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Abstract

Nucleosomes, the primary unit of chromatin structure, are positioned either
statistically or specifically. The statistical positioning denotes the arbitrary positioning of
nucleosomes on DNA agreeing with the nucleosome’s broad coverage of the genome—
however, there is evidence that nucleosomes are also positioned specifically at controlled
positions. DNA sequences determine the specific nucleosome positions, and the presence
or depletion of nucleosomes affects the availability of the DNA region to other proteins.
The DNA sequences of H2A and H2A.Z nucleosomes in Drosophila were analysed in
search of nucleosome positioning patterns. Dinucleotide patterns with 10 bp periodicity
were identified from the DNA sequences of H2A nucleosomes. Compared with the yeast
patterns, the Drosophila patterns had the same periodicity but different dinucleotides near
the dyad, which was related to the different H3 structure between them. The nucleosome
positioning patterns from the H2A.Z nucleosomes implied the specific histone-DNA
interaction as a result of the deviations of the patterns where the different amino acids of
H2A and H2A.Z interact with the DNA. The Ly49 gene cluster was selected as a model
system to study the interplay between nucleosomes and transcription factors. Ly49
proteins, the surface receptors on NK cells, display variegated expression patterns, and
the bidirectional promoter Pro-1 is known as a key determinant of the stochastic
expression of each Ly49 gene. The systematic analysis of nucleosome positions based on
the genome sequences in the Ly49 gene cluster revealed that the repressing Pro-1 reverse
promoters are open, while the activating forward Pro-1 promoters were covered by

nucleosomes. Furthermore, specific nucleosome positions covered transcription factor
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binding sites. The covered factor binding sites were further examined by their periodic
appearances on the nucleosome-covered sequences, which revealed the accessibility to
the sites. The sequence analysis predicted that the regulation by the transcription factor
AML-1 would be sensitive to the nucleosome coverage; the prediction was confirmed by
cell line experiments. The 10 bp periodic nucleosome positioning patterns interact with
histones specifically. The long nucleosome positioning patterns coexist with the short
sequence motifs for transcription factor binding sites adding another layer of the control

to the transcriptional regulation.

v



Acknowledgements

I would like to thank my supervisor, Dr Ilya Ioshikhes for accepting me to study
in his lab. He guided me with patience so that I could finish this journey successfully.

I also thank Dr Andrew Makrigiannis, who encouraged me when I was almost
worn out and was willing to offer possible help. I wish all the best where you are.

I would like to thank my lab colleagues: Dr Soumyadeep Nandi and Dr Sergey
Hosid. You are encouragements to me. I could free my mind and refresh during the
otherwise isolated times. Other people who have worked together in the lab, I remember,
and you were refreshing air to me. Moreover, late Mr Slav, I could’ve learned more from
you if we could hang around little longer. The Kefir starter always reminds me of you.

My fellow students and BMIGSA, who have gone through this exhausting
process, yet always encouraging and challenging to me. Andrew, who is a trustworthy,
smart, and language-loving friend. I could not finish this study without your help. Megan,
who is a gentle yet strong lady, who lead the BMIGSA with pleasure. I will not forget the
famous BMI burger.

I appreciate all the University staff for me to go through this process. Fay, you are
a life saver. How many times you guided me and saved me through the technicalities and
policies, with much patience. Victoria, you are kind and resourceful to offer me many
bits of help.

I could not emphasise more of the support of my family, who are the reasons and
the strength I started and finished this journey. My wife Kyeng Whoi, and my beloved
children, Eumin and Tiffany. I wanted you to be proud of me. Also, thinking of my
family who supports me in full even though live far far away. Mum and Dad, your

prayers and sacrifices are the beginning of my journey. Also, mother-in-law and father-

\%



in-law, I could not express enough my thankfulness. Your supports and prayer in these
long years were the strength for my family and me. My brother Yoonseok, my sister
Yeonwook, and my brother Seungwhan, you have always been on my side. Even though
I am away from you, we are always one. Moreover, all my Aunts and Uncles, you were a
great support and root for me always.

Finally but not lastly, my LORD, I love you: You strengthened me when I was

weak, comforted me when I was distressed, and guided me when I was lost.

Call to me and I will answer you, and will tell you great

and hidden things that you have not known.

Jeremiah 33:3

Vi



Table of Contents

F N o1 5 2 T OO PRTO U SUSRRP il
LiSt Of ADDIEVIALIONS........eiiiiiitieiiiiie ettt ettt ettt e beenaeas X
LSt OF FIGUIES evvvieieiiieiieiieieesee ettt ettt ste e st e s e et essa e saessaessseensaesseessaeseessnenns Xii
LSt OF TaDIES ..ttt st sttt ettt et XV
GENERAL INTRODUCTION 1
Nucleosome positioning sequences of Drosophila............cceecvevierieniencienciiecieeeeeeeeeen, 1
Chromatin SEIUCEUTE «......eeueeeieeieieeeceie sttt sttt et ettt et e sbe e e steeeeeneeas 1
Regulatory role of Nucleosome positioning in ENOME ...........cceeeereeeveeeeenieeneeennen. 2
Nucleosome PoSItioNING SCQUENICES ......veevveerreerrerrerreereesseeseesresseasseesseesseesseesssensns 4
Nucleosome with histone variant H2A.Z .........ccccoooiiiiiiiiiieeeeeeeee e 8
ODJECTIVES ..eteeteetieiie ettt ettt et et e st e et e et e e bt e s bt e s st e satesabeenbeenbeebeesbeesseesaeesnseenseens 9
Ly49 gene clusters as @ model SYStEM .......cccuierierieriiiiieeieetee ettt 10
Ly49 eNe faMILY.....oocciiiiiiiieiicciccee ettt st b e e r e ta e eae e ene e 11
LYAO TECEPLOTS ..ttt ettt ettt ettt ettt ettt e st e e bt e sabeesbeeesabeeebaee e 11
Ly49 expression on NK Cells.......cociriiiiiiiiiiieiiieieeeee e 17
LY49 GENE CIUSLET....c.uviieiieiieiieciie ettt ettt e r e re et ta e s tbeesbeesbeeseesanesenenens 22
ODJECHIVES .oevvietieiieciteete ettt et e steesaeetbeesbeesbeestaesssessseesseesseesssesssessseasseessaesseesssesssensns 27
PART 1: NUCLEOSOME POSITIONING SEQUENCE PATTERNS......cccceccevueuree 30
INEEOAUCTION .ttt ettt ee e e e et et e st e e st et e eseeneesaeeneennens 30
Materials and MethOdS .........cooiiieiiiie et 36
Identification of the nucleoSOmMe POSILIONS .......cceevvieiieriieriienieeie et 36
Nucleosome diStriDULION...........eeiiiieiiieiiieciee ettt et vee e 37
Identifying the +1 nucleosomes of each gene.........c..ccvevvvevvevieiciieiicnieceecee e 38
Grouping genes based on the type of the +1 nucleosome............ccceevvevrieriienirennnenne. 38
Dinucleotide patterns of nucleosome SEQUENCES ..........cevveereereeerieerieerieeneereeneenns 39
Detecting periodicities by Fourier transform.............ccccovvevveiiiiviicnicniccicceecenen 40
Building a model for the periodic dinucleotide pattern ...........cceeveevveeveerirenerennnnnn. 41

vil



Refining of the patterns by correlation ...........ccoeceeieeiiiniinenieeeeeeeeeee e 41

Comparison of the hiStone SIrUCTUIES .......ccceevveriirciierieierierre e eie e ees 42
Identifying core promoter lements..........cccvevverierciiecriesienierre e e e siee e eens 42
Statistical testing of the CO-OCCUITENCES .........cerieruieriiriieieeiienie e 43
Enriched biological functions of the H2A and H2A.Z +1 nucleosome.................... 43
Enriched biological functions of genes having NPS patterns..........cccccceevververennnnn. 44
RESULLS ...ttt et b e sttt et e b et e et 45
Nucleosome distribution around transcription start Sit€ ...........ccceeveeevveeerveescreeennnn. 45
Selection of genes based on the +1 nUCIEOSOME..........cccvvevieriierierieeie e, 48
Sequence analysis of NPS patterns of H2A nucleosome sequences..............c......... 54
Sequence analysis of NPS patterns of H2A.Z nucleosome sequences..................... 94
Comparison between H2A and H2A.Z NPS patterns.........ccecceeeeeerereesienencenenns 105
Enriched biological functions of H2A-only, H2A.Z-only, and H2A/H2A.Z
DOUNA ENES. ..outieiiieiieiie ettt ettt ettt naeas 122
Co-occurrences of nucleosomes and core promoter elements.............ccceceeeeeennenns 132
| DT o) o TSSO 136

PART 2: EFFECT OF NUCLEOSOME POSITIONING ON LY49 TRANSCRIPTION

FACTOR BINDING AVAILABILITY 143
08 T4 LT (o) o TSRS 143
Materials and Methods .........c.ooiiiiiiieee e 152
Prediction of the nucleosome poSitioNing............ccevveeererieeseenienieeie e 152
Accuracy of the Prediction...........eeeieeieeciieiieieree et 153
Nucleosome landscape around Ly49 gene promoters ...........cceeeveeeveerieeneesreenenennn 153
Search for hypersensitivity TEZIOM .....co.eevuirerieriinieieriieiere et 154
Prediction of the transcription factor binding Sites..........ccceecvevvieriieeiiiicieeneeieeen. 155
Distance distribution of the transcription factor binding sites to the nearest
NUCIEOSOMMIE ...ttt ettt ettt eneeeeeaeenee e 155
Test the multimodality of the distribution ...........cccceeeieviiieciiecierieere e 156
Associations between various variables ...........coceoereeeierenieseee e 157
ASSOCIAtION TUIE MNINITIE ....cuvievievieeeieeereeereeteesteesteesteeereeteesseesteesereseseesseesseeseenses 158
Enriched motif S€arch ........ccooiiiiiiiiiiiieee e 159



Identifying the 10 bp periodicity of transcription factors .........cccceeeeeveerceeriieenenns 160

Nucleosome map of RMA cells by ChIP-Seq......c.ccccoeeiiviinieniiiiieieeeeeieeeeen 161
Deviancy of nucleosome positioning in RMA from the prediction....................... 161
Statistical tests of the devIanCy........ccevieeiiiiiiiieee e 162
Ly49a expression on RMA Cells........ccoooiiiiiiiiiiiiiieiiiieceeeeeee e 162
Chromatin Immunoprecipitation of RMA cells for AML-1 binding sites............. 162
Protein INTETACION. ...c.eiiuiiiii ettt ettt st e be e e 163
RESULLS ..ttt ettt ettt b e sb e sat e et eate et ens 164
Prediction of nucleosome poSitioNing SItES .........ceevverrvrerreereerieeriresireereesseenseenenns 164
Identification of nucleosome coverage on transcription factor binding sites ........ 180
Quantitative assessment of the nucleosome positioning in the Ly49 gene
J0100) 1010 3 SRS 188
Nucleosome coverage of transcription factor binding sites...........cccceceevvervenennnn. 189
Identification of the transcription factor binding sites displaying the 10 bp
PEIIOAICTEY .ttt ettt ettt sttt et ettt e st e st eeebe et ebeenbeenneas 200
Ly49 expression state and in vitro NUCIEOSOME MAPS........ccveerveerreerrerrervearvearreens 215
ASSOCIAtION TUIE MNIMITIE ...ecvveeveeeieeireerietieieesteeseeesreereesseeseesseessnesssessseesseeseesses 236
Enriched motifs on promoter r€ZIONS. .......ceevueerveerierieeieeieesieenteenieesitesee e eeeens 237
Protein interaction of the factors..........ccoveeieiiiieiie e 256
D DT T o TSSO 257
GENERAL DISCUSSION 265
RETEIEIICES ...ttt ettt ettt sttt ettt et e e sbeesaeeenteenneenteens 276
Contributions of Collaborators...........cccerieieririee e 296
CUITICUIUM VITAC .....eiiieiiieiieiieeiie ettt ettt ettt et stt e st e et e et et e e bt e sbeesntesnseenseens 297

1X



AML-1
AP-1
ATF-2
bp
C/EBP
c-ETS-1
ChIP-Seq
FDR
GATA-3
GEO
H2A
H2A.Z
HMM
k-3
LHS
Lyf-1
MZF-1
NF-AT
NF-kB
NK cell
NKT
NPS
Oct-1

List of Abbreviations

Acute myeloid leukemia gene, Runt related transcription factor 1, Runx
Activator protein 1

Activating transcription factor 2

Base pair

CCAAT-enhancer binding protein

E26 avian leukemia oncogene 1

Chromatin immunoprecipitation sequencing
False discovery rate

GATA binding protein 3

Gene Expression Omnibus

Histone H2A

Histone H2A.Z

Hidden Markov model

CDKS5 and ABLI enzyme substrate 1
Left-hand side of an association rule
IKAROS family zinc finger 1

Mpyeloid zinc finger 1

Nuclear factor of activated T-cells

Nuclear factor of kappa light polypeptide gene enhancer in B cells 1
Natural killer cell

Natural killer T

Nucleosome positioning sequence

POU domain, class 2, transcription factor 1

X



PWM
RHS
RMA
Spl
STAT3
SVM
Tal-1a
TATA
TCF-1
TCRp
TF
TSS
ITIM
SH2
SHP-1
NFR
NDR
RMA
Klra
Ly49
ulNK
KIR
NK
MHC-I

Position weight matrix

Right-hand side of an association rule

MHC class I-positive tumor cell line
Trans-acting transcription factor 1

Signal transducer and activator of transcription 3
Support vector machine

T-cell acute lymphocytic leukemia 1

TATA box

T cell factor 1

T cell receptor beta chain

Transcription factor

Transcription start site

Immunoreceptor tyrosine-based inhibitory motif
SRC homology 2

SH2 domain-containing protein tyrosine phosphatase 1
Nucleosome free region

Nucleosome depletion region

RBL-5 (Rauscher virus-induced lymphoma), mutagenized
Killer cell lectin-like receptor subfamily A

T lymphocyte activation marker, or Klra

Uterine natural killer

Killer cell Ig-like

Natural killer

Major histocompatibility class |

xi



List of Figures

Figure 1. Nucleosome distributions on promoters..........cecueeeeeeriereeriereeeienieseeeieneseeeens 46
Figure 2. Selection scheme of +1 nucleosomes and the associated genes............cccceueenee. 50
Figure 3. Nucleosome landscape around transcription start Sites..........cecevereererencennene 52
Figure 4. Distributions of the H2A and H2A.Z nucleosomes. ...........cccceeeievereerienencennen. 56

Figure 5. Composite dinucleotide patterns of the H2A nucleosome sequences

DEfOre refiNING. ...ocveeieiiieiecieeieete et re e reesteeseaeeene e 58
Figure 6. Dinucleotide patterns of the H2A nucleosome sequences before refining. ....... 60
Figure 7. Periodicities of the H2A dinucleotide patterns before refining.......................... 62

Figure 8. Fitting models to the dinucleotide patterns using the initially identified

01535 (0T« RSP PP 66
Figure 9. Local periodicities of the refined H2A patterns. .......coccoeeereerieieneneeneneeceene 68
Figure 10. Fitting models with the estimated local periods. ..........cccecerieeerereesenencenne 70

Figure 11. Refined composite dinucleotide patterns of the H2A nucleosome sequences. 76
Figure 12. Refined dinucleotide patterns of the H2A nucleosome sequences. ................. 78
Figure 13. Periodicities of the refined H2A dinucleotide patterns. .........ccccceveererereennene 80
Figure 14. Building NPS models for the positively correlated H2A dinucleotide

0107530 1 1SR 82
Figure 15. Building NPS models for the negatively correlated H2A dinucleotide

0107530 1 1TSS 84

Figure 16. Cross-correlation of the predicted patterns and the refined sequence patterns.86

Figure 17. NPS pattern comparison between yeast and Drosophila.............ccceeereeenen. 90
Figure 18. Sequence alignment of histone H3 of eukaryotes. ...........ccoecveieierienenenienne 92
Figure 19. Dinucleotide patterns of the H2A.Z nucleosome sequences. ............ccccceeueenee. 96

Xii



Figure 20. Periodicities of the H2A.Z dinucleotide patterns before refining. ................... 98
Figure 21. Local periodicities of the H2A.Z dinucleotide patterns before refining. ....... 100
Figure 22. Fitting NPS models to H2A.Z dinucleotide patterns using the initially

1dentified PETIOAS. ..vccvieriiiriieiieiie ettt ettt seeseneesseesneens 102
Figure 23. Refined composite dinucleotide patterns of H2A.Z nucleosome sequences..106
Figure 24. Periodicities of the refined H2A.Z dinucleotide patterns...........cccccevuerueenene. 108
Figure 25. Local periodicities of the refined H2A.Z patterns..........ccccoeeevererceneneennne. 110
Figure 26. Fitting NPS models to the refined H2A.Z WW and SS dinucleotide patterns.112

Figure 27. Fitting NPS models to the refined H2A.Z RR and Y'Y dinucleotide patterns.114

Figure 28. Comparison of the NPS patterns of H2A and H2A.Z. ..........ccccoiviieiieinennn. 118
Figure 29. Canonical nucleosome positioning SEQUENCES. .......c.eccveerreerererververneassensseens 120
Figure 30. Structural differences of the H2A and H2A.Z histones. .........ccccceceereneeneene. 124
Figure 31. Enriched functions of genes grouped by the type of +1 nucleosomes. .......... 126
Figure 32. Enriched functions of genes containing WW/SS NPS patterns. .................... 128

Figure 33. Enriched functions of genes containing the RR/Y'Y NPS pattern sequences. 130

Figure 34. Core promoter elements on genes selected by the +1 nucleosomes. ............. 134
Figure 35. Ly49 gene clusters in mMoOUSE StTaINS.........cceeeerueeueeriereeienieseeeieseeeeenee e 146
Figure 36. Organisation of the Ly49 promoter...........ccocereeeeierienieneniee e 148
Figure 37. Hidden Markov prediction of nucleosome positions. ...........cccceeceeeereereeenenne 166

Figure 38. Predicted nucleosome hindrance at extended promoter regions in C57BL/6.170
Figure 39. Predicted nucleosome hindrance at extended promoter regions in 129/S6....172
Figure 40. Predicted nucleosome hindrance at extended promoter regions in BALB/c..174
Figure 41. Predicted nucleosome hindrance at Ly49 extended promoter regions in NOD.176

Figure 42. Sequence motifs of the selected transcription factors. ..........cccceeeeeereeeenene. 184

Xiii



Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.

Figure 50.

Figure 51.

Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.

Figure 58.

Figure 59.
Figure 60.
Figure 61.

Figure 62.

The ratio of the open and covered transcription factor binding sites. ............ 186
Proximity of TF binding sites to nucleosomes in Pro-1 reverse promoters...196

Proximity of TF binding sites to nucleosomes in Pro-1 forward promoters..202

Proximity of TF binding sites to nucleosomes in Pro-2 promoters................ 204
Kurtosis and the shape of the distribution. ..........ccccveevveriierieniencienieeieeiens 206
Statistical tests of the proximity of TF binding sites to nucleosomes. ........... 208
Schematic diagram the 10 bp periodic binding sites on a nucleosome.......... 210

Distance periodicities of the nucleosome-covered TF binding sites in the

LYA9 CIUSLET. ..evvieerieiieiiesiee e et ettt et e s resevesbe b e e e e ssaessaesenessseenseens 218
Distance periodicities of all nucleosome-bound TF binding sites on

CRIOMOSOMIE B.....ceeitieiieii ettt e 220
Ly49A expression on RMA cells. ......cccooviviiinienieniiciiciieeeeeee e eve e 222
The deviation of the nucleosome positioning from the prediction in RMA. .224
Nucleosome depletion from the predicted positions in vivo. ..........ccceeueenee.. 226
Chi-square tests of the nucleosome depletion from the predicted positions. .230
Confounding factor AML-1 in nucleosome depletion. ..........ccccceeeeereereeennnnee. 232
Association rules found between Ly49 promoter elements. ............c.cceveeneene 238

Protein interactions of the transcription factors enriched between Exon 1

AN EXON 2. oo 248
Enriched motifs around nucleosomes in the Pro-1 region. ..........ccccveeveenenn. 250
Enriched motifs around all nucleosomes in the Ly49 cluster. .............c......... 252
Enriched motifs at the nucleosome boundaries. ...........ccccceeeeeerinceenencenee. 254
Proteins interacting with Lyf-1 and MZF1. ........ccoccoooiiiiiiiiieeere 258

X1v



List of Tables

Table 1. Performance summary of the H2A pattern models. ........ccccceeevevevvecriecienieenieennen. 88
Table 2. Performance summary of the H2A.Z pattern models. ..........ccccecevieieninennee. 116
Table 3. GC content of the nucleosome covered regIonS. ........ceeeveeeveerieerververrenienieens 168
Table 4. Hypersensitivity regions of the Ly49 gene cluster. ..........ccccoeceeveneneencneeeenne. 178
Table 5. Selected immune specific transcription factors used in this study. ................... 182

Table 6. Associations of the AML-1 and the nucleosome coverage in C57BL/6 Ly49 cluster.

Table 7. Associations of the AML-1 and the promoter elements in the BALB/c Ly49 cluster.

Table 8. Associations of the AML-1 and the promoter elements in the 129/S6 Ly49 cluster.

.................................................................................................................. 194
Table 9. Distance periodicities of binding sites and the Ly49 expression.............c......... 212
Table 10. TF binding sites with 10 bp periodicities in Pro-1. ......c...cccoevevvervencienviennens 216
Table 11. Nucleosome deviation at the AML-1 sites in Ly49A expressing RMA.......... 234

Table 12. Enriched motifs in Pro-1 regions of Ly49 gene family in C57BL/6 mouse strain.

Table 13. Enriched motifs between exon 1 and exon 2 regions of Ly49 gene family. ...242

Table 14. Enriched motifs in the Ly49 genes. ........cccceevevieiiieciieiieieeecie e 244

XV



GENERAL INTRODUCTION

Nucleosome positioning sequences of Drosophila

CHROMATIN STRUCTURE

The wonder of DNA structure is putting the long DNA into a confined space of a
nucleus. For example, every human cell contains about 2 m of linear DNA in total,
whereas the size of the nucleus is only 5 to 20 um in diameter (Teif and Bohinc, 2011).
Moreover, the folded DNA must remain accessible for various cellular processes, such as
replication and transcription. DNA forms into a compact structure called chromatin by
wrapping DNA around histones, highly basic proteins that favour binding to the
negatively charged DNA. The chromatin structure is established on a repeating unit of the
histones and DNA, which had been assumed of eight histone molecules and 200 DNA
base pairs (Kornberg, 1974). X-ray structure of the repeating unit, termed nucleosome,
has been solved later. The nucleosome is indeed a particle in which ~146 bp of DNA was
wrapped in a left-handed superhelix around the octamer of core histones, consisting of
two molecules of each histone H2A, H2B, H3, and H4 (Arents and Moudrianakis, 1993;
Arents et al., 1991; Harp et al., 2000; Kornberg and Thomas, 1974; Luger et al., 1997).

The chromatin structure can be compacted further from an extended conformation
of approximately 10 nm in size into an array of nucleosomes to form a more compact
chromatin fibre (Robinson et al., 2006; Wong et al., 2007). The extended structure of 10
nm chromatin fibre, appearing at low ionic strength, is often called as a “beads-on-a-
string” because it looks like a string by stretches of linker DNA between the DNA-
histone structures under electron microscopy. At the higher ionic strength, the chromatin
fibre forms more compact structure, which is often referred to as the 30 nm fibre (Olins

and Olins, 1974).



During the cellular processes such as replication, transcription, repair, and
recombination, the structure of chromatin is required to be dynamically and reversibly
altered to provide access to the underlying DNA template for proteins. As a fundamental
unit of the dynamic chromatin, the nucleosome unites previously disparate observations
of gene activation and repression into transcription units, and to whole chromosomal

domains (Lewin, 1994).
REGULATORY ROLE OF NUCLEOSOME POSITIONING IN GENOME

Nucleosomes were assumed to be evenly spaced at every ~200 bp of DNA with
no specific preference to DNA sequences, emphasising the structural role they play
(Kornberg and Thomas, 1974). However, it has been known that many nucleosomes are
specifically positioned within the genome: either by the action of chromatin remodelling
enzymes (Ito et al., 1997) or by the basal affinity of DNA for histones (Peckham et al.,
2007; Segal et al., 2006; Tillo et al., 2010).

In more specific terms, nucleosomes are perceived to be positioned either
statistically or specifically (Mavrich et al., 2008a). The statistical positioning means the
nucleosome position is limited by the adjacent nucleosomes functioning as a barrier; if
there is no adjacent nucleosome or protein, the statistically positioned nucleosome could
reside on any sequence of DNA. This positioning explains that nucleosome can cover the
majority of the chromosome. On the other hand, specific nucleosome positioning means
that the nucleosome position is closely regulated by the underlying DNA sequences
(Collings et al., 2010; Ioshikhes et al., 2006; Peckham et al., 2007; Segal et al., 2006) or
by nucleosome remodelling factors (Chandy et al., 2006; Ito et al., 1997; Sadeh and Allis,
2011)



The specific positioning of nucleosomes is often found in promoter or enhancer
regions. In Saccharomyces cerevisiae, a 150 bp nucleosome-free region (NFR) or
sometimes called as a nucleosome-depleted region (NDR) at the 5’ of the transcription
start site (TSS) is surrounded by the highly localised nucleosomes containing the histone
variant H2A.Z. The nucleosome at the 5’ of the NFR is often designated as the -1
nucleosome and the one at the 3’is designated as the +1 nucleosome (Yuan et al., 2005).
In Drosophila, the similar NFR is observed, but the -1 nucleosome is missing (Mavrich et
al., 2008b).

The position of the +1 nucleosome relative to the TSS varies between organisms.
In S. cerevisiae, the TSS is overlapped at 10 bp into the +1 nucleosome (Albert et al.,
2007; Mavrich et al., 2008a; Montgomery et al., 2001; Yuan et al., 2005), while in
metazoans, the upstream border of the +1 nucleosome is located ~ 60 bp downstream of
the TSS (Barski et al., 2007; Mavrich et al., 2008b). Even though the NFR is commonly
seen among ecukaryotes, there are subtle differences regarding the locations and the
surrounding nucleosome distributions.

Beyond the impressive packing and organising DNA, nucleosomes are believed to
occupy a central role in the epigenetic regulation of gene transcription (Bai and Morozov,
2010; Wyrick et al., 1999). Histone octamers must be assembled on the parental and
daughter strands of DNA during S phase (Tagami et al., 2004). Once assembled on DNA,
nucleosomes provide a barrier to the transcriptional machinery due to its strong binding
to DNA. Therefore, the association of DNA with histone octamers must be altered to
facilitate the binding of transcription factors and travel of the RNA polymerase complex.
Consequently, specific sites within genes that are actively transcribed or poised for
transcription in response to environmental signals can be identified by their accessibility

to endonuclease cleavage by DNase I, so called DNase hypersensitivity sites. Often, but
3



not always, these sites correlate with regulatory sequences such as promoters, enhancers,
and locus control regions.

The tails of histones in the nucleosome are some of the most heavily targeted
proteins for post-translational modification. These modifications, or histone marks,
encode the epigenetic signal: a highly plastic set of expression instructions that are
responsible for the diverse cellular morphology and function that can arise from a single
genome (Kwon and Wagner, 2007; Roy et al., 2010; Talbert and Henikoff, 2010). The
role of histone modifications in regulating gene expression has been receiving extensive
attention since the discovery of the epigenome. Besides these histone modifications
affecting the chromatin state, DNA positioning on a specific DNA region is sufficient to
regulate gene expression simply by their steric effects on the accessibility of a given
location of DNA (Lickwar et al., 2009).

On the one hand, nucleosomes can prevent protein binding to the locations
occupied by the nucleosome. On the other hand, nucleosomes can potentiate protein
binding to sites exposed in linkers or on the surface of the nucleosome or can facilitate
the interaction between proteins juxtaposed by DNA coiling around the nucleosome (Lu
et al., 1995). Therefore, it is important to know how this positioning is established (Bai

and Morozov, 2010).
NUCLEOSOME POSITIONING SEQUENCES

Nucleosomes often appear at specific positions in the proximity of promoters,
regulatory elements, and other special sites in DNA (Thoma and Acta, 1992). The
locations of nucleosome are constrained either by adjacent barriers such as sequence
specific DNA-binding proteins on the DNA or an adjacent nucleosome or by more subtle

effects such as DNA bendability based on the DNA sequence (Drew and Travers, 1985).

4



A quick glance at nucleosome positioning maps, however, does not reveal a clear
consensus DNA sequence within a nucleosome or a linker region. The lack of consensus
DNA sequence for nucleosome positioning is anticipated because of the almost universal
binding of histones to DNA covering the whole chromosome. Hence, more detailed
analyses needed to uncover possible correlations between the DNA sequence and
nucleosome positions.

The DNA sequences controlling nucleosome positions may have motifs either
occurring within the nucleosome or motifs not occurring within the nucleosome. The
position dependent motifs were initially characterised as particular dinucleotides that tend
to occur periodically through the nucleosome, with a 10 bp periodicity (Ioshikhes et al.,
1996). Both in vivo and in vitro, nucleosomal DNA showed similar 10 — 11 bp
periodicities of dinucleotide distributions, although the amplitude of the periodic changes
was more prominent in the latter case (Kaplan et al., 2009). These observations and the
enrichment or depletion of nucleosomes at specific locations such as promoters or
enhancers lead to the proposal that nucleosome positions are controlled primarily by
DNA sequence in living cells (Field et al., 2008; Gabdank et al., 2009; loshikhes et al.,
1996; Kaplan et al., 2009; Segal et al., 2006).

Histones do not directly interact with the bases in the DNA as other DNA binding
proteins do. The lack of direct interaction between histones and the bases puzzled the
idea of specific sequences for nucleosome positioning. Alternatively, the bendability or
flexibility of DNA is considered as one of the physical properties that contribute to the
specific interaction between histones and DNA. DNA is severely bent in the nucleosome
structure. DNA flexibility strongly affects the intrinsic histone-DNA affinity (Morozov et
al., 2009). GC rich sequences are believed to facilitate nucleosome formation by

increasing DNA flexibility (Chung and Vingron, 2009; Peckham et al., 2007; Tillo and
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Hughes, 2009), whereas relatively rigid poly-A:T sequences disfavour nucleosome
assembly (Field et al., 2008; Kaplan et al., 2009; Mavrich et al., 2008a).

There is evidence that DNA sequence can position nucleosomes, at least in vitro,
both translationally and rotationally. Translational positioning refers to the 146 bp
sequence covered by a histone octamer, and rotational positioning refers to the 10 — 11 bp
periodic orientation of the DNA helix in the histone-DNA complex. AA/TT/TA
dinucleotides occur preferentially where the minor groove faces the histone octamer,
whereas GC/CC/GG dinucleotides tend to occur where the minor groove points away
(Travers et al., 2009). The rotational positioning affects the histone-DNA affinity and is
closely related to other regulatory factors (Ioshikhes et al., 2011).

Nucleosome positioning by DNA sequence in vivo, however, is debatable. Kaplan
et al., (2009) showed that the intrinsic DNA sequence preference of nucleosome was a
major determinant of organising nucleosomes. They compared the in vitro nucleosome
map with the in vivo map by measuring the nucleosome occupancy on purified yeast
genomic DNA. From the fact that the in vitro map was comparable with the in vivo map
and the identification of the nucleosome preferred sequences from the nucleosome-bound
sequences, they concluded that the intrinsic DNA sequence preference was the major
determinant organising nucleosomes in vivo as well as in vitro. However, there is another
view on the role of DNA sequences in determining the organization of nucleosomes in
vivo. Zhang et al., (2009) claimed that the intrinsic DNA sequence was a determinant of
the rotational positioning of nucleosomes rather than the translational positioning (Zhang
et al., 2009). They claimed the translational positioning was determined by the barriers
such as the nucleosome-disfavouring sequences at the promoters and terminators, or
transcription factor binding sites. Even though both groups agreed that the in vitro

nucleosome positions were determined by intrinsic DNA sequences, their conclusions
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about the role of DNA sequences in vivo are different. One probable reason for the
discrepancy is the differences in the definitions of nucleosome occupancy and
nucleosome position and the methods the two groups used to evaluate the predicted
nucleosome positions in vivo. Kaplan et al. determined the nucleosome occupancy as the
most probable position from the set of short reads, while Zhang et al. determined the
nucleosome position from each short read.

Even though they did not agree on the role of intrinsic DNA sequences on the
translational positioning of nucleosomes in vivo, both groups showed that nucleosomes
assemble on purified yeast genomic DNA (Kaplan et al., 2009) and nucleosomes
preferentially form on yeast DNA than Escherichia coli DNA (Zhang et al., 2009). Even
though the nucleosome positions can be shifted in vivo by such factors as the
transcription factor binding and remodellers, the intrinsic DNA sequence determines the
organization of nucleosomes for their “default” positions without the effects of the other
factors. The well-positioned nucleosomes downstream of transcription start sites, which
serve as an anchor for the subsequent nucleosome positions, are good samples to examine
the sequence preference for the nucleosome formation.

Various nucleosome positioning sequence (NPS) patterns in eukaryotes have been
proposed. Most of the NPS patterns are characterised by repeating dinucleotide sequences
as in yeast (Albert et al., 2007; loshikhes et al., 2006; Segal et al., 2006), Caenorhabditis
elegans (Salih et al., 2008), and humans (Barski et al., 2007; Ozsolak et al., 2007,
Schones et al., 2008). Specifically, the periodic appearance of dinucleotides in every 10
bp favours the histone binding by allowing the tight bending of DNA around the histone
octamer core (Fraser et al., 2009; Ioshikhes et al., 2011; Richmond and Davey, 2003).

Many statistical methods and machine learning methods were applied to predict

the nucleosome positions. First of all, the dinucleotide periodicities such as repeating
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AA/TT or GG/CC dinucleotides in 10 bp interval are frequent parameters in the
predictions (Ioshikhes et al., 1996, 2006; Lowary and Widom, 1998). Other predictions
incorporated various parameters: free energies associated with DNA bending based on
structural DNA of crystallography or NMR (Miele et al., 2008; Morozov et al., 2009), a
thermodynamic model including interactions between adjacent nucleosomes (Lubliner
and Segal, 2009), or DNA deformation energy (Roy et al., 2010). In addition to the
genomic sequences, the in vivo cellular status was integrated into the prediction model
(Kaplan et al., 2009; Segal et al., 2008). Peckham et al. used Support Vector Machine
(SVM) classifier to find the favouring and disfavouring sequences: AT-rich k-mer
oligonucleotides disfavoured histone binding, whereas GC-rich sequences enhanced
nucleosome formation (Peckham et al., 2007). Most of the prediction models used the
yeast sequences, and a Hidden Markov Model was used in various eukaryotes beyond
yeast to predict nucleosome positions with the underlying genomic sequences (Xi et al.,

2010).
NUCLEOSOME WITH HISTONE VARIANT H2A.Z

Since the nonallelic variants of histones can be incorporated in chromatin
replacing the S-phase histones throughout the cell cycle independent of the replication,
they are also known as replacement variant. Two major H3 variants, the centromere
specific protein CenH3 and H3.3, have been extensively studied. Also, the number of
H2A variants is large and include H2A.Z, H2A. X, H2A-Bbd, and macroH2A (Zlatanova
and Thakar, 2008) .

