Combining roll and tilt in the following manner pides an average bend per base pair:

Bend = (Roll + (Tilt)?

The results of the calculations are tabulatedgarg 25. The necessary curvature can be
created with a Bend of 36fdrn * 1.84turngl46bps ~ 4.5°/bps. Looking at the average
bend after 10ns of simulation we see that the @glence has slightly greater bend as
compared to 1KX5.

34



Z Z
Ja
Shift Tilt
Z Z
y 4
Slide Roll
Z Z
X
Rise Twist
Figure 24. Helical parameters
Helical <avg> <avg> <avg> <avg> <avg> <avg>
Parameter 1KX5,20ns 1KX5,10ns 601,10ns Bishop Zacharias B-DNA
1KX3,10ns  1KX5, 20ns
Roll(°) 3.5430 3.7600 42432 2.43 - 1.7
Tilt(°) -0.1703 -0.2889 0.0411 O - 0
Twist(®) 34.3509 34.1096 34.3157 34.3 34.5 36
Bend(®) 6.3956 6.0846 6.0966 7.01 - -
Shift(A) -0.0179 -0.0246 0.0083 O - 0
SIide(A) 0.2714 0.2427 0.3565 -0.25 - 0.41
Rise(A) 3.3879 3.3957 3.3840 3.32 - 3.36

Figure 25. Tabulated time averaged base pair parameters forkIX5 (20ns, 10ns), 601 (10ns), the
Bishop 1KX3 simulation (10ns), the Zacharias 1KX5imulation (20ns), and B-DNA (calf thymus).
Interestingly the calf thymus DNA is what was usea@s the competitor in the reconstitution

experiments. Standard deviations were computed burtot listed.
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Average Minor Groove Width for Nucleic Acid Residues
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Figure 26. Minor grove widths of DNA collected from X3DNA aveaged over time. The large
changes in minor groove widths indicate kinked regins of DNA. These regions occur more
frequently in the KX structure providing further ev idence of structurally unstable DNA.

4.5 Dynamic Cross-Correlations

The covariance can address the dynamical situafithie structural tendencies of the
DNA [49]. It is suspected that low-stability nuctmmes exhibit less covariance based on
Ramaswamy’'s elastic network dynamics [44]. Dynaonass-correlations (DCC) of the
displacements from the mean position of selecteobcar atoms in the protein and phosphate
atoms in the DNA backboree computed.The dynamic cross correlation map reveals
coordinated motions of the selected atoms in alsion [33][34]. The elements of the
DCC map (G) were computed as:

Cij = <Ar; - Ar; >/ [sqrt(< Ar%>) - sqrt(<Ar3>)]

WhereAr; is the displacement from the mean position ofith@tom and the < >
represent the time average over the whole trajgctBositive values of {Orefer to
correlated motions between residuesdj, i.e the residues move in the same direction.
Negative values of Orepresent an anti-correlated motion between residandj, i.e.

they move in opposite directions.

