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Abstract

GATAL and KLF1 are transcription factors that regulate genes which are important for the
development of erythroid cells. The GATA1 transcriptional co-factor FOG1 has been
shown to be essential in a wide range of GATA1 dependent cellular functions. Here we
tried to understand the diverse mechanisms by which GATAL1 and KLF1 recognize their
binding sites, how the GATAL recognition mechanisms are affected by complexation with
either FOG1 or KLF1 and how the GATA1l recognition mechanisms affect the
transcriptional regulation of the erythroid differentiation. We profiled the DNA binding
specificities/affinities of a GATAL fragment (NGATALyc), that contains only the two DNA
binding domains (N-terminal and C-terminal Zn finger), and the DNA binding
specificities/affinities of a KLF1 fragment (mMKLF1.57.355), that contains the three DNA
binding domains, using a novel methodology that combines EMSA with high throughput
sequencing (EMSA-seq (Wong et al.,, 201l1a)). We also profiled the DNA binding
specificities of the C-terminal Zn finger of GATAL alone (NMGATAL¢), the wt-mGATAL, the
wt-mGATAL/wt-mFOG1 complex and the MGATALnc/MKLF1,57.358 complex. At first, we

confirmed that the N-terminal Zn finger of GATAL has a strong preference for the “GATC”



motif, whereas the C-terminal Zn finger of GATAL has a strong preference for the “GATA”
motif. Next, we found that in the mGATAlyc, both DNA binding domains can bind
simultaneously a wide range of different positional combinations of the co-occurring
“GATA” and “GATC” matifs, on the same DNA sequence. The wt-mGATAL did not show
the ability to bind in the same co-occurring motifs implying an effect of the non-DNA
binding domains of the protein in the regulation of its DNA binding specificities. On the
contrary, complexation of wt-mGATA1 with the wt-mFOG1 partially restored its ability to
bind in a now limited range of different positional combinations of the co-occurring “GATA”
and “GATC” motifs, on the same DNA sequence. Similar observations were made for
other pairs of GATA1l N-terminal and C-terminal Zn finger specific motifs. We then
projected the GATA1l DNA binding specificities/affinities in vivo and we classified the
GATAL ChIP-seq peaks in low, medium or high affinity based on the number of the
GATAL motifs. We noticed that high affinity GATAL1 ChIP-seq peaks tend to appear in
regions with low nucleosome occupancy. We also noticed that GATAL ChIP-seq peaks in
the enhancer regions are usually high affinity whereas GATAL1 ChlIP-seq peaks in the
proximal promoter regions are usually low affinity. Additionally, we observed that high
affinity GATAL1 ChIP-seq peaks are usually found in regions with increased levels of
H3K4me2 and are associated with a higher decrease in the H3K4me3 levels on the TSS
of the nearby genes. None of these GATAL1 related in vivo observations were found for the
KLF1 ChiIP-seq positions. These findings significantly advance our understanding of the
DNA binding properties of GATAL, KLF1 and their complexes and give an insight on the
importance of the GATAl1 DNA binding affinities in the regulation of the erythroid
transcriptional program. Overall the work establishes an experimental and analytical
framework to investigate how transcriptional co-factors can change the DNA binding
specificities of specific transcription factors and how integration of the transcription factor
DNA binding affinities with in vivo data can give novel insights into the transcriptional

regulation.
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CHAPTER 1 INTRODUCTION

1.1 Hematopoiesis

Hematopoiesis is a highly organized multi-step process that involves the proliferation,
differentiation and maturation of a small population of pluripotent hematopoietic stem cells
(HSCs) into various specialized and distinct blood cell types. During this process, cellular
specification is initiated by a set of early transcription factors. Commitment and
differentiation along a particular lineage is regulated by late transcription factors that

cooperate or antagonize with the early transcription factors.

The differentiation program regulates either the lymphoid lineage or the myeloid lineage.

Each of these lineages is regulated by a different set of transcription factors (Figure 1).

The formation and/or maintenance of the HSCs is attributed to the transcription factors

RUNX1, TAL1, MLL, GATA2, LMO2, CDX4, SOX17 (Orkin and Zon, 2008).

The common lymphoid progenitor (CLP) gives rise to all the cells of the lymphoid lineage.
The lkaros transcription factor along with members of the Aiolos family commits the cells
through the lymphoid lineage and blocks the commitment through the myeloid lineage
(John and Ward, 2011). Subsequently, Pax5, PU.1, EBF, E2A are necessary for the B-cell
lineage commitment (Nutt and Kee, 2007) whereas GATAS3 and E2A for the T-cell lineage

commitment (Laiosa et al., 2006).

The common myeloid progenitor (CMP) produces the following two lineages:



i) The myeloid lineage, that leads to the production of granulocytes and macrophages (GM
lineage), is regulated mainly by the function of the ETS transcription factors PU.1 and
C/EBPa (Wolff and Humeniuk, 2013) and secondarily by the transcription factors GATAL,

GATA2, HOXBY7, IRF-1 (Valledor et al., 1998).

i) The erythroid/megakaryocyte lineage (MegE lineage) is regulated by the GATA1, KLF1
transcription factors (Hattangadi et al., 2011) for the erythroid lineage and by the GATAL,

FLI1 for the megakaryocytic lineage (Starck et al., 2003).

The interplay between GATALl and PU.1 is the main regulator of the myeloid lineage
specification. High PU.1 and low GATAL results in myeloid differentiation. Low PU.1 and

high GATAL leads to erythroid differentiation (Galloway et al., 2005, Rhodes et al., 2005).

In order the cells to differentiate along the erythroid lineage, the core erythroid set of
genes needs to be upregulated with the simultaneous downregulation of the core myeloid
set of genes. The regulation involves an interplay between transcription factors, chromatin

modifiers and non-coding regulatory RNAs (miRNAs) (Hattangadi et al., 2011).

1.2 Erythroid differentiation

In mammals, hematopoietic stem cells (HSCs) that give rise to the early erythroid
progenitors (primitive erythroblasts that express embryonic globin proteins), appear de
novo from the hemangioblasts of the yolk sac (Figure 2A). In parallel, HSCs that give rise
to definite erythroblasts (they express adult globin proteins) appear de novo from the

hemogenic endothelium of the aorta-gonad mesonephros (AGM) region. Definite



erythroblasts also appear in the placenta, either through de novo creation of HSCs from
the hemogenic endothelium or through colonisation from the AGM HSCs. Later in
development, HSCs migrate in the fetal liver where they establish a population of rapidly
proliferating pluripotent stem cells that can give rise to one or a few hematopoietic
lineages. Just before birth, HSCs and progenitor cells begin to populate the bone marrow
giving rise to a quiescence population of pluripotent stem cells (Cumano and Godin, 2007,
Orkin and Zon, 2008, Laird et al., 2008). In the erythroid lineage, the first committed
progenitors, that have characterised from ex-vivo studies, are the BFU-e cells (burst-
forming unit-erythroid) that give rise to the CFU-e population (colony-forming unit-
erythroid) (Elliott et al., 2008). The CFU-e cells are more rapidly proliferating than the
BFU-e cells and they give rise to mature erythrocytes after undergoing a decrease in their

cell size, haemoglobinization and enucleation (Figure 2B).

The control of the level of red blood cells (RBCs) is mediated through the kidney-derived
cytokine erythropoietin (EPO). EPO stimulates the proliferation and the differentiation of
the CFU-e. In case of stress erythropoiesis (chronic anemia), the CFU-e population is
insufficient to support the maintenance of the RBCs levels and the BFU-e population
increases (Dolznig et al., 2006). The BFU-e population responds to many hormones in
addition to EPO including SCF (stem cell factor) (Perry et al., 2007), IGF-1 (insulin like
growth factor 1) (Miyagawa et al., 2000), glucocorticoids (GCs) (Bauer et al., 1999), IL3

(Migliaccio et al., 2002), IL6.

Upon EPO stimulation, the CFU-e cells undergo two cell divisions in the first day and they
up-regulate the transferrin receptor, the TER119 protein and other erythroid-important
genes. On the second day, two or three rapid cell divisions occur with cells mainly in the S
and M stage. The following days there is a complete repression of all gene transcription
which is followed by chromatin condensation, nuclear condensation and enucleation

(Hattangadi et al., 2011).



EPO regulates transcription by signalling mainly through STAT5 (Socolovsky et al., 2001)
and secondary by the PI3K/AKT pathway (Ghaffari et al., 2006) and the RAS/MAPK
pathway (Zhang and Lodish, 2007). STAT5 subsequently co-operates with the erythroid
specific transcription factor GATAL for the erythroid maturation (Wierenga et al., 2010).
EPO also induces the phosphorylation of GATAL at Ser;3, through the PI3K/AKT pathway
(Kadri et al., 2005). This phosphorylation enhances the expression of the TIMP-1 gene
although the global role of the phosphorylation event is not well understood (Kadri et al.,

2005).