H2A.Z nucleosome has been involved in diverse biological processes, such as
gene activation, chromosome segregation, and blocking heterochromatin silencing and

progression through the cell cycle. H2A.Z is essential for viability in Drosophila



(Clarkson et al., 1999; van Daal and Elgin, 1992). The mutation of the H2A.Z in mice is
also lethal so that no homozygous H2A.Z - mice could be obtained (Faast et al., 2001).
H2A.Z histones are highly conserved with ~ 90% sequence conservation between yeast
and human proteins (Iouzalen et al., 1996). Its sequence identity to the canonical H2A is,
however, only 60%, which suggests unique and essential functions for H2A.Z (Jackson
and Gorovsky, 2000). Overexpression of H2A.Z was observed in several major types of

malignancies especially at the metastatic stage (Rhodes et al., 2004; Zucchi et al., 2004).

OBJECTIVES

NPS patterns were proposed in some eukaryotes including yeast (Albert et al.,
2007; loshikhes et al., 2006; Segal et al., 2006), C. elegans (Salih et al., 2008), and
humans (Barski et al., 2007; Ozsolak et al., 2007; Schones et al., 2008). However,
Drosophila patterns are not fully investigated. I hypothesized that Drosophila NPS
patterns might well be distinct from the yeast NPS patterns because the locations of the
enriched nucleosomes at 5’ of genes are different between yeast and Drosophila. I also
hypothesised that the histone variant H2A.Z nucleosome may have different patterns
considering its low sequence homology with the H2A and distinct biological roles.

I examined the NPS patterns of Drosophila nucleosomes following identifying
nucleosome positions in Drosophila by aligning the high-throughput sequencing data
from ChIP-Seq experiments. The DNA sequences of the identified H2A and H2A.Z
nucleosomes were examined for the NPS, especially in terms of the dinucleotide patterns.
The analysis revealed the common and unique properties of the Drosophila NPS patterns.

As previously described, H2A.Z nucleosomes have distinct cellular roles from the
H2A nucleosomes. I also hypothesized that the positioning the H2A and H2A.Z

nucleosomes are related to the cellular processes, and the underlying NPS is designed to



control the gene expression through nucleosomes as transcription factor binding sites
direct the transcription factors. I examined the enriched biological functions of the
selected genes based on the enriched nucleosome and the NPS at the promoters and found

relationships.

Ly49 gene clusters as a model system

The role of the NPS in regulating gene expression and the interplay of
nucleosomes and protein factors guided by underlying genomic sequences was examined
using Ly49 gene cluster as a model system. I chose the Ly49 gene cluster as a model
system to investigate the effects of nucleosome positions on transcriptional regulation.
The Ly49 genes, which code surface receptor proteins of NK cells, has several
advantages to being an ideal model, besides their importance in innate immunity, for our
investigation of transcriptional regulation by nucleosomes.

The Ly49 genes exist as a cluster in a 650 kb region of chromosome 6 in mouse
and have similar requirements for transcription factors (Carlyle et al., 2008). The cluster
comprises of several Ly49 genes, often called Ly49 gene family. They are polymorphic
and polygenic: different mouse strains have different alleles of Ly49 genes. However,
expression of an individual Ly49 gene is stochastic, such that each NK cell acquires a
unique repertoire of Ly49 receptors sequentially during development and then maintains
this repertoire throughout its life (Kubota et al., 1999b; Ortaldo et al., 1999; Pascal et al.,
2006).

The clustered organisation and stochastic expression of Ly49 genes provide a
good condition as a model system: multiple copies of the genes under the similar
transcriptional control make it possible to analyse the results quantitatively using

statistical methods. Besides, the relatively small number of the genes and the
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chromosome size make it feasible to examine and verify the procedure manually, if
necessary, before applying complex computational methods. Additionally, a common
NKT cell line—called RMA (RBL-5, mutagenized but not selected)—naturally expresses
only Ly49A and none of the other Ly49 proteins, providing a convenient model for
verifying this computational study. The positions of the nucleosomes and transcription
factors were determined based on the DNA sequences. The goal has been to study how
changes to this “default”, sequence-determined landscapes of nucleosomes and
transcription factors correlate with gene expression. Therefore, the effects of nucleosome
positioning on the expression of a family of immune genes, the Ly49 receptors, were

investigated.
Ly49 gene family
LY49 RECEPTORS

Introduction and nomenclature

NK cells are bone marrow-derived lymphocytes. They were characterised by their
large, granular morphology and cytolysis activity against a variety of tumour targets and
infected cells (Trinchieri, 1989). Ly49 receptors are surface proteins expressed on NK
cells and other immune cells of mice. The receptors are homodimeric type II C-type
lectin-like membrane glycoproteins. The genes encoding the receptors are located on
chromosome 6 as a cluster. Ly49 gene family is also called as Killer Cell Lectin-Like
Receptor Subfamily A (Klra) (Schenkel et al., 2013). In this nomenclature, the genes are
indicated by a number, e.g. Klral or Klra2, while the Ly49 nomenclature uses the
subscript indicating the strain allelic variants, e.g. Ly49A® 786, The Ly49 nomenclature

was followed in this study.

11



The highly polymorphic and polygenic Ly49 gene was first identified as T
lymphocyte activation marker (Chan and Takei, 1989; Yokoyama et al., 1989). The Ly49
gene product was first identified as an inhibitor of NK lymphocyte killing tumour cell
lines that express MHC-I. The eradication of NK cells was inhibited by Ly49A’s
recognition of H2-Dd on the tumour cells (Yokoyama and Seaman, 1993). The
recognition of MHC-I by Ly49 receptors is a key to killing by NK cells. The abhorrent
expression of MHC-I on tumours or infected cells triggers the killing by NK cells.

The Ly49 genes were encoded in rodents and cattle, while humans have the Killer
Immunoglobulin-like Receptor (KIR) fulfilling the same role, instead. They are not
genetically homologous to the Ly49 receptors, but rather have a parallel function
(Middleton and Gonzelez, 2010). KIRs are also highly polymorphic and contain
activating and inhibitory receptors. Ly49 receptors and KIR are functionally similar but
structurally distinct: the former are disulfide-linked homodimers homologous to type II
C-type lectins, while the latter are type I monomeric Ig-like receptors. However, both

bind directly to MHC-I molecules (Boyington et al., 2000; Wagtmann et al., 1995).

Role of Ly49 on various immune cells

The Ly49 expression is not limited to the NK cells but broad in the adaptive
immune system as well. Invariant NK T (iNKT) lymphocytes, intestinal epithelial
lymphocytes (IELs), NKT cells, uterine NK (uNK) cells, CD8" T regulatory (Treg) cells,
CD8" T cells, CD3" cells, NKI1.1" y/8 T lymphocytes also express Ly49 receptors
(Denning et al., 2007; Gays et al., 2006; Hara et al., 2001; Kamogawa-Schifter et al.,
2005; Maeda et al., 2001; Nikolova et al., 2011; Ortaldo et al., 1998; To et al., 2009;
Toyama-Sorimachi et al., 2004; Yadi et al., 2008). Ly49Q is found in myeloid cells and

plasmacytoid dendritic cell (pDCs) (Kamogawa-Schifter et al., 2005).
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The cells expressing the Ly49 or KIR receptors show various roles in immunity.
For example, uNK cells play a significant role during mouse pregnancy (Yadi et al.,
2008), and Human uNK cells have been shown to protect congenital viral infection by
human cytomegalovirus (HCMV) displaying cytotoxic effector function upon recognition
HCMV-infected cells (Siewiera et al., 2013).

Both Ly49 receptors and T cell receptors recognise MHC-I molecules expressed
on the cells. However, the mode of recognition varies between them. T cell receptors
(TC) have specificity to the antigenic peptide bound to MHC-I (Garboczi et al., 1996).
On the other hand, the degree of MHC-I binding of Ly49 receptors is related to the extent
of functional inhibition, and neither the peptide specificity nor co-receptors are necessary
for MHC-I binding to Ly49 receptors in most cases (Correa and Raulet, 1995; Raulet et
al., 1997).

Inhibitory and stimulatory Ly49 receptors

Ly49 receptors have distinct roles: many of them are inhibitory, while some are
stimulatory. Both the inhibitory and stimulatory functions are essential in the education
of NK cells. The inhibitory Ly49 receptors bind to MHC-I complex presented on target
cells recognising MHC-I molecule H2-D, H2-1, and H2-K. The inhibitory Ly49 receptors
prevent killing the target cells upon recognition of their cognate ligand. The absence of
these ligands on target cells combined with other activating signals to the NK cell triggers
a cytolytic response by the NK cell against the target cells (Jonsson et al., 2010; Schenkel
et al., 2013).

The killing or tolerance of NK cells of the target cells upon the recognition of the
signal is explained by the missing-self hypothesis (Kirre et al., 1986). NK cells survey

MHC-I expression on cells with which they come into contact. To avoid the detection
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and possible killing by cytotoxic T cells, abhorrent or infected cells often down-regulate
expression of MHC-I to avoid detection. However, this down-regulation is recognised by
NK cells as “missing-self”, and functions as a kill signal for NK cells: the cells missing
Bom (MHC-I light chain) is killed. The reintroduction of the light chain by transgene
restores the resistance to NK cell killing (Liao et al., 1991). Interestingly, NK cells from
Bom”" mice exhibited a diminished ability to kill traditional NK cell targets as well, which
suggests that the MHC-I interaction is not only inhibiting the cytolytic activity of NK
cells but is also necessary to the activity of NK cells during the development.

Besides the inhibiting Ly49 receptors, many activating Ly49 receptors also bind
to MHC-I molecules (Dimasi and Biassoni, 2005). But unlike the inhibitor receptors, the
binding of the activating Ly49 receptors is the recognition of alleles from different strains
or altered MHC molecules. It has been discovered that disruption of Ly490
unintentionally lowered transcription of all Ly49 genes (Belanger et al., 2008). The Ly49
receptors have not only inhibitory activities but play a role in stimulating the NK cell
killing. Under some conditions, NK cells attack MHC-I" tumour cells. Many activating
receptors on NK cells have been identified. Some are specific for ligands that are
upregulated on tumour cells and stressed cells, and others apparently specific for ligands
on normal cells. This disparate recognition system can be understood in a model in which
NK cells are regulated by the balance of signalling via stimulatory receptors, specific for
diverse ligands, and inhibitory receptors, specific for MHC-I molecules (Raulet and
Vance, 2006). More than 16 different Ly49 receptors have been identified in CL57BL/6
mice, though just 8 of these are of the inhibitory type (McQueen et al., 1999; Smith et al.,
1994). Some Ly49 genes inhibited killing, but others activated killing both via

interactions with MHC-I (Makrigiannis and Anderson, 2000).
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Ly49 inhibitory receptors are important for the prevention of autoimmunity by
suppressing NK cell activation. The acquisition of inhibitory Ly49 for self-MHC-I is a
key step in the “licensing” of developing NK cells to avoid hyper-responsive state (Kim
et al., 2005b). At the same time, the activating Ly49 receptors recognise ligands that are
expressed on abnormal or infected cells. The recognition activates cytokine production

and cellular cytotoxicity by NK cells.

Receptor structure and signal transduction

NK cell signals transduce through the cascades of phosphorylation or
dephosphorylation. The Ly49 receptors have motifs in their cytoplasmic domains, called
immunoreceptor tyrosine-based inhibitory motifs (ITIM) (Burshtyn et al., 1997). Upon
the recognition of the MHC-I, the tyrosine in the ITIM is phosphorylated. The tyrosine
phosphorylation is restricted to the inhibitory Ly49 molecules such as Ly49 A, C/I and
G2, while the activating Ly49D is not phosphorylated. Phosphorylated ITIM is
responsible for the recruitment and activation of tyrosine phosphatases such as SRC
homology 2 (SH2) domain-containing protein tyrosine phosphatases 1 (SHP-1) and
possibly SHP-2 (Binstadt et al., 1996; Burshtyn et al., 1996; Campbell et al., 1996;
Olcese et al., 1996; Vély et al., 1997). The phosphatases probably interfere with the
subsequent signals suppressing the tyrosine phosphorylation-based signals downstream of
NK cell stimulation pathways. The activating receptors play a role in the signal
transduction as the phosphorylation of ITIM by engagement of the inhibitory receptors is
enhanced by cross-linking with activating receptors.

The activating Ly49 receptors transduce signals through different path using small
transmembrane adapter proteins such as killer cell activating receptor-associated protein

(KARAP)/DNAX activating protein of 12 kDa (DAP12), and DAP10 that transmits
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activation signals (Gosselin et al., 1999; Lanier et al., 1998; Olcese et al., 1997). DAP12
is important for signalling, but the requirement of DAP10 for signalling is potentially

minimal (Tassi et al., 2009).

Education and immunosurveillance of NK cells

NK cells acquire the tolerance toward the self-MHC-I during the differentiation
through a process called “education”. The inhibitory Ly49 receptors are important factors
in the NK cell education. NK cells must undergo a MHC-I-dependent “licensing” process
in order to be “self-tolerant”, or be functional in which self-specific Ly49 receptor
interactions with self-MHC-I (Kim et al., 2005a). The “licensing” process was believed
finished during the early development of NK cells, but recently it was reported that the
education does not occur only during development of immature NK cells but is actually a
dynamic and reversible process (Elliott et al., 2010; Joncker et al., 2010).

The “arming” and “disarming” models are the widely-accepted model for the
licensing. In the arming model, NK cells need to express an inhibitory receptor for a self
MHC-I to turn on their stimulatory signalling pathways, or “armed”. Otherwise, they
might never be “armed”. In the disarming model, NK cells that fail to express an
inhibitory receptor for a self MHC-I molecule might be actively rendered hypo
responsive, or “disarmed”, by downregulation of stimulatory signalling pathways (Raulet
and Vance, 2006). Whether the education is through the cis- interaction with MHC-I
expressed on its own or trans-interaction with the MHC-I expressed on another cell is
unknown. Loss of MHC-I expression along with up-regulation of ligands for activating
NK cell receptors on tumour cells results in their recognition and elimination of NK cells

(Belanger et al., 2012).
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LY49 EXPRESSION ON NK CELLS

Role of NK cells

Unlike the adaptive immunity, NK cells need neither prior sensitization nor
proliferation to kill the target cells. The recombination-activating gene (RAG)-dependent
antigen receptors are not expressed in the NK cells, either. These traits distinguish NK
cells from the adaptive immune system to be considered important in innate immunity
(Raulet, 2004). NK cells can also secrete cytokines (especially IFN-gamma and TNF-a)
and chemokines (MIP-1 family members and RANTES). In contrast to T and B cell
responses to antigen, which typically require a proliferation phase, the NK cell response
is immediate, implying that NK cells are involved in curbing pathogens during the initial
several days of infection contributing to the defense against intracellular bacteria
(Unanue, 1997), parasites (Scharton-Kersten and Sher, 1997), and that they are critical
for controlling several types of viral infection (Biron et al., 1989, 1999). The anti-tumour
activities of NK cells are well described in vitro (Kiessling et al., 1975; Nunn et al., 1976)
and in certain in vivo models (Belanger et al., 2012), yet their roles in the defence against
spontaneous neoplastic transformation remains less well established.

The sensitivity to recognise MHC-I expression levels is critical for NK cells to
distinguish healthy cells from cancer or virus-infected cells (Hanke et al., 1999; Kim et
al., 2005a). These receptors may regulate not only the immune response to tumours but
also viruses and other intracellular pathogens as well. Lack of NK cell function, even
benign viruses can be severe (Orange, 2002). Many viruses inhibit expression of MHC-I
molecules on the cell surface as a way of evading conventional cytotoxic T lymphocytes
(Loch and Tampé, 2005). Although this allows the virus to hide in the cell from these

classical T lymphocytes, the virus-infected cells are vulnerable to killing by NK cells.
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Viruses, however, developed a way to evade the NK cells by expressing viral
proteins on the infected cells that resemble the host MHC-I molecules or by down-
regulating the activating ligands on the surface of infected cells. The recognition of the
viral MHC-I-like molecules through interaction with inhibitory receptors inhibits NK
cells (Rajagopalan and Long, 2005). MCMV expresses MHC-I-like viral protein to evade
the NK cell killing (Arase, 2002).

The paradigm of inhibiting NK cells upon the recognition of MHC-I by the
inhibitor receptors shifts recently because unlicensed NK cells are better at killing
neuroblastoma tumours (Tarek et al., 2012). Unlike the other tumours reducing the MHC-
I levels on the surface to avoid detection from T cells, the levels of MHC-I is high in
neuroblastoma cells, which can inhibit licensed NK cells. However, unlicensed NK cells
are not inhibited by MHC-I on neuroblastoma cells and effectively kill neuroblastoma
tumours.

Thanks to the ability of NK cells killing aberrant cells through recognising with
Ly49 receptors, there are attempts to use the NK cells to treat diseases. Manipulation of
human KIR signalling has been proposed as a potential cancer therapeutics (Benson et
al., 2012; Koh et al.,, 2001; Romagné et al., 2011; Vey et al.,, 2012). Or blocking
inhibitory receptors on NK cells may have beneficial therapeutic effect in certain viral
infections (Benson et al., 2012; Koh et al., 2001; Romagné et al., 2011; Vey et al., 2012).

NK cells go through five stages of development assessed by the surface
expression of the markers (Kim et al., 2002). Immature NK cells undergo extensive cell
division at stage V. Expression of the Ly49 family are increasing in the developing NK
cells during the first 2 — 3 weeks and reach optimal within 6 — 8 weeks after birth. With

the one possible exception of Ly49E that is expressed in fetal cells, most Ly49 receptors
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are expressed after birth in mice (Van Beneden et al., 2001; Dorfman and Raulet, 1998;
Sivakumar et al., 1999).

While the receptor genes were originally linked to NK killing of tumours and
virus infected cells, recent studies have shown additional roles for Ly49 in other cell
types. Ligands presented on the target cells, and Ly49 receptor expression patterns
remain only partially deciphered. The likely requirements of these genes in combatting

intracellular viral, bacterial, and parasitic pathogens remain to be explored.

Ly49 repertoire in inbred mouse strains

The methods for characterization of cells expressing Ly49 are limited. Only 11 of
the Ly49 receptors have the recognising monoclonal antibodies. To make the issue
harder, many of the antibodies are cross-reactive for more than one Ly49 gene. So,
profiling NK cells precisely by the surface Ly49 receptors is hard. The survey of the
Ly49 receptor expression is often done by searching the transcripts instead of detecting
the protein or sorting the cells. Ly49 genes are polymorphic and polygenic: they have
heterogeneity in the type, and the level of Ly49 molecules expressed in different mouse
strains (Ortaldo et al., 1999). Besides the inhibiting and activating receptors, several Ly49
genomic sequences are non-functional pseudogenes. In total, there have been known
approximately 20 — 30 members of Ly49 receptors including pseudogenes (Yokoyama
and Seaman, 1993).

Different numbers of the Ly49 genes are encoded in the gene cluster depending
on the mouse strain. BALB/c mouse strain possesses 9 genes (Anderson et al., 2005),
Non-obese Diabetic Mouse (NOD/ShiLt] or NOD) strain possesses 22 genes (Belanger et
al., 2008), C57BL/6 possesses 16 genes (Makrigiannis et al., 2002, 2005) and the 129
strain has 20 genes (Anderson et al., 2005; Makrigiannis et al., 2005). Not all the Ly49
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genes are protein coding genes. For example, Ly49 genes in CL57BL/6 strain have genes
with a complete mRNA (Ly49a-j, and q) and pseudogenes (Ly49k, m, and n) (Brennan et
al., 1994; Makrigiannis et al., 2000; McQueen et al., 1999; Silver et al., 2001; Smith et
al.,, 1994). Ly49 haplotypes have a limited degree of conservation in the form of
“framework” genes. The framework gene pairs are Ly49q-e, Ly49i-g, Ly49c-a. Strain-
specific Ly49 genes are mediated by stop codons within the coding regions. Such
diversity is driven by due to pathogenic challenges such as viral infections (Orange,

2002).

Stochastic expression of Ly49 receptors

Murine L49 genes are located as a cluster on chromosome 6, and human KIR
genes are located on chromosome 19. The MHC-specific Ly49 receptors can discriminate
among the various MHC-I alleles. The receptors are expressed in a variegated,
overlapping fashion, such that each NK cell expresses several inhibitory and stimulatory
receptors. The combinations of receptors resulted from the variegated expression enable
NK cells to discriminate the self and non-self cells. The variegated pattern of receptor
repertoire on NK cells results from the stochastic choice of which Ly49 genes are
expressed.

Murine NK cells express up to six Ly49 receptors with an average of two to three
Ly49 receptors on a cell in an overlapping fashion (Kubota et al., 1999a; Valiante et al.,
1997). The maximum number of receptor combinations in the repertoire or its complexity
can be approximated assuming that each NK cell can express from two to six Ly49
receptors. Provided that each mouse encodes 10 different inhibitory receptors, then
approximately 1000 distinct types of NK cells can prevail expressing different receptor

combinations. The sequence polymorphisms adding variations to Ly49 alleles at the same

20



locus in Ly49 heterozygous mice increase the possible NK cell population with the
distinct repertoire. Ly49 gene expression is mainly monoallelic: most NK cells express
either the maternal or the paternal allele of receptors, but not both (Held and Kunz, 1998;
Held and Raulet, 1997; Held et al., 1995).

It has been proposed that the activation of Ly49 gene transcription is a stochastic
process as the proportion of NK cells expressing two individual Ly49 receptors follows
the chain rule, indicating the expression of the two Ly49 receptors are independent (Held
and Kunz, 1998). The product rule provides a good estimate of the frequency of NK cell
subpopulation expressing a given combination of receptors (Raulet et al., 1997; Valiante
et al., 1997). Single-cell RT-PCR analysis of Ly49 expression has shown that in average
one to four receptors are expressed on each NK cell with very low probability
expressing more than five receptors at the same time on a cell, supporting the joint
distribution of independent expression (Kubota et al., 1999a). That the stochastic
expression follows the product rule implicates that different receptor genes are expressed
independently.

The expression of the inhibitory receptors is overlapped so that a subset of NK
cells share the receptors partially with other NK cells. Thus, each cell expresses multiple
receptors and the combinatorial repertoire of the expressed receptors on NK cells
generates population NK cells of unique specificities. This variegated pattern of receptor
expression allows individual NK cells to discriminate between cells expressing different
MHC-I molecules. The stochastic expression pattern applies to murine Ly49 receptors
(Raulet et al., 1997) and KIR in humans (Valiante et al., 1997), despite their structural
dissimilarities.

Even though a stochastic mechanism appears to govern the variegated expression

of the inhibitory receptors following the product rule, deviations of the final NK cell
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populations of the estimated proportion are expected since the education mechanisms
censor the repertoire based on the expressed MHC-I molecules by the host. The education

processes are still poorly understood.
LY49 GENE CLUSTER

Organisation of the gene cluster

The genes that encode the mouse Ly49 receptors are clustered in tandem in the
natural killer gene complex (NKC) on mouse chromosome 6 with the exception of Ly49b
(Yokoyama et al., 1990). Ly49b is located on chromosome 6, but outside the Ly49
cluster. The Ly49 gene cluster has been mapped in the C57BL/6 mouse genome (Brown
et al., 1997; Depatie et al., 2000; McQueen et al., 1998). The highly related activators,
Ly49h, k, and n are grouped, but in general, the Ly49 genes are not grouped with respect
to activating and inhibitory functions or gene homology.

A study revealed the presence of an additional Ly49 promoter (Pro-1) and two
non-coding exons (exon -1a and exon -1b) upstream of the previously defined promoter.
The previously defined promoter was then renamed as Pro-2 (Saleh et al., 2002). The
Pro-1 homologous regions were found at 4-10 kb upstream of Pro-2 in all examined Ly49
genes. Pro-1 is used to for transcription: Pro-1 transcripts were detected from the Ly49a,
e, g, 0, and v genes, and the activity was detected in bone marrow, fetal thymus, liver NK
cells, and the murine LNK cell line. The inactivity of the Pro-1 in mature NK cells
suggests its unique role as a promoter in the early stages of NK cells (Saleh et al., 2002).
There is a recent report claiming that the Pro-1 is active in mature NK cell, but the Pro-1
in the mature NK cell is functioning as an enhancer instead of a promoter without the

necessity of TATA (Gays et al., 2015a).
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Regulation of expression

Ly49 gene families and the human analogues KIR gene families are composed of
closely related genes with unidirectional transcription and mono-allelic yet independent
and stochastic expression (Held and Kunz, 1998; Kubota et al., 1999a). The transcription
level regulation is responsible for the unique pattern of gene expression (Kubota et al.,
1999a). Transcriptional repression can generally be achieved either or both by limiting
available transcription factors and by the inaccessibility of regulatory sequences such as
the promoter and enhancer.

Chromatin remodelling and DNA methylation are one of the major mechanisms
of transcriptional control for tissue-specific genes and the allele-specific gene expression
(Attwood et al., 2014). Since this correlation of transcription and epigenetic states seems
to be a common feature of immune system genes (Smale and Fisher, 2002), Ly49
expression may also be under the control of epigenetic states. The expression levels of
various receptor subunits in NK cell subpopulations are evident at the mRNA level,
suggesting differential transcriptional regulation of receptor gene expression (Held et al.,
1995; Kubota et al., 1999a). The variegated expression of the Ly49 receptor presents
interesting questions about the initiation and maintaining the expression in individual NK
cells.

Methylation state was proposed on the basis of the relative stability of monoallelic
expression of Ly49 receptors on cultured NK cells (Held and Raulet, 1997). Also, the
selection of Ly49 gene maintained stable over the development. There must be a
regulation mechanism like epigenetic control to maintain the expression over multiple
cell divisions. Ly49a Pro-2 shows a strong link between DNA hypomethylation, histone

acetylation, and transcriptional activity of the gene in mature NK cells. Methylation in
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Pro-2 is high in non-expressing cells and low in expressing cells. Methylation level is

high in fetal NK cells and is varying in nonlymphoid tissues.
Transcription factors in Ly49 transcription

Many transcription factors regulate the transcription of the Ly49 gene. During the
conditional expression of a Ly49 gene by Pro-1 forward or reverse promoter, AML-1 is
considered as a key transcription factor. Ly49a expression has been shown to be
dependent on the transcription factor T cell factor-1 (TCF-1) during development (Held
et al., 1999). However, the fact that TCF-1 is present in an equal amount in both Ly49A
expressing and non-expressing primary NK cells makes TCF-1 hardly be the key
regulator that controls which allele of Ly49A to express. Another transcription factor,
activating transcription factor-2 (ATF-2) plays a role in transcription binding to a 13-bp
regulatory element restricted to Ly49A-expression exhibiting promoter activity in EL-4
cells (Kubo et al., 1999).

Some transcription factors co-regulated certain Ly49 receptor genes resulting in
co-expression of the receptors. For example, the transcription factor TCF-1 may control
the expression of Ly49A and Ly49D but not the other Ly49 genes (Held et al., 1999).
This co-regulation and the education during the maturation have the NK cell population
with various combinations of Ly49 receptors deviate from the distribution calculated by
the product rule.

Not only was the binding affinity of the forward and reverse promoters of Pro-1,
but chromatin status also believed to play a role in the variegation of the Ly49
expression. The expression of the different combinations of Ly49 receptors — variegation,
is complex and the regulation is difficult to be explained by transcription factors alone as

the promoters may share common transcription factors binding sites.
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Transcriptional regulation

Transcription is controlled in part by the assembly of relevant complexes of
transcription factors in regulatory regions of genes. The abundance of transcription
factors, localisation and higher order interactions among transcription factors, co-
activators, or repressors are an array of mechanisms through which transcription is
regulated. The second level of control is provided by epigenetic processes that affect the
accessibility of transcription factors to the regulatory regions of their target genes within
a highly ordered chromatin structure. By modulating the accessibility of transcription
factors toward the regulatory regions of genes, epigenetic factors may silence, dampen or
facilitate efficient transcription (Ansel et al., 2003; Egger et al., 2004; Felsenfeld and
Groudine, 2003; Li, 2002; Raulet et al., 1997; Smale and Fisher, 2002).

A study presented that an upstream Ly49 promoter Pro-1 is bidirectional and acts
as a probabilistic switch that determines the fate of the Ly49 gene and establishes the
activity of the downstream promoter, Pro-2 (Saleh et al., 2002, 2004). Pro-1, the
promoter at the upstream of exon -la, is a bi-directional promoter. Depending on the
binding to the forward or reverse direction, the Ly49 gene expression is activated or
repressed. Binding to the reverse promoter represses the expression, while binding to the
forward promoter starts transcription. The transcription process may change the
chromatin state at the downstream which leads to constitutive expression of Ly49 genes
in the mature NK cells (Pascal et al., 2006). The bidirectional promoter Pro-1 consists of
an array of conserved transcription factor binding modules: TATA boxes at each 5* and
3’ each flanked by C/EBP binding sites with AML-1 and NF-kB binding sites in the
middle (Saleh et al., 2004). The forward and reverse directions for Pro-1 depend on the
same transcription complex competing for each other. The transcription complex may

assemble by chance and transcribe only in one direction. The forward transcription

25



process keeps proceeding past the downstream promoter, Pro-2, and in some cases, Pro-3
(McQueen et al., 2001; Saleh et al., 2004). The forward transcription process may
dislodge an inhibitory complex, probably the closed chromatin state, at the upstream of
Pro-2, which then maintains the expression of that Ly49 gene for the rest of the NK cell’s
life. Conversely, reverse transcription means the inhibitory complex stays at a key
developmental moment, forever barring the NK cell from expressing that Ly49 (Saleh et
al., 2004). The relative strength of the forward and reverse promoters is believed to be
modulated by the strength of the C/EBP binding sites. Pro-1 is hypersensitive to DNase |
in both Ly49A-expressing and -nonexpressing cells but not in nonlymphoid tissue

(Tanamachi et al., 2004).

Maintenance of expression by epigenetic control

The mechanism that ultimately stabilises and maintains the final expression
pattern is likely epigenetic. The usage of the Ly49 promoters shifts during the maturation
of the NK cells. The bi-directional promoter Pro-1 is active only in immature NK cells.
Once the NK cells mature, the promoter for the transcription is switched from Pro-1 to
Pro-2, which leads to permanent expression of the Ly49 gene (Pascal et al., 2006). Once
the Ly49 gene is successfully activated, its expression is stably maintained throughout
multiple rounds of proliferation. In mice, the activated Ly49 receptors maintain the
expression for at least 10 days in vivo (Dorfman and Raulet, 1998), and for at least 1-2
weeks of in vitro (Karlhofer et al., 1992).

Since the expression is maintained even after rounds of proliferation, the
epigenetic control is implicated as the control mechanism. There is an inhibitory element
immediately upstream of the Pro-2 of the Ly49c and j promoters (McQueen et al., 2001).

The human KIR genes have conserved CpG islands among the promoters. Each KIR gene
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is consistently methylated in silent KIR genes and demethylated in active KIR genes
(Santourlidis et al., 2002). Unlike the human KIR genes, both Pro-1 and Pro-2 of the
mouse Ly49 genes do not have CpG in conventional definition. However, the CpG
dinucleotides in Ly49A™ NK cells are heavily methylated, whereas the DNA from half of
the Ly49A" cells are unmethylated and the other half are heavily methylated indicating
that Ly49 methylation correlates with monoallelic expression in mice (Rouhi et al.,
2006). Acetylation is also part of the epigenetic control of Ly49 genes. There is a
significant difference in acetylation levels in Pro-2 regions between expressing and non-
expressing NK cell lines (Chan et al.,, 2005). The acetylation level of KIR genes,

however, is maintained high regardless of expression state (Uhrberg, 2005).

OBJECTIVES

While the probabilistic model of the bi-directional Pro-1 nicely describes the
observed Ly49 expression patterns during the maturation of NK cell, it is not sufficient to
explain the variegation of Ly49 receptors in NK cell population because the ‘forward’
and ‘reverse’ sequences in Pro-1 remain the same among the NK cells. There must be
another layer of regulatory mechanism to differentiate the various Ly49 receptors in the
NK cells. Furthermore, a recent report has shown that Pro-1 affinity does not always
correlate with that Ly49’s expression level (Gays et al., 2015b).

Variegated expression with possible epigenetic control of polymorphic Ly49
receptors suggests that some unknown factors may act in regulating Ly49 expression,
giving forth an idea of the effects of nucleosome positioning as the unknown factor on
the stochastic expression. I hypothesised that the accessibility to the promoters
established by nucleosomes is an important mechanism to determine the use of forward

or reverse promoters and the subsequent stochastic expression of the Ly49 receptors in
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NK cells. The genomic sequences may work as a blueprint to organise the default layout
of nucleosomes and transcription factors to work together: the organisation of the DNA
sequences in the promoters differentiates the availability of the transcription factor
binding sites and subsequent binding of the transcription factors by modulating the
accessibility. The relationship between the transcription factor and the nucleosome
determined by genomic sequences was examined by computational methods.

Certain transcription factor binding sites within the Ly49 promoters or the
enhancer are sensitive to the nucleosome coverage. I hypothesized that these sensitive
binding sites would be preferentially enriched within predicted nucleosome-bound
regions of DNA. Additionally, our lab has previously shown that some transcription
factors in nucleosome-covered regions are arranged ‘in-phase’ with nucleosomes
indicated by a noticeable pattern of 10 bp periodicity of the distance distribution
(Toshikhes et al., 1999). Binding sites having such a periodic pattern would be able to
orient themselves on the same side of DNA, since the 10 bp interval corresponds to one
turn of a DNA double helix. The binding sites facing outward from the nucleosome when
they are incorporated in a nucleosome would be available for target protein binding.
TATA box binding sites require the 10 bp phasing of the binding sites to the proximal
nucleosome as disrupting the phasing was shown to severely impact promoter function
(Imbalzano et al., 1994).