In this analysis the Carbanatoms in the protein backbone are selected along
with the phosphate atoms in the DNA backbone (batid J chains are mapped). Only
the two H3 histone proteins are considered hetee tails of the two histone proteins fall
in the regions between {1-75} and {136-211} and t@&nseen strongly correlated with
the ends of the DNA {325-350}, {400-435}, and {48:5}. This illustrates the cross
talk between the proteins and DNA facilitating #itachment of the ends to the core.
We also note the strong correlations within thesaarthe proteins due to relatively little
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motion within the core of the nucleosome. Compatire two DCC maps of 1KX5 and
601 at 10ns stronger correlations can be seere aritis of the DNA in the 1KX5
simulation. This is in agreement with the large EMvalues found at the ends of the
DNA chains. We also can observe correlations grame defined after taking a longer
time average of 1KX5 (fig. 29). The histone protEli3 (A) can be seen gaining more
correlations when comparing figure 28 and figure 29
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Figure 27. The region 1 to 135 are the protein residues founid histone H3 (A) the start of the next
135 residues of histone H3'(E) is demarked with thietter A and the end is demarked with the letter
B. The next 146 residues are the phosphates fouirdthe DNA backbone on chain | and begin at
letter B and end at letter C. The remaining 146 reidues are the phosphates found in chain J.
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10ns KX Dynamic-Cross Corelation Map of H3 (A) and H3" (E) with DNA Phosphate Chains | and J
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Figure 28. The region 1 to 135 are the protein residues founid histone H3 (A) the start of the next
135 residues of histone H3'(E) is demarked with thietter A and the end is demarked with the letter
B. The next 146 residues are the phosphates fouirdthe DNA backbone on chain | and begin at
letter B and end at letter C. The remaining 146 reidues are the phosphates found in chain J.
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25ns KX Dynamic-Cross Corelation Map of H3(A) and H3" (E) with DNA Phosphate Chains 1 and J
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Figure 29. The region 1 to 135 are the protein residues founid histone H3 (A) the start of the next
135 residues of histone H3'(E) is demarked with thietter A and the end is demarked with the letter
B. The next 146 residues are the phosphates fouirdthe DNA backbone on chain | and begin at
letter B and end at letter C. The remaining 146 reidues are the phosphates found in chain J. This
map illustrates averaging over a greater time lengt.

5 Rotational Conformations of Substituted Sequences

Substitution of new sequences in place of the gedimic sequence on the
nucleosome core protein provides a means to exptaretural properties of new
sequences bound to the nucleosome. This methadddifyis valuable due to the
difficulty of producing high resolution crystal stitures with sequences bound other than
the palindromic sequence. Moreover, it is costigt ime consuming to produce a crystal
structure. The substitution method makes the agsamthat the new sequence is
positioned in the same position as the palindrageguence. However, experimental
evidence shows that DNA sequences do have a pdferientation when bound to the
nucleosome. The following describes the new metteatloped for generating and
determining the most favorable orientation of sitd DNA on the nucleosome core
protein by energetically sampling rotational confations.

5.1 Experimental Evidence for Rotational Preferences

In a study carried out by Johnathan Widom he shawatithere is a single
preferential rotational state for the clone 601vamin lanes 3 and 4 of figure 12. In
contrast the 5S rRNA sequence has several rothtonformations exhibited by the
numerous dark bands in that assay. This evidemtwated the search for the preferred
rotational conformation of the substituted 601 ssupe.
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Figure 30. Rotational Positioning Preference of DNA. LanedM are 100bp markers, Lanes 1 and 5
are the 5s rRNA and 601.3b sequence naked DNA withbhistone protein. Lanes 3 and 4 are the
601.3b sequence with histone protein exhibiting argjle preferred rotational position.

5.2 Development of a Computational Method

The solvated system after substitution of the cled sequence was used as the
starting point for the rotation algorithm. Theatdn was performed iteratively. Each
iteration cycle begins by computing the curvilinaars for the DNA. This was done by
first separating the 3-dimensional DNA helix frone thucleosome in preparation for
input to Curves [22]. Curves computes the curegdinhelical axis as a least squares fit to
732 points chosen from the double helix. In thiscpss, the helical axis is weighted by
mass; as a result, the curvilinear axis favorssition closer to the purines. Next, the
software package Visual Molecular Dynamics (VMDuged to rotate each nucleotide
pair (complementary nucleotides) an increment greles around the curvilinear axis. In
each cycle of the iteration all nucleotides aratex in the same direction by a constant,
small increment. This was done as follows.