Critical transcription factors for blood development

Runx-1
tTw Sclftal-1 s el
o= Lmo-2| Stem cell class
[ . - -
Qo LT-HSC wmi| Reguired for production,
% E el ™ Tel| Survival, or self-renewal
32 renw Bmi-1| of HSCs
aw Gfi-1
GATA-2
ST-HSC
ll_
-
Eis CMP CLP \‘
-
o'F i
2a e L\‘
§ g" rlkﬂr:st\'.l
=3
=a MEP GMP LPU1 |
/\\ ”/7"\\ i
E2A TOF-1-a
PU.1
% EBF
GATA-1 AT Pax-5 <> TA-G-ate
wls C/EBPu—e=> g |11‘,
| cl11a
38 —ts GATA-1 (Evig)
'g o - oy = -, . B -
g5 L 4 w v w w £ . @
=
E 3 | cata- Gii-1-t>
@ FOG-1 GATA-1
o ’ YBD.4
o E_ G- 16 P Gfi-1b > GATA-1-ef> P —ed =i
EKLF

¢ ) e ] $ & &

o & JVE
= * . A = 4 n f
3 RBC Megakaryocyte Mast cell Eosinophil Neutrophil M";%n?; aaga B lymphocyte T lymphocyte
g |'||-1]_‘
- » ¥ =
z !
=
/vy
Fﬁatelets

Figure 1. Hematopoietic developmental hierarchy. Progenitor, committed and
differentiated cells are shown in the myeloid and the lymphoid lineage. The abbreviations
are the following: LT-HSC (Long Term Hematopoietic Stem Cell), ST-HSC (Short Term
Hematopoietic Stem Cell), MPP (Multipotent Progenitor), CMP (Common Myeloid
Progenitor), MEP (Megakaryocyte/Erythroid Progenitor Cell), GMP
(Granulocyte/Monocyte progenitor), CLP (Common Lymphoid Progenitor), RBC (Red

Blood Cell). From (Orkin and Zon, 2008).
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Figure 2. A) Hematopoiesis sites change during development. Adapted from (Orkin and
Zon, 2008). Hematopoiesis progenitors first appear in the yolk sac blood islands. Then
they appear sequentially at the aorta-gonad mesonephros region (AGM), placenta, and
fetal liver. Eventually they appear in the thymus and the bone marrow. B) Different stages
of erythroid maturation from the hematopoietic stem cell. The abbreviations are the
following: HSC (Hematopoietic Stem Cell), CMP (Common Myeloid Progenitor), MEP
(Megakaryocyte/Erythroid Progenitor), BFU-e (erythroid Burst-Forming Unit), CFU-e
(erythroid Colony-Forming Unit), Pro (pro-erythroblasts). Adapted from (Wu et al., 2011).
C) GATA1 mediated erythroid maturation in the G1E/G1E-ER4 model. The morphologic
changes (MGG, May-Grunwald Giemsa stain) and accumulation of hemoglobin (BZ,
benzidine stain for hemoglobin) are apparent after activation of GATAL. The time points

indicate time after GATAL induction with estradiol. From (Welch et al., 2004).



1.3 Transcription factors and transcriptional co-factors that control the

differentiation of the erythroid lineage

1.3.1 GATA1

GATAL is a member of the GATA family. The GATA family has 6 members (GATAL1-6). All
the proteins are developmental regulators. GATAL, GATA2 and GATA3 are used during
the differentiation of the hematopoietic lineages whereas GATA4, GATAS5 and GATAG6
control the development of heart and lung (Brewer and Pizzey, 2006, Molkentin, 2000).
GATAZ2 and GATAS3 are also found in endothelial cells and in the central nervous system
(Nardelli et al., 1999). GATA4, GATA5 and GATA6 might also have a functional role
during muscle and gastrointestinal development (Jacobsen et al., 2002, Molkentin et al.,

2000, Koutsourakis et al., 1999).

GATAL is necessary for the differentiation of the erythroid and the megakaryocytic
lineage. GATAL is expressed in primitive and definitive erythroid cells (Fujiwara et al.,
1996, Leonard et al., 1993), megakaryocytes (Romeo et al., 1990, Martin et al., 1990),
eosinophils (Zon et al., 1993) and mast cells (Martin et al., 1990). GATA2 maintains the
compartment of stem and progenitor cells (Tsai et al., 1994, Tsai and Orkin, 1997, Ling et
al., 2004). GATAS is required for the development and function of the T-helper-2 T-cells

(Ho et al., 2009).

GATAL regulates the proliferation, differentiation and apoptosis of the erythroid lineage
cells. For example GATA1-deficient embryonic stem cells are able to contribute to all
different tissues in chimeric mice except for the mature red blood cells because they die
through apoptosis when they reach the pro-erythroblast stage (Pevny et al., 1995).

GATAL exerts its actions through cooperative regulation with other co-factors. These co-



factors include both DNA binding (KLF1, TAL1, PU.1) and non-DNA binding proteins
(FOG1, RUNX1). Depending on the context and its associated co-factors, GATAL can act

as an activator or repressor of transcription.

In order to understand the GATAL function, it is important to understand its structural

organization as presented below.

1.3.1.1 Functional domains of GATA1

The DNA binding domains of the proteins of the GATA family have two C,C, zinc fingers
(the N-terminal Zn finger and the C-terminal Zn finger) (Figure 3A). The N and C termini of
the proteins are divergent whereas the two zinc fingers are conserved across the six
mammalian proteins (Bresnick et al., 2005). Additionally, immediately after the C-terminal
Zn finger there is a highly conserved region that contains the nuclear localisation signal
(NLS) and a region of basic amino acids where post translational modifications occur. This
region of basic amino acids is also important for DNA binding and transcriptional activity
(Crossley and Orkin, 1994, Hung et al., 1999). The C-terminal Zn finger of GATAL
mediates DNA binding in the “WGATAR” motif (Yang and Evans, 1992), whereas the N-
terminal Zn finger stabilises the DNA interactions in some genomic locations (Trainor et
al., 1996). The N-terminal Zn finger was shown to bind distinct motifs from the C-terminal
Zn finger and specifically the “GATC” motif (Newton et al., 2001). Flanking residues of the
zinc fingers also play role in the binding (Ghirlando and Trainor, 2003). The N-terminal
and C-terminal Zn fingers of GATAL share a homologous core region and therefore they
show similar binding preference for the first three nucleotides of the “GATN” motif. The
specificity in the recognition of the “GATC” motif from the N-terminal Zn finger versus the
“GATA” motif is given by the C-terminal basic tail that follows the Zn core module

(Ghirlando and Trainor, 2003). A point mutation in the N-terminal Zn finger (R216Q)
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abolishes the DNA binding of the N-terminal Zn finger (Newton et al., 2001) and
decreases the affinity of GATAL for regions that have both “GATA” and “GATC” motifs
(Yu et al., 2002) indicating that both the N-terminal Zn finger and the C-terminal Zn finger

can bind simultaneously.

The zinc fingers themselves interact with other protein co-factors (Figure 3A). Proteins
that have been reported to interact physically with GATAL include the co-factor FOG1
(Tsang et al.,, 1997), histone acetyltransferase CBP/p300 (Blobel et al., 1998), the
mediator complex subunit MED1 (Stumpf et al., 2006), the oncogene LMO2 (Osada et al.,
1995), the transcription factors KLF1 (EKLF), Spl (Merika and Orkin, 1995) and PU.1
(Rekhtman et al., 1999). These interactions can involve only the N-finger, as is the case of
FOG1 (Fox et al., 1998), or occur in combination with the C-finger, as is the case of Sp1,
or involve only the C-terminal Zn finger, for example EKLF (Gregory et al., 1996, Merika
and Orkin, 1995), CBP/p300 (Blobel et al., 1998) and GATAL itself (Mackay et al., 1998).
GATAL has been shown to recruit the chromatin remodeler BRG1 which can mediate

higher order looping (Kim et al., 2009¢c, Hu et al., 2011, Kim et al., 2009b).

Lack of the N-terminal 80 amino acids of the GATA1 protein (short isoform GATALSs)
appears to inhibit the terminal erythroid differentiation (Shimizu et al., 2001). This
truncated short form contributes to cases of acute megakaryoblastic leukaemia (AMKL)
(Wechsler et al., 2002) and transient myeloproliferative disorders (TMD) (Xu et al., 2003,
Greene et al., 2003) that are seen in patients with Down syndrome. Loss of interaction of
GATAL with RUNX1, which interacts in the N-terminal region of GATALl (Elagib et al.,
2003), might be responsible for this failure of megakaryocyte maturation although is not

widely accepted (Xu et al., 2006).