In this research, | identified that the nucleosome positions in the Ly49 promoters
mostly overlapped the forward Pro-1 site hindering the availability of the binding sites
for the activation of the genes, while leaves the reverse Pro-1 freely available. The
coverage of transcription factor binding sites by nucleosomes was systematically
analysed identifying ‘open’ and ‘covered’ binding sites. Among the selected 17

transcription factors, | identified that AML-1 as the transcription factor of which binding
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sites displayed both preferential nucleosome coverage and lack of 10 bp periodicity in
distance distribution. The relationship between the factor binding sites and the
nucleosome positions were studied by Association Rule Mining confirming the open and
closed arrangement qualitatively. The enriched binding motifs on the DNA around
nucleosomes revealed the genomic layout controlling both nucleosome positioning and
transcription factor binding. I then confirmed, with the help of collaborators, the findings
from the computational analysis using a cell line that naturally expresses Ly49A: AML-1
sites are preferentially depleted of nucleosomes throughout the promoter/enhancer
regions of expressed Ly49 genes comparing to the sites of the unexpressed Ly49 genes
within the same population, implying that nucleosome positioning is a possible

mechanism regulating Ly49 expression in vivo.
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PART 1: NUCLEOSOME POSITIONING SEQUENCE PATTERNS

Introduction

The nucleosome, which is the core subunit of chromatin structure, is made up of
147 bp of DNA wrapped around a histone octamer core. One of the important roles of the
nucleosomes is stabilising and packing the long strand of DNA. The positively charged
histones stabilise the negatively charged DNA backbone and make it possible to be
packed in a cell. However, the role of nucleosomes is not limited to the packaging and
stabilising DNA strands. Nucleosomes play regulatory roles such as gene activation (Bai
and Morozov, 2010; Hu et al., 2013; Spitz and Furlong, 2012), transcription repression
(Lickwar et al., 2009), or polymerase pausing (Levine, 2011). This regulatory activity is
accomplished by limiting the access of the transcription factors to their binding sites on
the DNA or bringing them close together by bending the DNA (Spitz and Furlong, 2012).
Also, nucleosomes may contribute to the 3-dimensional structure of DNA and form
transcription centre (Chakalova et al., 2005). By closing in or opening important regions
of DNA, nucleosomes may block the binding of the transcription factors or facilitate the
binding of transcription factors. It may even direct the binding to a specific region and
increase the transcription efficiency. Therefore, knowing the precise position of a
nucleosome, especially regarding the transcription start site, is important to understand
the interaction between the nucleosome and other gene regulatory elements.

Nucleosomes are positioned either statistically or specifically (Kornberg and
Stryer, 1988; Mavrich et al., 2008a). Statistic positioning of nucleosome represents
nucleosomes are positioned freely and randomly on DNA as far as there is enough space:
the nucleosome position is restricted by adjacent nucleosomes or DNA binding proteins.

Otherwise, it can be placed in any available space on the DNA. On the other hand,
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specific nucleosome positioning represents that the nucleosome position is closely
regulated. The underlying DNA sequences (Collings et al., 2010; Ioshikhes et al., 2006;
Peckham et al., 2007; Segal et al., 2006) or nucleosome remodelling factors (Chandy et
al., 2006; Ito et al., 1997; Sadeh and Allis, 2011) are the major controllers of the specific
positioning. Especially the DNA sequences are the fundamental factor in the specific
nucleosome positioning.

In contrast to the well-defined, 4 to 10 bp long sequence motifs for transcription
factor binding, the nucleosome sequence—the DNA region where histones bind to form a
nucleosome—spreads over longer than 100 bp. Typically, the length of a nucleosome
sequence is 146 to 147 bp for a canonical nucleosome (Kornberg, 1974). While the
sequence motifs of transcription factor binding sites are relatively compact and well-
defined, the nucleosome positioning sequences do not show specific sequence motifs.
Instead, a dinucleotide periodicity, repeating appearances of dinucleotide in fixed
intervals is the common characteristics of nucleosome positioning sequences (loshikhes
et al., 1992). The periodic pattern of dinucleotides allows or restricts the bending of the
DNA and the bending favours or disfavours the DNA wrapping the histone cores to form
a nucleosome (Cui and Zhurkin, 2010; Gabdank et al., 2009; Zuccheri et al., 2001).
Various NPS patterns have been proposed in eukaryotes (loshikhes et al., 2006, 2011;
Salih et al., 2008; Segal et al., 2006). Among the many proposed patterns, the
dinucleotide periodicity is commonly observed in the various NPS patterns, even though
the proposed patterns differ from one another.

The dinucleotide NPS patterns are customarily classified into WW/SS (weak-
weak/strong-strong) class and RR/YY (purine-purine/pyrimidine-pyrimidine) class as
WW/SS and RR/YY are the most frequent dinucleotides showing periodicity in the NPS.

The WW/SS patterns have alternating WW and SS dinucleotides at every 5 bp distances,
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which leads to the periodic appearance of WW or SS dinucleotide at 10 bp apart of its
own. The 10 bp periodicity locates the WW or SS dinucleotides on one side of the
nucleosome DNA because the 10 bp periodicity is similar to the one turn of DNA helix.
For the same reason, the WW and SS dinucleotides are located on the opposite side of the
DNA as the distance between WW and SS dinucleotides is 5 bp. The location of WW
dinucleotides on the nucleosomal DNA is where the major groove of the DNA faces
away from the histone core. The SS dinucleotides, which are 5 bp apart from the WW
dinucleotides, are thereby located where the major groove faces toward the histone.

The RR/YY NPS pattern is also characterised by the 10 bp periodic appearances
of RR and YY dinucleotides. However, the positions of the dinucleotides are in counter-
phase, which means they are at the same position but on the different strands of DNA.
For example, AA (purine) and TT (pyrimidine) dinucleotides in the RR/Y'Y pattern are in
the counter-phase or on the different DNA strand. The locations of the AA and TT
dinucleotides are 2 to 3 bp off from the WW and SS locations. So the locations are where
the DNA backbone is close to the histones (Ioshikhes et al., 1996). Based on the locations
of the dinucleotides in the NPS patterns, the WW/SS pattern may be more important
regarding the binding of transcription factors or pioneer factors because the locations are
related to the opening or squeezing of the major and minor grooves.

It was reported that some nucleosome sequences have anti-NPS patterns. The
anti-NPS pattern is the opposite pattern of the corresponding NPS pattern (Ioshikhes et
al., 2011). As the NPS pattern facilitates wrapping histone octamers by favouring the
DNA bending, the opposite anti-NPS patterns need higher energy to bend the DNA to be
wrapped around the histone octamers. Consequently, the nucleosome formed at the DNA

with the anti-NPS pattern is less stable than those formed at the DNA with the NPS
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pattern. The instability of the nucleosome can facilitate the binding of the transcription
factors to DNA in place of the histones and initiate the transcriptional regulation.

Histone variant H2A.Z, which shares 60% identify with H2A, is characterised by
its extended acidic patch on the surface and a unique C-terminal tail (Suto et al., 2000).
The H2A.Z nucleosome, which contains the histone variant H2A.Z in place of H2A, is
regarded an activator of the gene expression because the H2A.Z nucleosomes are often
enriched at the promoters of active genes. However, the reported role of H2A.Z
nucleosome in gene expression is not consistent but complex. Some of the phased H2A.Z
nucleosomes at the 5’ end of genes are related to the active transcription of the gene
(Bargaje et al., 2012; Weber et al., 2010), while the enrichment of H2A.Z is observed of
inactive genes in yeast (Guillemette et al., 2005). In some cases, the H2A.Z nucleosomes
are enriched at the 5° ends of genes regardless of the gene activity and are lost following
an increase in transcription (Raisner et al., 2005). H2A.Z affects the chromatin status: the
H2A.Z enrichment is related to gene silencing (Swaminathan et al., 2005), or H2A.Z
antagonises telomeric silencing and prevents the spread of heterochromatin by
collaborating synergistically with a boundary element (Meneghini et al., 2003).
Perplexing enough, H3.3 dependent recruitment of H2A.Z on promoters facilitates the
compaction of chromatin to poise transcription, while H2A.Z mediates chromatin
compaction and represses transcriptional activity (Chen et al., 2013). One of the
speculated roles of the H2A.Z nucleosome is that it establishes transcription initiation
instead of maintaining it (Santisteban et al., 2000).

I hypothesised that the NPS pattern in Drosophila determines the formation of
nucleosomes at the regulatory regions as in the yeast. I analysed the nucleotide sequences
of experimentally determined nucleosome positions to test if Drosophila nucleosomes

have the NPS of the 10 bp periodicity comparable to the yeast patterns. I also
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hypothesised that the NPS pattern of the canonical H2A nucleosome might differ from
the patterns of the H2A.Z nucleosomes. The DNA sequences from the phased H2A and
H2A.Z nucleosomes were analysed for periodicity, and the dinucleotide positions were
compared. The positions of the nucleosomes on the genome were identified by aligning
the sequence reads from ChIP-seq experiments. The nucleosome positions from the
aligned sequence reads were determined, and the phased +1 nucleosomes were selected
in the promoter regions. After retrieving the nucleotide sequences, I analysed the
periodicity of the dinucleotides. The signal for the nucleosome positioning is subtle being
stretched over a 146 bp long sequence. So the collective measures by summing up the
dinucleotide frequencies of the selected sequences were necessary to increase the signal
to noise ratio. To identify the periodicity in the nucleosome sequences, I used Fourier
transform to convert the periodic patterns into a frequency domain with its spectral
density. By examining the spectral density, the dominant frequency that is the inverse of
the period could be identified. The detection of the NPS patterns required iterating
processes to refine the patterns after removing noises: repeated selecting of the
nucleosome sequences and running Fourier transform. The NPS patterns from the H2A
and H2A.Z nucleosome sequences were compared with the yeast patterns for the
detection of distinctions of the Drosophila NPS patterns and the effects of histone
variants on the NPS patterns.

I also hypothesised that the genome sequences were the basic layout organising
the H2A and H2A.Z nucleosome positions, and they may facilitate the binding of certain
factors or interfere with the binding of other transcription factors. Hence, 1 scanned the
promoters searching for the existence of the core promoter elements, such as BRE, Inr,
CCAAT, and TATA followed by grouping the promoters according to the nucleosome

type and the position. I then tested the co-occurrences of the core promoter elements with
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the nucleosomes statistically. To investigate whether the genomic organisation has
preferences for the type of nucleosomes such as H2A or H2A.Z and preferences for the
position of the nucleosome, I analysed the enriched biological functions of the genes

associated with H2A and H2A.Z nucleosomes and the NPS patterns.
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Materials and Methods

IDENTIFICATION OF THE NUCLEOSOME POSITIONS

H2A nucleosome data were downloaded from Gene Omnibus (GSE30755), which
are paired-end Illumina HiSeq sequencing data of 80 mL salt precipitated nucleosomal
DNA from Drosophila S2 cell line (Teves and Henikoff, 2011). The quality of the short
sequence reads was checked with FASTQ for the duplicates and non-specific repeats.
The quality-checked sequence reads were aligned on the Drosophila R5.3 genome using
Bowtie2 (Marygold et al., 2013). The paired sequence reads were identified with the
sequence identification tag. Each position of the aligned reads of the paired sequence
reads defines the beginning and the end of the sequenced DNA fragments.

After alignment, we selected the positions that were bound by phased
nucleosomes. Because the short reads came from the paired sequencing reads, the size of
the sequenced segments could be identified. The sequenced genomic segments with the
size between 142 bp and 146 bp were selected for further analysis to restrict the selected
sequences mainly bound by the phased nucleosomes. The middle positions of the selected
sequence reads were found from the boundaries defined by the paired reads. From the
genomic coordinates of the central positions, the read counts, the number of the aligned
sequences residing at each position of the genome, were counted. The read counts on the
genome were further analysed by Gene Track (Albert et al., 2008) to identify nucleosome
peaks. Gene Track identified the nucleosome dyad or the centre of the nucleosome from
the peaks with the highest read counts locally without being overlapped with other peaks
within the 147 bp range. The identified nucleosome positions were filtered with the read
count and the standard deviation of the dyad positions. The nucleosome positions with
more than 2 read counts and the standard deviation less than the 75% quantile were

selected as reliable nucleosome positions. The peak identification was made separately on
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the Watson and Crick strands of the genome. Then, the identified nucleosome peak
positions from one strand were compared to peaks in another strand, selecting peaks
whose positions matched within 2 bp between the two strands.

The output of the Gene Track is the point coordinates of the nucleosome dyads on
the genome. The genomic position of the nucleosome was determined by extending the
dyad positions by 73 bp to the 5° and 3’ directions to set the beginning and the end of the
nucleosome boundaries. The nucleosome positions were saved in the 0-based BED file.
The nucleotide sequences of the nucleosome-bound regions were fetched from the same
Drosophila R5.3 genome using the genomic coordinate of the nucleosome positions with
Bedtools (Quinlan and Hall, 2010a). The fetched genomic sequences were saved in
FASTA format for further analysis. H2A.Z nucleosome positions were obtained from
immunoprecipitated H2A.Z histone of Drosophila melanogaster embryo (Mavrich et al.,
2008b). The H2A.Z nucleosome positions were identified in the same way as those of the

H2A nucleosomes.

NUCLEOSOME DISTRIBUTION

Nucleosome occurrences were counted within the 2000 bp long sequence around
transcription start sites. The identified nucleosome positions were counted if the dyad
position resided within the 1000 bp upstream and 1000 bp downstream range of
transcription start sites. The nucleosome counts were smoothed by taking the 3-bp
window moving average: taking the average of the nucleosome counts at the current
position, at the 1 bp previous position, and the 1 bp following position. The nucleosome
counts were normalised by dividing the counts by the total number of the nucleosomes.
The normalised occurrences at each position were plotted by aligning at transcription

start sites.
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IDENTIFYING THE +1 NUCLEOSOMES OF EACH GENE

The ‘+1 nucleosome’ was defined as the first nucleosome located within 200 bp
downstream from a transcription start site. The genomic coordinates of the transcription
start sites of all known genes were obtained from the Drosophila melanogaster database
using BioMart (Durinck et al., 2005) and R (R Development Core Team, 2012). We
searched the presence of a nucleosome within the region which was 200 bp downstream
from the transcription start site of each gene. The first nucleosome found in the 200 bp
downstream region was marked as the +1 nucleosome of the corresponding gene. We
searched for the +1 nucleosome from the H2A nucleosome data and repeated the same
search with the H2A.Z nucleosome data. The +1 nucleosome was defined as the first
downstream nucleosome within the 200 bp range of transcription start sites. Each gene
has only one +1 nucleosome in our study. Once the +1 nucleosome was identified with
each gene, the nucleosome and the corresponding gene pair were stored in one of two
groups, an H2A +1 nucleosome-gene data set or an H2A.Z +1 nucleosome-gene data set,
depending on the type of the +1 nucleosome. The +1 nucleosomes are located within the
200 bp range from transcription start sites. The closest command in the Bedtool suite was
used to identify the nucleosomes closest to a transcription start site by comparing the
genomic coordinates of all transcription start sites of known genes and the nucleosomes

located within the 200 bp range from the transcription start sites.

GROUPING GENES BASED ON THE TYPE OF THE +1 NUCLEOSOME

Once the +1 nucleosome for each gene was identified, the nucleosome-gene pairs
were further divided into three groups: H2A-only, H2A.Z-only, and H2A/H2A.Z. For
each gene, its +1 nucleosome positions were compared between the H2A and the H2A.Z
nucleosome. If only an H2A nucleosome was found as the +1 nucleosome for the gene,

then the gene-nucleosome pair was stored in the H2A-only group; if only an H2A.Z
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nucleosome was found as the +1 nucleosome for the gene, then the gene-nucleosome pair
was stored in the H2A.Z-only group.; if both H2A and H2A.Z nucleosomes were found
as the genes +1 nucleosome and the positions of the two +1 nucleosomes were
overlapped at least by 73 bp, then the gene-nucleosome pair was stored in the
H2A/H2A.Z group. The genomic coordinates of the transcription start sites, the +1
nucleosome position and the associated gene name were saved for further analysis.
Comparison of the genomic coordinates of the nucleosome positions was performed with

Bedtools intersect command.

DINUCLEOTIDE PATTERNS OF NUCLEOSOME SEQUENCES

Once the genomic coordinates of the nucleosomes were determined, the
nucleotide sequences of the determined genomic coordinates were fetched from the
Drosophila genome R5.3 using the getfasta command in the Bedtools suite. A unique
number was assigned to the genomic coordinates for identification, and output was saved
to a file in FASTA format.

The frequency patterns of the 20 dinucleotides were counted from the nucleotide
sequences. The 20 dinucleotides consist of 16 primary patterns, which are the
combinations of the four nucleotides, adenine, thymine, guanine, and cytosine (AA, AT,
TA, TT, GG, GC, CG, CC, AG, GA, AC, CA, TG, GT, TC, CT) and four composite
patterns of weak-weak (WW), strong-strong (SS), purine-purine (RR), and pyrimidine-
pyrimidine (YY). Reverse complement strands were added for each sequence before
counting the dinucleotide occurrences to consider the dinucleotide frequency in both
strands reading from 5’ to 3’ direction.

Each nucleotide sequence was converted into a numerical format based on the

presence of the dinucleotide. An example of the numeric representation of the AT and
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CG dinucleotide patterns of a sequence is shown below. Note that the length of the

dinucleotide pattern is 1 bp shorter than the length of the original sequence.

Nucleosome sequence: 5’ -CGAGTATCGGAATCGTATGCC-3’
AT pattern: 5’ -00000100000100001000-3"
CG pattern: 5’ -10000001000001000000-3"

For each nucleotide sequence, the sequence was converted by custom Perl scripts to the
numeric format for all 20 dinucleotide patterns.

The numeric patterns were analysed after being imported into R. The numbers at
each position were summed through the complete set of the sequences to count the
dinucleotide at each position and then divided by the total number of the sequence to
calculate the occurrence frequency. The occurrence frequency for each dinucleotide
pattern was then smoothed by 3-bp moving average and plotted along the nucleosome
sequence aligned at the nucleosome dyad to look for the repeating appearance of the

peaks. The smoothed pattern was used for periodicity analysis by Fourier transform.

DETECTING PERIODICITIES BY FOURIER TRANSFORM

Fourier transform converted the domain of the original data to the frequency
domain. It detects the frequency from the repeating patterns and the contribution of each
frequency to the plot. If the dinucleotide patterns had trends, then the trends were
eliminated to make the patterns stationary. The detrending was done with LOESS
(Locally Weighted Scatterplot Smoother) curve fitting. The pattern with a trend was fit
with LOESS, and the predicted values were subtracted from the patterns. The resulting
patterns were stationary without the trend. The occurrence of each dinucleotide pattern
was converted to the frequency domain by Fourier transform, and then the spectral

density of each frequency was compared to find the dominant frequency. The period can

40



be calculated as 1/frequency because our sampling rate is one base pair. The period
and the spectrum were plotted using the ggplot? package in R.

For the composite patterns like WW, SS, RR, and YY, the dinucleotide counts of
the corresponding dinucleotides were summed. For example, for the WW dinucleotide
patterns, AA, AT, TT, and TA dinucleotide counts were summed. The patterns went

through the same smoothing and Fourier transform for the detection of the periodicity.

BUILDING A MODEL FOR THE PERIODIC DINUCLEOTIDE PATTERN

Linear models were constructed using the identified period for the periodic
dinucleotide pattern. The following equation was fitted using a linear model to estimate
the parameters.

P = asin(2rwx) + b cos(2nwx) + e
Where w is the identified frequency (1 / period), x is the nucleosome sequence
position, and P is the dinucleotide occurrence.

The harmonic period was added to the model:

P = asin(2nwx) + b cos(2nwx) + c sin(4nwx) + d cos(4nwx) + e

The equation was fitted using a linear model and the estimated parameters

REFINING OF THE PATTERNS BY CORRELATION

Correlation of individual nucleosome sequences to the particular dinucleotide
patterns was calculated as in (Ioshikhes et al., 2011). For each pattern, the correlation was
calculated between the initial dinucleotide pattern and each dinucleotide pattern. For
example, the relationship between the initial WW dinucleotide pattern from the data set
and the WW dinucleotide pattern of each nucleosome sequence. Then the nucleosome
sequences were grouped based on the correlation coefficient. If the correlation coefficient
is greater than 0, then the sequence was marked as positively correlated sequences and
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stored together. If the correlation coefficient is less than 0, then the sequence was
designated as negatively-correlated sequences and stored for further analysis. The
calculation of the occurrence frequency and the detection of the significant periods by
Fourier transform were carried out with the selected nucleosome sequences in the same

way as previously described.

COMPARISON OF THE HISTONE STRUCTURES

Histone H3 sequences of yeast (P61830), Drosophila (P02299) and H3.1
sequences of mouse (P68433) and human (P68431) were retrieved from UniProt. The
amino acid sequences were aligned using Clustalw2 (McWilliam et al., 2013). H2A
histone sequences of yeast (P04911), Drosophila (P84051) and human (POCO0SS), and
H2A.Z sequences of yeast (Q12692), Drosophila (P08985) and human (POCO0S5) were
retrieved from UniProt. Those sequences were compared by multiple alignments using
Clustalw2 (McWilliam et al., 2013) to find the conserved regions and the changes in the
hydrophobicity. The tertiary structures of nucleosome core with H2A histone (2NQB)
and H2A.Z histone (1F66) nucleosomes were retrieved from Protein Data Bank. The
tertiary structures were superimposed on each other with PyMol to visualise the

differences.

IDENTIFYING CORE PROMOTER ELEMENTS

The core promoter elements were identified from promoter sequences extracted
from transcription start sites. The genomic coordinates of the transcription start sites of
all known genes were expanded to 500 bp toward upstream (5’ direction) and 100 bp
toward downstream (3’ direction). The 600 bp long nucleotide sequence was retrieved
from the Drosophila R5.3 sequence with Bedtools. Each promoter was uniquely labelled
with the associated gene name and the position. The promoter sequences were scanned
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for the presence of core promoter elements, BRE, DPE, Inr, CCAAT, and TATA with

Promoter Classifier (Gershenzon and Ioshikhes, 2005).

STATISTICAL TESTING OF THE CO-OCCURRENCES

Co-occurrence of the core promoter elements and the H2A or H2A.Z +1
nucleosome was searched to assess the enrichment of the core promoter elements. The
transcription start sites of the promoter sequences were associated with known genes. The
H2A and H2A.Z +1 nucleosomes were also related to known genes from the previous
analysis. Those gene lists were compared to group the promoter sequences. Each core
promoter elements were counted in grouped promoter sequences based on the H2A and
H2A.Z +1 nucleosome. The enrichment of the core promoter elements was tested by Chi-
square test. The total number of each core promoter element was counted and used as the
expected value, and the count of each core promoter element in each gene set was used as
the observed value. The processing and plotting of the data, not specified above, was
done by custom scripts written in R using the ggplot2 package (R Development Core

Team, 2012; Wickham, 2009)
ENRICHED BIOLOGICAL FUNCTIONS OF THE H2A AND H2A.Z +1 NUCLEOSOME

The selected genes in the H2A-only, H2A.Z-only, and H2A/H2A.Z subset were
analysed for the enriched biological functions with Functional Annotation Clustering of
DAVID web server (Huang et al., 2009). The standard gene symbols of the selected
genes were prepared and used as the input of the DAVID. Enriched biological processes
were chosen based on the enrichment score (greater than 2) and Benjamini-Hochberg

false discovery rate (less than 0.05).
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ENRICHED BIOLOGICAL FUNCTIONS OF GENES HAVING NPS PATTERNS

The correlation of nucleosome sequences to the WW/SS and RR/YY NPS
patterns were calculated, and the positively correlated sequences were selected for both
WW/SS and RR/YY patterns. The associated genes to the selected sequences were
identified by the unique identification number given for the nucleosome sequences in the
previous steps. The standard gene symbols were prepared and used as an input to the
Functional Annotation Clustering in DAVID. Enriched biological processes were
selected by the enrichment score (greater than 2) and Benjamini-Hochberg false

discovery rate (less than 0.05).
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Results

NUCLEOSOME DISTRIBUTION AROUND TRANSCRIPTION START SITE

Nucleosomes cover a large area of a chromosome. Besides the structural role of
nucleosomes, the sequences covered by nucleosomes may not be readily available to
other proteins to bind. If the covered chromosome regions are important in transcriptional
regulation, the nucleosome coverage itself is part of the regulation. Nucleosomes are
located either statistically or specifically, and the ones near promoters are believed to be
positioned specifically. Selecting specifically positioned nucleosomes is important in
searching for the nucleosome positioning sequence. The nucleosome distribution along
the promoters gives information not only where nucleosomes are located but also gives a
clue whether the nucleosomes are located statistically or specifically. If the nucleosomes
are located specifically, which means they are positioned on designated positions, then
the nucleosome distribution will show a definite profile at the nucleosome position.
Otherwise, the nucleosome positions will spread out and the nucleosome distribution will
produce a broad and low profile.

The H2A and H2A.Z nucleosome distributions around the Drosophila
transcription start sites were analysed from the experimental data. Nucleosomes within
the 1000 bp upstream and 1000 bp downstream region of the transcription start sites,
were collected, and summed at each position across all known genes of Drosophila
(Figure 1). The closer the nucleosome is to the transcription start sites, the sharper the
profile is. More specifically, the first nucleosome at the downstream of the transcription
start site has the strongest signal, and the subsequent nucleosomes away from the
transcription start site are showing less defined profiles. The stronger signal means

nucleosomes at the position were located specifically. The strong and sharp profile is the
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Figure 1. Nucleosome distributions on promeoters. The distributions of H2A and
H2A.Z nucleosomes were shown at 5° of genes by plotting normalised
nucleosome occurrences. The genomic regions were aligned at the
transcription start site (TSS). The upstream region was represented with a (-)
notation, and the downstream region was represented with a (+) notation.
The smoothed nucleosome occurrences (bold line) were calculated using the
3-bp moving average of the raw occurrences (thin line). The +1 nucleosome
was defined as the first nucleosome within the 200 bp downstream of a TSS.
The 200 bp boundary was marked by a dashed line. (A) H2A nucleosomes,
including the +1 nucleosome and adjacent nucleosomes in both upstream
and downstream regions are strongly positioned. (B) The +1 nucleosome
and the downstream nucleosomes of H2A.Z were strongly positioned as the
H2A nucleosomes. However, the lack the -1 nucleosomes, the nucleosome
located at the immediate upstream of TSS, and the fuzzy distribution of the
upstream nucleosomes differentiate the H2A.Z distribution from the H2A
distribution.
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sign of the phased nucleosome. The phased nucleosome was located within 200 bp from
the transcription start site regardless of the H2A or H2A.Z nucleosome.

Conventionally, nucleosomes are numbered starting from the closest one to the
transcription start site. The relative position of the transcription start site was denoted by
giving (+) or (-) signs. The ones located at the upstream of the transcription start site are
denoted with a minus sign (-), and the ones at the downstream of the transcription start
site are denoted with a plus sign (+). So, the +1 nucleosome is the first nucleosome
downstream of the transcription start site, and the +1 nucleosome is the most strongly
positioned nucleosome. The positioning of the +1 nucleosome is not determined
randomly by the space availability but directed by specific factors especially the
nucleotide sequences. The nucleotide sequences of the strongly positioned +1
nucleosomes were selected for the analysis of the nucleosome positioning sequence.

Note that the H2A.Z nucleosome distribution lacks the -1 nucleosome, unlike the
H2A nucleosomes distribution. The lack of -1 nucleosome forms a nucleosome free
region (NFR) at the upstream of transcription start sites. The dynamic and less stable
positioning of nucleosomes instead of non-binding accounts for the forming of NFR
(Weiner et al., 2010). The fact that NFR is observed only in the H2A.Z nucleosome
distribution but not in the H2A nucleosome distribution supports that nucleosome

positioning in the promoter is rather specific than random.

SELECTION OF GENES BASED ON THE +1 NUCLEOSOME

We defined the +1 nucleosome as the first nucleosome appearing within 200 bp
downstream of a transcription start site. The +1 nucleosome is the most phased one. The

transcription starts sites of the all known genes were grouped depending on the type of
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the +1 nucleosome as described in the Methods. The selection process of the genes and
the selected number of genes based on the +1 nucleosome are shown in Figure 2. We
started from the all identified nucleosome positions, and then selected one +1 nucleosome
per transcription start site of each gene. The underlying nucleotide sequences were
extracted from the Drosophila genome using the genomic coordinates of the +1
nucleosome positions.

The nucleosome distributions after the selection are shown in Figure 3. The
selection was verified by the lack of H2A +1 nucleosome from the H2A.Z-only data set
and H2A.Z +1 nucleosome from the H2A-only dataset. The distribution of the
downstream nucleosomes from transcription start sites were affected by the presence of
the +1 nucleosome. The H2A nucleosomes after the +1 nucleosome are well positioned
in the H2A-only gene set, but the distribution of the H2A.Z nucleosomes in the same
gene set, which lacks the H2A.Z +1 nucleosome was ill-defined (Figure 3A). In the same
way, the H2A.Z distribution in the H2A.Z-only data set was well defined than the H2A
distribution of the same gene set (Figure 3C). As expected, the distribution of both H2A
and H2A.Z nucleosomes were well positioned in the H2A/H2A.Z gene set. The fuzziness
of the distribution conforms to the previous findings that the downstream nucleosomes
after the +1 nucleosomes appeared to be positioned statistically, while the +1 nucleosome
was positioned specifically (Mavrich et al., 2008a).

The +1 nucleosome distribution was examined more in detail in 200 bp range
from the transcription start site. The genes in the three groups, H2A-only, H2A.Z-only,
and H2A/H2A.Z, made it possible to compare the nucleosome positions more precisely.
Even though both H2A and H2A.Z nucleosomes were phased within the 200 bp regions,

the precise positions were slightly different. The H2A.Z nucleosomes were apt to be
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Figure 2. Selection scheme of +1 nucleosomes and the associated genes. The genomic
coordinates of the identified nucleosome positions from experimental data
were compared with the TSS positions to find the +1 nucleosome of each
gene. Because the +1 nucleosome was defined as the first nucleosome
within 200 bp downstream of a TSS, each of the +1 nucleosomes could be
associated with a gene as well as a TSS. The H2A and H2A.Z +1
nucleosome were identified separately. Then the +1 nucleosome was found
both in H2A and H2A.Z nucleosomes; then the gene was marked as
H2A/H2A.Z. If the +1 nucleosome was found either in the H2A or the
H2A.Z list, then the gene was marked as H2A-only or H2A.Z-only,
respectively. The marked pairs of the gene and the +1 nucleosome were
saved for further analysis. The number of the genes and the nucleosome
sequences throughout the selection processes were presented in the
parenthesis.
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Figure 3. Nucleosome landscape around transcription start sites. The raw distribution
(thin line) and the 3-bp smoothed nucleosome occurrences (bold line) of
H2A (red) and H2A.Z (blue) nucleosomes on the 2000 bp around the
transcription start sites are presented by aligning the transcription start site
(TSS) at the centre. The upstream of a TSS was represented as the (-)
distance, while the downstream was represented as the (+) distance. The
H2A (red) and H2A.Z (blue) nucleosome distributions were calculated from
the experimentally determined positions of H2A and H2A.Z nucleosomes,
respectively. The nucleosome distributions from the three groups indicate
the presence or the lack of the +1 nucleosome depending on the group,
which verifies the selection process. (A) The nucleosome distributions in the
H2A-only group. The H2A distribution (red) shows the presence of the H2A
+1 nucleosome. The H2A.Z distribution (blue) lacks the +1 nucleosome. (B)
The nucleosome distributions of the H2A/H2A.Z group. Both H2A (red)
and H2A.Z (blue) distributions show the well-positioned +1 nucleosomes.
The downstream nucleosomes were well-positioned also. (C) The
nucleosome distributions of the H2A.Z-only group. The H2A distribution
(red) lacks the +1 nucleosome, while the H2A.Z distribution has the +1
nucleosome.
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phased at 100 bp, while H2A nucleosomes were phased at 80 bp and 120 bp positions
downstream of TSS (Figure 4A). The H2A and H2A.Z +1 nucleosome distribution from
each H2A-only and H2A.Z-only gene set were compared (Figure 4A). The differences
suggest that H2A and H2A.Z may have different preference to the nucleotide sequences
for positioning and the sequences differences of the promoters may affect the positions of
the phased nucleosome. On the other hand, the H2A and H2A.Z nucleosomes from the
H2A/H2A.Z gene set showed similar distribution suggesting the sequences may be
preferred by both nucleosomes. (Figure 4B). We chose the phased +1 nucleosome
sequences to identify nucleosome positioning sequences. We hypothesise that the +1
nucleosomes were positioned by the DNA sequences so that the +1 nucleosome-bound

sequences were reliable sources to detect the nucleosome positioning sequences.

SEQUENCE ANALYSIS OF NPS PATTERNS OF H2A NUCLEOSOME SEQUENCES.

From the extracted nucleosome-bound sequences, we looked for nucleosome
positioning sequence patterns, especially the 10 bp periodic occurrence of dinucleotides,
which is the most well-known nucleosome positioning pattern in other organisms. We
calculated the dinucleotide frequencies of 20 dinucleotides. The 20 dinucleotides
consisted of 16 dinucleotides, which are the combinations of the four nucleotides,
adenine (A), thymine (T), guanine (G), and cytosine (C). In addition to that, the patterns
of four more composite dinucleotides were examined: weak (A and T), strong (C and G),
purine (A and G), and pyrimidine (T and C). The four composite patterns were denoted
as weak-weak (WW), strong-strong (SS), purine-purine (RR), and pyrimidine-pyrimidine
(YY). First, each 146 bp long nucleosome sequence of a given gene set was converted to
the corresponding dinucleotide code as described in the Methods. We added the reverse

complementary sequence for each sequence because the NPS patterns have no
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directionality. The occurrences of each dinucleotide were counted for all nucleosome

sequences in the H2A-only data subsets using the converted dinucleotide codes.

Initial Dinucleotide patterns

From the initial dinucleotide patterns, 10 bp periodic occurrences were observed
in WW and SS patterns (Figure 5A). The WW peaks were located at 15, 25, 35, 45, 55
bp positions from the nucleosome dyad, or centre. The positions of the WW peaks are
where the major groove of the nucleosomal DNA is exposed to the outside. The SS
patterns also showed repeating peaks which were 10 bp apart lying at 20, 30, 40, 50, 60
bp from the nucleosome dyad. The position of the SS peaks was 5 bp offset from the WW
peaks, which
resulted in the SS peaks located where the minor grooves are exposed to the outside. The
other dinucleotide patterns were also analysed. The AT and TA dinucleotides, which are
part of the WW pattern, showed the 10 bp repeating peaks. In the same way, GC pattern
showed the repeating peaks matching the SS pattern (Figure 6).