A tcl script driving VMD loads the curvilinear helicatia data and generates 147
vectors. The vectors are formed for each basebyaselecting two points from the
helical axis data. An index into the helical adéta is computed based on the residue
numberr, the details are listed in Appendix 7.2. Figurddstrates the final vector
formed, highlighted in red, for the last base jpaithe sequence to be rotated. VMD
defines a nucleic residue as the nucleic acid {&s®vn in blue), the deoxy-ribose sugar
(shown in green) and the backbone linked to thaisud@ he vectors serve as a local
reference for the VMD rotate function which perfarthe rotation of each base pair. All
base pairs are rotated simultaneously in a sitgtation of the algorithm. The base pairs
are rotated clockwise in increments of 3 degreasgér increments were found to cause
breaks in the phosphate backbone due to excesangdtional distance between
neighboring phosphate and oxygen atoms.
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Figure 31. Using VMD a rotational conformation of 111 degreess shown in orange and is compared
to the initial position of the structure shown in ¢an. The curvilinear helical axis computed by
Curves is displayed in black along with a rotationvector highlighted in red. The base pair that is
rotated around the red vector is broken down into hree components, in blue is the nucleic acid base,
in green are the deoxyribose sugar and backbone cpmnents. The phosphate and oxygen atoms
O1P’, O2P, and O5’ are shown for the current 111 dgree rotational conformation and a translucent
representation of the same atoms in the initial strcture is displayed providing further reference.
Rotations are performed in a clockwise manner.

Backbone breaks at covalent bonds are the restliedfackbone not adjusting to
the new curvature imposed by the rotation. Moreave rotation method has to
accommodate the reorientation of the helix cuneatarthe new rotational position.
Generally, the preferential changes to the DNA dimhlelix in adopting new curvature
and the effects of sequence are not known, alththebtudies are numerous [ref]. As
the DNA is rotated around the curvilinear helicakathe super helix begins to bend
back on itself forming an unfavorable kinked stanet To overcome both the breakage
in the backbone and the improper bending direatidhe super helix, molecular
dynamics was applied to allow the DNA to settl@inew energetically favorable
orientations after each rotation increment; thisegormed in each rotation cycle. Since
each rotated structure perturbs interactions vatats, protein, DNA and ions, the
rotated structure is re-thermalized, equilibraged] run for a short number of molecular
dynamics steps to allow the structure to adjusthig step, explicit solvent and particle
mesh Ewald electrostatics are used.

First, the rotated structure is energy minimized3a00 steps, followed by a
thermalization routine. The protein and DNA ar&Hixed for 10000 steps while ions
and water are heated from 0 to 100K in 10K incremsieifhe protein and DNA are then
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allowed to move keeping the water and ions fixedLfaD0O0 steps, while increasing the
temperature of the system to 100K in incrementB)tf. These two runs are repeated for
20000 steps bringing the entire system up to 30Bikally, 40,000 steps of full MD are
run using 2fs time steps effectively generatin@@ps trajectory for every 3 degrees of
rotation.

Although the above protocol was adaptive, anotdgrsament was made to
overcome the system’s tendency to return to its@i@ed conformation. This problem
was addressed by fixing the nucleic acid side chtgoms during the molecular dynamics
steps. This was sufficient to keep the base paitise rotated position, while the
remainder of the DNA backbone adapted to the neéated positions of the base pairs.

A ball and chain analogy can be applied where pgkip the ball and repositioning it
forces the chain to move along with it to the neasifon.

The refined rotation algorithm ran iteratively pusthg 15 structures totaling 45
degrees of rotation before NAMD failed due to umfi@ble atom positions reported as
shake errors. As expected, after accumulatedoataand fixed nucleic acid bases,
unfavorable kinking occurred due to the bases bleélg fixed during the molecular
dynamics. Bases located initially closer to thet@in core have narrow groves which
need to widen as the helix is rotated. Similaig bases located on the outer surface of
the helix had wide grooves which were in need ofaveing as they were rotated inwards
closer to the protein core. It was clear thatrtheleic acid bases needed to be allowed to
move unconstrained periodically during the rotafoocess allowing them to adjust to
the sugar phosphate backbone atoms. In ordestéordine when fully unconstrained
normalization MD needed to be run on the structilne@ non-bonded interactions were
monitored using MDenergy, using a heuristic assessiof the energy to trigger
normalizing the entire structure.