The function of GATAL is also regulated through post-translational modifications such as

acetylation, phosphorylation and sumoylation (Bresnick et al., 2012). Acetylation from



CBP/p300 has been shown to increase the DNA-binding affinity of GATAL either through
increase in the intrinsic DNA binding affinity (Boyes et al., 1998a, Hung et al., 1999) or
through inhibition of self association (Nishikawa et al., 2003) or through stabilization of the
GATAL complexes with other proteins (Lamonica et al., 2006). Phosphorylation seems to
have a cell line specific role. After erythroid differentiation, phosphorylation of GATAl
increases its DNA binding activity in K562 cells. In MEL and BA/F3 cells, the erythroid
differentiation does not have any effect in the GATAL1 DNA binding activity because all the
phosphorylation sites, except one, are already phosphorylated in the undifferentiated state
(Partington and Patient, 1999, Yu et al., 2005). Sumoylation of GATAL, in the Lys 137
amino acid residue, is important for the control of genes from the GATA1/FOG1 complex
through either a direct effect on the transcriptional activation of the gene or by provoking a

different nuclear compartmentalization of the whole locus (Lee et al., 2009a) .

The interaction of GATAl with a variety of proteins plays an important role in
hematopoiesis, since it leads to the transcriptional activation or repression of GATAl
target genes. Work has been undertaken to sort out which of these interactions are
functionally significant and determine the mechanisms by which they modulate the GATA1

activity.

Below we present some of the transcriptional co-factors of GATAL, the TAL1 protein, the

FOG1 protein and the KLF1 protein (Figure 4).

1.3.2TAL1

SCL/TALL1 is essential for the development of the HSCs (Porcher et al., 1996) and the

differentiation of erythrocytes and megakaryocytes (Hall et al., 2003, Mikkola et al., 2003).
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It binds the E-box (CANNTG) and is part of a pentameric complex that involves GATAL,
the bHLH protein E2A, the LIM domain containing co-factors LMO2 and LDB1 (Cantor
and Orkin, 2002). The GATAL and the TAL1/E2A complex bind the DNA whereas LMO2
makes the bridge between the transcription factors, either as a single molecule or as a
homodimer (Valge-Archer et al., 1994, Wilkinson-White et al., 2011). This pentameric
complex can bind in composite sites that have E-box and GATAL motifs with a 9-11 bp
spacer between them (Wadman et al., 1997, Kassouf et al., 2010). However, these
proteins can co-localise at certain chromatin sites lacking composite elements. The
GATA1-LMO2-LDB1-E2A-TAL1 pentameric complex is mainly responsible for the
activation of gene expression (Kassouf et al., 2010, Kassouf et al., 2008). SCL/TAL1
interacts also with co-repressor complexes like histone deacetylases (HDAC1, HDAC?2),
histone demethylases (LSD1), chromatin-remodelling factors (BRG1), the ETO-2, Mtgrl
and Gfi-1b proteins (Anantharaman et al.,, 2011). SCL/TAL1 interacts with the co-

activators CBP/p300 and P/CAF (Anantharaman et al., 2011).

1.3.3 FOG1

The FOG (Friend of Gata) family of transcription co-factors consists of FOG1 and FOG2.
FOGL1 is expressed in erythroid and megakaryocytic cells, and is co-expressed with
GATAL during development (Tsang et al., 1997). The phenotype of FOG1 null mice
closely resembles the GATA1 knockout phenotype. Mutant mice of both lineages die from
anemia caused by a defect in primitive and definitive erythropoiesis. The FOG1 null mice
have a complete elimination of the megakaryocytic lineage, revealing a GATA1l-
independent role of FOG1 in megakaryopoiesis (Tsang et al., 1998). GATA1 N-terminal
Zn finger mutants (GATA1Y?%®) that cannot interact with FOG1 are unable to rescue the

maturation of a GATAl-deficient erythroid cell line. Thus GATA1 and FOGL1 coordinate
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erythroid cell maturation by activating erythroid-specific genes and repressing genes

associated with the undifferentiated state (Crispino et al., 1999).

Other studies have shown that the GATAL1/FOGL1 interaction represses the GATAL
activation of genes which are important for the differentiation of mast cells and eosinophil
cells, thus committing the cells towards a megakaryocyte/erythroid lineage. Exogenous
expression of FOG1 in eosinophils leads to loss of eosinophil markers and the
appearance of a multipotent phenotype (Querfurth et al., 2000). Exogenous expression of
FOG1 in mast cell progenitors induces features of the erythrocytic and megakaryocytic
lineage (Cantor et al., 2008). GATA1"?®® knock-in mouse embryos have an increased
mast-cell potential, and aberrant expression of mast cell genes in erythroid and

megakaryocytic cells (Cantor et al., 2008).

FOGL1 also appears in T-cells where it associates with GATAS3 in order to repress the T-
helper-2 (Th2) cells development (Zhou et al., 2001). FOG2 is expressed in the heatrt,
brain, liver and lungs. It can also interact with GATA containing proteins (Chlon and

Crispino, 2012).

1.3.3.1 Functional domains of FOG1

FOG1 has nine zinc fingers. The zinc fingers comprise of two types: four C,H, type zinc
fingers (finger 2, 3, 4, 8) and five C,HC type zinc fingers (finger 1, 5, 6, 7, 9) (Figure 3B).
Fingers 2, 3, 4 have low-DNA binding affinity but the protein has not been shown to bind
DNA without the presence of GATAL (Pal et al., 2004a). Four fingers contact the GATAL
N-terminal Zn finger. FOG1 fingers 1, 6 and 9 have been suggested to interact strongly

with GATAL whereas finger 5 interacts weakly (Fox et al., 1999). FOGL1 facilitates GATAL
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chromatin occupancy (Letting et al., 2004, Pal et al., 2004a) and the GATAl-dependent
chromatin looping (Vakoc et al., 2005). Also, FOG1 has an N-terminal domain that binds
the NuRD chromatin-remodeling complex (Hong et al., 2005, Miccio et al., 2010) (Figure
3B). FOGL1 also binds the co-repressor CtBP (Turner and Crossley, 1998, Katz et al.,
2002) (Figure 3B), which associates with the histone demethylase LSD1 (Lysine Specific
Demethylase 1). The FOG1 region between Zn fingers 6 and 7 mediates the contact. N-
terminal truncated translational isoforms of FOG1 lack the NURD domain, altering the
complexes with which GATAL interacts (Snow and Orkin, 2009). The ability of FOG1 to
bind the NURD complex is required for the GATA switch (DNA binding sites where GATAL
replaces GATA2 during differentiation) as mice expressing a knock-in FOG1, defective in

NuRD complex binding, have impaired GATA switches (Gao et al., 2010).

FOG1 appears mainly in the hematopoietic cells where it interacts with GATA proteins but

it has being also found in gonads, intestine and heatrt.

Mutations on the GATAL1 N-terminal Zn finger (V205M, G208S but not R216Q, D218G)

have been shown to inhibit the complexation with FOGL1 (Liew et al., 2005)

1.3.3.2 Effect of GATAL/FOG1 complexation

GATAL can activate (Crispino et al., 1999) and repress genes (Johnson et al., 2007b, Pal
et al., 2004b) through FOG1 dependent and FOGL1 independent mechanisms. GATAL, but
not GATA1Y?®® can activate the globin and Band3 (Slc4al) genes. GATA1, but not

GATA1Y?%  can repress the GATA2 gene.
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More specifically FOG1 has a direct effect on the GATAL binding itself. It has been shown
that in the absence of FOG1, GATAL itself cannot out compete GATA2 binding in places
where the GATA1/GATAZ2 switch is necessary (Pal et al., 2004a). This was shown for the
GATA2 gene where GATALl needs to bind and repress the gene during erythroid
differentiation. GATA1L substitutes GATAZ2 at the -2.8kb loci upstream of the gene (Pal et

al., 2004a).

This implies that the complexation changes the binding specificities of GATAL.
Additionally, complexation with FOG1 is necessary in order to establish a favourable
binding environment through histone acetylation. Complexation with FOG1 can increase
the acetylation of the H3 histone at the K9 position (H3K9ac) on the binding site of the
complex. This has been shown to be necessary for the formation of the HS2 on the beta
globin locus (Letting et al., 2004). Lack of acetylation causes lack of the HS2 site. Thus
the unique chromatin environment might be used as a recognition signature for GATAL
binding or GATAL1 can modulate the chromatin surrounding itself something that might
help to recruit other factors on the locus. On the other hand, GATALl binds on the
hypersensitive site HS3 of the beta globin locus in a FOG1 independent manner (Letting
et al., 2004). Nevertheless, in the GATAZ2 locus, the binding of the GATAL/FOG1 complex

decreases the acetylated H3 histone (Pal et al., 2004a, Letting et al., 2004).