The periodicity of the WW and SS patterns were further analysed by Fourier
transform. Fourier transform decomposes the pattern into periods and the spectral
density. The spectral density indicates the contribution of the period in the repeating
pattern. The analysis confirmed the visually recognized10 bp periodicity in the WW and
SS patterns (Figure 7). The 10 bp period of the WW pattern has the strongest spectral
density. The AA, TT, and AT patterns, which belong to the WW pattern, showed 10 bp
period. They have other periods than the 10 bp according to the Fourier transform. The
SS pattern showed a longer as well as the 10 bp period. Interestingly, the 10 bp period is

the dominant period in the GG, CC, and CG dinucleotide patterns, even though the SS
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Figure 4. Distributions of the H2A and H2A.Z nucleosomes. The distributions of the
+1 nucleosomes showed the precise positions of the +1 nucleosomes. (A)
Comparison of the +1 nucleosome distributions between the H2A-only and
the H2A.Z-only groups. The H2A +1 nucleosomes were positioned at 80 bp
and 120 bp downstream from the TSS, while the H2A.Z +1 nucleosomes
were positioned at 90 bp from the TSS. (B) Comparison of the +1
nucleosome distributions in the H2A/H2A.Z group. The H2A and the
H2A.Z distributions on the same gene set were compared. The two
nucleosomes showed similar distributions in the 200 bp region.
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Figure 5. Composite dinucleotide patterns of the H2A nucleosome sequences before
refining. The average dinucleotide occurrences from the nucleosome
sequences are presented as the patterns aligned at the nucleosome dyad. The
WW dinucleotide pattern has its peaks at =15, 25, 35, and 45 bp from the
dyad (major groove facing outward). The SS dinucleotide has peaks 20,
30, 40, 50, and 60 bp from the dyad (major groove facing toward histone).
The interval between the peaks is larger around the nucleosome dyad. The
interval of the RR and Y'Y dinucleotide peaks are greater than 10 bp and less
periodic than the WW and SS patterns.
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Figure 6. Dinucleotide patterns of the H2A nucleosome sequences before refining.
The rest of the dinucleotide patterns from the H2A +1 nucleosome
sequences are shown. The average dinucleotide occurrences from the
nucleosome sequences are presented as the patterns aligned at the
nucleosome dyad. The AT pattern, which is a part of the WW pattern, and
the GC pattern, a part of the SS pattern, show periodic peaks with 10 bp
interval. Even though the WW and the SS patterns showed periodic peaks
with 10 bp interval (Figure 5), not all dinucleotide patterns belonging to the
composite patterns show the 10 bp periodic patterns. The peak positions of
the AA, TT, AT, and TA patterns are at the same position from the dyad
(£25, 35, 45 bp) as the WW pattern peaks. The GC dinucleotide peaks
remain in the same positions (£20, 30, 40, 50 bp) as the SS pattern even
though some peaks are small.
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Figure 7. Periodicities of the H2A dinucleotide patterns before refining. Fourier
transform was used to detect the periodicity from the H2A dinucleotide
patterns. The dominant period of the WW pattern is 10 bp. The SS pattern
has the 10 bp period. Unlike the WW pattern, the SS pattern showed a
longer period than 10 bp. The RR and the YY patterns have 20 bp periods.
The AT, TT, and AT patterns, which are part of the WW pattern, show 10
bp periods, but the TA pattern does not. Out of the dinucleotide patterns
comprising the SS pattern, the GC pattern has the 10 bp period. Some
dinucleotide patterns have more than one period.
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pattern has the 10 bp period. Only the GC pattern showed the 10 bp period, which may be
the strong contributor to the 10 bp period of the SS pattern. The RR and YY patterns and
the related AG, GA, TC, and TC patterns have longer periods than 10 bp. Fourier
transform showed that the periods of the RR and YY patterns were 20 bp, which was
expected from the peak width of the patterns. The initial analysis showed that WW and
SS patterns have the expected 10 bp periodicity, but they also have other periods in the

pattern, and RR and Y'Y patterns have 20 bp periods.

Pattern model from the identified period.

A prediction model was built with the periods to verify the identified periods for
the patterns. The model for patterns was constructed like the following equation with the
frequency terms in it, and the model was fit to a general linear model. The frequency was
calculated from the period identified in the Fourier transform. The equation was fit to
each dinucleotide pattern to estimate the parameters:

P = asin(2nwx) + b cos(2nwx) + e
where w is the identified frequency calculated by (1 / period), x is the nucleosome
sequence position, and P is the dinucleotide occurrence.

Another model was built with by adding harmonic periods. The modified model is
this:

P = asin(2nwx) + b cos(2nwx) + c sin(4nwx) + d cos(4nwx) + e
By adding the harmonic frequency, which is the frequency multiplied by an integer,
which is 2 in this case, the model may fit better. The raw patterns and the predicted
patterns from the two models were plotted (Figure 8). The predicted patterns fit well in
some part of the patterns, but the deviation accumulated going farther from the middle.

The deviation was observed in all four patterns, and it was not reduced by adding the
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harmonic terms. The deviation is telling that the estimated periods is not the
representative periods. Indeed, by examining the patterns more closely, the -20 to 20 bp
regions around the nucleosome dyad appear to have different periods. The period or the
frequency of the term used in the model, from the Fourier transform is the average value
of the overall pattern, which may not reflect the periods precisely. We checked local
periods along the pattern. The local period along the pattern was checked with Fourier
transform by moving a 50 bp wide window. The resulting periods were presented in the
heat map (Figure 9). As expected, the period changes along the dinucleotide pattern
generating various local periods. The WW pattern has 10 bp periods in the outer regions
of the pattern, but the middle has a longer period of 20 bp. The SS pattern showed a
distribution of local periods like the WW pattern: 10 bp periods in the outer region and
longer periods in the middle. The RR and Y'Y patterns showed the period of 20 bp near
the middle as well as the outer regions. The varying local periods probably caused the
deviation of the predicted pattern from the raw patterns.

The periodic model was fit again using the linear model, yet this time the model
incorporated different periods for the middle and the outer regions. The results of the
prediction improved significantly (Figure 10). The prediction for SS is almost perfect in
the outer regions as well as in the middle. The prediction for WW was improved even
though some deviation in the middle still existed. The RR and YY patterns, which are not
periodic apparently, also were predicted satisfactorily by the periodic model. The
prediction confirms that the dinucleotide patterns are periodic even though the initial
patterns looked non-periodic apparently. The model also verified the estimated periods.
Even though the model with local periods of 10 bp fit well the raw patterns, the Fourier

showed the patterns have other periods than 10 bp. The extra periods may have resulted
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Figure 8. Fitting models to the dinucleotide patterns using the initially identified
periods. A periodic pattern model was built using the overall periods
identified for each dinucleotide pattern. (A — D) The WW (A), SS (B), RR
(C), and YY (D) patterns were fitted using models generated with the
estimated periods. The raw patterns (red) and the patterns from the model
(blue) are shown in the plots aligned at the nucleosome dyad. The errors
accumulate as the patterns moving away from the dyad. Visually the middle
range of the patterns has different periods, which causes the deviation along
the patterns.
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Figure 9. Local periodicities of the refined H2A patterns. The Fourier transform
detected the overall periods. The dinucleotide patterns appeared to have
different local periods from the overall periods. Fourier transform was run
on the 50 bp long segments of the patterns along the sequence. The result is
the local periodicity moving along the dinucleotide pattern. The patterns
were aligned at the nucleosome dyad at the centre. The middle of the x-axis
is the nucleosome dyad, and the y-axis is the identified periods. The colour
intensity shows the spectral density of the period at the given pattern
position. (A — D) The spectral density of periods moving along the
dinucleotide patterns, WW (A), SS (B), RR (C), and YY (D), respectively.
The WW and SS dinucleotide patterns show a 10 bp period at the outer sides
of the patterns. The 10 bp period changed near the nucleosome dyad: the
period increases up to 20 bp. The periodicity of the RR and the YY
dinucleotide patterns are stronger at the dyad. The dominant periods of 20
bp periods for the patterns, which are the same as the overall period, are
seen in the middle of the patterns.
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Figure 10. Fitting models with the estimated local periods. The periodic model was
modified with the local periods as well as the overall periods. The patterns
were aligned at the nucleosome dyad. The raw dinucleotide patterns (red)
were shown with the predicted patterns generated from the models with the
primary period's terms (blue), and by another model with additional
harmonic period terms (green). (A - D) The WW (A), SS (B), RR (C) and
YY (D) dinucleotide patterns are shown together with the fitted patterns,
respectively. The model fitting improved in the four dinucleotide patterns
compared to the fitting with the overall periods. Adding the harmonic period
term improved the fitting models marginally. The models with the primary
periods followed the major peaks and ignored some minor peaks. Adding
the harmonic period terms made the model follow the minor peaks also.
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from the mixture of the nucleosome sequences by non-phased nucleosome or
nucleosomes positioned with anti-NPS sequences. The patterns improved following the

refinement of the nucleosome sequences by correlation.

Identification of the NPS patterns by refining the patterns

Even though the model of the periodic patterns performed well in the prediction
of the dinucleotide patterns, there were still rooms to improve. Also, the dinucleotide
patterns contained multiple periods other than 10 bp alone. To improve the model and to
check that the multiple periods are the nature of the patterns or from the noisy input data,
the NPS patterns were refined using carefully selected nucleosome sequences. The
nucleosome sequences may be the mixture of the NPS patterns and the anti-NPS patterns.
We separated the nucleosomes sequences to the positively correlated sequences and the
negatively correlated sequences by the correlation to the initially identified NPS patterns
as described in the Methods. The dinucleotide patterns were explored from the positively
and the negatively correlated sequences separately.

The four compound dinucleotide patterns were plotted along the sequences
(Figure 11). The WW and SS patterns show sharp periodic patterns. The apparent period
is almost 10 bp with the WW peaks at the £15, 25, 35, 45 bp positions and the SS peaks
at the +20, 30, 40, 50 bp positions. The RR and YY patterns show more defined peaks
compared with the initial patterns. The positively correlated patterns (Figure 11A) and
the negatively correlated patterns (Figure 11B) are in the inverted phase. The interval of
peaks of the negatively correlated patterns is the same 10 bp, but the peak positions are
different. For example, the negatively correlated WW pattern has the peaks at +20, 30,
40, 50 bp positions. The 5 bp shifted patterns put the WW dinucleotides where the major

groove faces inside toward the histone. The changes of the orientation affect the
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bendability of the DNA and the stability of the nucleosome on the anti-NPS. The
negatively correlated RR and Y'Y patterns show the same inverted phase to the positively
correlated RR and YY patterns. The rest of the dinucleotide patterns were shown in
Figure 12. The AA, TT, AT, and TA patterns, and the CC, GG, CG, and GC patterns,
which comprise the WW and SS patterns, respectively, show clear periodic patterns. The
positively correlated and the negatively correlated patterns also are inverse phased each
other with similar periodicities.

The periodicity of the refined patterns was examined after decomposing with
Fourier transform. The positively correlated and the negatively correlated are shown in
Figure 13. The WW and SS patterns together with their comprising dinucleotide patterns
show the well-defined 10 bp period. The longer extra periods, which were shown in the
initial patterns disappeared. The negatively correlated WW and SS patterns also show the
same period of 10 bp. The anti-NPS pattern did not affect the periodicity but the phase, or
the peak position of the pattern, was opposite. The negatively correlated patterns did not
have the longer extra period shown in the initial patterns, either. That the longer period
did not remain in either positively or negatively correlated patterns but disappeared
completely suggests that the extra period did not originate from random noise but
resulted from the mixture of the sequences of NPS and anti-NPS patterns.

Interestingly, the periods of the RR, YY and the corresponding subpatterns were
shifted from the 20 bp of the initial patterns to the 10 bp period. Both positively and
negatively correlated patterns show the 10 bp period. Again, the longer periods resulted
from the sequences of NPS and anti-NPS patterns. The separation of the sequences

improved the period identification.
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The separated patterns were fit with the pattern models incorporating the newly
identified periods. The periodic models were fitted for the positively correlated patterns
(Figure 14) and the negatively correlated patterns (Figure 15). Not only the WW and SS
patterns, but the RR and Y'Y patterns also fit well with the model of 10 bp period. Even
though the periods of the RR and YY are hard to recognise apparently, the Fourier
transform, and the model proves the 10 bp periodicity in the patterns.

The models were built with the dominant period only, or the dominant period and
the harmonic period. The fitting of the periodic model was evaluated by cross-correlation
with the sequence patterns (Figure 16). The correlation coefficients of WW and SS
patterns were over 0.85 and higher than that of RR and Y'Y patterns. The repeating peaks
of the correlation coefficients are due to the periodicity of the patterns.

The improvement measured by the correlation is summarised in Table 1. The
relationship between the model and the raw patterns are presented. The prediction for the
refined patterns improved compared to the initial patterns. The improvement by adding

the harmonic term is minimal in the refined patterns.

NPS patterns of H2A nucleosome sequences

Dinucleotide sequence patterns of the H2A +1 nucleosome were analysed from
the sequences of the H2A-only nucleosomes. The WW and SS dinucleotides initially
show periodic patterns of 10 bp periods (Figure 7). To refine the NPS patterns, we
selected the nucleosome sequences based on the correlation to the WW/SS or to the
RR/YY NPS pattern as described in the Methods. The refined NPS patterns from the
WW/SS positively-correlated nucleosome sequences in Drosophila demonstrate
improved periodic patterns of WW/SS and RR/YY dinucleotides like the ones reported in

yeast (Figure 11).

74



The WW peaks are located where the major groove faces away from the histone
core: the SS peaks are located where the major groove faces foward the histone core. The
periodicities are disrupted between -15 bp to +15 bp region around the dyad, unlike the
yeast patterns. The RR and YY dinucleotides have fewer characteristic peaks than the
WW and SS patterns. Figure 12 shows the other dinucleotide patterns. Among them,
weak-weak and strong-strong dinucleotide patterns (AT, TA, CG, and GC) show the
same 10 bp periodicities as the WW/SS pattern. The RR/YY positively-correlated
nucleosome sequences also show enforced RR/YY NPS patterns in the refined data set

(Figure 11B).
Comparison between Drosophila and Yeast NPS patterns

The WW/SS NPS patterns of Drosophila are similar to the yeast pattern regarding
the periodicity (Figure 17). The both yeast and Drosophila NPS patterns have a 10 bp
period overall, while both patterns have longer than the 10 bp period around the dyad. At
the dyad, the major groove of the nucleosomal DNA faces inward. The yeast pattern
prefers the WW dinucleotide, while the Drosophila pattern prefers the SS dinucleotide at
the position. Because the nucleosome sequence patterns between the yeast and
Drosophila are different at the dyad, the amino acid sequences of the histone H3, which
interacts with DNA at the dyad forming a nucleosome core, were compared. The multiple
sequence alignments of the histone H3 sequences shows the distinct yeast H3 from the
Drosophila H3 and other multicellular organisms (Figure 18). The differences include
the three amino acids of the yeast protein (Qi20 Ki21 Ki25), which are located at the dyad.
They are known as important in interaction with DNA in a nucleosome core (McBurney

et al., 2016). The NPS patterns are correlated with the interacting histone sequences.
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Figure 11. Refined composite dinucleotide patterns of the H2A nucleosome
sequences. The dinucleotide occurrences from the selected nucleosome
sequences are presented by aligning the nucleosome sequences at the
nucleosome dyad. The nucleosome sequences were separated into positively
and negatively correlated subsets based on the correlation to the initial
WW]/SS patterns. (A) Positively correlated patterns. Dinucleotide patterns
were obtained from the subset of nucleosome sequences, which were
positively correlated with the initial WW/SS patterns. The WW and SS
patterns show repeating peaks at 10 bp apart. The peak positions are at £25,
35, 45, and 55 bp from the dyad for the WW, and at £20, 30, 40, 50 bp from
the dyad for the SS patterns. The periodicity was disrupted in the middle
area at the initial sequence set. The RR and Y'Y peaks show roughly 10 bp
apart peaks at the regions farther than 20 bp from the dyad. (B) Negatively
correlated patterns. The dinucleotide patterns were obtained from the subset
of nucleosome sequences, which were negatively correlated with the initial
WW]/SS patterns. The WW and SS patterns show periodic patterns of 10 bp
apart peaks. However, the phases of the patterns are inverse to the positively
correlated patterns: the WW peaks at 20, 30, 40, 50 bp from the dyad and
the SS peaks at +25, 35, 45, and 55 bp from the dyad. The RR and YY
patterns are inverted phase to the positively correlated patterns.
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Figure 12. Refined dinucleotide patterns of the H2A nucleosome sequences. The
dinucleotide patterns are presented. The dinucleotide patterns were obtained
from the positively or negatively correlated nucleosome sequences to the
initial WW/SS patterns. (A) Positively correlated patterns. Dinucleotide
patterns were obtained from the subset of nucleosome sequences, which
were positively correlated with the initial WW/SS patterns. The AA, AT,
AT, and TA dinucleotides, which belong to the WW, showed less periodic
patterns in the initial patterns (Figure 6), but the periodicity improved in
these selected sequences. They show repeating peaks at 10 bp apart except
for the middle region between -20 and +20 bp from the dyad. The peak
positions are at £25, 35, 45, and 55 bp from the dyad like the WW patterns.
The CC, GG, CG, and GC dinucleotides, which belong to the SS, also show
the same repeating peaks as the SS patterns with the peaks at 20, 30, 40, 50
bp from the dyad. (B) Negatively correlated patterns. The dinucleotide
patterns were obtained from the subset of nucleosome sequences, which
were negatively correlated with the initial WW/SS patterns. The
dinucleotide patterns are in the inverse phase of the same dinucleotide
patterns of the positively correlated patterns.

79



Spectral density

Spectral density

ww S8 RR Y
1.00
075 g'z 0.02
050 -
s o1 0.01
0.00 0.0 0.00
AA ™ GG cc
0.08 0050 0.010
0.03 0.025 0.005
0.00 0.000 0.000
AT TA cG GC
oo 0.020 0.03
: 0015 0.02
0.02 0.010
001 0.005 0.01
0.00 0.000 0.00
AG GA AC CA
00125
0.004 0.009 0.0100
0.003 0.0075
0.006
0.002 0.0050
0.001 0.003 0.0025
0.000 0.000 0.0000
GT TG €1 Tc
0.0100 0.008
0.008 0.0075 0.006
0.004 0.0050 0.004
0.002 0.0025 0.002
0.0004 0.00004, - e - 0.000 D -
2010 5 2010 25 2010 5 25
ww ss RR YY
1.00 0.025
4
075 g 5 0.020
0.50 02 0.015
- 0.010
0.25 0.1 0.005
0.00 0.0 0000
AA i GG cc
oars oore e
0.050 0.050 002
0.025 0.025 0.01
0.000 0.000 0.00
AT TA ce S
0.05 0.03
008 0.03
0.03 0.02 0.02
0.02
0.01 0.01 0.01
0.00 0.00 0.00
AG GA AC CA
0.0125
0.0100 00075
0.002 ooz o
0.0050
o.001 0.0025 0.0025
0.000 0.0000 0.0000
et TG (o3 TE
0.003
0.002 0.010 0010
0.001 0.005 0.005
0.000 0.000 0.000

o
~
o




Figure 13. Periodicities of the refined H2A dinucleotide patterns. Fourier transform
was run on the refined dinucleotide patterns from the positively and
negatively selected H2A +1 nucleosome sequences. (A) Positively
correlated patterns. The 10 bp periodicity is dominant in many dinucleotide
patterns: WW, SS, and their sub-patterns (AA, TT, AT, and TA for the WW
pattern; GG, CC, GC, and CG for the SS pattern). The RR and YY patterns
also show the dominant 10 bp period. (B) Negatively correlated patterns. All
the dinucleotide patterns show the 10 bp periodicity. The inverse phase of
the patterns does not affect the periodicity.
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Figure 14. Building NPS models for the positively correlated H2A dinucleotide
patterns. The local and overall periods were calculated from the refined
dinucleotide patterns of the WW/SS positive subset. The parameters of the
periodic model were estimated using a general linear model (GLM) with the
estimated local and overall periods. The predicted patterns (green, blue)
were plotted with the raw patterns (red) aligned at the nucleosome dyad. The
fitting of the linear model was done with either a model containing the
dominant periods only (blue) or with the model containing the dominant
periods and the harmonics of the dominant periods (green). (A) WW pattern.
The models with the 10 bp period fit well the raw pattern. Adding the
harmonic period improved the model minimally. The fitting between the
refined raw pattern and the model in this subset improved compared to the
initial model. The prediction with the 10 bp period model proves that the
WW pattern has a clear 10 bp periodicity. There are deviations from the
model at +50 bp position from the dyad. (B) SS pattern. The model for the
SS pattern also fits well the refined raw pattern. The SS pattern also clearly
has a 10 bp periodicity. At the nucleosome dyad, SS dinucleotide is
preferred to the WW dinucleotide. The SS peaks at the 50 bp away from the
dyad deviated from the model. (C). RR pattern. The model for the RR fits
the raw pattern well despite the slight gradient. The 10 bp period of the RR
pattern detected by Fourier transform was confirmed by the model built on
the 10 bp period. There are deviations from the model at 55 bp position from
the dyad. (D) YY pattern. The model for YY pattern shows a good fitting,
which confirms the 10 bp period identified by Fourier transform. There are
deviations of the pattern at +10 and -55 bp from the dyad.
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Figure 15. Building NPS models for the negatively correlated H2A dinucleotide
patterns. The periodic model with the dominant period (blue) and the
model with the dominant and the harmonic period (green) were built in the
same way as for the Figure 14. They were overlaid on the refined raw
patterns (red). (A) WW pattern. The model fits well the WW pattern from
the subset of negatively correlated nucleosome sequences despite the inverse
phase of the patterns. There is deviation at £50 bp from the dyad. (B) SS
pattern. The model only with the dominant period fits well the raw pattern.
The peaks at =50 bp apart from the nucleosome dyad deviated from the
predicted pattern as in the WW/SS positively correlated subset. (C) RR
pattern. The model with the 10 bp period fits the peak positions of the raw
pattern with deviations. (D) YY pattern. The model predicts the peaks of the
raw pattern. Adding the harmonic periods improved the model near the dyad
area.
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Figure 16. Cross-correlation of the predicted patterns and the refined sequence
patterns. The correlation coefficients show good fittings of the predicted
patterns. The WW and SS pattern predictions are better than the RR and YY
patterns. The recurring peaks of the correlation coefficients indicate the
periodic patterns of the sequence patterns.
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Initial Positive Negative
Dominant Dominant + Dominant Dominant + Dominant Dominant +
harmonic harmonic harmonic
WwWw 0.87 0.87 0.91 0.92 0.89 0.89
SS 0.76 0.76 0.82 0.82 0.82 0.82
RR 0.66 0.68 0.72 0.76 0.52 0.56
YY 0.67 0.69 0.62 0.62 0.54 0.57
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Table 1. Performance summary of the H2A pattern models. The correlation
coefficients between the predicted patterns and the sequence patterns are
shown. The refined patterns improved in prediction compared to the initial
patterns. The improvement by adding the harmonic terms in the refined
patterns is minimal.
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Figure 17. NPS pattern comparison between yeast and Drosophila. The WW (A) and
SS (B) patterns from the +1 nucleosome sequences of yeast (red) and
Drosophila (blue) are shown. The WW and SS patterns from both yeast and
Drosophila show a 10 bp periodicity with disruption in the middle between -
20 and +20 bp from the dyad. The periodic peak positions of the WW and
SS patterns are matching between yeast and Drosophila. However, the
preferred dinucleotide at the dyad distinguishes the yeast patterns from the
Drosophila patterns. The WW dinucleotide is preferred in yeast while the SS
dinucleotide is preferable in Drosophila at the nucleosome dyad.
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Figure 18. Sequence alignment of histone H3 of eukaryotes. The yeast histone H3
sequence differs from those of other eukaryotes. The multiple sequence
alignment of the histone H3 of S. cerevisiae (YEAST) and D. melanogaster
(DROME), and H3.1 of M. musculus (MOUSE) and H. sapiens (HUMAN)
show almost identical sequences except for the yeast H3. The red boxes
mark three amino acids (Q120 K121 Ki25), which are located at the
nucleosome dyad and responsible for the histone binding to DNA in a
nucleosome.
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SEQUENCE ANALYSIS OF NPS PATTERNS OF H2A.Z NUCLEOSOME SEQUENCES

The H2A nucleosome patterns of Drosophila has been shown to have the 10 bp
period. The period is evident in the WW and SS patterns and still valid in the RR and YY
patterns even with small variations. The H2A.Z nucleosome has a different role in vivo. It
is often found in the active genes replacing the H2A nucleosomes. The position of the
H2A.Z +1 nucleosome is 20 — 30 bp shifted from the H2A nucleosomes. The changed
positions with the histone variant may have resulted from the different NPS. The
dinucleotide patterns from the strongly phased H2A.Z +1 nucleosome sequences were
analysed in the same way as the H2A nucleosome sequences to investigate the NPS

patterns to the H2A.Z nucleosome positioning.

Selection of the phased nucleosome (H2A.Z) for NPS analysis

The nucleosomes were filtered from the initially aligned sequences to select the
phased nucleosomes. The sequence alignment was done in both sense and antisense
strands of DNA. The nucleosome positions were identified separately in the two strands;
then the identified nucleosome positions were compared. If only the positions of an
identified nucleosome between the two strands were less than 2 bp apart, the nucleosome
was selected for further analysis. The selection of the H2A.Z nucleosomes was started
with the filtered nucleosomes and went through the selection process described in the
Methods for the +1 nucleosomes and the H2A.Z-only nucleosomes. The +1 nucleosome
is the most strongly positioned nucleosome in H2A.Z nucleosomes. The +1 nucleosome
sequences were fetched from the Drosophila genome sequence in the same way as in the

selecting H2A +1 nucleosome sequences.
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Initial dinucleotide patterns

The selected nucleosome sequences were analysed for the dinucleotide patterns.
The patterns show less distinctive than the H2A patterns, but still some periodic picks
(Figure 19). The WW pattern is periodic in the outer regions. The peak positions are the
same +25, 35, 45, and 55 bp from the dyad as the H2A patterns. The strength of each
peak varies among the positions. The variations of the strength are small for the SS
pattern at the +20, 30, 40, 50 bp positions with minor peaks in between. The periodicities
of the RR and YY are obscure in the initial patterns.

Fourier transform was run on the pattern to identify the dominant and other
periods. All the WW, SS, RR, and YY patterns show the 10 bp period as the dominant
period (Figure 20). The subpatterns of the four patterns also have 10 bp periods as their
dominant periods. In some patterns, AC, CA, GT, TG, show extra periods than 10. In
general, the H2A.Z patterns also have 10 bp periods even though the periods were less
recognisable in the initial raw patterns.

The local periods were searched for the H2A.Z patterns as well by moving the 50
bp window along the nucleosome sequence. The 2D plots show the changes of
periodicity along the nucleosome sequence (Figure 21). The WW and SS patterns have
strong 10 bp periods at the outer regions, while the RR and Y'Y periods are stronger in the
middle. As the H2A patterns, the local periods vary along the nucleosome sequence.

Pattern models were built for the H2A.Z patterns in a similar way as in the H2A
patterns. The raw dinucleotide patterns, the prediction with the dominant period, and the
prediction with the dominant and the harmonic periods are shown in Figure 22. The
peaks at the outer regions of the WW and SS patterns have the constant interval of 10 bp
positioned on the +£25, 35, 45, and 55 bp positions and £20, 30, 40, 50 bp positions from

the dyad, respectively. While the peak strengths predicted from the models are stable, the
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Figure 19. Dinucleotide patterns of the H2A.Z nucleosome sequences. The
normalised dinucleotide occurrences from the +1 nucleosome sequences are
presented aligned at the nucleosome dyad. The WW patterns have repeating
peaks at £25, 35, 45, and 55 bp from the dyad. The SS patterns have the
repeating peaks at £20, 30, 40, 50, and 60 bp from the dyad. The periodicity
of the RR and Y'Y patterns are not as clear as the WW and SS patterns.
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Figure 20. Periodicities of the H2A.Z dinucleotide patterns before refining. The
contribution of periods to the overall periodicity was represented as spectral
density. The composite patterns, WW, SS, RR, and Y'Y, have 10 bp periods.
Some dinucleotide patterns have additional periods than 10 bp.
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Figure 21. Local periodicities of the H2A.Z dinucleotide patterns before refining.
Fourier transform was run on the 50 bp segment moving along the
dinucleotide patterns. The patterns (x-axis) were aligned at the nucleosome
dyad and the spectral density of the periods (y-axis) was represented by the
colour intensity. (A — D) The moving periodicities of the WW, SS, RR, and
YY patterns, respectively. The WW and SS patterns show the 10 bp period
at the outer regions of the pattern. The 10 bp periods of RR and YY are
observed in the middle region.
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Figure 22. Fitting NPS models to H2A.Z dinucleotide patterns using the initially
identified periods. The periodic models were built using the overall and the
local periods identified by Fourier transform. The model with a term of the
dominant periods or additional terms with the harmonic periods were
estimated by the general linear model in the same way as the H2A models.
The raw pattern (red), the predicted pattern the dominant period (blue), and
the predicted pattern with the dominant period and the harmonic period
(green) were presented. (A - D) WW, SS, RR, and RR patterns, respectively.
The predicted pattern found the peak positions precisely, even though there
were some deviations. In the WW and SS patterns, there are deviations at
+45 bp position from the dyad. The RR and Y'Y patterns have periodic
regions and less periodic regions. Adding the harmonic periods improved
the fitting of the model minimally.
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actual peak strengths vary. The WW peaks at £45 bp are stronger than the predicted
peaks. The RR and YY patterns have stronger periodicities in one-half of the pattern than
the other half. Adding the harmonic terms improved minimally in all patterns.

The H2A.Z nucleosome sequences were separated according to the correlation to
the NPS patterns as described in the Methods. The patterns from the positively and the
negatively correlated sequences show well-defined periodic peaks with fewer peaks
between the periodic peaks (Figure 23). The WW and SS patterns, regardless of the
positive or negative correlation, show periodic peaks in inverted phase. The RR and YY
also showed periodic peaks better defined than the initial patterns. The peak strength
varies big for WW and SS patterns. Most of the H2A.Z dinucleotide patterns show the 10
bp periods identified by Fourier transform (Figure 24). Not only the overall periodicity,
but the local periods are also 10 bp in WW, SS, RR, and YY dinucleotide patterns
(Figure 25). The periods of the WW and SS patterns are 10 bp in the outer regions
similar to the H2A patterns. However, the RR and YY pattern show different local
periods from the H2A patterns. H2A patterns have the 10 bp in the middle (Figure 9),
H2A.Z patterns have the 10 bp period asymmetrically.

The pattern model was modified according to the identified periods in the
positively and the negatively correlated sequences. The modified models fit the WW, SS,
RR, and YY patterns nicely regardless of the positive or negative correlation (Figure 26).
The positively and the negatively correlated patterns are inverse phased each other. It is
notable that some of the peaks deviate largely from the predictions. Especially the peaks
at the +45 bp positions show the large deviation in both WW and SS patterns. The peaks
may explain the differences between the H2A and the H2A.Z nucleosome’s preference
toward the nucleotide sequences. The prediction with the modified models was carried

out on the RR and YY patterns (Figure 27). The modified models improved from the
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initial model before refining the patterns. The performance improvements of the models
are summarised in Table 2. The modified models improved after refining the patterns.
Adding the harmonic terms helped the model for the initial models but after refining the

improvement is barely noticeable.

COMPARISON BETWEEN H2A AND H2A.Z NPS PATTERNS

The WW/SS and RR/YY patterns of the H2A were compared to the H2A.Z
nucleosome sequences. Both H2A and H2A.Z patterns showed the peaks at the same
positions as they have the 10 bp period (Figure 28). The WW peak positions are located
where the major groove is facing away from the histone (+25, 35, 45, and 55 bp from the
dyad), and the SS peak positions are located where the major groove is facing toward the
histone core (+20, 30, 40, 50 bp from the dyad).

Even though the patterns are similar in terms of the periodicity, the variation in
the peak strength is bigger in the H2A.Z patterns. The deviation of the H2A.Z peaks at
the +45 bp peak is more than three times than that that in the H2A. The deviation at the
+45 bp position is observed in all four dinucleotide patterns of WW, SS, RR, and YY.
The RR and Y'Y patterns of H2A.Z also have stronger peaks at the outer regions.

Based on the analysis of the dinucleotide patterns, I proposed the canonical NPS
patterns of Drosophila nucleosome sequences (Figure 29). In the canonical patterns, the
WW and SS dinucleotide peaks appear at the constant interval leading to the 10 bp
period. The periodicity is lax in the middle of the patterns. The longer periodicity in the
middle and the preference of SS dinucleotide, unlike the WW nucleotide of the yeast
patterns, are the characteristics of the Drosophila patterns. The position of the WW and
SS dinucleotides are important. The WW dinucleotides lie where the major groove faces

outside, and the SS dinucleotides lie where the major groove faces inside.
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Figure 23. Refined composite dinucleotide patterns of H2A.Z nucleosome sequences.
The dinucleotide patterns were obtained from the selected nucleosome
sequences based on the correlation to the WW/SS patterns. (A) Positively
correlated patterns. The WW and SS patterns have repeating peaks 10 bp
apart. The WW peaks are at 25, 35, and 45 bp from the dyad. The SS peaks
are at 30, 40, and 50 bp from the dyad. The peak positions are the same as
the corresponding H2A patterns. The WW pattern has major peaks at +45 bp
positions. (B) Negatively correlated patterns. The negatively correlated
patterns show the same repeating peaks as the positively correlated patterns
despite the inverse phase.
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Figure 24. Periodicities of the refined H2A.Z dinucleotide patterns. Most of the
dinucleotide patterns, including the WW, SS, RR, and YY composite
patterns, show 10 bp periodicity after refining. Some dinucleotide patterns
have additional periods than the 10 bp period but the 10 bp period is still
dominant. (A) Positively correlated patterns. (B) Negatively correlated
patterns.
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Figure 25. Local periodicities of the refined H2A.Z patterns. The local periods were
identified by running Fourier transform with the 50 bp segments of the
dinucleotide patterns of the positively correlated sequences. The patterns
were aligned at the nucleosome dyad (x-axis), and the spectral density was
shown in the colour intensity of the periods (y-axis). (A — D). The periods of
WW, SS, RR, and YY patterns, respectively. The WW and the SS patterns
show the 10 bp periods at the outer regions of the patterns. The 10 bp
periods of the RR and the YY patterns are on either side of the patterns
complementing each other.
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Figure 26. Fitting NPS models to the refined H2A.Z WW and SS dinucleotide
patterns. The model was built with the periods identified from the
WW?/SS positively correlated sequences. The predicted patterns using the
models with the dominant periods (blue) and the modified models the
dominant and the harmonic periods (green) were shown together with the
raw patterns (red). (A — B) Positively correlated WW and SS patterns,
respectively. The predicted patterns fit the raw patterns. Adding the
harmonic periods barely improved the models. There are deviations from the
models at £45 bp positions from the dyad in all four dinucleotide patterns.
(C — D). Negatively correlated WW and SS patterns, respectively. The
model fits well the negatively correlated patterns. There are deviations from
the model at £45 bp positions from the dyad like in the positively correlated
patterns.
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Figure 27. Fitting NPS models to the refined H2A.Z RR and YY dinucleotide
patterns. The model was built with the periods identified from the
WW?/SS negatively correlated sequences. The predicted patterns using the
models with the dominant periods (blue) and the modified models the
dominant and the harmonic periods (green) were shown together with the
raw patterns (red). (A — B) Positively correlated RR and Y'Y patterns,
respectively. The model fits the periodic part of the patterns. Adding the
harmonic periods barely improved the models. (C — D). Negatively
correlated RR and Y'Y patterns, respectively. The model fits well the
negatively correlated patterns. The less periodic parts of the patterns still
have periodic peaks identified by the model.