MDenergy is an analysis package accompanying NANHD ¢an be used on a
selection of atoms to compute energy components asicconformational energy, van
der Waals (VDW), and cutoff-based coulombic elestics. MDenergy was run on the
initial collection of 15 structures (3 degreesaftion per structure) and an exponential
increase in energy was seen in the VDW energy 16g. Performing a fully
unconstrained molecular dynamics run on the enieadlgtcompromised structure
effectively stabilized them. The normalization Mih consists of running the same
energy minimization, thermalization, and MD routameused after rotation, but, releasing
the previously fixed nucleic acid bases.
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Figure 32. Computed VDW energy for 43 structures. The sharglrop in energy after a spike is the
result of the normalization run.

The normalization approach was effective at prasiyiein energetically stable
structure and allowed the rotation to proceed. &l@w, another problem was discovered
after rotating the DNA through 180 degrees. Tlagin was allowed to move
throughout all the MD runs except where noted.aA®nsequence the protein was rolled
out of the center. Figure 16 displays the obseprehomenon showing snap shots of the
protein at O degrees rotation 90 degrees and 1¢@ee This problem can be
conceptualized by imagining rolling a rubber baffdoba bundle of pencils. To solve
this problem, we fixed the protein motion duringMD runs except the normalization
runs, where it is only fixed during the thermalinatsteps.

Figure 33. Protein displaced after 180 degrees of rotationThe image at the far left is at O degrees,
the middle image is at 90 degrees, and the far rigimage is at 180 degrees.
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To summarize the current protocol, MDenergy isattar each rotation with
fixed side chains and protein. The computed eneogyponents for the current structure
are compared to those of the previous structura.ldrge deviation is found in the van
der Waals energy above an empirically determinesktiold, then a normalization MD
run is performed to allow the nucleic acid basesdjoist to the current rotational state.
The present heuristic used is +7500 kcal/mol whiggers normalization every 12
degrees of rotation. Shown in figure 34 is a flidiagram of the rotation algorithm.

-7 (current VDW - True C
e £ . S ompute Rotate 147 bases Run MD with
> Rmu:r:n[:z?fﬂgmg L en:[r)gvz es;f\nn)us > curvilingar helical (g around helical axis. 14 constrained nucleic >
- & TSDDgy # axis vectors acid bases

False
\
Run MD with

< unconstrained
nucleic acid bases

Figure 34. Rotation algorithm decision process.
5.3 Applying the Rotational Method

The clone601 sequence has been rotated 111 dggoekeing 37 unique structures.
Preliminary analysis of these structures has ctetsisf looking at the hydrogen bonding
network within the helix. The counts of the hydeadbonds in the rotational structures
can be incorporated into the rotational algoritlsvaaother metric used to assess the
quality of the rotations. The hydrogen bonds vassessed using a cutoff distance of 3.0
A and co-linearity of 30.0 degrees for determirangingle hydrogen bond. The first
rotated structure had 95 hydrogen bonds between Ba$& pairs and the (current) last
111 degree structure contains 117 hydrogen boRdsation structure number 20 (60
degrees) can be seen in figure 3 to contain corahbteless hydrogen bonds compared to
the other structures; it is also has a large dieviah the van der Waal energy which
triggered a normalization run. For comparisonrtmber of hydrogen bonds at 1ns and
10ns in the 601 non-rotated structures are both 116
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Number of Hydrogen Bonds in Rotational Structures
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Figure 35. Number of hydrogen bonds between nucleic acid bagairs in each rotated structure.

Contributing to the stability of the overall struct are contacts between the
negatively charged phosphate backbone and pogitthelrged amino acids in the histone
proteins. Commonly identified contact points ie #KX5 crystal structure are
monitored but it is hypothesized that new contaglisbe explored as the sugar-
phosphate backbone moves along the surface ofdieim, parallel to the curvilinear
helical axis. In essence, the rotation is a sealgbrithm, exploring the energetically
charged surface of the protein with the negatiebigrged phosphates. Hydrogen bonds
formed between the O1P, O2P, O3’, and O5’ oxygematare monitored during the
course of the rotation. For reference the numbéydrogen bonds between the O1P,
0O2P, O3, and O5’ oxygen atoms and the proteimatdid 10ns in the 601 non-rotated
structure are {35, 73, 0, 7} and {40,77,2,3}, resipeely.