FOGL1 interacts with the chromatin remodelling complex, the NuURD complex, which can
mediate both repression and activation of specific targets in a context dependent manner
(Miccio et al., 2010, Hong et al., 2005, Gregory et al., 2010, Gao et al., 2010). NuRD is a
multisubunit complex that includes the HDAC1 and HDAC2 deacetyalses and the Mi2a/
ATPase proteins which leads to alteration of both the histone location and acetylation
(Ramirez and Hagman, 2009). FOG1 mutations that abolish the FOG1/NURD interaction
do not permit the FOG1/GATAL complex to repress GATA2 and mast cell specific genes

(Hong et al., 2005). On the contrary, although the FOG1/GATA1 complexation is retained
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there is an induction of gene expression (Gregory et al., 2010). Interaction of FOG1 with
CtBP mediates FOG1-mediated GATAL repression in other loci (Fox et al., 1999, Hong et

al., 2005).

GATAL requires FOG1 to create higher order chromatin loops at the beta globin locus
(Kim et al., 2007b, Vakoc et al., 2005, Deng et al., 2012) and the C-Kit promoter (Jing et
al., 2008). Specifically wild type GATA1, but not GATA1Y?**® is able to activate the beta
globin (HBB) gene by bringing in close proximity the LCR and the promoter of the HBB
gene. Similarly the GATAL/FOGL1 interaction is necessary to down regulate the C-Kit gene
by bringing together the promoter and the upstream enhancer element. In the latter case,

the complex must first remove GATAZ2 and then induce the looping.

1.3.4 KLF1

KLF1 expression is restricted in erythroid cells and their precursors. The binding domain of
KLF1 consists of 3 C-terminal C,H, zinc fingers (Miller and Bieker, 1993) (Figure 3C).
Although there is no available structure of a KLF1-DNA complex, similarities with the SP1
protein predicts that each zinc finger binds to three nucleotides on the G-rich strand of the
motif (Oka et al., 2004). The N-terminus of KLF1 has been shown to interact with co-
activators such as p300, CBP, P/CAF, TFIIH (Mas et al., 2011, Zhang and Bieker, 1998)
or co-repressors such as the NURD complex (Siatecka et al., 2007) (Figure 3C). Similar to
GATAL, KLF1 acetylation enhances its transcriptional activity at least in the beta globin
(HBB) promoter (Zhang and Bieker, 1998) by enhancing its interaction with the SWI/SNF
complex but not by increasing its DNA binding affinity (Zhang et al., 2001). The Zn fingers
can interact with co-repressors like Sin3A and HDAC1 (Chen and Bieker, 2004, Chen and

Bieker, 2001). The co-repressor function is speculated to be necessary in the early
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hematopoietic cells (Chen and Bieker, 2004). KLF1 and FLI1 cross-antagonize for binding
to GATAL1 and the subsequent differentiation towards an erythroid or a megakaryocytic

lineage respectively (Starck et al., 2003).

KLF1 null mice are embryonic lethal due to a defect in definitive erythropoiesis (Perkins et
al., 1995, Nuez et al., 1995). These embryos show a defect in hemoglobin expression and
they die from anemia. GATA1 binds the zinc-finger domain of KLF1 mainly via its C-
terminal Zn finger (Merika and Orkin, 1995). This interaction is hypothesized to occur
upon DNA binding of both transcription factors as they have not been co-
immunoprecipitated from cells in the absence of DNA (Tallack et al., 2010). Reporter
assays demonstrated that GATAL transcriptional activity is increased by these interactions
(Merika and Orkin, 1995). It has also been described a significant overlap between
GATAL peaks and KLF1 peaks (Tallack et al., 2010). Interaction between GATA1 and
KLF1 may play a crucial role in bringing regulatory elements such as enhancers and LCRs
in close proximity to promoters by promoting the formation of DNA loops (Drissen et al.,
2005, Tallack et al.,, 2010). It has also been suggested that a KLF1-GATAL1l-TAL1
transcription factor network efficiently recruits p300 in the overlapped positions (Tallack et
al., 2012) and along with the greater GATAl pentameric complex
(GATA1/E2A/{LMO2},/LDB1/TAL1) orchestrate the erythroid response (Soler et al.,

2010).

1.3.4.1 Effect of KLF1 on gene regulation in the erythroid lineage

KLF1 has been shown to act as both activator and repressor (Tallack et al., 2012, Feng et
al., 1994, Chen and Bieker, 2001, Drissen et al., 2005, Hodge et al., 2006, Siatecka et al.,
2007, Chen and Bieker, 2004). KLF1 null mice have been used to find genes regulated by

KLF1. Because the livers of KLF1 null mouse embryos do not have erythroblasts, the
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gene regulation was only shown for the erythroid progenitors. KLF1 has been shown to
be directly or indirectly involved in the upregulation of 690 genes and in the
downregulation of 118 genes in mouse liver erythroid progenitors (Tallack et al., 2012).
Only one of these repressed genes had KLF1 near the promoter (less than 1000bp). The
rest of the repressed genes might be regulated by other KLFs such as KLF3, KLF8 and
KLF12 (Tallack et al., 2012). Thus on the erythroid progenitors, KLF1 functions mainly as

activator.

Wild type mouse embryo liver erythroblasts show 2447 downregulated genes and 633
upregulated ones in comparison with the mouse embryo liver erythroid progenitors. The
KLF1 genomic positions are not the same in the erythroid progenitors and in the
erythroblasts. To find the potential effect of KLF1 on the nearby genes during the erythroid
differentiation, peaks that appear only in erythroblasts have been used. KLF1 is bound in
the promoter (less than 10kb from the TSS) of 692 of the downregulated genes in
erythroblasts and 246 of the upregulated ones (Pilon et al., 2011). Thus KLF1 acts as a
repressor during the differentiation from erythroid progenitors to erythroblasts. This
indicates that EKLF can act either as an activator or repressor depending on its

association with other proteins (Chen and Bieker, 2004).

It has long been recognized that KLF1 itself is involved in the three dimensional
organization of a gene-locus (Drissen et al., 2004, Schoenfelder et al., 2010). KLF1 was
shown to be important to recruit the beta globin genes to the active chromatin hub
substructure (ACH), a term used to describe the spatial clustering of the regulatory
elements of the beta-globin locus, namely the hypersensitive sites (HS1-HS6) of the locus
control region (LCR), the 5" upstream of the locus control region hypersensitive sites HS-
60, HS-62 and the 3' downstream of the locus control region hypersensitive site HS1
(Palstra et al., 2003). It has also been shown that KLF1 was able to recruit KLF1 regulated
genes in a limited number of transcription factor foci (Schoenfelder et al., 2010). It is
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important to point out that in contrast to the GATAL effect on the transcriptional status of
the genes, KLF1 regulated genes are not dependent on KLF1 for expression. On the
contrary KLF1 causes an increase in their expression during the maturation of the
erythroid cell lineage (Drissen et al., 2005, Hodge et al., 2006, Schoenfelder et al., 2010).

Thus, KLF1 is likely to function as a co-activator.

1.3.5 Additional GATAL complexes

Some other prominent GATAL interactions with other complexes are the following: GATA1
and PU.1 antagonize each other via direct physical interaction (Nerlov et al., 2000). The
DNA-binding domains of both proteins are involved (Rekhtman et al., 1999), but the
mechanisms by which these transcription factors antagonize each other are different.
GATAL prevents the PU.1 binding to its cofactor c-Jun (Zhang et al., 1999), while PU.1

blocks GATA1 DNA binding (Zhang et al., 2000).

The GATAL N-finger has also been found to bind directly the Mediator complex through
the MED1/TRAP220 subunit (Stumpf et al., 2006). Mediator is a large multi subunit
complex (consisting of 22-28 subunits) that binds the Polymerase Il and regulates its
transcriptional activity. In multiple systems, it has been shown to be involved at least
partially in bridging the interaction between upstream transcription factors and general
transcription initiation factors (Kuras et al., 2003, Kim and Lis, 2005, Blazek et al., 2005).
Although this implies that GATAL1 might have a direct effect on gene transcription by
recruitment of RNA polymerase Il, only a restricted set of genes has been shown to be

affected by this recruitment (Pope and Bresnick, 2013, Pope and Bresnick, 2010).
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It has also been noted that the transcriptional outcome in multiple loci can be regulated
form multiple co-factors albeit with different degrees of redundancy (Pope and Bresnick,

2010).

1.4 Epigenetic changes in chromatin during erythroid differentiation

Although post translational modifications of histones are usually the result of gene
regulation, they give insight into the mechanisms that control gene regulation. Some
patterns have emerged from the studies that have been performed either genome wide or

by interrogating specific loci.