115



Initial Positive Negative
Dominant Dominant + Dominant Dominant + Dominant Dominant +
harmonic harmonic harmonic
Ww 0.62 0.63 0.57 0.57 0.54 0.54
SS 0.61 0.61 0.54 0.54 0.54 0.54
RR 0.49 0.50 0.68 0.68 0.55 0.56
YY 0.50 0.51 0.63 0.63 0.56 0.56
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Table 2. Performance summary of the H2A.Z pattern models. The correlation
coefficients between the predicted patterns and the raw patterns are shown.
The refined RR and Y'Y patterns improved in prediction compared to the
initial patterns. The improvement by adding the harmonic terms in the
refined patterns is minimal.
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Figure 28. Comparison of the NPS patterns of H2A and H2A.Z. The dinucleotide
patterns of H2A (red) and the H2A.Z (blue) nucleosome sequences are
shown. Both H2A and H2A.Z have similar WW patterns: highly periodic
patterns with 10 bp periods. The WW patterns match the peak positions of
+25, 35, 45, and 55 bp from the dyad. The SS patterns between the H2A and
the H2A.Z nucleosomes have the same period of 10 bp with matching peak
positions, even with different magnitudes of peaks. The differences between
the H2A and the H2A.Z patterns are observed in the middle of the patterns
(between -20 and 20 bp from the dyad) and the +45 bp positions from the
dyad. Both WW and SS patterns show the differences at the £45 bp position
from the dyad. The RR and Y'Y patterns of the H2A.Z nucleosome hold
stronger peaks than the corresponding H2A patterns. The strongest peak of
the RR and YY of the H2A.Z patterns also at the =45 bp position.
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Figure 29. Canonical nucleosome positioning sequences. Two models of nucleosome
positioning sequences of Drosophila, WW/SS and RR/YY patterns, are
presented. The labels show the preferred dinucleotides at the position, and
the size of the labels represents the relative preference of the dinucleotides
at the position. (A) WW/SS pattern model shows that the WW dinucleotides
have a 10 bp period and the dinucleotide positions are located where the
major groove faces away from the histone (£25, 35, 45, 55, 65 bp).
Simultaneously, the SS dinucleotide pattern, with the same 10 bp period, has
preferred dinucleotides located where the major groove faces toward the
histone core (£30, 40, 50, 60 bp). The SS dinucleotides are the preferred
dinucleotide at the dyad. (B) The RR/YY NPS pattern model shows that the
RR and YY patterns of the 10 bp periods. The preference of the RR/YY
dinucleotides is strong near the outer regions of the nucleosomal DNA,
especially at £45 bp position. The RR/YY pattern is weaker and less strict
than the WW/SS patterns.
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Structural differences of H2A and H2A.Z corresponding the pattern differences

The different peak positions of the H2A and H2A.Z NPS patterns direct the
exposure of the major and minor groove toward or outside of the nucleosome core. The
differences may be related to the different interactions between DNA and the histones.
So, the peak positions were checked on the 3-dimensional structure of the nucleosome.

The 3-dimensional structures of the H2A and H2A.Z nucleosomes from yeast and
human were compared. Because Drosophila H2A.Z nucleosome structure was
unavailable at the time of the analysis, human H2A.Z nucleosome structure, whose
protein sequences are conserved with the Drosophila H2A.Z histone (Figure 30A), was
used instead. The loop 1 and the loop 2 of the H2A histone have been known as the DNA
interacting motifs in a nucleosome (Thakar et al., 2009). The protein structures of them
are different between H2A and H2A.Z histones according to the crystallography
structure. The interacting DNA regions with the loop 1 and the loop 2 are the 45 and
+55 bp positions from the dyad, which coincides with the peaks of H2A.Z differentiating

the NPS patterns from the H2A patterns (Figure 30B).

ENRICHED BIOLOGICAL FUNCTIONS OF H2A-ONLY, H2A.Z-ONLY, AND H2A/H2A.Z
BOUND GENES.

The enrichment tests for the biological functions were carried out with the three
gene groups selected by the type of the +1 nucleosome: H2A-only, H2A.Z-only, and
H2A/H2A.Z (Figure 31). The enriched biological functions are different between the
three groups. Only the regulation of transcription is common between the H2A-only and
the H2A/H2A.Z groups. The H2A/H2A.Z group contains house-keeping functions
including biosynthesis and metabolic pathways functions. On the other hand, the enriched
functions in the H2A-only group and the H2A.Z-only group were related to particular
gene functions. The functions in the H2A-only genes are related to the cell
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differentiation and development. The enriched functions in the H2A.Z-only group are
related to the histone expression and nucleosome assembly.

The WW/SS and RR/YY NPS patterns were correlated with the biological
functions (Figure 32A). The genes having the NPS patterns at their promoters were
searched for the enriched functions. The Gene Ontology terms of biological processes
were searched among the given genes, and the related terms were clustered for a better
review. The enriched functions were selected based on the enrichment score (greater than
2) and Benjamini-Hochberg false discovery rate (less than 0.05). Regulation of
transcription is the most enriched function in the genes associated with the nucleosomes
having a strong WW/SS NPS pattern. The tightly regulated genes with the strong WW/SS
NPS pattern implicates that the nucleosome may work together with transcription factors
in the transcriptional regulation. On the other hand, genes with the negatively correlated
WW/SS, the anti-NPS patterns, did not show enriched functions (Figure 32B). Some
functions showed increased enrichment scores, but the FDR was not significant enough.
The failure to identify the enriched functions suggests the wide-spread anti-NPS pattern
oVver various genes.

The genes with the RR/YY NPS patterns show that the sensory perception,
signal transmission or neuronal activities related functions are enriched (Figure 33). The
localisation of the genes in the enriched function, sensory perception, revealed that most
of the proteins expressed from the genes are secreted outside of the cell or membrane-
bound proteins. The interesting genes in the group include Cadherins, Ecdysone-induces
genes, His deacetylase, and NF-AT. The differences of enriched gene functions between
the genes with different NPS patterns imply that the +1 nucleosome sequence and the
positioning of the +1 nucleosome are related to the other promoter elements contribute to

various gene regulation.
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Figure 30. Structural differences of the H2A and H2A.Z histones. (A) Protein
sequences of H2A and H2A.Z histones from yeast, Drosophila, and human
were aligned using Clustal W2. The red rectangles mark the interacting
domains with DNA in a nucleosome, loop 1 and loop 2. The coloured blocks
on the sequence view represent secondary structures: blue, beta-strand; pink,
helix; yellow, turn. The tree view shows that Drosophila and human H2A.Z
sequences are similar. (B) Comparison of the protein structure of H2A and
H2A.Z nucleosome. The 3-dimensional structures of the H2A (light yellow)
and H2A.Z (dark yellow) nucleosomes were superimposed. The flexibility
of the protein is depicted as the thickness of the tube. The red boxes mark
the different structures. The loop 1 and loop 2, the interacting regions
between histones and DNA (Thakar et al., 2009), are different in 3-D
structure as well as in protein sequences. The loop 1 and loop 2 regions are
close to the +45 and £55 bp positions of nucleosome DNA sequence.
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Figure 31. Enriched functions of genes grouped by the type of +1 nucleosomes. The
enriched gene functions are exclusive to the three groups. Regulation of
transcription is the only shared function between H2A-only and
H2A/H2A.Z group. The functions of the H2A-only genes are mostly related
to development/differentiation. Metabolic pathway related functions are
enriched in the H2A/H2A.Z group genes. One of the enriched functions of
the H2A.Z-only group is nucleosome assembly, the possible self-regulatory
role of nucleosome on the nucleosome assembly proteins.

127



cell projection neurological

cellular component morphogenesis system process

morphogenesis

cell
morphogenesis

neuron
differentiation cell motion

sensory
perception of
chemical stimulus

i ot can
regulation of Y oiaccrore aminogy
% transcription [l

transcription I ? phgte eiste o8

N SN S —— e
00 01 02 03 04 05 06 07 08 09
Benjamini

regulation of
RNA splicing

G-protein coupled receptor
protein signaling pathway

neurological system process

regulation
of mMRNA
processing

(Cluster 1

sensory
sensory perception perception of
chemical stimulus

regulation of
» nuclear mRNA
cognition splicing, via

spliceosome

sensory perception of smell
regulation of
epidermal  yernative
transmembrane receptor growth factor .\ <aar mRNA
MM E#2ein tyrosine kinase receptor splicing, via
signaling pathway signaling spliceosome
pathway

enzyme linked receptor
protein signaling pathway

1 1T T I
00 01 02 03 04 05 06 07 08 09

Benjamini

128



Figure 32. Enriched functions of genes containing WW/SS NPS patterns. Enriched
gene functions were presented in a box plot. The colour represents the
adjusted p-value, and the size of the rectangle represents the number of the
genes with the functions. The genes related to the transcriptional regulation
is the most enriched functions. (A) Genes containing the positive WW/SS
NPS pattern in their promoters. Transcription regulated genes are enriched
in cluster 1. (B) Genes containing the negative WW/SS NPS pattern in their
promoters. No significantly enriched functions were detected.
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Figure 33. Enriched functions of genes containing the RR/YY NPS pattern
sequences. Enriched gene functions were presented in the box plot. The
colour represents the adjusted p-value. The size of the rectangle represents
the number of the genes with the functions. The enriched functions include a
variety of roles. Cognition or sensory perception related genes were
enriched.
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CO-OCCURRENCES OF NUCLEOSOMES AND CORE PROMOTER ELEMENTS

Because the +1 nucleosome is located on the promoters, it may affect the binding
of the other proteins such as transcription factors or the functions of the promoters. The
possible effect of the nucleosomes in the promoters was examined by searching for the
co-existence of the +1 nucleosomes and the core promoter elements.

The presence of the five core promoter elements, a TFIIB recognition element
(BRE), an initiator element (Inr), a downstream promoter element (DPE), a CCAAT box,
and a TATA box was analysed from the genomic sequences of the promoters. The core
promoter elements usually reside within 60 bp upstream and 30 bp downstream of a
transcription start site. More specific locations of the core promoter elements relative to
the TSS are as follows: CCAAT box is located at -70 to -21 bp, BRE at -37 to -32 bp,
TATA at -31 to -26 bp, Inr at -2 to +4 bp, and DPR +28 to 32 bp. Thanks to the close
location of the core promoter elements to the location of +1 nucleosomes, the nucleosome
can affect the binding of the proteins to the elements either by interfering with the
binding by blocking the binding sites or facilitating the binding by presenting the binding
sites. The number of the core promoter elements (observed) were counted and compared
to the average number of the promoters (expected) in pooled promoters.

The presence of the specific core promoter elements was correlated with the
existence of the H2A nucleosomes in the promoter (Figure 34). In the promoters with the
+1 H2A nucleosomes, CCAAT box and TATA were observed more than expected, while
BRE and Inr were more observed in the promoters without the +1 H2A nucleosomes. The
number of observed DPE was not significantly different from the expected number of it.

CCAAT is known to be deficient in the promoters of housekeeping genes and is
related to the tightly regulated genes, which are turned off when they are necessary and

expressed in large quantity once needed. The presence of the +1 H2A nucleosome may
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help the tight control of transcription. On the other hand, BRE and Inr are independent of
the presence of the +1 H2A nucleosome. As Inr functions similar to TATA, it may not be
surprising that the promoters having more Inr have less TATA, and vice versa. The A/T
rich TATA box sequences, which disfavours the binding of histones, may be related to

the dynamic nature of the -1 nucleosome. The BRE sequences are G/C rich.
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Figure 34. Core promoter elements on genes selected by the +1 nucleosomes. The
presence of the core promoter elements across the gene subsets grouped
based on the type of the +1 nucleosome. The genes and the associated
promoters were divided based on the presence of the +1 nucleosome, the
H2A nucleosome within 200 bp range from the transcription start sites. The
promoter sequences were scanned for core promoter elements. The observed
(red) occurrences and the expected (blue) occurrences in the promoters are
presented. The expected values were calculated from the entire promoters
regardless of the H2A nucleosome. The promoters have a different
organisation of the core promoter elements depending on the +1 nucleosome
sequences. The TATA box and the CCAAT box were found more than
expected in the promoters with H2A +1 nucleosome. On the other hand,
BRE was found more in the promoters without the H2A +1 nucleosome
(BRE, B recognition element; CCAAT, CCAAT box; DPE, downstream
promoter element; Inr, initiator element; TATA, TATA box).
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Discussion

Nucleosomes are a nuclear structure with important roles in the positive and
negative regulation of gene expression, exerted by altering the binding of transcription
factors. Thus, knowing nucleosome positioning is important in understanding the
processes and the effects of nucleosomes in gene regulation.

Some nucleosomes are placed at specific positions, and others placed statistically
(Mavrich et al., 2008a; Valouev et al., 2008). The specific positioning is observed near
the 5’ end of genes. The +1 nucleosomes are positioned specifically and affect the
positioning of the downstream nucleosomes. Because the +1 nucleosomes are important
in the positioning of the nucleosome array, I analysed the DNA sequences of the +1
nucleosomes to determine their NPS patterns. The dinucleotide patterns from the +1 H2A
nucleosomes showed particular features. The WW and SS patterns had 10 bp periodicity,
and RR and YY patterns also had 10 bp periodicity with extra periods of minor
contribution. The periodic patterns were disrupted near the dyad. The pattern analysis
revealed the presence of periodic patterns of dinucleotides. The patterns were refined by
selecting the nucleosome sequences according to the correlation between the reference
patterns and initial WW, SS, RR, and YY patterns. As a result, two canonical NPS
patterns were proposed for Drosophila H2A nucleosomes.

The Drosophila WW/SS NPS pattern showed a periodic occurrence of WW and
SS dinucleotides along the nucleosome sequence. The periodic pattern started at +15 bp
from the dyad and reached up to +65 bp on each side of the nucleosome sequence. The
periodic occurrences of the WW and SS have them located where the DNA major groove
faces outside and inside, respectively. The rotational position of the dinucleotides on the

DNA complied with the previously reported dinucleotides and DNA structures (Cui and
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Zhurkin, 2010). The periodic positioning of WW and SS facilitates the nucleosome
formation due to the anisotropic bending, a property of DNA bending towards a
particular direction of nucleosomal DNA (Drew and Travers, 1985). WW dinucleotides
tend to have a narrower minor groove, which facilitates the anisotropic bending towards
the minor groove. Dinucleotides also have different physical properties such as the
degree of sliding and bending (Tolstorukov et al., 2007). The differences in dinucleotide
bendability form a specific curvature of the DNA based on the dinucleotide patterns,
which influence the nucleosome formation on the DNA (Travers et al., 2009). In a
recent study of nucleosome reconstitution using purified proteins showed that the
involvement of the remodelling factors in positioning the -1/+1 nucleosome (Krietenstein
et al,, 2016). RSC recognises the poly(dA:dT) sequences and creates directional
nucleosome free regions, which corresponds to the dynamic -1 nucleosome. INO80 alone
positions +1 nucleosomes by recognising the dinucleotide DNA sequences and the helix
twist by turn.

The periodic patterns were disrupted around the dyad in both yeast and
Drosophila according to the local periodicities measured by moving windows. The
nucleosome sequence between -15 to +15 bp surrounding the dyad interacts with H3 and
H4 histones. Especially, H4 histones strongly interact at the +15 bp making the positions
reactive (Pruss and Wolffe, 1993). The lack of the periodicity in the middle is an
important feature of the nucleosomal DNA to interact with other proteins. While the
dinucleotide periodicity is a shared feature between Drosophila and yeast NPS patterns,
the higher occurrence of SS at the dyad and the disruption of the periodicity in the middle
(-15 to +15 bp) distinguished the Drosophila WW/SS NPS pattern from the yeast

patterns.
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The differences in the NPS patterns between yeast and Drosophila gave
interesting insights of the sequence preference according to the histone structures. Yeast
nucleosomes are known to be highly euchromatic because they are intrinsically less
stable than those of higher eukaryotes (Leung et al., 2016). The in vitro reconstitution
using recombinant human, yeast, and human-yeast chimeric histones revealed that three
amino acids near the C-terminus of histone H3 (Qi20 Ki21 Ki2s) are responsible for the
instability of the yeast nucleosomes. The three amino acids are located near the
nucleosome dyad, and the mutations alter the nucleosome positioning in vivo and in vitro
(McBurney et al., 2016). The in vivo effect of the nucleosome instability by H3 was
demonstrated in yeast with synthetic genome where histone H3 was replaced with the
human counterpart (Truong and Boeke, 2017). When the yeast was “reset” with human
histones, the yeast showed a slow response to the environmental changes accompanied by
the higher DNA occupancy by the human nucleosomes and reduced RNA contents.
Converting five histone residues of H3 including the three amino acids back to their yeast
sequences restored the robust growth rate. The pattern differences at the dyad are inferred
as the effects of the histone structure. The preference of SS dinucleotides at the
nucleosome dyad may contribute to more stable nucleosome positioning in Drosophila
than in yeast because of the DNA bending property. The major groove faces towards the
histone at the dyad, and the anisotropic bending of the SS dinucleotide tends to bend
DNA toward the major groove (Richmond and Davey, 2003). Therefore, the preference
of SS at the dyad may help form a proper curvature, which favours nucleosome
formation.

Another NPS pattern of 10 bp periodicity, in addition to the WW/SS pattern, was
identified. This other pattern had AA and TT dinucleotides in the counter phase, just as

with the RR/YY NPS pattern of yeast (Ioshikhes et al., 2011). The RR and YY pattern in
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Drosophila had a 10 bp periodicity with asymmetry. The nucleosome sequences with the
RR and YY NPS patterns are flexible and not intrinsically curved, while sequences with
the WW/SS NPS pattern are stiffer and intrinsically curved (Ioshikhes et al., 2011). The
RR/YY pattern, with its periodicity mainly on one side, can accommodate the
nucleosome formation on less periodic sequences, but this nucleosome positioning is
expected to be less stable because the sequence is less favouring.

The enriched locations of the H2A.Z +1 nucleosomes around promoters were
different from that of H2A +1 nucleosomes. H2A.Z is deposited by the 13 protein
complex SWR1-C in a replication-independent way in yeast (Krogan et al., 2003; Wang
et al,, 2011) and by Tip60 in Drosophila (Clapier and Cairns, 2009). The truncated
H2A.Z lacking the last 20 amino acids can still bind to the SWR1-C but did not provide
the restriction with the spread of heterochromatin or chromatin anchoring. The structure
of homotypic H2A.Z nucleosome is different from that of an H2A nucleosome (Weber et
al., 2010). The differences in the locations and the structures implicated the differences of
the sequence patterns of H2A.Z nucleosomes from the canonical patterns.

Indeed, H2A.Z nucleosome sequences had different patterns from the H2A NPS
patterns. Both H2A and H2A.Z NPS patterns shared the same dinucleotide periodicities
of 10 bp. However, the dinucleotide occurrences were not the same in all peak positions.
The most significant differences between the patterns were the dinucleotide peaks at
145 bp from the dyad. The H2A.Z peaks largely deviated from the prediction model as
well as from the H2A canonical patterns. Even though the differences in the physical
properties of the H2A and H2A.Z histones are minuscule, the differences in H2A.Z
histone affect the nucleosome positioning (Thakar et al., 2009). To understand the
contributing factors to the different NPS patterns, I searched for the structural differences

between H2A and H2A.Z. The different peak positions coincided to be in the proximity
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of the loop 1 and loop 2 interaction domains where the H2A and H2A.Z protein
sequences showing differences. Furthermore, the +45 and +55 bp positions of the
nucleosomal DNA are where the H2A histones interact with DNA (Davey et al., 2002).
Therefore, the differences of the DNA interaction domains of H2A and H2A.Z histones
are correlated with the different NPS patterns.

H2A.Z is found to be essential for viability in many organisms such as Drosophila
(Clarkson et al., 1999; van Daal and Elgin, 1992) and mouse (Faast et al., 2001). In yeast,
the role of H2A.Z is known to be related to regulating transcription (Adam et al., 2001;
Farris et al., 2005; Larochelle and Gaudreau, 2003; Santisteban et al., 2000). However,
not all reports agree about the exact role of H2A.Z nucleosome in gene expression: the
H2A.Z nucleosomes seem to be related to both active and inactive genes. The phased
H2A.Z nucleosomes at the 5’ end of genes are known to be related to the active
transcription of the gene (Bargaje et al., 2012; Weber et al., 2010). However, enrichment
of H2A.Z was also observed in inactive yeast genes (Guillemette et al., 2005), and was
even related to repressing stress-induced genes under normal conditions (Lindstrom et al.,
2006), or gene silencing by forming heterochromatin (Swaminathan et al., 2005). In other
cases, the enriched H2A.Z nucleosomes were positioned at the 5’ ends of genes
regardless of the gene activity and were lost following an increase in transcription
(Raisner et al., 2005).

Therefore, I propose the role of the H2A.Z nucleosomes as marking the genes to
be transcribed, which is accomplished by the unique sequence patterns of H2A.Z
nucleosomes. The H2A.Z nucleosome regulates the position of other nucleosomes
(Guillemette et al., 2005) and maintains a nucleosome free region by being positioned at
the 5’ end of genes (Mavrich et al., 2008b). Additionally, H2A.Z nucleosomes are

relatively immobile in the DNA, unlike H2A nucleosomes (Li et al., 2005). The sequence
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pattern may contribute to the mobility change and enable H2A.Z nucleosomes to work as
a barrier or an anchor.

GO enrichment analyses were done on the genes grouped by the +1 nucleosomes
and the NPS patterns. The results showed that the +1 nucleosomes and the NPS patterns
were related to the genes with distinct functions. The gene groups selected by the type of
the +1 nucleosomes (H2A-only, H2A.Z-only, or H2A/H2A.Z) showed exclusive enriched
gene functions among them. The functions of the H2A positioned genes were related to
neuronal functions such as sensory, detection of a stimulus, and neuroblastoma
differentiation; the enriched functions of the H2A/H2A.Z positioned genes were
biosynthesis and metabolism-related processes. Interestingly, the H2A.Z positioned genes
had nucleosome assembly functions as enriched gene functions, suggesting that H2A.Z
may regulate the nucleosome assembly seemingly in self-regulated ways.

The analysis of promoter sequences showed that H2A nucleosome positions have
tended to be coupled with TATA and CCAAT boxes. TATA and CCAAT are usually
linked with tightly regulated inducible genes, which needs a lot of proteins quickly (Spitz
and Furlong, 2012). H2A nucleosomes are related to the transcriptional regulation of
complete repression and activation of genes.

The enriched functions of the genes with the canonical NPS patterns showed that
the genes with the WW and SS NPS patterns were tightly regulated ones. The H2A
nucleosome positioning was also correlated with the core promoter elements regulating
gene expression tightly. The strong 10 bp periodicity of the WW/SS NPS patterns may
maintain stable binding of histones repressing the expression until it is needed.
Interestingly, the genes with RR and YY NPS patterns had the enriched function of
neuronal signal transmission. The proteins expressed from the genes were localised at

extracellular space or membrane. Cadherin and Ecdysone-induced genes were among the
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enriched proteins. Cadherin is one of the essential genes in the development of the
neuronal network. In mouse, its expression is controlled by nucleosome remodelling
factors: the mutant lacking the remodelling factor failed to develop the healthy neuronal
networks (Alvarez-Saavedra et al., 2014). The relationship between the NPS patterns and
the remodelling factors would be an interesting subject to study further.

Choi and Kim (2008) showed that the gene expression is related to the promoter
sequences affecting the organisation of the nucleosomes, and the periodicity of
dinucleotides and DNA bending is related to the DNA-nucleosome interaction leading to
variable gene expression. The results presented here also support the relationship between
gene functions and the intrinsic nucleosome sequences. The unique biological roles of the
grouped genes by the NPS patterns and the core promoter elements suggest the active
role of the nucleosome in the transcriptional regulation. The genomic sequences of the
promoters were organised in a way that the core promoter elements may collaborate with
nucleosomes. Further investigation of the collaboration between the core promoter
elements and nucleosomes will be worthy.

In this research, unique NPS patterns were identified in Drosophila. The canonical
patterns for H2A nucleosomes were different from the yeast patterns, suggesting species-
specific adaptations perhaps resulted from the histone structures. In addition,
nucleosomes with histone variants, H2A.Z, had different NPS patterns, which may be
related to the different role of the nucleosomes. The +1 nucleosomes specifically
positioned by the NPS patterns are closely related to the promoter sequences for

transcription factors serving as a part of a complex regulatory network.
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PART 2: EFFECT OF NUCLEOSOME POSITIONING ON LY49
TRANSCRIPTION FACTOR BINDING AVAILABILITY

Introduction

Beyond this impressive organisational role, however, the nucleosome—a bulky
and ubiquitous protein structure tightly bound to DNA (Lowary and Widom, 1998)—is
believed to occupy a central role in the epigenetic regulation of gene transcription (Bai
and Morozov, 2010; Wyrick et al., 1999). The role of histone in regulating gene
expression has fallen out of interests once but has regained considerable attention since
the discovery of the epigenetic elements. And considerably more attention is still required
to understand this incredibly complex regulatory network. Not only these histone
modifications and the chromatin, but nucleosomes are also believed to regulate gene
expression by limiting the accessibility of a specific region of DNA (Lickwar et al.,
2009). Originally, nucleosomes were thought to be evenly spaced every ~200 bp of DNA
following being randomly positioned (loshikhes et al., 2006; Kornberg, 1974). However,
many pieces of evidence display specifically positioned nucleosomes in the genome:
either by the action of chromatin remodelling proteins (Ito et al., 1997) or by the basal
affinity of a given stretch of DNA for a nucleosome (Peckham et al., 2007; Segal et al.,
2006; Tillo et al., 2010). In Part 1 of this research, I identified the unique NPS patterns of
Drosophila and the collaborative organisation of the nucleosome positions and the
promoter elements. The computational analysis suggested that closely connected works
of nucleosomes and transcription factors are organised by the genomic sequences. The
DNA sequence patterns allowed in silico mapping of the ‘default’ nucleosome landscape
of the genome (loshikhes et al., 2006; Kaplan et al., 2009)—that is, the nucleosome

landscape before remodelling enzymes change it.
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The goal of this part of the search is to examine how this ‘default’ sequence-
determined nucleosome landscape interplay with transcription factors and correlate with
gene expression. To that end, I have investigated the effects of nucleosome positioning
on the expression of a family of immune genes, the Ly49 receptors.

Ly49 receptors—and their functional human analogues, the Killer-cell
immunoglobulin-like receptors (KIR)—are expressed on natural killer (NK) cells and
other lymphocytes. These receptors can recognise the class-I major histocompatibility
complex (MHC-I) expressed on other cells. The recognition of MHC-I allows NK cells to
distinguish healthy cells from cancers or virus-infected cells, which is critical to the
innate immunosurveillance (Hanke et al., 1999; Kim et al., 2005a). I chose this system as
a model to investigate the interplay of nucleosome positions with transcription factors.
Aside from its importance in innate immunology, the Ly49 gene family has several
attributes enough to become an ideal model for the investigation of the interplay of
nucleosomes and transcription factors in transcriptional regulation.

The Ly49 genes all reside in a 650,000 bp region of chromosome 6 as cluster
except for one gene and have very similar transcription factor requirements (Figure 35).
However, expression of an individual Ly49 gene is stochastic. An NK cell can express a
set of randomly chosen Ly49 receptors. This variegated expression is the result of
stochastic expression of the individual Ly49 gene. As a result, each NK cell acquires a
unique repertoire of Ly49 receptors during development and then maintains this
repertoire throughout its life (Kubota et al., 1999b; Ortaldo et al., 1999; Pascal et al.,
2006). The clustered organisation but stochastic expression of Ly49 genes, therefore,
presents a good model system. The differences in nucleosome occupation between
expressed and their silent neighbours can be comparable as both of them require the same

transcription factors and would be equally influenced by other factors such as
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chromosome looping, the actions of locus control regions, presence or absence of
transcription factors, and any possible technical variations. Additionally, RMA, a
common NK-T cell line expressing only Ly49A and none of the other Ly49 receptors,
provides a convenient model for verifying this line of study. Despite the advantages, the
stochastic expression of Ly49 in primary NK cells provokes a number of technical
challenges for analysis.

The coordinated activity of promoters controls in part this stochastic expression
for each gene (Saleh et al., 2004). Pro-1, which is used by immature NK cells, is the first
promoter at the upstream of exon -1 and exon -2. Pro-1 is a bi-directional promoter
consisting of a conserved transcription factor binding sites (Figure 36). There are central
AML-1 and NF-kB binding sites, and TATA boxes at 5’ and 3’ of the promoter, each
of which is flanked by C/EBP binding sites (Saleh et al., 2004). The forward and the
reverse directions for Pro-1 is chosen randomly by the transcription complex. The
transcription complex once choosing the direction, may transcribe in only one of the two
directions; backward transcription represses the expression of the Ly49 genes, while
forward transcription is to dislodge an inhibitory complex formed by methylation around
the downstream second promoter and in some cases third promoter as well, which then
maintains the expression of that Ly49 gene for the rest of the NK cell’s life (McQueen et
al., 2001; Saleh et al., 2004). Conversely, reverse transcription means the antisense
transcript represses the transcription from the forward promoter. The forward and reverse
transcription may be dependent on the ralative strengh of the promoters modulated by the
C/EBP binding sites. In highly expressed Ly49 receptors, their Pro-1 has a “forward”
sequence with higher affinity for these transcription factors than their “reverse” sequence,
while receptors with low expression rates have a high-affinity “reverse” and low-affinity

“forward”.
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Figure 35. Ly49 gene clusters in mouse strains. The schematic organisation of the
Ly49 gene cluster is depicted for four inbred mouse strains (BALB/c,
C57BL/6, 129S6, and NOD). The orientation and relative span of the genes
are indicated by the direction and size of the triangles (scale bar below in
kilo bases). Different gene colours represent distinct Ly49 subfamily
relationships. Genes encoding stimulatory Ly49 receptors are denoted with
an asterisk (*). Ly49b is not included because it is not located in this cluster
(Figure adapted from Carlyle et al. 2008).
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Figure 36. Organisation of the Ly49 promoter. The antisense promoter (reverse Pro-1)
competes with the sense promoter (forward Pro-1). The binding to the
reverse or forward Pro-1 is believed probabilistic based on the affinity of the
promoter. The transcription from the forward Pro-1 detaches the inhibitory
complex at the Pro-2, yet the mechanism has not been defined (Figure
modified and redrawn from Pascal et al. 2006).
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While the observed stochastic expression pattern of Ly49 receptors during the
maturation of NK cells is accountable by the above model to some extent, the variegation
of Ly49 receptors in NK cells could not be explained fully because the “forward” and
“reverse” sequences in Pro-1 remains the same among the NK cells. There must be
another layer of regulatory mechanism to differentiate the various Ly49 receptors in the
NK cells. Furthermore, a recent report has shown that Pro-11 affinity does not always
correlate with that Ly49’s expression level (Gays et al., 2015b).

This finding that there may be another, as-yet-unknown layer of the regulatory
elements at play in regulating Ly49 expression gave for the idea of the effects of
nucleosome positioning on Ly49 expression. I proposed that the binding of nucleosome
on the regulatory regions within the Ly49 cluster may alter the availability of the binding
sites to certain necessary transcription factors, which are sensitive to the steric effects of
nucleosome coverage. I expected that these sensitive binding sites would reside
preferentially within predicted nucleosome-bound regions of DNA. Additionally, I
examined the arrangement of the transcription factor binding sites regarding the
nucleosome positions to test “in-phase” with nucleosomes by presenting a noticeable
pattern of 10 bp periodicity in nucleosome-covered regions. Thanks to the helical
structure of DNA, the 10 bp periodicity corresponds to one turn of a DNA double helix
(Toshikhes et al., 1999; Levitt, 1978). The binding sites with this periodicity would be
able to put themselves in the same orientation in terms of the histone core of the
nucleosome: facing “outward” from the histone core. Such positioning may serve to
prevent or to potentiate the binding to the sites by target proteins (Lu et al., 1995).

In this study, I identified that nucleosome positions in the Ly49 promoter
overlapped the forward Pro-1 promoter hindering the availability of the binding sites,

while keeping the Pro-1 reverse promoter to remain available to the target proteins. The
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coverage of transcription factor binding sites by nucleosomes was analysed visually and
systematically identifying “open” and “covered” binding sites. Lymphocyte-specific
transcription factors were selected to analyse the interplay with nucleosomes, and TATA
was included as a control. Among the selected 17 transcription factors, I identified that
AML-1 was a transcription factor sensitive to the nucleosome coverage as the binding
sites displayed the preferential nucleosome coverage and lack of 10 bp periodicity. The
relationship between the factor binding sites and the nucleosome positions were searched
by Association Rule Mining and verified by logistic regression confirming the patterns
qualitatively. The enriched binding motifs around nucleosomes revealed the genomic
layout for both nucleosome positioning and transcription factor binding. With the help of
collaborators, we confirmed that AML-1 sites were preferentially depleted of
nucleosomes throughout the promoter/enhancer regions of the expressed Ly49 genes. The
AML-1 sites were preferentially covered by nucleosome in the unexpressed genes within
the same population, implicating nucleosome positioning as a probable mechanism to

affect Ly49 expression in vivo.