45



Figure 36. Map of oxygen atoms that can form hydrogen bonds ithin the DNA backbone.
5.4 Geometric Analysis of Method

The necessary base-pair-step curvature to prothecguiperhelix path was
computed to be 600.0° bending the 147 base paosgh 1.84 superhelical turns [8].
The actual curvature found in the 1KX5 crystal stuwe was 1333.3 ©, more than double
the theoretical curvature. Using the same softw@ueves, the curvature computed was
989.3° and 1155.7° for the superhelix path of fhsttlicture and the 8%&tructure,
respectively. The superhelix curvature of theahgolvated 1KX5 system was
computed and found it to be 1107.8 °. Compariegtirvature of the current rotated
structure to that of the solvated 1KX5 system sligimore curvature is observed for the
current rotated structure. The global curvatu@nisther metric which is used to monitor
the rotations.

The average lateral translation parallel to thwitnear helical axis of a residue
is 0.06 Angstroms per 3 degrees of rotation. Oted tateral translation after 180
degrees of rotation is 3.9 angstroms. The risndhdividual residue in B-form DNA
corresponds to 3.32 angstroms. Therefore afted&8@ees of rotation the entire
sequence has been translated by a full base pair.

5.5 Selecting Favorable Rotational Conformations

Selected structures from the suite of rotationsewen for an additional 160ps
with no constraints applied using the same norraatin protocol. The selection process
was based on sampling coarse grain rotations oiegéee increments and high VDW
energy. Fourteen structures within the suite ohd3e been normalized an additional
160ps. When comparing the hydrogen bonds in angtreicture it is important to keep
in mind the total amount of simulated time accurtedaduring the rotation process. For
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example, structure 4 has undergone a total of 2dDptD after a 80ps normalization run
and 4 previous 40ps rotation runs. To perform aemeliable selection a full ns of
unconstrained simulation time should be run onvargstructure. After only 80ps of
unconstrained MD structure 4 gains 56 (15 to 71 @fdrogen bonds with protein and
20 more hydrogen bonds with in the helix. A readda amount of time can be deduced
by looking at when the RMSD flattens out in the sotated simulation. This occurs
after ~1ns (fig. 12) therefore an appropriate anhefitime would be at least 1ns.
Number of Hydrogen Bonds in Rotational Structures After Additional Normalization
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Figure 37. Number of hydrogen bonds between nucleic acid ba pairs in each rotated structure
after normalization of selected structures {4,5,6,12,13,16,17,20,21,22,23,28,29,33,34}.
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Using the discussed metrics to select several &éolerotational conformations
the next step is to perform a long range MD simoilabn each of the selected structures.
A non-rotated 601 clone simulation is currently emvaday just passing the 10ns mark
which will be used to compare the long range sitta of the selected rotated
structures. These simulations will enable us twidhte the structural properties of the
nucleosome that confer favorable positioning of@8#& clone sequence around the core
histone proteins.

5.6 Experimental Methods for Verification of Favorable Conformations

Lugers lab has been developing synthetic linkefs&xtDNA in a particular
rotational conformation [45]. Once a predictedatimnal conformation is determined this
is one method that could be used to experimentaliify that the DNA is bound in a
certain orientation. The PEG linker (fig. 40) igtly specific to the DNA in the minor
groove and can be modified to recognize a parti@dguence. Figure 38 shows the
general idea which would be to employ the linkecdpture a theoretical rotational
conformation. Figure 39 is a model of the PEGdmn&ttached to the minor groves of the
super helix.
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Another possibility for experimental verificatiorowld be to attach florescent

probes to particular base pairs that would conedhdse contact given a predicted
rotational conformation. The intensity of fluoreace would allow a quantitative

measurement to be made. Either of these methdedasible to do and would provide

verification of a selected rotational conformation.