As with embryonic stem cells, bivalent genes that have both activating (H3K4me3) and
repressor marks (H3K27me3), in their promoters, have been found (Cui et al., 2009). In a
model of differentiation from CD133+ progenitors to CD36+ pro-erythroblasts, 19% of the
2910 hivalent genes lost the H3K27me3 mark during differentiation. Simultaneously the
genes had H3K4mel, H3K9mel and poised RNA polymerase Il which indicates that the

genes were primed for activation upon loss of the repressor marker (Cui et al., 2009).

Another subset of genes in multipotential hematopoietic stem cells showed enrichment for
the H3K4me2 but not the H3K4me3 markers. These markers usually co-exist. This set of
genes is enriched with lineage-specific hematopoietic genes. Upon erythroid
differentiation, the erythroid specific genes from this subset gained H3K4me3 and were
induced whereas non-erythroid genes lost the H3K4me2 and were repressed. Thus the

H3K4me2 mark, at least in this subset, acts as a bivalent switch (Orford et al., 2008).
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Upon reconstitution of GATAL in a GATAL null erythroblast cell line no significant change
in the H3K4me3 and H3K27me3 status of genes has been noticed. On the other hand,
RNA polymerase |l elongation marks, such as H3K16ac and H3K79me2 are better
classifiers of the change in gene expression during erythroid differentiation (Wu et al.,

2011).
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Figure 3. A) Structural organisation of GATAL. The two C,C, Zn fingers are presented as
green coloured boxes. The NF represents the N-terminal Zn finger, the CF represents the
C-terminal Zn finger. The transactivation domains are presented as red coloured boxes.
The N-TAD represents the N-terminal Transactivation Domain (acidic transactivation
domain), the C-TAD represents the C-terminal Transactivation Domain (proline-rich
transactivation domain) (Kaneko et al., 2012). The interaction regions of GATAL with other
proteins are shown with black horizontal bars along with the respective protein name (see
section 1.3.1 and 3.5.7). The brown box represents a region with a high frequency of
basic amino acids where the nuclear localization signal (NLS) lies. The picture is adapted

from (Kim and Bresnick, 2007). B) Structural organisation of FOG1. The C,HC Zn fingers
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are present as purple coloured boxes. The C,H, Zn fingers are present as yellow coloured
boxes. The interaction regions of FOG1 with other proteins are shown with black
horizontal bars along with the respective protein name (see section 1.3.3). The picture is
adapted from (Chlon and Crispino, 2012). C) Structural organisation of KLF1. The three
C,H> Zn fingers are presented as orange coloured boxes. The N-terminal Transactivation
Domain (N-TAD) (proline-rich transactivation domain) is presented as a blue coloured
box. The light brown box represents a region with a high frequency of basic amino acids
where the nuclear localization signal (NLS) lies. The vertical green dotted lines represent
amino acids with post translational modifications (blue letters), namely sumoylation
(SUMO) and acetylation (Ac). The interaction regions of KLF1 with other proteins are
shown with black horizontal bars along with the respective protein name (see section
1.3.4). Regions where the black horizontal bars cross amino acids with post translational
moadifications, indicate that the co-factors need the post-translational modification in order
to be able to bind. The picture is adapted from (Yien and Bieker, 2013). The numbers

represent the position of the first and last amino-acid in each domain.
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Figure 4. Multiprotein complexes of GATAL. Interactions of GATAL with LMO2, LDB1,
E2A, TAL1, FOG1, EKLF (KLF1), SP1 are presented (A). Not all proteins exist in the
same complex at the same time (B). The N-ZnF indicates interaction with the N-terminal
Zn finger of GATAL. The C-ZnF indicates interaction with the C-terminal Zn finger of
GATAl. (A) adapted from (Wilinson-White et al., 2011). (B) from

http://www.erasmusmc.nl/cellbiology/research/research-groups/grosveld/1410123/.
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1.5 Models of erythropoiesis

Below we present some of the models that have been used to understand the

differentiation process from an erythroid progenitor to a late erythroblast:

1.5.1 Isolation of fetal liver cells from E14.5 mice

The majority of liver cells in this developmental stage are erythroid in different stages of
maturation. These cells can be grouped in five populations based on the amount of two
proteins: glycophorine A (TER119) and the transferrin receptor (CD71) (Figure 5). These

subpopulations are the following (Zhang et al., 2003):

1. R1 (CD71medTER119low) (primitive progenitor cells and proerythroblasts,
benzidine negative)

2. R2 (CD71highTER119low) (proerythroblasts and early basophilic erythroblasts,
benzidine negative)

3 R3 (CD71highTER119high) (early and late basophilic erythroblasts, mixture of
weak benzidine positive and benzidine negative)

4 R4 (CD71medTER119high) (chromatophilic and orthochromatophilic erythroblasts,
all benzidine positive)

5 R5 (CD7llowTER119high) (late orthochromatophilic erythroblasts and

reticulocytes, all benzidine positive)

The TER119- erythroid progenitors (CFU-e, BFU-e enriched populations) (R1, R2
populations) and TER 119+ erythroblasts (R3, R4, R5 populations) show low and high

amount of GATAL respectively.

24



1.5.2 Differentiation of a mouse erythroleukaemia cell line (MEL cells)

The spleen has a supportive role in erythropoiesis especially under conditions that reduce
the oxygen to tissues. In normal mice, it contributes 10% in erythropoiesis. In
phlebotomized mice this contribution increases to 40%. Upon inoculation of susceptible
mice with the Friend virus complex, the mice develop polyclonal proliferation of splenic
erythroblasts in two stages that will eventually cause erythroleukemia. These clones
demonstrate p53 inactivation, activation of the ETS family transcription factor PU.1 and
constitutive activation of the EpoR (Ney and D'Andrea, 2000). These cells are blocked to
the erythroblast stage and they can undergo terminal erythroid differentiation upon DMSO
induction (Friend et al., 1971). During the differentiation process the cells exit from the cell
cycle and they show a 100-fold increase of the adult f-major globin gene transcription and

haemoglobin synthesis (Scher et al., 1973, Sawado et al., 2001).

1.5.3 Differentiation of GATAL1-/- mouse ES cells upon GATAL restoration

This model was created from GATAL null mouse ES cells (G1E) that were cultured under
conditions that favour the development of erythroid cell colonies (Weiss et al., 1997).
Because GATAL-/- erythroid precursors arrest at the proerythroblast stage and undergo
apoptosis (Weiss and Orkin, 1995, Weiss et al., 1994, Pevny et al., 1995), a human Bcl-2
cDNA was introduced to decouple developmental arrest from apoptosis but the cells
eventually became BCL2 independent. The G1E cells resemble immature erythroblasts
(Welch et al., 2004) (BFU-e, CFU-e). Upon GATAL restoration and in the presence of
erythropoietin, the cells undergo terminal erythroid maturation (late orthochromatic
erythroblasts) (Figure 2C). GATAL restoration is achieved either through lentiviral
expression or through an estradiol inducible translocation of GATAL-ER to the nucleus in

a GATAL stable G1E cell line (G1E-ER4 cells). It should be noted that the G1E cells upon
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GATAL restoration and in the presence of TPO (thrombopoietin) and IL3, the cells

differentiate towards megakaryocytes.

1.5.4 Differentiation of human CD34+ cells from peripheral blood

Human CD34+ cells from peripheral blood which represent hematopoietic progenitor cells
can be differentiated into pro-erythroblasts (CD36+) using a cocktail of different cytokines
including EPO (erythropoietin) ex vivo. The CD34+ cells in the presence of TPO

(thrombopoietin) can be differentiated towards the megakaryocytic pathway.

1.5.5 Differentiation of human K562 cells

K562 cells is a multipotential hematopoietic cell line derived from a patient with chronic
myelogenous leukaemia (CML). Erythroid differentiation of K562 cells is induced with
hemin (Sutherland et al., 1986). K562 are also able to differentiate in megakaryocytes

(Sutherland et al., 1986).
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Figure 5 (previous and current page). A) Population of cells from the mouse fetal liver of
E14.5. The cells were labeled with an antibody against CD71 (transferrin receptor) and
TER119 (glycophorine A) (axes indicate relative logarithmic fluorescence units) and FACS
sorted into 5 distinct populations (R1 to R5, see text for more details). The gating results
are indicated. B) The morphologic changes (May-Grunwald Giemsa stain) and
accumulation of hemoglobin (BZ, benzidine stain for hemoglobin) in the R1 to R5

populations is shown. From (Zhang et al., 2003).
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1.6 Experimental strategies to investigate transcription factor-DNA interactions

Transcription factor (TF)-DNA interaction studies involve the characterisation of the DNA
sequences that the protein prefers, the genomic location of the protein under specific
conditions and its effect on gene expression. These studies involve in vitro assays like
Electrophoretic Mobility Shift Assays (EMSA), in vivo assays like Chromatin
Immunoprecipitation (ChlP) and reporter assays of specific promoter/enhancer

sequences.