151



Materials and Methods

PREDICTION OF THE NUCLEOSOME POSITIONING

The genomic DNA sequence of C57BL/6 mice containing the Ly49 gene cluster
was available from GenBank (Wilhelm et al., 2002); sequences and annotations of the
promoters and exons for 129/S6, BALB/c, and NOD mice were provided by Dr
Makrigiannis’s lab (Anderson et al., 2005; Belanger et al., 2008; Makrigiannis et al.,
2005). The genomic DNA sequences of Ly49 gene cluster were used to predict the
nucleosome affinity and the probability of nucleosome positioning by NuPoP (Xi et al.,
2010). NuPoP calculates the nucleosome occupancy score and the affinity score on the
given nucleotide sequence using a Hidden Markov model. The model oscillates between
two states: nucleosome and linker. The probability of observing a nucleotide in a given
sequence as a nucleosome was calculated under the 1% or 4" order Hidden Markov model
depending on the four previous base composition of the sequence. The probability was
calculated by Viterbi algorithm based on the occupancy score. The prediction model has
several parameters for the optimised prediction. The species was set as a mouse and the
model was set as the 4th order-Hidden Markov model. The occupancy and the affinity
score outputs consist of the nucleotide coordinates and the calculated scores at the
position. The Viterbi prediction generates the start and the end positions of the predicted
nucleosome on the input sequences. The nucleosome dyad position was calculated as the
middle of the start and end of a nucleosome from the Viterbi prediction. The nucleosome
positions were saved in BED file format, and the affinity scores were stored in WIG file
format by default. BED file format is a 0-start coordinate system, in which the coordinate
of the first base in a sequence is set as 0. On the other hand, the WIG format is a 1-start

coordinate system, in which the first base is set at 1. This different coordinate system was
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carefully handled during the data import or data conversion not to make a shift in the

coordinates.

ACCURACY OF THE PREDICTION

The nucleosome prediction accuracy was evaluated by comparing the predicted
nucleosome positions and the publicly available MNase-Seq data set from Gene
Expression Omnibus project (GEO) accession number 58005. The nucleosome positions
from the predicted and GEO58005 were compared using BED tools. Nucleosomes of
which predicted and MNase-Seq determined positions overlapped at least 50% were
taken to represent a true prediction, while other nucleosomes were taken as false. The
nucleosomes from the predicted and the MNase-Seq data were presented on the genome
using UCSC genome browser.

The nucleotide sequences of the nucleosome-bound regions were retrieved from
the given Ly49 gene family sequence using the predicted nucleosome positions. The
nucleotide sequences of the nucleosome-bound regions were saved in FASTA format for
further uses. The GC content and the ratio were calculated from the saved nucleosome-
bound regions of Ly49 gene family, and the mouse chromosome 6 downloaded through

the UCSC genome browser.

NUCLEOSOME LANDSCAPE AROUND LLY49 GENE PROMOTERS

The promoter architecture was presented around Pro-1 region including Pro-1 and
exon -la. The landscape of the nucleosome positioning sites and the AML-1 binding sites
in the promoters were examined to find the relationships. The predicted nucleosome
positions and the AML-1 binding sites were displayed on the chromosome aligned at the
position of exon -la for each Ly49 gene in the C57BL/6 mouse. For genes without an
exon -la annotation, the average distance between the Pro-1 and exon -la from other

153



annotated genes was used to approximate the location of exon -la. The nucleosome
coverage on the Pro-1 and Pro-2 promoters and the TF binding sites were calculated
using BED tools. Each position of the nucleosome was compared with the Pro-1 and Pro-
2 promoters, and the length of the overlapped nucleotides was recorded. If more than half
the nucleotides of a promoter were covered, then it was marked as closed. Otherwise, the
promoter was marked as open.

The nucleosome coverage on the TF binding sites was also calculated using BED
tools. The predicted nucleosome positions and the TF binding sites were taken as input,
and then the overlapped nucleotides were searched. If a transcription factor binding site
and a nucleosome position were overlapped at least by one base pair, the transcription
factor binding site was marked as covered. Otherwise, it was marked as open. The gene
features (promoters and exons), nucleosome positions, and TF binding sites were
visualised using Integrated Genome Viewer (IGV) for visual inspection. The same
comparison and alignment were repeated with the nucleosome and TF binding sites data

from the mouse strain BALB/c, 12956, and NOD.

SEARCH FOR HYPERSENSITIVITY REGION

The hypersensitivity region, or hotspot, was searched from the publicly available
data on UCSC genome browser. The Ly49 gene family annotation was imported to the
UCSC genome browser’s custom track. The custom track of the Ly49 gene annotations
on chromosome 6 was displayed on the genome browser. For comparison, the
hypersensitivity tracks from available tissues like B-cell, T-cell, brain, and heart were
added to the genome browser. The Ly49 annotations were used as a guide and checked

the hypersensitivity from the selected tissues at the Ly49 promoters and exons.
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PREDICTION OF THE TRANSCRIPTION FACTOR BINDING SITES

The same genomic DNA sequences of the Ly49 gene clusters of the four mouse
strains were used to predict transcription factor binding sites. The Position Weight Matrix
(PWM) of the 17 transcription factors (AML-1, AP-1, C/EBP-beta, Egr-1, Egr-2, Egr-3,
GATA-3, IRF-1, Ik-3, Lyf-1, MZF1, NF-AT, NF-«xB, Oct-1, STAT3, Spl, Tal-
lalpha/E47, c-Ets-1(p54)) were retrieved from TRANSFAC or JASPAR public databases
(Mathelier et al., 2016; Matys et al., 2006). TF binding sites were predicted taking the
DNA sequences of the Ly49 gene clusters using either the MATCH or FIMO software
(Grant et al., 2011; Kel et al., 2003). MATCH calculates the matrix similarity score for
the given sequence. Finding putative TF binding sites depends on the cut-off values, the
lowest value to decide the position of the sequence as a TF binding site, for core and
matrix similarity. The cut-off values were set to minimise false positives to include only
the sites a good similarity even though it may generate less number of sites. The TATA-
binding sites were also predicted as a control. The genomic coordinates of the

transcription factor binding sites were saved in BED file format.

DISTANCE DISTRIBUTION OF THE TRANSCRIPTION FACTOR BINDING SITES TO THE
NEAREST NUCLEOSOME

The distance distribution of transcription factor binding sites around the nearest
nucleosome was explored for each transcription factor. First, the predicted positions of
the transcription factor binding sites and the nucleosome positions from the Viterbi
prediction were converted to BED file format by a custom script. The predicted
transcription factor binding sites and the nucleosome positions were then sorted by their
positions on the chromosome. The nearest nucleosome for each transcription factor
binding site was identified with the closest command of the BED tools suite (Quinlan and
Hall, 2010b). Once the nearest nucleosome was identified per transcription factor binding
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site, the distance between the pair was calculated from the middle position of the
transcription factor binding site and the dyad position of the nearest nucleosome. The
distance distribution was generated by counting the distances from all pairs of the
transcription factor binding site and the nearest nucleosome and used to plot the
histogram and the density estimation. The density of the distance distribution was
estimated using Kernel Density Estimation by R software (R Development Core Team,
2012). The distribution histogram and the density were plotted aligned at the nucleosome
dyad. The nucleosome boundaries were marked by dotted lines at 73 bp apart on both

sides from the nucleosome dyad.

TEST THE MULTIMODALITY OF THE DISTRIBUTION

The multimodality of the distance distribution was measured by Kurtosis and
tested by Hartigan’s dip test (Hartigan and Hartigan, 1985). Kurtosis, the 4%
measurement of moment assesses the shape of the distribution whether the distribution is
heavy-tailed or light-tailed with respect to a normal distribution. Kurtosis for univariate

data, Y3,Y,, ..., Yy, was defined as

N 74

KIY] = Zizl(YiS: L

where Y is the mean, s is the standard deviation, and N is the number of data points.
Note that the standard deviation is computed with N in the denominator instead of N —
1. According to this definition, the kurtosis for a standard normal distribution is 0. The
kurtosis was calculated for the distance distributions of the TF binding sites and the
nucleosomes to assess whether the TF binding sites are within the nucleosome boundaries
or out of the boundaries.

The Hartigan’s dip test was performed using an R package, diptest. The test

calculates the maximum differences between the sample distribution and the uniform
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distribution. The calculation was repeated with a uniform distribution which minimises
the differences. The null hypothesis of the dip test is that the sample distribution is
unimodal; the alternative hypothesis is that the sample distribution is multimodal. A
sample distribution with a p-value less than 0.05 is considered to be bimodal or

multimodal.

ASSOCIATIONS BETWEEN VARIOUS VARIABLES

The visually identified associations between the nucleosome and TF binding sites,
promoters and exons, and their nucleosome coverage were examined quantitatively. The
association of the variables were evaluated with support and confidence. The support is
defined as the percentage of groups that contain all the items listed in that association

rule. The support is calculated as:

s[x] = N

where N, is the number of groups containing the items x, N is the total number of all
the groups.

The confidence is a percentage value that shows how frequently the rule head
occurs among all the groups containing the rule body. The confidence c is calculated as:

C = P(Ex|Ey)
= P(ExNEy)

Where Ey and Ejare the items in the association rule. P(Ey) and P(Ey) are the
probability of the item E, and E,, respectively. The support and the confidence were
calculated by counting the occurrences of the possible combination of variables. The
following information at each Ly49 promoter was used as the variables for the
association: the presence of nucleosomes and transcription binding sites at Ly49

promoters, the nucleosome coverage statuses (open or covered), and the forward and
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reverse promoter (For or Rev). The visually identified patterns, for example, open AML-
1 binding sites in reverse promoters, were assessed for the association by calculating the

support and the confidence.

ASSOCIATION RULE MINING

Hidden associations of the factors and the promoter status were analysed by
Association rule mining. Association rule mining is a machine learning method to
discover the relations, or association, between various qualitative variables. Instead of
calculating the association from a given set of conditions, the association rule mining
searches for all possible combination of the given variables to find highly associated sets
of the variables. The input variables were selected based on various criteria about the
genomic features of the Ly49 gene family: promoters and exon regions, TF binding sites
and nucleosome positions, open or covered status of the promoters and the TF binding
sites, and Ly49 gene names. The associations among the variables were analysed by
Apriori algorithm using arule package written for R (Hahsler et al., 2005).

Association Rule: If items x and y are present in a group, then item z is also
present in the group. The rule is often presented like this:

[x,y] = [z]
The left-hand side (LHS) of the rule, [x,y], is called antecedent or a rule head. The
right-hand side (RHS) of the rule, [z], is called consequent, or a rule body. The support
and the confidence are the values that measure the association between the items in the
rule. The support mainly shows how many cases of the items appeared in the total cases.

So, support(x, y) is calculated in this way:
the number of cases,x and y

S tlx,y) =
upport(x,y) the number of total cases
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The confidence indicates that the item z, where x and y are found together, is present in a

certain percentage.

Support(x,y,z)
Confid ,y] => =
onfidence([x,y] [z]) Support(x,y)

For example, the rule is presented as follows for an association that forward Pro-1 and

nucleosome-bound are associated with AML-1 binding sites:

[forward Prol,nucleosome bound Prol] => [AML — 1 binding site]

And the support and the confidence were calculated like this:
Support(forward Prol, nucleosome bound Prol)

the number of cases, nucleosome bound forward Prol

the number of Prol

ENRICHED MOTIF SEARCH

Enriched motifs are the sequence fragments which are commonly found on the set
of the sequences. The nucleotide sequences of promoters or nucleosome bound regions in
were searched for enriched sequence motifs. The nucleotide sequences of Pro-1 regions
of Ly49 genes were extracted from the chromosome. The selected nucleotide sequences
were given as an input to the Peak-Motif (Thomas-Chollier et al., 2012). Peak-Motif
identified enriched motifs. The discovered enriched binding motifs were searched against
JASPAR database to find matching or similar motifs of known transcription factors. The
enriched motifs search was repeated with the sequences between exon 1 and exon 2 of
the Ly49 gene family, which includes Pro-2/Pro-3 regions. The enriched motif search
was also run with the sequences around the nucleosome positioning sites. The dyad

positions of all nucleosomes or the nucleosomes in the Pro-1 promoters of Ly49 genes
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were selected. The nucleosome dyad positions were extended by 150 bp toward 5’ and 3’
directions of the chromosome and the nucleotide sequences were extracted from the 300
bp long regions. The 300 bp long nucleotide sequences were divided into six groups of 50
bp long fragments from the 5’ to the 3’ direction. The 50 bp sequences were searched for

enriched motifs with Peak-Motif.

IDENTIFYING THE 10 BP PERIODICITY OF TRANSCRIPTION FACTORS

The distance periodicity between the transcription factor binding sites and the
proximal nucleosome was examined by Fourier transform. The transcription factor
binding sites were selected from various regions: Pro-1 and Pro-2 promoter regions,
nucleosome covered regions, and nucleosome free regions. For each selected
transcription factor binding site, the nearest nucleosome was found by comparing the
positions using Bedtools. The distances between the middle position of selected
transcription factor binding sites and the dyad position of the nearest nucleosomes were
calculated. The distances were then counted to get distribution. The distance distribution
of all the selected pairs was analysed by Fourier transform for the periodicity, or they
were grouped for each Ly49 gene before Fourier transform. Fourier transform calculated
the spectral density of the period to generate a periodogram. The spectral density tells the
contribution of each period to the repeating pattern. The period with maximum spectral
density was considered as the dominant period of the distance distribution.

The leave-one-out analysis was performed to find the distance periodicity of each
factor. The spectral density of the pooled distance distributions from the 17 transcription
factors was used as a baseline diagram. The Fourier transform was repeated with the
leave-one-out sample sets of 16 transcription factors after removing one transcription

factor at a time from the whole sample set. The periodicities from the leave-one-out
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samples were compared with the baseline periodicities. Once the deviation, the decrease
or increase of the spectral density at the 10 bp period from the baseline, was observed in
the periodicity generated from the leave-one-out sample, then the left-out factor was
considered contributing to the 10 bp periodicity of the baseline. The transcription factors
were grouped based on genomic regions (promoters or exons) or nucleosome-bound
statuses to investigate the relationship between the periodicity and the role of the

transcription factor.

NUCLEOSOME MAP OF RMA CELLS BY CHIP-SEQ

The predicted nucleosome binding positions were compared with the
experimentally determined positions with MNase-Seq from the mouse NK-T cell line,
RMA, as described in the reference (Henagan et al., 2015). The library was prepared by
Génome Quebec at McGill University, and DNA samples were prepared and sequenced
on an Illlumina MiSeq (lllumina, San Diego, CA). FastQC checked the quality of the
sequence reads, and the low-complex redundant sequence reads were removed before
alignment. The sequence reads aligned on the mouse genome mm10 with Bowtie 2.0.
The aligned short reads were used to find nucleosome peaks with MACS. The sequencing

results have been deposited in the GEO database (accession number GSE71863).

DEVIANCY OF NUCLEOSOME POSITIONING IN RMA FROM THE PREDICTION

The predicted nucleosome-bound-regions and the MNase-Seq determined
nucleosome-bound-regions were compared using the UCSC table browser. True
predictions, nucleosome-bound-region in both predicted positions and MNase-Seq
determined positions, and false predictions, nucleosome-bound-region in predicted
positions and nucleosome-depleted-region in MNase-Seq determined positions were
intersected using the UCSC table browser. The same process was repeated for each
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transcription factor binding sites to identify the number of true-predictions and the false-
predictions. The accuracy of the prediction was calculated for nucleosomes in general
and in each TF binding site, and then summarised for each Ly49 gene. The results were
presented as a heat map between the nucleosome predictions against the transcription

factors.

STATISTICAL TESTS OF THE DEVIANCY

A chi-square test was constructed to detect the nucleosome deviancy from the
prediction in Ly49 genes. The overall true-positive rate of each Ly49 gene across the
transcription factors was set as the expected value. The true-positive of each Ly49 gene
per transcription factor was set to the observed value. Individual chi-square statistics, as

well as the overall statistic, were presented in a heat-map.

LY49A EXPRESSION ON RMA CELLS

RMA cells or isolated mouse splenocytes as a negative control were counted by
flow cytometry after staining with antibodies against NK1.1, TCRp, and the Ly49
receptors such as Ly49A/D (clone 4ES5), Ly49D, Ly49C/1 (5E6), Ly49E/F, Ly49G
(4D11), and Ly49H (3D10). Antibodies were purchased from Becton Dickinson (San
Jose, CA) or eBioscience (San Diego, CA), and samples were sorted using a Beckman

Coulter CyAN-ADP and analysed using Kaluza (Beckman Coulter, Mississauga, ON).

CHROMATIN IMMUNOPRECIPITATION OF RMA CELLS FOR AML-1 BINDING SITES

Fragmented chromatin was prepared from RMA cells by MNase digest as
described previously (Henagan et al., 2015), except that 150 bp fragments were selected
by gel extraction. Chromatin was then incubated with a rabbit polyclonal antibody raised
against AML-1 or immunoglobulin M (as an isotype control) overnight at 4 °C (Abcam).

Antibody complexes were collected using protein A agarose beads, and DNA was
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purified using a high pH chelating solution, as previously described (Flanagin et al.,

2008; Nelson et al., 2006). The following primers were used:

Ly49A promoter: AGGCCAGGGAAACCTGGTGTA
AAGAGGTGGGGCACTGGACTG
Ly49A 6 kb up: ACAGAACTCAGAGGGCAAAGGAAA
TGGGCCACTTGGCCATTTATCT
Real-time PCR was performed using an Eppendorf thermal cycler.
PROTEIN INTERACTION

The protein interaction was analysed with GeneMania (Warde-Farley et al.,
2010). The selected gene names from association rule mining and the enriched motifs
were used to search for interacting proteins. The search organism was a mouse, and the
network parameters were set as physical interactions and coexpression. GeneMania
analysed the enriched functions of the interacting proteins. The enriched functions were

ranked based on the False Discovery Rate (FDR).
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Results

PREDICTION OF NUCLEOSOME POSITIONING SITES

Using the C57BL/6 mouse genome sequences of Chromosome 6, the nucleosome
positioning sites were predicted on the Ly49 gene cluster. For the nucleosome prediction
on the mouse, NuPoP (Wang and Xi, 2012) package was used. NuPoP produces
nucleosome occupancy score, histone affinity score, and Viterbi prediction of the
nucleosome position. The prediction calculates the affinity score and occupancy score
from the genomic sequence through Fourth-order Hidden Markov Model. The Fourth-
order Hidden Markov Model is the most sophisticated model available in the area, and
the only predictor optimised for mouse genome sequence up to our knowledge. The
species option was set as a mouse so that the parameters, which were optimised for the
mouse genome sequence used for the model. The affinity score and the occupancy score
calculates the binding affinity of the histone and the probability of the occupancy at the
position, respectively. The Viterbi output takes the binding probability and produces
dichotomy outputs: nucleosome-free region and nucleosome-occupied region on the input
genome sequence. The Viterbi output was used to determine the nucleosome positions.
An example view of the prediction around Ly49G promoter was shown in Figure 37A.
The affinity score, the nucleosome position deduced from the Viterbi output, and the
annotations of the genes, such as promoter and exons were presented. The predicted
nucleosome positions were compared with the published nucleosome occupancy in
mouse hepatocytes. The overall accuracy was 49% (Figure 37B). The prediction was
made on the whole sequence of the Ly49 gene family. The nucleosome bound regions
had slightly higher GC content than the average GC content of the Chromosome 6 (Table
3).
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Once the probable nucleosome map on the Ly49 genes was calculated, we asked
whether the nucleosome positions may contribute to the transcriptional regulation. The
relative positions of the nucleosome positioning sites and the promoters and exons were
tested to determine the possible interaction of the nucleosomes with the promoters and
transcription factors. For each Ly49 gene in the C57BL/6, a specific pattern of
nucleosome occupancy on the promoters and the exons was looked for. In most cases, the
Pro-1 reverse promoter favours the open configuration, while the forward Pro-1 promoter
favours a bound configuration (Figure 38). The same analysis was repeated for Ly49
gene families from BALB/c, 129/S6, and NOD mouse strains. In most Ly49 genes from
the three mouse strains, I observed similar nucleosome positioning configuration around
the Pro-1 promoter: an open configuration of the Pro-1 reverse promoter and a bound
configuration of the forward Pro-1 promoter (Figure 39 - Figure 41).

The presence of the AML-1 binding sites between the forward and the reverse
promoters was noticeable, which agreed with the previous results from the C57BL/6
Ly49G promoter region (Saleh et al., 2004). The AML-1 binding sites were found in
almost all Ly49 genes regardless of the mouse strain. The ubiquitous presence of the
AML-1 binding sites at the promoter regions leads to an investigation of the
identification of the binding sites of the immune specific transcription factors and the
relations with the nucleosomes in promoters. The open and bound configurations of the
reverse and forward Pro-1 can contribute to the accessibility of the chromosome to the
proteins. The hypersensitivity regions, or hot spots, were examined in the published
tissue samples. The hypersensitivity regions of Ly49 gene family on chromosome 6 were
retrieved from lymphocytes such as B-cell and T-cell as well as brain and heart tissues

(Table 4).
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Figure 37. Hidden Markov prediction of nucleosome positions. (A) An example of an
alignment showing the raw genomic affinity (1% track) and the probable
occupancy (2" track) of the Ly49G Pro-1 region (3™ track). (B) Prediction
(black) was validated by comparing to a published nucleosome positions
(blue) of MNase-Seq dataset from the GEO (accession number GEO58005).
Predictions having > 50% overlap were marked as true predictions (green).
Other predictions were taken as false (red).
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Region G+C Total Bases %GC

Chromosome 6 60606617 146336545 41.42%

Nucleosome- 43344070 94657763 45.79%
bound regions
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Table 3. GC content of the nucleosome covered regions. Nucleosome covered regions
have slightly higher GC content than the average GC content of the
chromosome 6. Repeating A and T or poly(dA:dT) tract is known as a
determinant of nucleosome position, which is less favouring nucleosome
occupation. Ly49 gene family: DNA covered by nucleosome: 305,466 bp
Total DNA size: 572,712 bp.
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Figure 38. Predicted nucleosome hindrance at extended promoter regions in
CS57BL/6. Schematic view of the predicted nucleosome positions and the
Ly49 gene elements. Nucleosome positions were determined the 4™ order
Hidden Markov model of NuPoP package. The Ly49 gene elements were
presented on top: promoters (blue arrow), exons (blue square). The relative
nucleosome positions and AML-1 binding sites were presented below the
Ly49 gene elements. Nucleosome (round square), AML-1 binding site
(triangle). The number inside the square represents the proportion of the
promoter length covered by the nucleosome.
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Figure 39. Predicted nucleosome hindrance at extended promoter regions in 129/S6.
Schematic view of the predicted nucleosome positions and the Ly49 gene
elements. Nucleosome positions were determined the 4™ order Hidden
Markov model of NuPoP package. The Ly49 gene elements were presented
on top: promoters (blue arrow), exons (blue square). The relative
nucleosome positions and AML-1 binding sites were presented below the
Ly49 gene elements. Nucleosome (round square), AML-1 binding site
(triangle). The number inside the square represents the proportion of the
promoter length covered by the nucleosome.
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Figure 40. Predicted nucleosome hindrance at extended promoter regions in
BALB/c. Schematic view of the predicted nucleosome positions and the
Ly49 gene elements. Nucleosome positions were determined the 4™ order
Hidden Markov model of NuPoP package. The Ly49 gene elements were
presented on top: promoters (blue arrow), exons (blue square). The relative
nucleosome positions and AML-1 binding sites were presented below the
Ly49 gene elements. Nucleosome (round square), AML-1 binding site
(triangle). The number inside the square represents the proportion of the
promoter length covered by the nucleosome.
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Figure 41. Predicted nucleosome hindrance at Ly49 extended promoter regions in
NOD. Schematic view of the predicted nucleosome positions and the Ly49
gene elements. Nucleosome positions were determined the 4" order Hidden
Markov model of NuPoP package. The Ly49 gene elements were presented
on top: promoters (blue arrow), exons (blue square). The relative
nucleosome positions and AML-1 binding sites were presented below the
Ly49 gene elements. Nucleosome (round square), AML-1 binding site
(triangle). The number inside the square represents the proportion of the
promoter length covered by the nucleosome.
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Genes

Major hot spot

Ly49 Klra B-cells T-cells Brain Heart
a 1 exon +1 exon -1 ND ND
c 3 exon +1, -1 exon -1 ND ND
d 4 ND ND ND ND
e 5 ND exon -1 ND ND
f 6 Upstream Upstream ND ND
g 7 exon +1 exon -1 ND ND
h 8 ND ND ND ND
i 9 exon -1 exon -1 ND ND
j 10 ND exon -1 ND ND
k 11 exon 3 exon 3 ND ND

m 13 ND Upstream ND ND
n 14 ND ND ND ND
q 17 ND ND ND ND
X 22 ND ND ND ND
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Table 4. Hypersensitivity regions of the Ly49 gene cluster. The hypersensitivity
region, or the hot spot, were searched on the chromosome of the Ly49 gene
cluster using the publicly available data sets. The hypersensitivity regions,
which are accessible by restriction enzymes, considered to be accessible by
transcription factors. The hypersensitivity between lymphocytes and other
tissues were compared. The Pro-1 and Pro-2 regions of Ly49 gene family in
B-cells and T-cells, showed hypersensitivity, while Ly49 gene family in
brain and heart were not accessible by the restriction enzymes. The
differences in the DNA conformation may be maintained by nucleosomes.
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In more than half of the Ly49 genes in B-cell or T-cell, hypersensitivity regions were
found in the Ly49 promoters and the exons. In contrast, no promoters and exons of Ly49
genes in the brain and heart tissues showed the hypersensitivity. The presence of the
hypersensitivity region is correlated with the expression level of the gene in NK cells.
The Ly49J and Ly49E, whose reported expression levels are less than 1% in the NK
cells, did not show the hypersensitivity in their promoters. Instead, the nucleosome
affinity predicted from the Pro-1 sequences was high suggesting that the promoters
probably bound by nucleosomes. So, the hypersensitive regions in the Ly49 promoters,

important in the transcriptional regulation, may be maintained by nucleosomes.

IDENTIFICATION OF NUCLEOSOME COVERAGE ON TRANSCRIPTION FACTOR BINDING
SITES

As the AML-1 binding sites were common in the Ly49 Pro-1, I next sought to
determine whether other TF binding sites have a unique relationship with nucleosome
positions: sensitive to the nucleosome coverage. Since Ly49 receptors are known only to
be expressed in immune cells, I selected 17 transcription factors, whose functions are
well-known in regulating lymphocyte gene expression (Table 5). The selected factors
include factors with known Ly49 interactions such as AML-1 and C/EBP-beta (Saleh et
al., 2004) and other common lymphocyte transcription factors. TATA was included as a
control, which is expected to be positioned away from nucleosome dyads. The position
weight matrices of those transcription factors were retrieved from JASPAR and
TRANSFAC databases (Figure 42). The binding sites of all the selected factors were
identified in the Ly49 gene family by calculating the score with MATCH. The cut-off

values for the score for identification were set to minimise false-positives.

180



The identified binding sites were presented together with the nucleosome
positions using IGV genome browser. The number of the open and nucleosome-bound
TF binding sites was counted. If the identified TF binding sites were overlapped with the
predicted nucleosome positions, then the TF binding site was deemed as a nucleosome-
bound or covered TF binding site. Otherwise, the TF binding sites were marked as open.
The ratio of open TF binding sites to all TF binding sites, which were counted in the
Ly49 gene cluster, identified open TF binding sites and nucleosome-bound TF binding
sites (Figure 43). More than 80% of TATA-binding sites are predominantly open: the
binding sites avoid the possible nucleosome positioning. NF-AT, Oct-1, IRF-1, and
GATA-3 followed the TATA in the openness of the binding sites. More than 50% of the
binding sites of those factors are not overlapped with a nucleosome positioning site. They
are supposed to be open as their nucleotide sequences avoid nucleosome positioning as a
default genomic configuration.

On the other hand, other transcription factors had their binding sites overlapped
with nucleosomes. Transcription factors like Sp-1, Egr-1, NF-xB, Egr-2, 1k-3, Lyf-1,
MZF1, AML-1, Tal-a/E47, and AP-1 showed that more than 60% of their binding sites
were nucleosome-bound or overlapped with nucleosome positions. Because these open
and covered statuses are based on the genomic sequences, the statuses may be considered
as a default configuration. Even though the actual statuses may vary depending on the
tissues and cell statuses, the possibility that the TF binding sites are bound by
nucleosomes in vivo is higher by these transcription factors than the open transcription

factors unless other factors would be involved.
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Symbol Factor name Class
AML-1 runt-factor AML-1 Runt
AP-1 activator protein 1 bZIP
C/EBP-beta CCAAT/enhancer binding protein beta bzIP
c-Ets-1(p54) c-Ets-1(p54) ETS

Egr-1
Egr-2
GATA-3
IRF-1
IK-3
Lyf-1
MZF1
NF-AT
NF-kB
Oct-1
STAT3
Spl
Tal-1 o /EA7

TATA

Egr-1/Krox-24/NGFI-A immediate-early gene product
Egr-2/Krox-20 early growth response gene product
GATA-binding factor 3

interferon regulatory factor 1

lkaros 3

LyF-1

MZF1

Nuclear factor of activated T-cells

NF-kappaB binding site

octamer factor 1

signal transducer and activator of transcription 3
stimulating protein 1
Tal-1alpha:E47 heterodimer

Retroviral TATA box

C2H2 Zinc finger
C2H2 Zinc finger
Zinc finger

Trp cluster

C2H2 Zinc finger
C2H2 Zinc finger
C2H2 Zinc finger
Rel-related factor
Rel-related factor
Pou domain
STAT

C2H2 Zinc finger
bHLH

TATA (TBP)
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Table 5. Selected immune specific transcription factors used in this study. These 17
transcription factors were selected for their roles in immunity. In addition to
the AML-1, which is considered to play a role in Ly49 transcriptional
regulation, other transcription factors are related to the transcriptional
regulation in lymphocytes. TATA was selected as a control.
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Figure 42. Sequence motifs of the selected transcription factors. Position Weight
Matrices (PWM) obtained from the TRANSFAC or JASPAR public
databases are shown as sequence logos. The DNA sequences of the Ly49
gene family were scanned using the Position Weight Matrices to calculate
the score for the transcription factor binding sites.
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Figure 43. The ratio of the open and covered transcription factor binding sites. The
50% line (black horizontal line) represents that even number of the TF
binding sites are open or covered. TATA-binding sites are mainly open: not
covered by nucleosomes. NF-AT, Oct-1, IRF-1, and GATA-3 follow TATA
in the open TF binding sites. On the other hand, Egr-1, Sp1, NF-«B, Egf-2,
Ik-3, Lyf-1, MZF1, AML-1, Tal-1-0, and AP-1 are more likely covered by
nucleosomes. The AML-1, Lyf-1, MZF1 binding sites were also identified
as covered by nucleosomes in the distance distribution analysis.
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QUANTITATIVE ASSESSMENT OF THE NUCLEOSOME POSITIONING IN THE LY49 GENE
PROMOTERS

To assess the open and nucleosome-bound status in Ly49 promoters and the TF
binding sites quantitatively, the relationship was analysed by establishing association
rules. In the association rule analysis, typically items and groups are specified. The items
are the units in the identified rule of an association. The groups are the units that contain
the items. For example, for the association of the presence of the AML-1 binding site and
openness of the binding site, each of the AML-1 binding site and the openness are items,
and the combination of the AML-1 binding site and the openness are the groups. In
general, association rules reveal a correlation between qualitative variables.

According to the associations between the AML-1 binding sites and promoters in
the C57BL/6 Ly49 gene cluster, the found associations supported our identification of the
unique patterns between TF binding sites and the nucleosome sites in the promoter
region: open Pro-1 reverse promoter and closed forward Pro-1 promoter, (Table 6). The
confidence of the rule [Forward Prol] = [Closed] is 1.0, while the confidence of the
rule [Forward Prol] = [Open] is 0. The support and the confidence indicate the
association of open status for the Pro-1 reverse promoters. The confidence of the rule
[Reverse Prol] = [Open] is 0.8, while [Reverse Prol] = [Closed] is 0.2. The rules
found other associations among the binding sites, nucleosome positions and the
promoters. The rule [Reverse Prol,Open] = [AML — 1] has the confidence of 1.0
and the support of 0.5, which is interpreted that out of all cases counted, Reverse Pro-1,
Open, AML-1 conditions found together in half of cases (support = 0.5), and whenever
there are Reverse Pro-1 and Open, there is AML-1 binding site also (confidence = 1.0).

The association was repeatedly calculated in the Ly49 gene clusters were from

other mouse strains of BALB/c (Table 7) and 129/S6 (Table 8). The analyses of BALB/c
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and 129/S6 strains also support the same associations between the AML-1 binding sites
and the nucleosome positioning in the Ly49 promoters: AML-1 binding sites are likely

nucleosome-bound.

NUCLEOSOME COVERAGE OF TRANSCRIPTION FACTOR BINDING SITES

To identify the patterns of nucleosome coverage of the 17 transcription factors, I
computed the distance distribution between the transcription factor binding sites and the
nearby nucleosome dyad. Because a typical nucleosome covers 146 nucleotides, the TF
binding sites within 73 bp from the nucleosome dyad is supposed to be overlapped or
bound by a nucleosome, while the TF binding sites farther than 73 bp from the nearest
nucleosome dyad is open.