NCP146 NCP146-PW12

Figure 38. Development of the clamp.

Figure 39. lllustration of the PEG linker bound in the minor groves of the superhelix.
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Figure 40. Synthetic PEG linkers.

6 Discussion of Results

The development and application of a sound modedXamining sequences
effects of DNA bound to the nucleosome has beabbshed. The H3 histone tails must
be included when modeling the nucleosome. Thererpatal data collected provided a
ranking for the 1KX5 palindrome sequence and the$gjuence affinity for the
nucleosome. The ranking served as a guide whishused when analyzing the
trajectory data produced by the two simulationbe 501 sequence was found to be more
stable based on its average RMSD, RMSF, and ctecetaotions. The computational
findings match what was expected from the expertaiguide.

Experimental evidence also shows that the 601 segueas a rotational
preference when bound to the nucleosome motivétiaglevelopment of a way to
explore such conformations. Through the use ofrg#nc manipulation and MD
rotational conformations were generated for the €€ifuence bound to the histone
protein core. These conformations were then aedlym|msed on their hydrogen bonding
within the helix to confirm the fidelity of the helas it was being rotated. An increase in
the number of hydrogen bonds has been observdgiagrthat the helix is remaining
intact throughout the rotation process. Searcfong preferred rotational conformation
is being carried out by looking at the hydrogending network between the oxygen
atoms in the backbone and neighboring protein vesid An increase in the number of
bonds is found in normalized structures promptirggelection of the J4rotational
conformation for a long range simulation. The leagge simulation will be compared to
a non-rotated structure in the future to deterrhio& the dynamics of the simulations are
performing.
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7 Appendix

7.1 Experimental Protocols

The primers used in the 1KX5 experiments are shioslow giving their length,
melting temperature, GC content, self dimerizingdency (PD), and concentration of

received samples.

1KX5-1 49bp Tm:78.7°C GC:38.78% PD:No OD@260=0.304 OD@280=0.L8%A]=1216ng{l

5'-ATCAATATCCACCTGCAGATACTACCAAAAGTGTATTTGGAAACTGCTC-3’

1KX5-2 46bp Tm:86.98°C GC:47.83% PD:No OD@260=0.319 OD@280=0[DRA]=1276nghl

5-GGATCCGATTCCAGCTGAACATGCCTTTTGATGGAGCAGTTTCCAA-3
1KX5-3 46bp T, :86.98°C GC:47.83% PD:No OD@260=0.363 OD@280=0[D8MA|=1452ng4l

5'-GGATCCGAATCCAGCTGAACATGCCTTTTGATGGAGCAGTTTCCAA-3

Aatll Ndel
2260 2509
17 1
1 start
EcoRl 5
Sacl 15
Kpnl 21
5 ;é.x.fali 21
mp’ . ma 23
" v & |
a
(3197bp) Sall 38
Accl 39
Hincll |40
Pstl 48
Sphl 54
Hindlll |56
69
T sps

Figure4l. pGEM-3Zf(+) Vector used for half clones of 1KX5.
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Figure 42. Checking for insertion of the half clone 1KX5-1/2n the plasmid vector using restriction
enzymes. Lanes 1 and 8 contain 100bp markers.
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Figure 43. Checking for insertion of the half clone 1KX5-1/3n the plasmid vector using restriction
enzymes. Lanes 1 and 8 contain 100bp markers
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pPPCR-Script Amp SK(+) Vector Map
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Figure 44. Vector Map displaying where CGG is inserted into lhe plasmid.
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Figure 45. The CGG restriction experiment was run on a 1% geat 100V for 1hour. Counting the
lanes from left to right the 1000bp ladder is in lae 2 and the 100bp ladder is in lane 8. pFXA53is
lane 6. The restriction sites within the vector aeated 4 fragments.
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Figure 46. 5S-RNA vector map.