The classical in vitro approaches lacked the high-throughput requirements for a
systematic and comprehensive characterization of TF-DNA interactions. The
comprehensive characterization of TF binding profiles only became feasible with the
advent of microarray and high—throughput sequencing based methods (Jolma and

Taipale, 2011) (Figure 6).

1.6.1 High—throughput methods to characterize protein-DNA interactions in vitro

1.6.1.1 Sequencing based methods to characterize protein-DNA interactions

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) was the first
experimental technique that could determine de novo TF binding sites. Purified TFs are
added to the library of DNA sites and the bound and unbound sequences are separated
by various biochemical procedures. Due to the limitations of conventional sequencing, the
original approaches relied on a high number of selection cycles that resulted in the

selection of only a few high-affinity binding sites, something that was not capturing
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comprehensively the complex relationship between sequence composition and binding
affinity for a TF (Gerland et al., 2002, Zhao et al., 2009). To overcome this limitation, in
vitro selection was coupled with high throughput sequencing technologies. The first
method SELEX-SAGE (Roulet et al., 2002) used the SAGE (Serial Analysis of Gene
Expression) technique to sequence the selected DNA sites. The development of next-
generation sequencing platforms saw the use of these technologies for sequencing all the
bound DNA sites. Six methodologies based on similar principles were currently presented
Bind-n-Seq (Zykovich et al., 2009), SELEX-seq (Jolma et al., 2010, Slattery et al., 2011),
HT-seq (Zhao et al., 2009), EMSA-seq (Wong et al., 2011a), PB-seq (Guertin et al.,
2012), HITS-FLIP (Nutiu et al., 2011) (Figure 6). The advantage of these techniques is
that there is no inherent limit to the length of the binding site that can be investigated.
SELEX-seq involves multiple rounds of binding and amplification and in each round the
bound DNA is sequenced. The binding affinities of the protein are calculated by taking into
account all the rounds and giving major emphasis in the last rounds. On the contrary in
EMSA-seq (Figure 7) only the first round of selection is used to extract relative binding
affinities for a vast number of DNA sequences. These relative affinities are represented as
fold enrichment of sequenced DNA fragments versus the non-selected pool. Although
higher affinity sites have a higher probability of being bound by the TF, after a single
selection most of the bound sequences are still medium to low affinity because they
greatly exceed the number of high-affinity sequences. PB-seq conceptually is similar to

EMSA-seq but the protein is incubated with naked, sheared genomic DNA.
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Figure 6 (previous three pages). Experimental techniques to study protein DNA
interactions (A). The techniques illustrated in (A) are: Electrophoretic Mobility Shift Assay
(EMSA) (in (B) picture adapted from (Kim et al., 2007a)), Surface Plasmon Resonance
(SPR) (in (B) picture from (Cooper, 2002)), Mechanically Induced Trapping of Molecular
Interactions (MITOMI) (in (B) picture from (Fordyce et al.,, 2010)), Protein Binding
Microarrays (PBM) (in (B) picture from (Geertz and Maerkl, 2010)), Systematic Evolution
of Ligands by Exponential Enrichment (SELEX/SELEX-seq) (in (B) picture from (Geertz
and Maerkl, 2010)), Cognate Site Identification (CSI) (Warren et al., 2006), Chromatin
Immunoprecipitation (ChIP) (in (B) picture from (Park, 2009)), DNA adenine
methyltransferase identification (DamlD), DNA Immunoprecipitation (DIP), DNase |
assays. The abbreviations of x-axis in (A) are the following: CS (Consensus sequence),

PWM (Position Weight Matrix). Adapted from (Geertz and Maerkl, 2010).
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Figure 7. Outline of the EMSA-seq approach. DNA isolated from one round of EMSA
experiments is sequenced with next generation sequencing platforms. K-mers (for
example 8mers) are deconvoluted from the bound and the initial degenerate DNA oligo
pool. Enriched k-mers are used to create DNA binding models for the selected
transcription factor. Enriched k-mers are also projected in vivo in ChlP-seq binding sites.
There is no restriction in the length of the degenerate region of the DNA library (usually 20

bases). Adapted from (Wong et al., 2011a).
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1.6.1.2 Microarray based methods to characterize protein-DNA interactions

DNA microarray chips preceded the development of high throughput sequencing. Here
the binding reactions were performed on immobilized double-stranded DNA
oligonucleotide arrays (Protein Binding Microarrays, PBM) (Warren et al., 2006, Berger et
al., 2006, Bulyk et al., 2001, Carlson et al., 2010). The protein of interest is allowed to bind
to a PBM and the binding events are detected with fluorophore coupled antibodies against
the protein of interest (Figure 6). Signal intensities are analyzed and interpreted as
differential binding profiles. The early limitation of this technology was the number of
different DNA molecules that could be spotted on the glass. Bioinformatic approaches
were developed to permit the incorporation of the maximum number of overlapping DNA
oligos of interest in the least amount of sequence space (de-Brujin approach) (Mukherjee
et al., 2004). Recent advances permitted the fabrication of high-density arrays, having all
permutations of a 10-mer sequence. Using such PBMs a broad range of TFs was

comprehensively examined (Badis et al., 2009).

1.6.1.3 Additional platforms to characterize protein-DNA interactions

Surface Plasmon Resonance (Paul et al., 2009) offers a low throughput investigation of
the interaction of protein-DNA complexes. It can be made relatively high-throughput by
using surfaces with arrays of different DNA molecules (Shumaker-Parry et al., 2004). The
main advantage of this technique is that one can measure accurate TF-binding kinetics,
specifically association and dissociation constants. Recently, a microfluidics based
platform has been presented, which employs a detection method based on the trapping of
TF-DNA interactions in chambers (MITOMI) (Fordyce et al., 2010). This approach is also

able to give accurate TF-DNA dissociation constants in the nanomolar scale.
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1.6.2 Methods to characterize protein-DNA interactions in vivo

In vitro approaches usually give the binding specificities of a protein against a specific
DNA sequence. In contrast in vivo techniques, determine the locations within the genome
where the TFs bind and provide candidate genes that they are likely to regulate. Different
alternatives of the immunoprecipitation of cross-linked chromatin have been proposed like
DNA immunoprecipitation-chip  (DIP-chip) (Liu et al., 2005), DNA adenine
methyltransferase immunoprecipitation (DamlID) (van Steensel and Henikoff, 2000), ChlIP-
chip (Ren et al., 2000), ChlP-seq (Johnson et al., 2007a). Their main difference lies in the
resolution of the genomic signal that they provide. The most widely adopted methods with
the highest resolution were the ChIP-chip and its successor ChlP-seq. In these two
approaches, sheared DNA fragments that were bound to the protein of interest are
analysed by either hybridization on tilling microarrays (ChlP-chip) or by sequencing with
high-throughput sequencing technologies (ChlP-seq). ChlP-seq has improved resolution,
lower noise levels, and a higher dynamic range (Johnson et al., 2007a). However, the
resolution of the binding locations is not sufficient to identify the binding sites precisely,
only to indicate a region of 100 or more nucleotide bases in which the TF complex
resides. Recently ChIP assays combined with Exonuclease digestion (ChiP-exo) have
been used to narrow down candidate sequences in the immunoprecipitated regions (Rhee
and Pugh, 2011). An alternative approach for extracting high resolution DNA binding sites
from in vivo data is to overlap the genomic positions where the protein binds with a digital
DNase | footprinting profile (Hesselberth et al., 2009). In this case dense mapping at
single-nucleotide resolution of the individual DNase | cleavage sites enables the detailed
indentification of the DNA sequence where the transcription factor binds (Hesselberth et
al.,, 2009). In all the above examples, applying motif discovery algorithms to the
sequences of those binding regions can usually identify the main overrepresented

features of the binding motif but the accuracy of these models is limited. This approach is
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unsatisfactory for the distinction of direct and indirect protein—-DNA interactions (Gordan et
al., 2009). On the other hand, knowing the binding specificities of a TF for a big variety of
DNA sequences, if the TF binds to regions of the genome that lack strong binding sites, it
is an indication that the TF binds indirectly or that it binds to a weak binding site that
requires cooperativity with other factors. In both cases, that information leads to the

search for additional interacting factors.