First, the distance distribution was computed between the TF binding sites and the
nearby nucleosomes in the Pro-1 reverse region of the Ly49 genes from the BS7BL/6
mouse strain (Figure 44). The distance distribution shows that more NF-AT binding sites
are at the boundaries and outside of the nucleosome than in the nucleosome covered
region. TATA also show the similar distribution as the NF-AT: the binding sites locate at
the nucleosome boundaries. On the other hand, AP-1, GATA-3, and 1k-3 demonstrate
that many binding sites are within the nucleosome boundaries, which indicates that the
TF binding sites of the factors are likely to be covered by nucleosomes. AML-1, C/EBP-
beta, c-ETS-1, Lyf-1, MZF-1, and Sp-1 show that many binding sites are within the
nucleosome boundaries. However, not all the binding sites are covered by nucleosomes
because some binding sites are at the nucleosome boundaries as the peak of the density
lies at the nucleosome boundaries. The promoter is open out of all cases, and where the

Pro-1 reverse promoter is open, AML-1 binding sites are always found.
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Rule Support Confidence
Closed -> AML 0.500 1.000
Closed -> No AML 0.000 0.000
Open -> AML 0.500 1.000
Open -> No AML 0.000 0.000
AML -> Open 0.500 0.500
AML -> Closed 0.500 0.500
For, Closed -> AML 0.375 1.000
Rey, Closed -> AML 0.125 1.000
For, Open -> AML 0.000 N/A
Rev, Open -> AML 0.500 1.000
AML -> For, Closed 0.375 0.375
AML -> Rev, Closed 0.125 0.125
AML -> For, Open 0.000 0.000
AML -> Rev, Open 0.500 0.500
For -> Closed 0.375 1.000
For -> Open 0.000 0.000
Rev -> Closed 0.125 0.200
Rev -> Open 0.500 0.800
Closed -> For 0.375 0.750
Open -> For 0.000 0.000
Closed -> Rev 0.125 0.250
Open -> Rev 0.500 1.000
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Table 6. Associations of the AML-1 and the nucleosome coverage in C57BL/6 Ly49
cluster. The association was measured by support and confidence of the
given combination of promoter elements. These notations are used in the
table: For, forward Pro-1; Rev, reverse Pro-1, AML, AML-1 binding site;
Open, the open status of the binding site; Closed, the nucleosome-bound
status of the binding site.
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Rule Support Confidence
Closed -> AML 0.75 1.00
Closed -> No AML 0.00 0.00
Open -> AML 0.25 1.00
Open -> No AML 0.00 N/A
AML -> Open 0.25 0.25
AML -> Closed 0.75 0.75
No AML -> Open N/A N/A
No AML -> Closed N/A N/A
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Table 7. Associations of the AML-1 and the promoter elements in the BALB/c Ly49
cluster. The association was measured by support and confidence of the
given combination of promoter elements. The AML-1 binding sites tend to
be covered by a nucleosome or at least overlapped by a nucleosome
positioning site. These notations are used in the table: For, forward Pro-1;
Rev, reverse Pro-1, AML, AML-1 binding site; Open, the open status of the
binding site; Closed, the nucleosome-bound status of the binding site.
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Rule Support Confidence
Closed -> AML 0.500 0.857
Closed -> No AML 0.083 0.143
Open -> AML 0.417 1.000
Open -> No AML 0.000 0.000
AML -> Open 0.417 0.455
AML -> Closed 0.500 0.545
For, Closed -> AML 0.333 0.800
Rev, Closed -> AML 0.167 1.000
For, open -> AML 0.000 N/A
Rev, open -> AML 0.417 1.000
AML -> For, Closed 0.333 0.364
AML -> Rev, Closed 0.167 0.182
AML -> For, open 0.000 0.000
AML -> Rev, open 0.417 0.455
For -> Closed 0.417 1.000
For -> Open 0.000 0.000
Rev -> Closed 0.167 0.286
Rev -> Open 0.417 0.714
Closed -> For 0.417 0.714
Open -> For 0.000 0.000
Closed -> Rev 0.167 0.286
Open -> Rev 0.417 1.000
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Table 8. Associations of the AML-1 and the promoter elements in the 129/S6 Ly49
cluster. AML-1 binding sites are more likely to open at the reverse Pro-1
promoter and less likely covered in the forward Pro-1. These notations are
used in the table: For, forward Pro-1; Rev, reverse Pro-1, AML, AML-1
binding site; Open, the open status of the binding site; Closed, the
nucleosome-bound status of the binding site.
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Figure 44. Proximity of TF binding sites to nucleosomes in Pro-1 reverse promoters.
The C57BL/6 nucleosome map as generated in Figure 38 was compared
individually to the transcription factor binding sites in the reverse Pro-1
promoters drawn from the TRANSFAC or JASPAR databases. TATA was
included as a control. A histogram (black bar) and density (red line) are
shown displaying each factor binding site’s distance to the nearest
nucleosome. Dashed vertical lines indicate the nucleosome boundary. The
more binding sites are within the nucleosome boundaries, the factor’s
binding sites tend to be covered. Similarly, the more binding sites are
outside of the boundaries, the factor’s binding sites tend to be open.
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To be more specific, the distance distribution to nucleosomes was computed from
the TF binding sites in the forward Pro-1 promoters (Figure 45). The distance
distributions of the factor bindings sites in the forward Pro-1 promoters had a similarity
to the distance distribution of factor binding sites in the Pro-1 reverse promoters. NF-AT
binding sites, as well as TATA-binding sites, are open in Pro-1 forward promoters as
many binding sites are at the nucleosome boundaries. The estimated density distributions
of the factors have multiple peaks lying on the nucleosome boundaries. AML-1, Lyf-1,
MZF1 binding sites are within the nucleosome boundaries like the ones in the Pro-1
reverse promoters. However, unlike the Pro-1 reverse promoters, where the density of the
distance skewed toward the nucleosome boundaries, the distribution in the forward Pro-1
promoters has the peak almost in the middle of the nucleosome boundaries. The density
estimates of the factors show that majority of the binding sites are overlapped with the
nucleosome positioning sites. Many C/EBP and c-ETS binding sites are found at the
nucleosome boundaries as well as within the nucleosome boundaries. The shape of the
density plots is skewed toward the boundaries and almost flat. These binding sites may be
covered by nucleosomes but still available to the factors because many binding sites are
found at the nucleosome boundaries.

The distributions of the binding site in the Pro-2 regions were different from the
distributions of the Pro-1 regions (Figure 46). NF-AT and TATA-binding sites are
consistently outside of the nucleosome boundaries as in the Pro-1 promoters. However,
many other TF factors, whose binding sites were overlapped with nucleosomes in Pro-1
regions, are out of the nucleosome-bound sites. Previously nucleosome-bound binding
sites, AML-1, AP-1, C/EBPbeta, c-Ets-1, and GATA-3 are outside of the nucleosome
boundaries in the Pro-2 regions. The changes of C/EBP-beta and c-Ets-1 are remarkable:

the density of the distribution in Pro-2 promoters show twin peaks at the nucleosome
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boundaries instead of a single peak near the nucleosome dyad as for the density in the
Pro-1 promoters. The shapes of the distance distribution of the Lyf-1 and MZF-1, which
were within the nucleosome boundaries in Pro-1 promoters, were shifted toward the
nucleosome boundaries. More binding sites are open compared to the binding sites in the
Pro-1, even though many binding sites are still located inside the nucleosome boundaries.

To be more objective, the shape of the distribution was assessed quantitatively by
measuring kurtosis, and the modality of the distribution was tested statistically with
Hartigan’s dip test. The kurtosis is the fourth moment of data, measuring the shape of the
distribution along with the skewness, which is the third moment of data. The kurtosis,
depending on the value, measures the “tailedness” of the distribution. The kurtosis of any
univariate normal distribution varies either 3 or zero varying depending on the definition
of the kurtosis. The differences between the two definitions are the matter of a constant.
In our study, the definition of kurtosis was to set the kurtosis of the normal distribution as
zero. The positive kurtosis, which is called leptokurtic, represents a narrower and tighter
but longer tailed distribution than a normal distribution, while the negative kurtosis does
a wider and often flatter-looking but shorter tailed distribution (Figure 47). In our cases,
the negative kurtosis indicates that the binding sites are outside of the nucleosome
boundaries, while the positive kurtosis indicates that the binding sites are denser within
the nucleosome boundaries more likely to be bound by nucleosomes. The modality of the
distribution, whether a distribution has one peak (unimodal) or two peaks (bimodal) was
tested statistically by Hartigan’s dip test. The null hypothesis to test is that the given
distribution is unimodal. As the alternative hypothesis is that the distribution is
multimodal, the statistic tests the unimodality of the distribution. The p-value less than

0.05 rejects the null hypothesis signifying that the distribution is not unimodal.
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The distance distributions were generated from the 17 transcription factors and
TATA binding sites with the nearby nucleosomes for the Ly49 cluster. The spatial
relationship between TF and nucleosome positioning are examined (Figure 48). The
p-value of the dip test and the measured kurtosis were presented with the plot. Three
distinct patterns of TF-nucleosome spacing have been observed based on visual
assessment and the calculated kurtosis by measuring the modality of the distribution
quantitatively. In our results, distributions with kurtosis less than 0 indicate that the TF
binding sites are located farther from the nucleosome dyad. Some factors — namely,
NF-AT and TATA — showed a bimodal distribution with p-values of both less than 0.05
and a kurtosis less than -0.5. The bimodal peaks exist at or near the nucleosome
boundary. The bimodal peaks suggest that these binding sites preferentially avoid the
nucleosomes, and are unlikely to be hindered by neither nucleosomes nor sensitive to
nucleosome interference. Other factors, AML-1, AP-1, Lyf-1, Sp-1, and MZF-1, show a
tightened, unimodal distribution with positive kurtosis (> 0.5). The p-values of them after
the dip test are less than 0.05 except for Lyf-1, proving the tighter than normal
distribution of the TF binding sites around nucleosomes. The tightened distribution
suggests that most factor binding sites are preferentially covered by the nucleosome. The
rest of the factors analysed were found to be normally distributed around the nucleosome
dyad with p-values greater than 0.05 or the kurtosis between -0.5 and 0.5, showing no

preference or sensitivity to nucleosome coverage.

IDENTIFICATION OF THE TRANSCRIPTION FACTOR BINDING SITES DISPLAYING THE 10 BP
PERIODICITY

Five transcription factor binding sites were identified, which were predicted to be
covered by nucleosomes in Ly49 gene family. I hypothesised that those factors were the

most sensitive to nucleosome interference due to the coverage. However, as mentioned
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previously, the binding sites that display a strong 10 bp periodicity in the distance to the
nucleosome dyad are able to exist on the same orientation on the nucleosome, and
therefore be accessible even when they are covered by nucleosome (loshikhes et al.,
1999). Those nucleosome-covered binding sites specifically lacking 10 bp periodicity
will be disrupted by the turning of the DNA in the nucleosome. Due to the helical nature
of DNA, it is possible for TF binding sites to be oriented to face outward even when
wrapped around a histone core in a nucleosome, and therefore be accessible (Figure 49).
This effect was measured in the Ly49 gene family by analysing the distance periodicity
of each TF binding site from the nearby nucleosome positions following the selection of
the TF binding sites from Pro-1 regions, nucleosome-bound regions, or nucleosome-
bound regions in Pro-1. The distance distribution was analysed by Fourier transform to
find the period, the interval of the distances in terms of base pair. The distance
periodicities of the TF binding sites located in the Pro-1 regions have the 10 bp
periodicity except for Ly49J and D (Table 9). Interestingly, the expression of the Ly49
genes i1s relatively low in NK cells. The proportion of NK cells expressing Ly49] and D
1s 5-8% (McQueen et al., 2001) and 50% (Ortaldo et al., 1999), respectively. It suggests
that the 10 bp periodicity of TF binding sites may play a role in transcriptional regulation.

The leave-one-out analysis was used to take a quantitative and unbiased approach.
In this analysis, the distribution of all 17 factors from the Pro-1 regions pooled together
and then the periodicity was determined by Fourier transform, which forms the baseline
periodicity. And then each factor was individually removed from the group of 17 factors
to measure the effect of its removal on the overall periodicity, i.e., a factor displaying 10
bp periodicity will reduce the 10 bp periodicity in the periodogram when removed from
the pooled sample set, while a factor lacking the 10 bp periodicity will increase the

overall 10 bp periodicity when removed.
201



Distance from the middle of TFs to the middle of the nearest nucleosome
C/EBPbeta

0.010 -

0.005 -

0.000 -

0.010 -

0.005 -

0.000 -

AML-1a

c-Ets-1(p54)

1
-200 0

Distance (bp)

202

0.008 -
0.006 -
0.004 -
0.002 -
0.000 -

0.20 -
0.15-
0.10 -
0.05 -
0.00 -

0.0100 -
0.0075 -
0.0050 -
0.0025 -
0.0000 -

0.03 -
0.02 -
0.01-
0.00 -

k-3




Figure 45. Proximity of TF binding sites to nucleosomes in Pro-1 forward
promoters. The C57BL/6 nucleosome map as generated in Figure 38 was
compared individually to the transcription factor binding sites in the forward
Pro-1 promoters drawn from the TRANSFAC or JASPAR databases. TATA
was included as a control. A histogram (black bar) and density (red line) are
shown displaying each factor binding site’s distance to the nearest
nucleosome. Dashed vertical lines indicate the nucleosome boundary. The
more binding sites are within the nucleosome boundaries, the factor’s
binding sites tend to be covered. Similarly, the more binding sites are
outside of the boundaries, the factor’s binding sites tend to be open.
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Figure 46. Proximity of TF binding sites to nucleosomes in Pro-2 promoters. The
C57BL/6 nucleosome map as generated in Figure 38 was compared
individually to the transcription factor binding sites in the Pro-2 promoters
drawn from the TRANSFAC or JASPAR databases. TATA was included as
a control. A histogram (black bar) and density (red line) are shown
displaying each factor binding site’s distance to the nearest nucleosome.
Dashed vertical lines indicate the nucleosome boundary. The more binding
sites are within the nucleosome boundaries, the factor’s binding sites tend to
be covered. Similarly, the more binding sites are outside of the boundaries,
the factor’s binding sites tend to be open.

205



== Normal distribution

- Positive kurtosis
- Negative kurtosis

206



Figure 47. Kurtosis and the shape of the distribution. The kurtosis, the fourth moment
of a distribution measures the “tailedness” of the distribution. The positive
kurtosis represents the tighter shape of the distribution with longer tails. On
the other hand, the negative kurtosis indicates the wider shape of
distribution with shorter tails. The kurtosis measures the tightness of the

distribution of the distance between the TF binding sites and the nucleosome
dyad.
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Figure 48. Statistical tests of the proximity of TF binding sites to nucleosomes. The
transcription factor binding sites plus TATA box sites were compared with
the nucleosome positions. The distances between the centre of the binding
site and the nearest nucleosome centre were presented in the histogram as
density. The nucleosome coverage over the binding sites was quantitatively
assessed by the kurtosis and diptest. Blue dotted lines denote the
nucleosome boundaries.
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Figure 49. Schematic diagram the 10 bp periodic binding sites on a nucleosome. The
transcription factor binding sites that are placed at 10 bp periodicity are
oriented in the same direction, i.g., facing outward from the nucleosome

surface. They can be still accessible by transcription factors even though
packed into a nucleosome.
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Dominant Other .
Gene . . Expression level
period periods
A 10 bp 15,20 bp High (Ortaldo et al., 1999)
C 10 bp 8,20 bp High (Brennan et al., 1996)
J 8 bp 20 bp Low (5—8%) (McQueen et al., 2001)
G 12 bp 20 bp High (Ortaldo et al., 1999)
I 10 bp 8,20 bp High (Brennan et al., 1996)
E 8 bp 20 bp Low (Gays et al., 2005)
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Table 9. Distance periodicities of binding sites and the Ly49 expression. The
periodicity of the TF binding sites to nearby nucleosomes in the Pro-1
region of each Ly49 gene and the expression level of the Ly49 genes are
presented. The high expressed Ly49 genes (A, C, G, and I) have TF binding
sites with the 10 bp periodicity to nearby nucleosomes. Low expressed Ly49
genes (J and E) do not have 10 bp periodicity. The distances were calculated
between the middle of the TF binding sites and the nearest nucleosome dyad
located in the Pro-1 promoters of the Ly49 gene family. The periodicity was
analysed by Fourier transform.
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AML-1 is the one which lacks the 10 bp periodicity in three Ly49 genes, Ly49 C,
I, and J, as its removal from the pooled factors increases the signal at 10 bp. Removing
Lyf-1 and MZF-1, on the other hand, had the reverse effects on the pooled periodicity:
the periodicity of 10 bp decreased in Ly49A, C, G, and I (Table 10). Based on these
results, AML-1 is the sensitive transcription factor to the nucleosome coverage thanks to
the lack of 10 bp periodicity, as its removal from the pooled factors dramatically
increases the signal at 10 bp in three Ly49 genes among the tested genes.

The same analysis was repeated with the TF factors within the nucleosome bound
regions. The increase of the 10 bp periodicity after removal of the AML-1 from the pools
samples, thus the lack of 10 bp periodicity of AML-1 binding sites, were observed again
(Figure 50). The removal of Lyf-1 and MZF-1 decreased the 10 bp periodicity,
implicating the 10 bp periodicity for the two factors. Collectively, these results indicate
that, of the factors analysed, AML-1 is the one most sensitive to the surrounding
nucleosomes, as it is the only factor that displays both a tendency to nucleosome
coverage (Figure 48) and a lack of the specific 10 bp periodicity (Figure 50).

To determine whether AML-1’s pattern of nucleosome co-occupancy and a lack
of 10 bp periodicity are unique disposition only to the Ly49 gene family, these two
analyses were extended to the entirety of mouse chromosome 6 (Figure 51).
Surprisingly, many of the other transcription factors displayed much more pronounced
coverage and an extreme loss of 10 bp periodicity, while AML-1 retained its nucleosome
preference and displayed a very marginal lack of 10 bp periodicity. This marginal lack of
10 bp periodicity suggests that the arrangement of the nucleosomes with regard to AML-
1 in Ly49 is an example of gene regulation mechanism via nucleosomal interference with

one or more key transcription factor binding sites.
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LY49 EXPRESSION STATE AND IN VITRO NUCLEOSOME MAPS

The Ly49 gene family exists as a cluster in the same region of chromosome 6.
The Ly49 gene family have closely related promoter sequences and similar
transcriptional regulation in terms of transcription factor binding sites. Nevertheless,
individual Ly49 genes display remarkably different expression patterns. Indeed, RMA, a
mouse NK-T cell line with a C57BL/6-derived Ly49 gene cluster, expresses the
inhibitory Ly49A receptor, but no other Ly49 receptors with corresponding antibodies
(Figure 52). The cell line was used for verification to determine whether the promoter of
the actively expressing Ly49A would have a nucleosome landscape more divergent from
the sequence-based predictions than other inactive Ly49 promoters. The nucleosome
position map for RMA was generated using MNase-Seq data. The list of nucleosomes
predicted to be present and confirmed by the MNase-Seq map (‘true-positive’) and a list
of nucleosome predicted to be present but found absent on the MNase-Seq map (‘false-
positive’) were presented (Figure 53). A heat map displays the prediction accuracy of
each Ly49 promoter region at all the sites for each indicated transcription factor and
across the whole region of interest as the background (Figure 54A). In this analysis, the
selected promoter region includes the corresponding promoters 1, 2, and 3 of Ly49 gene
family as well as any distal enhancer elements by extending the analysis approximately
8000 bp upstream of Pro-1. The relatively high degree of convergence with the prediction
was represented by blue and the low degree of convergence by red.

Next, we asked whether specific transcription factor binding sites, for each
promoter individually, diverge significantly in nucleosome occupancy, compared to the
rest of the transcription factors at the promoter. A chi-square analysis was performed on
the divergence of the transcription factor binding sites’ nucleosome status. The

divergence of the nucleosome status of each transcription factor from the prediction was
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Table 10. TF binding sites with 10 bp periodicities in Pro-1. The periodicity was
examined in the distances between the TF binding sites and the nucleosome
dyads in the Pro-1 promoters. One factor was taken out of the calculation to
find the effects of the factor on the periodicity. The table summarises the
changes of the 10 bp periodicity after taking one factor out: no changes (-),
increase of the 10 bp periodicity (I), a decrease of the 10 bp periodicity (D).
Note that the reduction of the 10 bp periodicity indicates that the removed
factor has the 10 bp periodicity. Removing Lyf-1 and MZF-1 binding sites
reduced the 10 bp periodicity, which suggests the binding sites have 10 bp
periodic distances from the nucleosomes. Removing AML-1 and AP-1
binding sites increased the 10 bp periodicity suggesting the organisation of
the AML-1 and AP-1 binding sites differ from Lyf-1 and MZF-1. NF-AT
and c-ETS-1 show the 10 bp period in Ly49G and Ly49 I. The binding sites
have no 10 bp period in Ly49E and J, which have low expression level.
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Figure 50. Distance periodicities of the nucleosome-covered TF binding sites in the
Ly49 cluster. AML-1 lacks the 10 bp periodicity within the nucleosome-
bound Ly49 regions. The distance periodicity from all 17 transcription
factors (blue line) in the nucleosome covered Ly49 cluster was compared
with distance periodicity from the leave-out-out distribution (red line). It
should be noted that the increase of 10 bp periodicity in the leave-one-out
distribution upon the removal of a factor indicates lack of 10 bp periodicity
for the factor.
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Figure 51. Distance periodicities of all nucleosome-bound TF binding sites on
chromosome 6. The 10 bp distance periodicity was lost in transcription
factors in chromosome 6 beyond the Ly49 gene cluster. It should be noted
that the increase of 10 bp periodicity in the leave-one-out distribution upon
the removal of a factor indicates lack of 10 bp periodicity for the factor. (A)
The bar graph summarises the effect of removing each factor individual on
the 10 bp periodicity. (B) Graphs show the periodogram of the pooled data
(black) and the effect of removing the indicated factor from the pooled data
(red).
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Figure 52. Ly49A expression on RMA cells. RMA cells or isolated mouse splenocytes
were analysed by flow cytometry after staining with antibodies against
NK1.1, TCRb, and the indicated Ly49 receptors. RMA (red line) stains
positive only for Ly49A/D when compared to the isotype (green). It should
be noted that positive for Ly49A/D and negative for Ly49D indicates the
single expression of Ly49A in RMA cells. The normal NK cells isolated
from C57BL/6 splenocytes as a positive (blue) and negative (isotype, violet)
control.
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Figure 53. The deviation of the nucleosome positioning from the prediction in RMA.
Example analysis of predicted versus actual nucleosome positioning sites
and their association with predicted TF binding sites. Taking a region of
interest 15,000 bp upstream and 1,000 bp downstream of the Ly49A
transcription start site, predicted nucleosomes (black) were compared to the
results of the MNase-Seq experiment (blue) using the UCSC table browser
to find intersections of predictions with nucleosome-bound regions (true
predictions, green) or nucleosome-free regions (false predictions, red).
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Figure 54. Nucleosome depletion from the predicted positions in vivo. Nucleosome
positions on Ly49A expressing cell line RMA was determined by MNase-
Seq. The degree of true positive nucleosomes was calculated by comparing
the MNase-Seq determined positions to the predicted positions per Ly49
gene across the transcription factors as the background value (Whole). The
relative degree of accuracy was calculated by repeating the comparison for
each transcription factor.

227



tested against the overall predictive convergence across the transcription factor for each
Ly49 promoter (the ‘Whole’ column in Figure 54) as the expected divergence, and the
predictive convergence for each transcription factor binding as the observed divergence.
Two Ly49 promoters were significantly divergent from the predicted nucleosome
occupancy at the tested transcription factor binding sites: the solely expressed Ly49A and
the pseudogene Ly49K (Figure 55). All other Ly49 genes were not expressed in RMA
and not found to differ significantly from their predicted nucleosome landscapes. The
findings suggest that the divergence from the predicted nucleosome configuration is
related to the suppressed expression. As indicated by the heat map, AML-1, c-ETS-1,
Lyf-1, and MZF-1 were the factors most responsible for the significant divergence in
Ly49A (Figure 55).

These divergent factors, except for c-ETS-1 that are marginal in nucleosome
coverage with the dip test p-value of 0.07, were all preferentially covered by
nucleosomes according to the previous distance analysis (Figure 48). The nucleosome
divergence among the factors was related possibly for one factor driving the depletion of
the nucleosome in another factor. Logistic regression analysis on all pairs between the
four factors determined whether this could be the case. The logic of this analysis is that if
condition A is good to predict condition B, but the opposite is not true, then the condition
A 1s likely to be the cause of the condition B but not vice versa. The nucleosome state,
true or false positive, was used as a predictor to determine the nucleosome state of the
nearest binding site or the reporter variable. The nucleosome state of the reporter variable
was determined whether the two sites were within 147 bp of each other or not after
controlling for the distance between the two sites.

Predicting the nucleosome state of the nearest c-ETS-1 site with the nucleosome

state of an AML-1 site was neither better nor worse than predicting the nucleosome state
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of the nearest AML-1 site with the nucleosome state of a c-ETS-1 site, suggesting that
neither of these sites impacts the other unequally (Figure S6A-B). The knowledge of the
nucleosome coverage state of an AML-1 site, however, was a stronger predictor of the
nucleosome coverage state of the nearest MZF-1 or Lyf-1 binding site than either of these
sites was for predicting the state of AML-1, suggesting that AML-1-based divergence
may be preceding the divergence of Lyf-1 and MZF-1 influencing the nucleosome state
of Lyf-1 and MZF-1 (Figure 56A-B). AML-1, Lyf-1, and MZF-1 were preferentially
covered factors in the nucleosome-bound-regions except for c-ETS-1.

As AML-1 is well-known as a required factor for Ly49 expression in mouse NK
cells (Saleh et al., 2004), a chromatin immunoprecipitation was performed to validate the
presence of AML-1 at the Ly49A promoter in RMA cells (Figure 56C). Immuno
precipitation of the DNA sequences with anti-AML-1 resulted in a 10-fold enrichment of
the Ly49A promoter sequences against precipitation with an isotype. Conversely, the
AML-1 binding confined to the promoter and did not bind to the enhancer region of the
Ly49A promoter—a 6 kb upstream of the promoter—was not enriched following anti-
AML-1 enrichment. The immediately upstream of exon 1 (corresponding to Pro-2) and
upstream of exon 2 (corresponding to Pro-3) of Ly49 genes were analysed. Due to the
smaller number of identified genetic elements of nucleosomes and AML-1 binding sites,
a statistical analysis was not feasible. However, for each of Pro-2 and Pro-3, the AML-1
binding site was identified, and the probable coverage at the binding sites was determined
(Table 11). Surprisingly, Ly49A displays similar or even more convergence at AML-1
sites in Pro-2 and Pro-3 than many of the non-expressed Ly49 genes, indicating that the
nucleosome divergence for AML-1 in expressed genes is restricted to Pro-1 and the

enhancer elements. In summary, the nucleosome divergence was significant on Pro-1.
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Figure 55. Chi-square tests of the nucleosome depletion from the predicted
positions. The statistical significance of the nucleosome depletion was
tested by chi-square tests. The overall nucleosome accuracy—the ‘Whole’
column of Figure 54 was set up as the expected value, and the relative
accuracy of each Ly49 was set up as the observed value. The nucleosome
depletion is significant in Ly49A and Ly49K (A p-value < 0.05 was
considered significant).
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Figure 56. Confounding factor AML-1 in nucleosome depletion. (A - B) Logistic
regression analysis predicted the nucleosome depletion of one factor binding
site upon the depletion of another factor binding site of the selected factors
(AML-1, c-ETS-1, Lyf-1, and MZF-1), using (A) AML-1 as the predictor,
or (B) AML-1 as the reporter. In each case, AML-1 was a better predictor of
the other two nucleosome-preferring factors, Lyf-1 and MZF-1, than any of
the others was of AML-1. AML-1 performed equally well as predictor or
reporter against c-ETS-1, a factor that had no preference for nucleosome
coverage, and so unlikely to be involved as a confounding variable. (C)
ChIP against the RMA chromatin using anti-AML-1 enriched the Ly49a
region over 10-fold. The 6 kbp upstream region displayed no enrichment.
An irrelevant anti-isotype antibody was used as a background control in
both cases.
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Gene Pro-2 Pro-3
Ly49A 80% 29%
Ly49C 67% 57%
Ly49] 100% 0%
Ly49G 20% 33%
Ly491 0% 43%
Ly49H 33% 43%
Ly49D 22% 33%
Ly49F 100% 50%
Ly49E 50% 13%
Ly49Q 100% 20%
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Table 11. Nucleosome deviation at the AML-1 sites in Ly49A expressing RMA.
Convergence analysis of the nucleosome positions in the genomic regions
corresponding to Pro-2 and Pro-3 was performed by noting how many
AML-1 sites were found to be covered by a nucleosome compared to how
many AML-1 sites were present in total. Note that Pro-3 has only been
detected as transcriptionally active in Ly49G and Ly491J.
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The enhancer elements for exon 1 of the expressed Ly49A in RMA showed high
nucleosome divergence at AML-1 binding sites, which was not observed in Pro-2 and

Pro-3.

ASSOCIATION RULE MINING

To verify the sensitivity between the factor binding sites and find more relations between
them, I searched for the underlying associations between the TF binding sites and their
nucleosome coverage state quantitatively. The Association Rule Mining algorithm was
applied to identify the relationship, or the rule, between qualitative variables. The rule is
defined as an association between the qualitative variables such as the presence of the
binding sites and the nucleosome coverage. Various information was used as items, the
variables to be searched for association in the association rule mining: the name of the TF
binding sites, nucleosome coverage state of each TF binding site, the location of the TF
binding sites and the nucleosome bound regions such as a forward Pro-1 promoter, Pro-1
reverse promoter, Pro-2, and all Ly49 genes. The unsupervised learning algorithm
searched for rules between all possible combinations of the given variables and identified
associations. The association rule mining identified rules between the AML-1 binding
site and the open state in Pro-1 regions (Figure 57). The AML-1 binding sites in the Pro-
1 reverse promoter tend to be open (nucleosome-free), while the AML-1 binding sites in
the forward Pro-1 regions tend to be closed (nucleosome-bound). The algorithm also
identified several other rules. Another identified rule is the association of AML-1
nucleosome state with the Lyf-1 and MZF-1 nucleosome state. The open AML-1 binding
sites are likely to be associated with open Lyf-1 and MZF-1 binding sites. The reverse

rule was weaker than this rule.
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As a conclusion, the AML-1 site is open and does not have 10 bp periodicity in
the distance to the nearest nucleosome dyad, which suggests that AML-1 needs to remain
open to be accessible to the transcription factor. AML-1 also predicts Lyf-1, MZF-1
divergence, which suggests AML-1 triggers the removal of the nucleosome on the Lyf-1

and MZF-1 binding sites.

ENRICHED MOTIFS ON PROMOTER REGIONS.

The sequences of the Ly49 gene were analysed for enriched motifs to identify
possible cis-elements interacting with nucleosomes. The sequences of the promoter
regions (Pro-1 and Pro-2/Pro-3) and around the nucleosome positions were selected for
the analysis. First, enriched motifs were searched in the 150 bp long sequences including
Pro-1. The AML-1 motif is among the enriched motifs from Pro-1 sequences (Table 12).
The sequence motif for AML-1, whose binding sites were found at the Pro-1 promoter,
was highly ranked in the enriched motifs. The enriched motif search verifies the finding
of the AML-1 binding sites at the Pro-1 regions.

The motif search was expanded to the region between exon 1 and exon 2
containing Pro-2/Pro-3 promoters, which are important in mature NK cells. The profile of
the enriched motifs is different from the profile from the Pro-1 regions (Table 13). The
motifs found in Pro-1 region including AML-1 were not found in Pro-2/Pro-3 regions.
Instead, GATA, Foxhead (FOX), and Pax family motifs were enriched in the Pro-2/Pro-3
regions. The enriched motifs were grouped by each Ly49 gene (Table 14). GATAI and
GATA3 were found in all Ly49 genes. However, Foxhead family motifs (Foxa2, Foxo3,
Foxl1, Foxdl) showed distinct presences in certain Ly49 genes even though they were
highly ranked enriched motifs when all Ly49 genes considered together. Ly49M, N, K,

and Q, where the FOX motifs were not found, are pseudogenes. The lack of motifs for
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Figure 57. Association rules found between Ly49 promoter elements. (A) AML-1
related rules were shown out of the discovered rules by the association rule
mining, AML-1 nucleosome bound state, and the abundance of the binding
sites in the promoters are associated with the state of other factors. The open
AML-1 is associated with open MZF-1 and Lyf-1, but the reverse
association is less significant. Low abundance of AML-1 binding sites tends
to be associated with a high number of binding sites of GATA-3. The two
factors may play distinct roles or work in different promoter regions. On the
other hand, a high number of binding sites of AML-1 is associated with the
forward Pro-1 promoter. AML-1 may play a role in the forward Pro-1
promoter. (B) Rules associated with open promoters. The various states of
the promoter elements such as open-close state, abundance in a promoter,
were searched for rules with associated items. These items are most
associated with the open promoters. The rule found an association of the
abundance of the factors in the open promoters of Ly49 genes. For example,
AML-1, MZF-1, GATA-3, NF-AT binding sites were low in the open
promoters, and those conditions were associated with Ly49 reverse Pro-1.
The rule confirms the pattern found in the Pro-1 regions from the visual
inspection of the patterns: Pro-1 reverse promoters tend to be open, while
the Pro-1 forward promoters tend to be closed.
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TF Consensus sequence JASPAR motif Match Rank
FEV ... CAGGAAAT. CAGGAArT 1
ZNF354C .GTGGAT..... GTGGAK 2
SPIB ....ACAGGAA. .. WSMGGAA 3
AML-1 .AAAACCACAAACAGC....... MAAACCACARAMMMM 4
N 20 1 AGGAAAT. AGGAAGT 5
AML-1 ..... AAAACCACAAACAGC.... MAAACCACARAMMMM 6
AML-1 .AAAACCACAAACAGC....... MAAACCACARAMMMM 7
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Table 12. Enriched motifs in Pro-1 regions of Ly49 gene family in C5S7BL/6 mouse
strain. Enriched motifs were searched in the 150 bp long DNA sequences
containing Pro-1 regions, which are the Pro-1 promoter regions of Ly49.
The enriched motifs identify the most common factors binding to the Pro-1
region in the Ly49 genes. AML-1 is one of the enriched motifs. Enriched
motifs were analysed from the set of DNA sequences, and the similarity was
searched with the known DNA motifs of transcription factors.
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JASPAR Motif Sequence Consensus TF Motif Match Rank
NE2L1: :MafG ....CATGAC... SATGAC 1
spI1 ... AGGAGGY . AGGAAGT 2
Foxa2 . . TATTTACARWr TRTTTACwyw. . 3
Gatal = ...... GCAGATAry rsWGATAAg. . 4
GATA3 TryTATCT........ TYTTATCT 5
Pdx1 ....CATTAG.. MATTAG 6
FOX03 .. TATTTACA.. TGTTTACM 7
FOXL1 .WATAAATA. .. wwdayATA 8
Gatal TryTATCTGC...... .YCTTATCWSY 9
SPIB . . .AGAGGAG. .. WSMGGAA 10
FOXD1 JYTATTTAC. .. WTGTTTAC 11
SPIB wkCCTCT...... TTCCKSW 12
EHF . .GAGGAGGy . SAGGAAGK 13
Pax2 . .AGTCATGT... wgTCAykb 14
Pax2 . .ACATGACT.... VMRTGACW 15
Gatal ..., GCAGATAry RSAGATAAG. . 16
Pax2 . .ACATGACT.. VMRTGACW 17
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Table 13. Enriched motifs between exon 1 and exon 2 regions of Ly49 gene family.
The enriched sequence motifs were analysed in the same way as the Table
12. The enriched motifs in this region are different from the ones in Pro-1
region. FOXL1 is the most common transcription factor, seven out of
thirteen genes. FOX gene family transcription factors are among the
common factors enriched in the region. GATA and PAX are also commonly
found factors.
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Genes Ly49A Ly49C Ly49MLy49) Ly49G Ly491 Ly49N Ly49K Ly49D Ly49F Ly49X Ly49E Ly49Q

NFE2L+::MafG
SPI1
Foxa2
Gata+
GATA3
Pdx1
FOX03
FOXL1
Gatal
SPIB
FOXD1
SPIB
EHF
Pax2
Pax2
Gatal
Pax2
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Table 14. Enriched motifs in the Ly49 genes. The enriched motifs were in each Ly49
gene. GATA1 and GATA3 were the most commonly found motifs: they
appear in seven out of 13 genes. The presence of the FOXL1 motif is not
correlated with the expression of the genes as the motif was found in some
low expression genes (Ly49E and J) but not another low expression gene
(Ly49Q). The pseudogenes (Ly49M, N, K, and X), however, do not have
the FOXL1 binding motif.
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Foxhead family in the pseudogenes suggests the vital role of Foxhead family in
Ly49 expression, especially in mature NK cells. The protein interaction was investigated
with the factors whose binding motifs were enriched in the Ly49 promoters. Interestingly,
the genes with the enriched motifs at this region interact with another DNA binding
proteins. Many of the interacting proteins are transcription regulators or erythrocyte
differentiation related genes (Figure 58).