Two PCR reactions were run using the 5S1/5S3 psraed the 5S2/5S3 primers

The gel in figure 23 shows the results of the 5S2/BCR reaction expected length of
180bp. Lanes counted from left to right lane 2 @nldaded with 100bp ladder.

The same heating schedule was used varying theotratons of MgGl Lane 5
showed the best results using 1.0mM MgCl
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Figure 47. PCR reaction results for 5S1/5S2.

Counting left to right lanes 2 and 7 are loadedhwidObp ladder.
5S2/5S3 PCR products did not show up. The expéeteh was 147bp.
The 20bp primers are what have run past the 10@Gyganat the end.

The 5S3 primer worked with 5S1 so looking backatgrimers 5S2 can form dimers and
is GC rich (70%).
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Figure 48. PCR reaction results for 552/5S3.

Two separate experiments were run, one using & ltsgerature and DMSO the other
using a higher temperature. The expected lengthlWd@bp. The first gel shows the
results of adding the DMSO and running at a lowergerature. The 1.5mM MgCl
concentration in lane 5 showed the best resulte second gel run with higher
temperature also proved successful at a concentratil.5mM MgCl.
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Figure 49. 5SRNA Modifications to PCR experiment for

5S2/5S3 using lower temperatures and DMSO.
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Figure 50. Modification to PCR experiment 5S2/5S3
run with higher temperatures.

7.2 Computational Methods
NAMD restraining forces

freeEnergy on
freeEnergyConfig {
urestraint {
dist (NO1J, 146, P) (NO1J, 67, P) kf=20 re5=8.
dist (NO1l, 145, P) (NO1lI, 68, P) kf=20 refs8.
dist (NO1J, 147, P) (NO1l, 4, P) kf=20 ref=15.
dist (NO1l, 147, P) (NO1J, 4, P) kf=20 ref15.
}
pmf {
task=stop
time=49999fs

}
}
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Rotation tcl function

proc rotateAllHelix {pdbinput degrees hTraceln pdit@ut filelD} {
#Input PDB to roatate

mol load pdb $pdbinput

set nucleic [molinfo index 0]

#Contains the curvilinear helica axis

mol load pdb $hTraceln

set hTrace [molinfo index 1]

for {seti1l}{$i<148}{incri}{

0]

set cenlindex [expr $i - 1]
set cenlindexN [expr $cenlindex*5]
set cenl [lindex [[atomselect $hTrace "index 4dedexN"] get {x y z}]

setj $i
if { $i==147 }{

set cen2index 731
}else{

set cen2index [expr $j*5]
}

#Get second point (Head of vector)
set cen2 [lindex [[atomselect $hTrace "index fibedex"] get {x y z}] 0]

set bl [atomselect $nucleic "resid $i and ch§in |
#Get position of center of mass before rotation
set coordsl [measure center $b1 weight mass]
set comp [expr 148 - $i]
set b2 [atomselect $nucleic "resid $comp andrchgi
set coords2 [measure center $b2 weight mass]
#Get positino of center of mass after rotation
$b1 move [trans bond $cenl $cen2 $degrees deq]
$b2 move [trans bond $cenl $cen2 $degrees deg]
set b3 [atomselect $nucleic "resid $i and chgin |
set b4 [atomselect $nucleic "resid $comp andrchgi
set coords3 [measure center $b3 weight mass]
set coords4 [measure center $b4 weight mass]
set nucRotated [atomselect $nucleic "all"]
if {$i == 147} {

$nucRotated writepdb $pdbOutput
}

mol delete $nucleic
mol delete $hTrace

return
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Generation of potential maps using APBS and PDB2PQR
python pdb2pgr.py --assign-only --ff=CHARMM nucl&X.pdb nucleickKX.pgr
7.3 Xenopus Laevis and Human Histone Protein Homology Analysis