1.7 Definition of transcription factor binding specificities

The term specificity means the ability of a TF to discriminate between different DNA
sequences (Stormo and Zhao, 2010). This requires knowing the affinity to the entire set of
potential binding sites in order to construct models that allow the complete specificity to be
accurately represented. Other than just using the consensus sequence for the highest
affinity sites, the simplest and most widely used DNA affinity model is a position weight
matrix (PWM) (Stormo, 2000). In the simplest form of this model, a score is calculated for
each possible base at each position in the binding site. The sum of the individual base
scores gives a total score for that sequence. This allows the model to provide a score to
all possible binding sites for the protein. The PWM model assumes that each position
independently contributes to the binding. Although the DNA binding specificities of some
TFs can adequately be explained with such a simple model for some of them two or more
PWMs need to be employed to explain the modes of binding (Badis et al., 2009). For this
reason, more complex models assuming dinucleotide interdependency (Sharon et al.,
2008) or higher order interactions (Bulyk et al., 2002), that do not assume additivity of the
individual bases, have been proposed. Still these models have not found a wide usage.
Other approaches involve reporting for every possible bound DNA molecule of a certain

length (k-mer), of an enrichment score versus the non-selected DNA molecules (Berger
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et al., 2006, Newburger and Bulyk, 2009). These are the most complete approaches
considering that they report both low and high affinity binding sites. The classification of
different families of transcription factors and of different members of the same family is
based on the whole spectrum of binding affinities (Badis et al., 2009, Berger et al., 2008,
Jolma et al., 2013). It has also been shown that low affinity interactions are important in
vivo (Schmidt et al., 2010, Tanay, 2006, Bradley et al., 2010). Thus a comprehensive
representation of the transcription factor binding landscape is important to understand the

biological role of the protein.

1.8 Importance of transcription factor DNA binding specificities and their relevance

on the induction of gene expression

High-throughput investigation of the DNA binding specificities of a large number of
transcription factor families was undertaken recently in two major studies for both human
and mouse proteins (Jolma et al., 2013, Badis et al., 2009). Although these investigations
exposed the complexity of DNA interactions of each individual protein family, still the way
these binding specificities synergize with each other in order to affect gene expression
was not very clear until recently. By exploiting high throughput promoter arrays combined
with single cell analysis, the effect on gene expression has been slowly exposed (Sharon

et al., 2012, Melnikov et al., 2012).
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Aims of the project

Devise a novel methodology to investigate the DNA binding specificities of a
protein using high-throughput sequencing platforms.

Create the experimental framework, of the novel methodology, in order to extract a
comprehensive picture of the DNA binding preference of a specific protein.

Create the analytical framework, of the novel methodology, that will help in the
interpretation of the acquired results.

Use the novel methodology to characterise the DNA binding specificities and
affinities of two proteins that belong to different families, namely the erythropoiesis
related transcription factors GATA1 and KLF1.

Assess the resolution and the sensitivity of the novel methodology by investigating
how the DNA binding specificities of GATAL change upon complexation with its
transcriptional co-factors, FOG1 or KLF1.

Investigate how the DNA binding specificities of KLF1 change upon complexation
with GATAL.

Assess whether the in vitro derived DNA binding specificities can be found in vivo,
in GATAL1 and KLF1 ChIP-seq data, taking into account the limited resolution in
detailed motif characterisation that can be inferred from the ChiP-seq studies.
Decipher how the DNA binding affinities of GATAL and KLF1 ChlIP-seq peaks are
associated with the regulation of gene expression during erythropoiesis.
Specifically, examine the distribution of the GATAL or KLF1 DNA binding affinities
in enhancer, distal or proximal promoter regions and in the presence or absence of
other GATAL transcriptional co-factors. Additionally, examine how the DNA
binding affinities of GATAL1 and KLF1 ChIP-seq peaks are correlated with the
change of histone post translational modifications locally and in the promoter of

nearby genes.

40



CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

The SF9 cells were cultured in insect cell culture medium (Sf-900° Il SFM, Life
Technologies, USA) supplemented with 10% FBS (Fetal Bovine Serum Gold (GE
Healthcare)). The SF9 cells were grown in sterilized glass flasks or Erlenmeyer
polycarbonate cell culture flasks (Corning). The BL21 (DE3) Escherichia coli (Merck,
UK) were cultured in Luria Broth (Life Technologies, USA). The custom made DNA
retardation gels were created using the following materials: empty mini 1.0 mm Novex®
Gel Cassettes (Life Technologies, USA), Novex® TBE Running Buffer (5X) (Life
Technologies, USA), 30% Acrylamide/BIS Solution 29:1 (Biorad), Ammonium persulfate
(Sigma), Novex® Empty Gel Cassette Combs mini 1.0 mm 1 well or 2 wells or 5 wells (Life
Technologies, USA). The following materials were purchased from the indicated
companies: HEPES (Sigma), KCL (Sigma), Poly(dl-dC) (Sigma), EDTA (Sigma), EGTA
(Sigma), ZnSO, (Sigma), MgCl, (Sigma), glycerol (Fisher Chemical), Trizma® base

(Sigma), DTT (Sigma), Triton X-100° (Sigma).

2.2 Amino acid sequence of proteins that were used in this study
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The protein sequences that were used along with their purification tags are the following:

e Mus musculus GATA1 amino acid sequence (MGATAlyc): aa 200-318 (N-
terminal: FLAG-tag, C-terminal: 6x His-tag) of wild type GATAl (UniProt ID:

P17679)

MADYKDDDDKEARECVNCGATATPLWRRDRTGHYLCNACGLYHKMNGQNRPLIRPKK
RMIVSKRAGTQCTNCQTTTTTLWRRNASGDPVCNACGLYFKLHQVNRPLTMRKDGIQT

RNRKASGKGKKKRGKHHHHHH

e Mus musculus GATALl amino acid sequence (MGATALc): aa 249-318 (N-
terminal: FLAG-tag, C-terminal: 6x His-tag) of wild type GATA1l (UniProt ID:

P17679)

MADYKDDDDKIVSKRAGTQCTNCQTTTTTLWRRNASGDPVCNACGLYFKLHQVNRPLT

MRKDGIQTRNRKASGKGKKKRGKHHHHHH

e Mus musculus GATAL amino acid sequence (Wt-mGATAL): aa 1-413 (C-terminal:

6x His-tag) of wild type GATAL (UniProt ID: P17679)

MDFPGLGALGTSEPLPQFVDSALVSSPSDSTGFFSSGPEGLDAASSSTSPNAATAAASA
LAYYREAEAYRHSPVFQVYPLLNSMEGIPGGSPYASWAYGKTALYPASTVCPSHEDAPS
QALEDQEGKSNNTFLDTLKTERLSPDLLTLGTALPASLPVTGSAYGGADFPSPFFSPTGS
PLSSAAYSSPKFHGSLPLAPCEARECVNCGATATPLWRRDRTGHYLCNACGLYHKMNG
QNRPLIRPKKRMIVSKRAGTQCTNCQTTTTTLWRRNASGDPVCNACGLYFKLHQVNRPL
TMRKDGIQTRNRKASGKGKKKRGSNLAGAGAAEGPAGGFMVVAGSSSSGNCGEVASG
LALGTAGTAHLYQGLGPVVLSGPVSHLMPFPGPLLGSPTTSFPTGPAPTTSSTSVIAPLS

SKHHHHHH
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e Mus musculus FOG1 amino acid sequence (wt-mFOG1): aa 1-995 (C-terminal:

FLAG-tag ) of wild type FOG1 (UniProt ID:035615)

MSRRKQSNPRQIKRSLRDMEAGEEAKAMDSSPKEQEAPDPEAPAIEEPPSPPREDVSP
PAVPAPPESPEDPEDMEGQELEMRPQDEEKEEKEEEAAMASPWSGPEELELALQDGQ
RCVRARLSLTEGLSWGPFYGSIQTRALSPEREEPGPAVTLMVDESCWLRMLPQVLTEEA
ANSEIYRKDDALWCRVTKVVPSGGLLYVRLVTEPHGAPRHPVQEPVEPGGLAPVHTDIQ
LLPQQAGMASILATAVINKDVFPCKDCGIWYRSERNLQAHLLYYCASRQRAGSPVSATEE
KPKETYPNERVCPFPQCRKSCPSASSLEIHMRSHSGERPFVCLICLSAFTTKANCERHLK
VHTDTLSGVCHNCGFISTTRDILYSHLVTNHMVCQPGSKGEIYSPGAGHPAAKLPPDSLA
GFQQHSLMHSPLVPADKAPTPSSGLDSKAEVTNGETRVPPQNGGSSESPAAPRTIKVEA
AEEPEATRASGPGEPGPQAPSRTPSPHSPNPVRVKTELSSPTPGSSPGPGELTMAGTL
FLPQYVFSPDAGTTTVPTAPQASEILAKMSELVHNRLQQGAGSSGAAGTPTGLFSGTKG
ATCFECEITFNNINNFYVHKRLYCSGRRAPEDPPTVRRPKAATGPARAPAGAAAEPDPS
RSSPGPGPREEEASGTTTPEAEAAGRGSEGSQSPGSSVDDAEDDPSRTLCEACNIRFS
RHETYTVHKRYYCASRHDPPPRRPPAPTTAPGPAAPALTAPPVRTRRRRKLYELPAAGA
PPPAAGPAPVPVVPSPTAELPSSPRPGSASAGPAPALSPSPVPDGPIDLSKRPRRQSPD
APTALPALADYHECTACRVSFHSLEAYLAHKKYSCPAAPLRTTALCPYCPPNGRVRGDL
VEHLRQAHGLQVAKPAASPGAEPRTPAERAPRDSPDGRAPRSPSPAPENTPSDPADQG
ARTPSKGPPAPAPAPGGGGGHRYCRLCNIRFSSLSTFIAHKKYYCSSHAAEHVKDYKDD