The chromosome sequences around nucleosome bound regions for the motif
search was selected to investigate the relation of the factors to the nucleosome. The same
enriched motifs found in the Pro-1 promoters, FEV, SPIl, and AML-1, were also
enriched in the nucleosome bound regions (Figure 59). Interestingly, the enriched motifs
were only found at the nucleosome boundaries, but no sequences motifs were found
enriched in the nucleosome core region, 50 bp from the nucleosome dyad in either side.
The enriched motifs, Kif4, SPI1, MEF2C, FEV, Gfilb, Erg, and GABPA motifs are
located at least 50 bp apart from the nucleosome dyad. The AML-1 binding motif is
found at region 65 to 75 bp apart from the nucleosome dyad, which corresponds to the
boundary of the nucleosome. The distance may put the AML-1 binding sites bound by
nucleosomes as previously identified, but the location is at the nucleosome boundaries,
which makes the AML-1 binding sites are available to the factors more easily than being
in the middle of the nucleosome bound region. On the other hand, GABPA binding motif,
which was found in the 50 to 100 bp from the nucleosome dyad, was clearly out of the
nucleosome boundaries lying 115 to 135 bp from the nucleosome dyad.

The motif search around nucleosomes was expanded to include all nucleosome
positions and surrounding regions in the Ly49 gene cluster (Figure 60). The 300 bp long
nucleotide sequences of nucleosome positions and the surrounding sequences were

searched for enriched motifs after dividing them into 50 bp long fragments. The profile of
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the enriched motifs is rather similar to the enriched motifs from Pro-2/Pro-3 regions than
that of Pro-1 regions. Foxhead family and GATA family, the enriched motifs in Pro-
2/Pro-3 regions, were also found in the nucleosome-bound sequences. AML-1 was
enriched at the nucleosome boundaries as in the other promoter regions. GATA family
(GATA1, GATA2, GATA3) motifs were found within the nucleosome boundaries. The
enrichment of GATA family motifs in the nucleosome bound regions matches that the
binding sites of those factors are bound by nucleosome in the proximity analysis (Figure
48). Besides the enriched GATA family, the enrichment of the SP1 and MZF1 motifs
near the nucleosome boundaries suggests that the factor binding sites are likely to be
bound by nucleosomes as identified in the distance distribution to the nearby
nucleosomes. The interwoven organisation of the TF binding sites with the nucleosome
positions, within and outside of nucleosome-bound regions, indicate the sophisticated
genomic organisation of the cis-regulatory elements.

The enriched motifs at the boundaries of nucleosomes had poly(dA:dT) tracts
(Figure 61). The poly(dA:dT) tract is known as one of the determinants of nucleosome
organisation (Segal and Widom, 2009). The poly(dA:dT) stretch limits the nucleosome
positioning due to the stiff bending property of the DNA. The presence of similar
sequences as the binding motifs for Foxhead family is an indication of genomic
sequences organisation controlling the nucleosome and TF binding.

In contrast, the enriched sequences between exon 1 and exon 2 lacked the
poly(dA:dT) sequences and Fox gene family motifs (Table 13). Considering that the
divergence is greater in Pro-1 regions but not in the Pro-2/Pro-3 regions, the Pro-1
regions are more sensitive to the nucleosome positioning and under the direct influence

of the nucleosome.
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Figure 58. Protein interactions of the transcription factors enriched between Exon 1
and Exon 2. The transcription factors, whose binding motifs are enriched in
the Ly49 gene family, interact with other proteins physically. The
interaction and the closely positioned binding motifs may form them as a
cis-regulatory module (CRM) in the regulation of Ly49 genes in mature NK
cells. The colour of the genes represents the biological functions of the
genes. The diagonal mark denotes genes used for the search.
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Figure 59. Enriched motifs around nucleosomes in the Pro-1 region. DNA sequences
of 300 bp long (150 bp from either side of the nucleosome dyad in Pro-1
regions of Ly49 gene family) were analysed for the enriched motifs. The
300 bp long sequences were divided into six 50 bp long sequences
depending on the distance from the nearby nucleosome dyad. AML-1
binding motifs are enriched between -100 to -50 bp region from the
nucleosome dyad. More specifically, the AML-1 binding motif is found at -
75 to -65 bp from the nucleosome dyad (data not shown), which is just about
the boundary of the nucleosome. On the other hand, GABPA binding motif
was found at 115 to 135 bp from the nucleosome dyad, which is farther from
the nucleosome dyad than AML-1. The nucleosome-covered regions (-50 ~
50 bp) did not show enriched TF binding motifs.
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Figure 60. Enriched motifs around all nucleosomes in the Ly49 cluster. Enriched
motifs were searched in genomic sequences around all nucleosomes in the
Ly49 gene cluster of C57BL/6. The 300 bp long sequences, 150 bp
upstream and downstream from a nucleosome dyad, was divided by 50 bp
long sequence fragments. Enriched motifs were searched from the 50 bp
long sequences. Binding motifs for FOX proteins were the most commonly
enriched protein binding motifs around nucleosomes. FOXO3 binding motif
was found on either side of the nucleosome boundary.
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Figure 61. Enriched motifs at the nucleosome boundaries. The enriched motifs were
searched with the sequences of 50 bp to 100 bp from the nucleosome dyad
in upstream and downstream of the Ly49 gene family. Many enriched
motifs contain poly(dA:dT) sequences. The poly(dA:dT) tract is one of the
determinants of nucleosome organisation, which hinders the nucleosome
positioning (Segal and Widom, 2009). The presence of the poly(dA:dT)
stretch at the nucleosome boundaries may define or at least help to position
a nucleosome at the specific position.
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PROTEIN INTERACTION OF THE FACTORS

The previous results of the sensitivity and association rule mining strongly
suggest that accessibility of the Lyf-1 and MZF-1 binding sites are highly regulated by
nucleosome positioning, and AML-1 binding may trigger the removal of the nucleosome
resulting in exposure of those binding sites. However, Lyf-1 and MZF-1 do not have
nucleosome remodelling activity, which may be required to access the binding sites of the
nucleosome-bound region. The physically interacting proteins and co-expressed proteins
with these factors were searched from GeneMania database (Figure 62). Interestingly,
Lyf-1 interacts with nucleosome remodelling factors (Chd3, Smarchcc, Smarcd3). It also
interacts with many factors known to regulate lymphocyte (Ik23, Ikzfl, Foxp3). The
nucleosome remodelling factors recruited by Lyf-1 may remove the nucleosome and

make the binding sites accessible to the factors.
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Discussion

In this study, I have shown that nucleosome positioning was involved in
regulating Ly49 expression, not just by condensing the DNA, but by specifically
interfering with transcription factor binding sites, especially AML-1 transcription factor
binding sites. First, I have shown that the AML-1 binding site within the Ly49 gene
cluster was predicted to be sensitive to the coverage by a nucleosome by computational
analysis. The AML-1 binding sites in the promoter regions tended to reside within a
nucleosome boundary, meaning that AML-1 binding sites have higher chances to be part
of the nucleosomal DNA. Moreover, the lack of 10 bp periodicity of the AML-1 binding
sites, unlike other covered TF binding sites, put the bindings sites “out-of-phase” with the
nucleosomes and could not adopt a conformation allowing the binding sites to be in the
same orientation on the surface of the nucleosome.

The predicted nucleosome coverage was verified using a cell line, RMA. The
expressed Ly49 genes showed preferential nucleosome depletion in the promoters,
especially at AML-1 binding sites compared to the inactive Ly49 genes. The nucleosome
depletion at AML-1 sites was not likely to be the result of other confounding TF binding
sites, but AML-1 was the primary target site for the nucleosome coverage. The
knowledge of nucleosome depletion at AML-1 binding sites was shown to be as good or
better at predicting the depletion of other nucleosome depleted TF binding sites, but not
vice versa. Altogether, these results suggest that Ly49 expression is regulated, at least
partially, by nucleosome occupancy at AML-1 binding sites.

I chose the Ly49 gene cluster to examine the interplay of nucleosomes and
transcription factors for both immunological importances and practical reasons in

bioinformatics. Immunologically, Ly49 receptors on NK cells are of great importance
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Figure 62. Proteins interacting with Lyf-1 and MZF1. The interacting proteins with
Lyf-1 and Mzf1 were presented. Transcription factors related to the
chromatin assembly (blue circles, Chad3, Smarcd3, Smarccl) and
lymphocyte activation (yellow circles) were among the physically
interacting proteins.
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playing a primary role in innate immunity. Moreover, Ly49 gene expression on NK cells
is a complex phenomenon: the genes are polymorphic, and the expression is stochastic
leading to heterogeneous subpopulations of NK cells. This heterogeneity allows the
population of NK cells to be able to respond to virtually any alteration to homoeostasis,
which discriminates damaged or foreign cells from the normal and self-cells (Ljunggren
and Kérre, 1990). The variegated expression of Ly49 receptors is the key to the NK cell
function. Understanding the Ly49 transcriptional regulation is essential to comprehend
the roles of NK cells more thoroughly. Even though there are studies on transcription
factors and cis-elements involved in the complicated Ly49 expression, there have been
few studies about the role of nucleosome positioning.

For the practical reasons of bioinformatics and computational analysis, the Ly49
genes residing in a cluster provides attractive conditions. The gene cluster of the Ly49
family provides a good model system where the analysis is possible from visual and
manual to statistical and systematic. It is possible to make comparisons between related
expressed and non-expressed genes, using one group as a control for the others, while
keeping any trans-acting factors and large-scale genetic factors, such as chromosome
looping or the action of locus control regions, are even out on the genes under
investigation, regardless of the expression state. This Ly49 gene family, or KIR in human
datasets, are a good model system for other bioinformatics or systematic analyses.

Considering the known role of AML-1 in Ly49 transcriptional regulation, it is
intriguing that the computational analysis identified and confirmed AML-1 binding
sites—especially within the Pro-1/enhancer region—as the most significant player in
terms of nucleosomal regulation. One of the notable features of the Ly49 Pro-1 region is
a central AML-1 binding site, occurring in almost all Ly49 genes, identified as being

required for the bidirectional promoter Pro-1 to function in either direction (Saleh et al.,
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2004). Thus, targeting AML-1 binding sites by nucleosomes and disrupting the
availability represents a potent mechanism of activating and repressing Ly49 expression.
That was also confirmed and explained by the comparison of expressed and silent genes
in the cell line. Interestingly, the presence of the AML-1 site in the middle of both
forward and reverse promoters may need further study. One may argue that the presence
of the AML-1 site for both forward and reverse promoters suggest that nucleosome
regulation is unlikely to impact the stochastic expression of Ly49 gene directly, but rather
affects any gene activity at all regardless of forward or reverse. However, without
knowing the absolute requirement of the AML-1 site for both forward and reverse
transcription, it is still open that nucleosome may impact the stochastic expression of
Ly49 genes because the positioning of nucleosome itself is stochastic. If either the
forward or the reverse transcription is allowed, then the stochastic or random positioning
of nucleosome may impact the stochastic expression of the Ly49 genes. The impact of
random positioning of nucleosomes on the stochastic expression of other genes is an
interesting area to investigate.

Pro-1 is known to be active only in developing NK cells. That the nucleosome
regulation is targeting the Pro-1/enhancer region may also indicate that the regulatory
effects are exerted during the development and maturation. As the other epigenetic
controls, the transcriptional regulation by nucleosome positions may operate in the larger
scope of regulations such as tissue development.

The analysis of the enriched motifs showed that winged helix transcription factor
FOX binding motifs are positioned at the nucleosome boundaries. Some FOX proteins,
e.g. FOXA, are known as a pioneer factor. The binding motifs enriched at the
nucleosome boundaries imply the possible genomic organisation of the nucleosome

positioning for pioneer factors. Moreover, it will be interesting to examine in the future
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that the nucleosomes are H2A.Z because H2A.Z and the winged helix transcription factor
Foxa2 act together to remodel nucleosomes and to regulate gene activation, thus
promoting embryonic stem cell differentiation into endoderm (Li et al., 2012).

Finally, I suggest as the next step to study such nucleosome sensitivity of AML-1
binding sites at other, non-Ly49 genes, to determine whether the sensitivity to
nucleosome occupancy is a unique trait for Ly49 regulation and AML-1 is ubiquitously
sensitive to nucleosome occupancy, or even the other transcription factors are sensitive to
the nucleosome occupancy as AML-1.

Our analysis of nucleosome-transcription factor interplay in the whole-
chromosome range revealed the surprising result. On that scale, many other transcription
factors displayed the nucleosome coverage and lacked the 10 bp periodicity, even the
ones showing the 10 bp periodicity in regulatory regions. The nucleosome coverage and
lack of 10 bp periodicity, the characteristics that identified AML-1 as a nucleosome
sensitive factor in the Ly9 cluster were more widely spread on the binding sites in
extended chromosome than the regulatory regions. The fact that many nucleosome-
covered transcription factor binding sites in the regulatory regions have displayed the 10
bp periodicity suggests that the binding sites still remain available to the protein factors to
bind to. However, on a genome-wide scale, many of the transcription factor binding sites
became or had the potential to be nucleosome-sensitive: covered by nucleosome and lack
of 10 bp periodicity. Within a given gene or gene family, however, only a small number
of factors, AML-1 in the Ly49 family, retain this nucleosome-sensitivity and may be
under the control of nucleosome coverage, while the other factors are insensitive to the
nucleosome coverage by avoiding nucleosomes or by getting in-phase with them.

The 10 bp periodicity of the TF binding site’s distance to the nearest nucleosome

may be related to not only the orientation on the nucleosome but also the chromatin
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folding. The spatial organization of chromatin domains and compartments are getting
more attention in gene regulation. Hi-C or chromosome conformation capturing methods
revealed spatial organizations of chromosomes such as spatially separated parental
chromosomes (Du et al., 2017) and separate folding compartments with different GC
content and CTCF (CCCTC-binding factor) binding sites (Xie et al., 2017). The different
folding and chromatin domains adopted by active and inactive X chromosomes suggest
the changes of the spatial organisation of chromatin domains in response to regulation
(Wang et al., 2016). Nucleosome repeating length (NRL), which is the combined length
of nucleosome core and linker and is typically 155 — 240 bp long, have rotational settings
by the linker of 10 n + 5 bp length (n = 1, 2, and so on) (Lohr, 1981; Wang et al., 2008).
The fixed rotational settings are negatively correlated with chromatin folding that marks
active genomes (Correll et al., 2012).

The 10 bp periodicity may be an important trait determining the sensitivity to a
nucleosome coverage; then a factor can be either sensitive or insensitive to nucleosome
coverage depending on the configuration of the nearby nucleosome positioning sites,
which broaden the role of a transcription factor beyond the existence of TF binding sites
during the transcriptional regulation. A genome-wide characterization and identification
of these nucleosome-sensitive factors and their associated genes could provide a novel
method of functional clustering of genes. This analysis of the periodicity from the
distance distribution of binding sites relative to the nucleosome positions will contribute
to the understanding of how chromatin compaction and nucleosome positioning shape the
gene expression landscape.

Not only this complex expression of Ly49 provides a good model but it also
introduces hindrances into the present study especially for the experimental verification.

Most of the randomly expressed Ly49 genes in an NK cell population—usually the
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inhibitory receptors—display a mono-allelic expression pattern (Rouhi et al., 2006,
2009). Therefore, NK cells expressing the Ly49 in questions are required to be enriched
first from the primary NK cell population, and even after that only half of the genomic
material of the enriched cells contains a Ly49 expressing components. For this reason,
the availability of the RMA cell line is valuable, which naturally expresses Ly49A. The
expression of Ly49A in the entire population presents the cell line as a convenient model
to verify our predictions in a natural setting without further introducing mutations or
other inhibitory agents. Future work may expand performing this analysis to the
heterogeneous pool of natural killer cells, which would allow the comparison between
inhibitory and activating Ly49 receptors, of which the RMA cell line lacks.

Also in the future, the follow-up study of the protein interaction of the
transcription factors of interest. Lyf-1 and MZF-1 were identified for their interaction
with many proteins, and AML-1 could predict the nucleosome removal of those factors
during the Ly49 gene expression. The functions or biological roles of the interacting
proteins are not yet clearly defined. Further studies on the interactions and propagation of
the signals during the gene expression would find important networks or connections in

the transcriptional regulation of Ly49 genes and NK cell maturation.
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GENERAL DISCUSSION

The attention to the histones and nucleosomes has swung between two opposite
sides since its discovery. Initially, the histones were considered as the molecule
conveying the genetic information thanks to the diverse proteins (Kornberg and Lorch,
1999). DNA, which consists of only four bases was not considered complex enough to
carry genetic information. DNA was merely considered to play a simple role of bridging
the histones. However, later it was found that histones were one of the most conserved
proteins across species. The most conserved histone H4 sequences have >95% identity
across all known sequences (Baxevanis and Landsman, 1996). The apparent diversity
was an artefact during the acid extraction. Far from being diverse, histones could hardly
carry the diverse information. And yet, the possibility of histone being regulatory
molecules did not discount. Based on the findings of variations in the ratio of the histones
in the vertebrates, the idea of combinatorial control of histones, the several different types
of repeating arrangements of histones, held as an alternative (Huberman, 1973). The
combinatorial control was finally dismissed after the unique repeating structure of the
nucleosome was recognised (Kornberg and Lorch, 1999). The glory of the regulatory
molecule shifted to DNA, and the histones were regarded as a complement of the DNA.

Then, the discovery of the histone acetyltransferase (HAT) activity of
transcription factors brought back the regulatory role to the nucleosome (Struhl, 1999).
Through the activities of HAT and histone deacetylase (HDAC), the chromatin state of
compactness varies between euchromatin and heterochromatin, and facilitates or silences
the gene expression. Packaging promoters in nucleosome have an inhibitory effect on
transcription in vivo (Han and Grunstein, 1988). Hence, knowing nucleosome positioning

1s important to understand transcription.
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There has been a discussion about whether nucleosomes are placed randomly or
in sequence-specific manners on the DNA (Kornberg and Stryer, 1988). The paradox is
that almost all DNA sequences are packaged in chromatin, so the sequence specificity is
inconceivable. However, there have been reports of non-random locations of
nucleosomes. The idea of statistical distributions, non-random locations by a stochastic
mechanism was introduced (Kornberg and Stryer, 1988). In the statistical positioning, the
statistical distribution of nucleosomes was calculated with minimum assumptions that
agree with experiments. The result was the evenly distributed nucleosomes adjacent to a
boundary. The boundary could by a DNA bound protein or a specifically placed
nucleosome. This barrier model also reported later (Mavrich et al., 2008a). The barrier
position is crucial to know the nucleosome positions; The +1 nucleosome is enriched at
downstream of transcription start site in yeast (Albert et al., 2007; Mavrich et al., 2008a;
Montgomery et al., 2001; Yuan et al., 2005). This study also found the enriched H2A and
H2A.Z +1 nucleosomes in Drosophila at downstream of the transcription start sites. The
+1 nucleosome sequences were selected to search for the underlying DNA sequences that
specifically place nucleosomes.

Periodic appearances of dinucleotides is a prominent sequence-specific
determinant for nucleosome positioning (Johnson et al., 2006; Mavrich et al., 2008b;
Valouev et al., 2008). The dinucleotide patterns for nucleosome positioning, or
nucleosome positioning sequences were well-known in eukaryotes such as yeast (Kaplan
et al., 2009; Segal et al., 2006), C. elegans (Salih et al., 2008), chicken (Satchwell et al.,
1986), and Human (Kogan et al., 2006), but not fully reported in Drosophila. The H2A
and H2A.Z nucleosome positioning patterns were identified using in vivo nucleosome
positions from experimental data. Because the periodic appearance of a dinucleotide of

NPS is subtle stretching over a 146 bp long sequence, the nucleosome sequences had to
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be analysed collectively and iteratively to reduce the background noise. The DNA
fragments selected from nucleosomes were sequenced by high-throughput sequencing
technology using a paired-sequencing tag. Thanks to the paired-sequencing tag, the
boundaries of the sequenced DNA fragments could be determined without the need of
estimation. Otherwise, the boundaries need to be estimated after statistical approximation
of the aligned data increasing the noise. Choosing the well-positioned nucleosome is
important as the fuzzy nucleosomes add more noise to the already weak signal. The
paired-end sequencing improved to determine the nucleosome positions with more
confidence.

As previously mentioned, the sequence-specific positioning of the nucleosome is
prominent in setting the boundary of nucleosome landscape. The nucleosome enrichment
around the transcription start site was reported in other organisms (Barski et al., 2007;
Kristell et al., 2010; Schones et al., 2008). The nucleosome landscape in the promoters
was explored so to find that the +1 nucleosome was enriched at downstream of
transcription start sites as in the other organisms. The difference is, however, yeast has
enriched H2A.Z -1 nucleosome, while Drosophila lacks the -1 nucleosome.

Fourier transform calculated the period from the dinucleotide patterns. The
dominant period identified from Fourier transform was verified by building a linear
periodic model. The initial analysis to identify the Drosophila NPS showed overall 10 bp
periodicity in WW and SS dinucleotide patterns, while RR and YY had different
periodicity. A periodic model was built to verify the 10 bp period by predicting the
patterns. The initial model was marginally useful to predict the patterns: the deviation
increased as the peaks were located farther from the middle of the pattern. It indicates
that even though the overall period of the pattern is 10 bp, the local period may be

different locally. The changes of the periodicity along the sequence were detected by
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moving analysis by Fourier transform. The flanking regions of the nucleosome sequences
had the 10 bp period, while the period was approximately 20 bp in the middle of the
nucleosome sequence. There has been a report that the DNA conformation in the midst of
a nucleosome is flatter than the surrounding region (Luger et al., 1997; Tolstorukov et al.,
2007). The structural differences are reflected in the periods of the NPS.

There are anti-NPS-patterns, which also govern the nucleosome positioning
lIoshikhes et al. (2011). The selected sequences for the NPS may have been the mixture of
the sequences with the NPS patterns and the anti-NPS patterns. The initial dinucleotide
patterns were used to enrich sequences with the NPS patterns by separating the positively
correlated sequences for NPS patterns and the negatively correlated sequences for anti-
NPS patterns based on the correlation. The positively correlated sequences generated
more evident NPS patterns. The linear model verified the overall 10 bp period of the
dinucleotide patterns with variations near the dyad. Canonical NPS patterns for
Drosophila nucleosomes were proposed as 10 bp periodic WW/SS patterns with SS
preference at the dyad.

Besides the H2A nucleosome sequences, the nucleosome sequences of H2A.Z
nucleosome were also analysed. H2A.Z nucleosomes have different biological roles from
the H2A nucleosomes (Jackson and Gorovsky, 2000). H2A.Z nucleosome is often found
in the active genes, and it is believed to be related to the activation of a gene, even though
there are conflicting reports. The different landscape of H2A.Z nucleosomes in promoters
foretold that the NPS pattern may not be the same. In addition to the lack of H2A.Z -1
nucleosomes, closer examination showed that the positions of the H2A and H2A.Z +1
nucleosome were slightly different.

With the similar analysis to identify the H2A nucleosome positioning patterns, the

H2A.Z nucleosome positioning patterns were identified. Despite the same 10 bp
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periodicity, the identified H2A.Z NPS patterns differ from the H2A NPS patterns with
strong deviations at +45 bp positions from the nucleosome dyad. The X-ray structure has
revealed an extended acidic patch on the nucleosome surface of H2A.Z/H2B dimers
(Suto et al., 2000). Loop 1, one of the structurally different residues between H2A and its
variant, is where the DNA interacts with. The structural differences may induce the subtle
differences in the NPS patterns. There are conflicting reports about the stability of H2A.Z
as well as of its perplexing roles. Both reduced ionic-strength dependent stability (Abbott
et al., 2001) and (Zhang et al., 2005) and increased stability (Park et al., 2004) were
reported. The differences between H2A and H2A.Z in the protein structures and the
accompanying NPS patterns probably impact on the stability or the mobility of the
H2A.Z nucleosome. The exact changes will be the further subject of study.

The promoter sequences were organised to accommodate different core promoter
elements and the nucleosome sequences. The promoters containing the H2A positioning
sequences were more likely to have CCAAT and TATA elements. The enriched function
of the associated genes was transcription regulation. As the CCAAT box is usually found
in the tightly regulated genes (Spitz and Furlong, 2012), the positioning of nucleosomes
in proximity may function as a regulator together with transcription factors to repress or
to activate the gene expression. Various roles of nucleosome as part of the transcriptional
regulation have been reported: poising the RNA polymerase (Levine, 2011; Teves and
Henikoff, 2011), elongation (Adam et al., 2001). The genomic sequence itself may as
well be organised as a layout accommodating both transcription factors and nucleosomes.

To elucidate the interplay between the nucleosome and the transcription factors, I
chose the Ly49 gene cluster as a model system. Ly49 proteins are the surface receptor

expressed in mouse NK cells. The genes are located on chromosome 6 as a cluster. They
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are important in innate immunity, and their stochastic expression and the clustered genes
have pragmatic advantages in this computational analysis.

The transcript from the reverse promoter of the bidirectional promoter, Pro-1,
repressed the expression, while the transcript from the forward promoter activates the
transcription. The transcription is believed to change the closed chromatin state induced
by methylation at Pro-2. The changes of the chromatin status remain the same during the
maturation leading to the permanent activation or repression in mature NK cells (Saleh et
al., 2002). The pivotal element for the stochastic expression of the Ly49 genes is how to
select the forward or reverse promoter. Because of the similar promoters among the Ly49
genes clusters, transcriptional regulation only by transcription factors is not sufficient to
explain the stochastic expression of the Ly49 genes.

I hypothesised that nucleosome positioning at the Pro-1 may be entailed in the
selection of the reverse and the forward promoter as an added layer of regulation. The
nucleosome positions and the transcription factor binding sites were examined on the
Ly49 gene cluster of C57BL/6 mouse. Visual inspection of the map revealed the unique
arrangement between them. The Pro-1 reverse promoters, which repress the expression in
the immature NK cells, were preferentially open by avoiding the nucleosome positions so
that they are readily available for transcription. The forward Pro-1 promoters, however,
were more likely to be covered, or overlapped by the nucleosome position. Also, the
binding sites for AML-1, which is one of the known regulators of Ly49 expression, were
almost always found in the midst of the reverse and the forward Pro-1 promoter. The
same arrangement was also observed in other mouse strains such as BALB/c, 129/S6, and
NOD.

The arrangement was further verified quantitatively by the calculated association

between the nucleosome positions, open Pro-1 reverse promoters, and the covered
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forward Pro-1 promoters. Because the analysis was done only with the genomic
sequences, the results can be considered as a default setting of the promoters encoded in
the genome without effects of the other factors. Upon the finding that forward Pro-1
promoter is covered, the relation between the nucleosome positions and the transcription
factor binding sites were extended to see whether other transcription factors were affected
by the nucleosome positions. In other words, the nucleosome coverage on the binding
sites was systematically analysed with more immune cell specific transcription factors.

First, transcription factors were identified, which were possibly covered by
nucleosome: the TF binding sites within 73 bp range from the nearest nucleosome dyad.
The distance distribution showed that some factors were more likely to be covered by
nucleosomes while others were avoiding nucleosomes. TATA, which used as a control,
has clearly shown that majority of TATA boxes were out of the nucleosome reach. The
binding sites of the NF-AT and C/EBPb were out of the nucleosome positions. On the
other hand, there were other factors whose binding sites were located within the
boundaries of the nucleosome, i.e., around 73 bp apart from the nucleosome dyad, or
completely covered by the nucleosome sites.

One of the nucleosome-covered factors is AML-1. AML-1 is a known factor in
the Ly49 gene regulation, and its binding sites were likely to be covered by nucleosomes.
For AML-1 to be working, its binding sites should be exposed to be accessible by the
factor. The AML-1 does not have nucleosome remodelling activity according to the
sequence profile (Lo Coco et al., 1997; Tanaka et al., 1997). AML-1 and other factors,
whose binding sites are covered by a nucleosome, need help from another protein that
removes the nucleosome, or another mechanism to be able to bind the nucleosome-
covered DNA. It has been reported that the 10 bp periodic distance of the binding sites to

the nearest nucleosome dyad might make the factor available even though the binding
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sites included in the nucleosome thanks to the DNA wrapping the histones putting the
sequences on every 10 bp apart on the same side of the DNA (Ioshikhes et al., 1999).

The distances between the nucleosome covered factor binding sites and the
nucleosomes dyad were analysed for the periodicity in every factor using a leave-one-out
test. It recognised the lack of the periodicity in the nucleosome covered AML-1 binding
sites, while another nucleosome covered Lyf-1 and MZF-1 binding sites showed 10 bp
periodicity. The 10 bp periodicity arranged the factors’ binding sites available even when
they were overlapped by a nucleosome. AML-1, unlike the factors with 10 bp periodicity,
could be completely shut down by nucleosomes or sensitive to nucleosome

The regulation by nucleosomes coverage was verified in RMA cell line, which
expresses Ly49A only (Kérre et al., 1986). At least half of the predicted nucleosome sites
were verified with the experimental data. Furthermore, the deviations of the nucleosome
positioning from the predicted ones were compared between the expressed and non-
expressed Ly49 genes. The deviation was statistically significant in Ly49a and Ly49k.
Because the Ly49k is a pseudogene, the deviation from the prediction is practically
happening only in the active gene. The predicted sites of nucleosomes and factors can be
considered as the default settings of the genome. The changes of nucleosome positioning
in vivo from the default settings tell the activity of cellular factors working.

In addition to the nucleosome depletion, AML-1 binding was verified by
immunoprecipitation with the anti-AML-1 antibody. The Ly49A promoters were
enriched more than 10-fold in the precipitated sequences. The immunoprecipitation
proved that the depletion of nucleosomes and the binding of AML-1 in the Ly49A
promoter. The nucleosome coverage status of AML-1 could predict the status of the Lyf-
1 and MZF-1 in the promoters, but the opposite did not hold leading to the conclusion

that AML-1 depletion precedes the depletion of Lyf-1 and MZF-1. Together, the
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nucleosome is regulating the transcription of Ly49 gene expression by covering one of
the key factors, AML-1 binding sites.

The 10 bp periodicity is necessary for the nucleosome-covered factor binding
sites to be accessible without the help of remodellers. The binding sites in the promoters
tend to have the 10 bp periodicity, which makes the binding sites available even though it
was covered by nucleosomes. Interestingly, the periodicity was not observed when the
search incorporated all the binding sites in entire chromosome 6 instead of the promoter
regions. The 10 bp periodicity is the unique feature of the promoters. Because the lack of
the periodicity in the nucleosome-covered binding sites, many of the binding sites may
not be the true binding sites in vivo. The relatively short sequence motifs for transcription
factors can exist on the genome by chance. Predictions of transcription binding sites often
generate too many false positives. There have been significant efforts in to improve the
computational identification of the functional binding sites from the physical binding
sites (Hannenhalli, 2008; Wasserman and Sandelin, 2004). I propose that incorporating
the nearby nucleosome positions into the prediction will improve the accuracy of the
prediction. By expanding the searching for the periodicity in the promoters of other genes
than Ly49, it may possible to see the periodicity in more general cases. Having identified
the periodicity between the binding sites and the proximal nucleosome, a better model
could be built minimising false prediction.

This study of the interplay between nucleosome positions and transcription factor
bindings in Ly49 gene cluster can be expanded toward human cases, KIR genes. KIR
genes are involved in the MHC-I expression and the maturation of NK cells in human.
However, KIR genes are not the homologous of Ly49 genes, even though they share the
same roles in NK cell and innate immunity. It would be worthwhile if the same principle

can be applied to the genes of the same function but different origins.
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These Part 1 and Part 2 studies explored how nucleosomes are positioned and the
interaction with other factors in the cell. The periodic patterns of genome sequences are
one of the factors determining nucleosome positions. The 10 bp periodic NPS pattern is a
weak signal requiring sophisticated analysis of many nucleosome sequences to
distinguish the pattern from the background noise. However, the weak and subtle signal
is critical in organising the transcription factors and nucleosomes in the genome. The
long and subtle NPS pattern makes it possible to position nucleosomes in the practically
overall genome, and yet strong enough to position some of the nucleosomes at specific
positions.

The nucleosome positioning can be viewed as the positioning of studs in
construction. In general, the rule governing the placement of the studs is the equal
spacing of 12 or 16-inch apart. However, some of the studs are placed strategically at
specific positions. For example, the king studs are located to define the spaces for
putative windows or doors supporting the opening; The other studs were located
following the king stud. The +1 nucleosomes are like the king stud: it defines and
supports the opening for the transcription so that the TF factors can work through it. The
layout is coded in the DNA sequences beforehand. Moreover, the genomic sequence is
organised in a fascinating way. It incorporates the two layers of regulation. The long
loosely defined nucleosome positioning patterns could accommodate the more specific
motifs for the binding of transcription factors.

The genomic sequences are like a blueprint arranging all the activities in a cell.
The predictions based on the genomic sequence can be inferred as the default setting
without the effects of the ongoing dynamics of living cells. The arrangement will change,

but the genomic settings set the limits of the actions.

274



The periodic appearance of dinucleotide over a long stretch of the sequences is
less stringent than the specific transcription factor binding motifs. It is possible for the
dinucleotide patterns and the TF binding sites to coexist on DNA. The dinucleotide signal
is subtle, so it will not interfere with the TF binding motifs at the same time direct the
positioning of the nucleosome. It is like merging of two layers of regulation in one-
dimensional DNA sequence: TF binding sites over the background of nucleosome
positioning sequences. The analysis of nucleosome positions in addition to the factor
binding sites will be a computational tool to extract more information from the genomic
sequences even before validating with costly experiments. Not only the practical
advantages but also the new model of genetic networks of merged layers of the
nucleosome positioning and the factor bindings on 1-dimensional genomic sequences

may also elucidate the wonders of organising information in the biological systems.
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