Histone proteins H3, H4, H2A, and H2B were anallylag comparing the crystal
structures 1KX5Xenopus laevis 1.94A) and 2CV5 (Homo Sapien 2.5A); the historres a
labeled A, B, C and D, respectively [36]. Analysias performed by loading the
structures in VMD and using the MultiSeq pluginlto®@he plugin combines clustalW
and basic plotting functionality to present thaultsss The most obvious difference found
are the higher resolution structude(opus laevis) contains longer histone tails which
are evident in the alignment plots as large regadr® conservation. The proteins are
highly conserved and the analysis has proved figabhdn-conserved residues are not in
contact with the DNA backbone. The one exceptiotié non-conserved region 30-37
found in the H4 histone protein. Why the tailshe Homo Sapien protein structures are
shorter than those in thénopus laevis structures is due to the difference in resolutbn
the structures. Examining the histone proteirthénSwissProt database shows they are
indeed the same length as dX®mopus laevis proteins.
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Figure51. H3 Human andXenopus sequence alignment. The region of the two non-ceerved
residues found within the H3 protein is highlightedin yellow.
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Figure52. H4 Human and Xenopus sequence alignment. Note tB&b conserved region representing
the longer tail in the higher resolution structure
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Figure53. H2A Human and Xenopus sequence alignment showedésidues that were non
conserved. Region 37-49 is highlighted in red, ramn 85-97 is highlighted in green, and region 109-
120 is highlighted in yellow. Spatial analysis reaals that these regions are distant from the DNA
backbone and would not directly interact with the DNA.
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Figure54. H2B Human and Xenopus sequence alignment showedebkidues that were non-
conserved. Two of the four residues occur consedwgly and are found in the region 30-37
highlighted in red. The other residues are found irthe region 49-73 and are highlighted in green.
The red region is close to the DNA backbone.

7.4 Sequences Studied

The first 72 bases (1-72) are shown in red andaiste/2 bases (74-147) are
shown in blue with a single base at position 73eegnting the center of the two flanks.
The palindromic sequence, 1KX5, can be observeg&ging a single base at a time on
each flank moving away from the central black base.

> 11 *x oriented 5' to 3 s

5-AAATGGGCTGAAATGGGCTGTAAATGGGCTGAAATGGGCTGTAAATGGGCT  GAAATGGGCTGTAAATGGGCTG A
AATGGGCTGTAAATGGGCTGAAATGGGCTGTAAATGGGCTGAAATG GGCTGAAATGGGCTGTAAATGGGCTGT-3'

> A7 *ocx oriented 5' to 3' ek

5'-AAACCCTAAACCCTAAACCCTAAACCCTAAACCCTAAACCCTAAACCCTAA  ACCCTAAACCCTAAACCCTAAA C
CCTAAACCCTAAACCCTAAACCCTAAACCCTAAACCCTAAACCCTA AACCCTAAACCCTAAACCCTAAACCCT-3'

> clone 601 **** griented 5' to 3' *****x

5'-ATGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGCAAGCTCTAGC ACCGCTTAAACGCACGTACGCG C
TGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCC AGGCACGTGTCAGATATATACATCCTGT-3’

> 1KX5 **** oriented 5’ to 37 *rr*

5-ATCAATATCCACCTGCAGATACTACCAAAAGTGTATTTGGAAACTGCTCCA  TCAAAAGGCATGTTCAGCTGGA A
TCCAGCTGAACATGCCTTTTGATGGAGCAGTTTCCAAATACACTTT TGGTAGTATCTGCAGGTGGATATTGAT-3’

> CGG **x% oriented 5’ to 37 Fxr*

5=CGCGGCGGCGGCGGCGGCGGCGGLCGGCGGLCGGCGGCGGLCGGLGGCGGLCGGCGGLCGGLCGGLCGGCGGLCGGLGGLGG
CGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGLCGGCGGCGGCGGCGGCGGLCGGLGGLGGL-3!
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