DDK

e Mus musculus KLF1 amino acid sequence (mMKLF1,57.358): @aa 257-358 (N-terminal:

6xHis-tag, C-terminal: FLAG-tag) of wild type KLF1 (UniProt ID: P46099)

MAHHHHHHVGTGTAPPKRSRRTLAPKRQAAHTCGHEGCGKSYTKSSHLKAHLRTHTGE
KPYACSWDGCDWRFARSDELTRHYRKHTGHRPFCCGLCPRAFSRSDHLALHMKRHLA

DYKDDDDK
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e Mus musculus FOGL1 finger 1 amino acid sequence (MFOGLfingern): aa 241-295
(N-terminal: FLAG-tag, C-terminal: HA-tag) of wild type FOG1 (UniProt

ID:035615)

MAGYPYDVPDYAGMASILATAVINKDVFPCKDCGIWYRSERNLQAHLLYYCASRQRAGS

P VSATEEKPDYKDDDDK

e Mus musculus FOGL1 finger 5, 6 amino acid sequence (MFOG1ngerss): @a 563-760
(N-terminal: FLAG-tag, C-terminal: HA-tag) of wild type FOG1 (UniProt

ID:035615)

MAGYPYDVPDYAGVHNRLQQGAGSSGAAGTPTGLFSGTKGATCFECEITFNNINNFYV

HKRLYCSGRRAPEDPPTVRRPKAATGPARAPAGAAAEPDPSRSSPGPGPREEEASGTT
TPEAEAAGRGSEGSQSPGSSVDDAEDDPSRTLCEACNIRFSRHETYTVHKRYYCASRH

DPPPRR PPAPTTAPGPAAPALTAPPVRTRRRRKLYELDYKDDDDK

e Mus musculus FOGL1 finger 9 amino acid sequence (MFOGLfingerg): aa 945-995
(N-terminal: FLAG-tag, C-terminal: HA-tag) of wild type FOG1 (UniProt

ID:035615)

MAGYPYDVPDYAGPSKGPPAPAPAPGGGGGHRYCRLCNIRFSSLSTFIAHKKYYCSSH

AA EHVKDYKDDDDK

The MGATAL, mFOG1l and mKLF1 cDNA were a gift from Dr. John Strouboulis

(Alexander Fleming BSRC, Athens, Greece).
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2.3 Expression, purification and characterization of proteins and protein complexes

used in this study

2.3.1 Protein expression and purification from insect cells

Baculoviruses were generated in SF9 cells with the use of the Bac-to-Bac Baculovirus
Expression System (Life Technologies, USA). Briefly, the plasmids of pFASTBAC Dual
(Life Technologies, USA) containing the relevant cDNAs were subjected to recombination
with the baculoviral genome in DH10Bac bacterial cells (Life Technologies, USA) as per
manufacturer’s protocol. The resulting recombinant viral genomes were isolated with the
BACMAX DNA purification kit (Epicentre Biotechnologies, USA). Two rounds of viral
amplification were performed before protein production. During the first round, the viral
particles were produced in a non-steering culture in a 6 well CELLSTAR plate (Greiner
bio-one, USA), by transfecting 2x10° SF9 cells with 2 pg of viral recombinant genome
and 120 pl of FUGENE-6 (Roche Diagnostics Ltd, UK) for 5 days. The second round of
viral amplification was done by infecting a 1x10° cells/ml culture of SF9 cells with the first
round of viral particles (dilution factor 1:40 times) for 5 days. Subsequently, the protein
expression was done by infecting 1x10° cells/ml cultures of SF9 cells with the appropriate
amount of viral particles (M.O.l) for the appropriate amount of time. For the wt-mGATALl
alone and the wt-mGATALl/wt-mFOG1 complex the protein expression was done for two
and three days respectively as mentioned in the main text. The ratio of viral particles to

cells and the protein production period were optimised so as:

i) In case of undiluted virus, the survival of the SF9 cells, at the end of the protein
production period, is at least 90% of the initial number of cells.
i) In case of diluted virus, the total number of the SF9 cells at the end of the

protein production period is no more than 5x10° cells/ml.
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iii) In case of diluted virus, the optimal viral dilution was selected as the one that
uses the minimum amount of viral particles that give the maximum protein
production per specific number of SF9 cells.

iv) Degradation fragments of the protein were tried to be minimised by diluting the

virus.

The proteins were purified based on their purification tags as per manufacturer’s protocol.
In more detail, for proteins that had the His-tag, and were purified first again the His-tag
and secondly with DNA affinity purification (Wt-mGATA1 and wt-mGATAl/wt-mFOG1

complex), the purification protocol was as follows:

Ni-NTA beads for purification of His-tagged proteins were purchased from Novagen
(Merk, UK). One litter of infected SF9 cells was harvested in “lysis” buffer (50 mM
NaH,PO, pH 8.0, 300 mM NaCl, 10mM Imidazole, 2x complete EDTA-free Protease
Inhibitors (Roche)) and sonicated for 2.5 minutes with 10 pulses On-Off. Then, 20% Triton
X-100 for a final concentration of 0.5% was added to the lysate and the lysate was left
rotating at 4°C for 30 minutes. Eventually, the debris were removed via centrifugation at
16000xg for 30 minutes. Then the cleared lysate was incubated with the Ni-NTA beads for
30 minutes, washed 3 times in “wash” buffer (50 mM NaH,PO, pH 8.0, 300 mM NacCl,
20mM Imidazole) and eluted with “elution” buffer (50 mM NaH,PO, pH 8.0, 300 mM
NaCl, 250mM Imidazole). Afterwards, the buffer was exchanged with “DNA-bind” buffer
(10mM Hepes pH 7.5, 0.3mM EDTA, 0.6mM EGTA, 50mM KCI, 10% glycerol, 0.05%
Triton X-100, 1.5mM DTT) and the eluted proteins were incubated with a mixture of 3
different biotinylated DNA oligonucleotides conjugated with Streptavidin-Agarose beads
(Sigma-Aldrich) for 2 hours, washed 3 times for 5 minutes with the “DNA-wash” buffer
(10mM Hepes pH 7.5, 0.3mM EDTA, 0.6mM EGTA, 150mM KCI, 10% glycerol, 0.05%
Triton X-100, 1.5mM DTT) and eluted in “DNA-elution” buffer (10mM Hepes pH 7.5,
0.3mM EDTA, 0.6mM EGTA, 500mM KCI, 10% glycerol, 0.05% Triton X-100, 1.5mM
DTT). Finally, the DNA-elution buffer was exchanged with “DNA-bind” buffer with
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ultracentrifugation columns (Amicon Ultra-0.5 mL Centrifugal Filters, Millipore, USA)
(30kDa cut off for the wt-mGATAL alone or 100kDa cut off for the wt-mGATAl/wt FOG1
complex) and the proteins were stored at -80°C. The purified recombinant proteins were

detected by SDS-PAGE and Coomassie Blue staining.

The double-stranded purification oligonucleotides used were AACTGATAAGGAT (Perkins
et al, 1989), GCGCTCAGAGATAAGGCCTTG (Yu et al, 2002),
GATCTCCGGCAACTGATAAGGATTCCCTG (Eisbacher et al.,, 2003). All the single
stranded purification oligonucleotides were obtained from METABION international AG
(Martinsried, Germany). Prior to use the oligonucleotides were prepared as follows. The
positive and the negative strand were annealed via incubation in NEB Buffer 3 at 94°C for
1 minute and then subsequently for an additional 69 cycles of 1 minute each coupled to a
per-cycle, step-wise decrease of 1°C. A pre-annealed oligo mixture (712.5 pl) was
conjugated with the streptavidin-agarose beads for 1 hour at room temperature and
subsequently washed 3 times in “DNA-bind” buffer before incubation with the purified

protein.

2.3.2 Protein expression and purification from bacteria cells

For the bacterial expression of one protein fragment per bacterial cell the pET-45(b+) DNA
vector (Millipore, USA) was used. For the simultaneous expression of two protein
fragments per bacterial cell the pETDuet-1 DNA vector (Millipore, USA) was used. The
expression was performed in BL21 (DE3) Escherichia coli (Merck, UK). The mGATA1yc,
MGATAL:, mKLF1,5,.355 Were expressed as fusion proteins with a HIS tag and a FLAG-
tag. In case of the mMGATALyc/MKLF1,57.355 complex, the mGATALyc was expressed as
fusion protein with an HA tag and a HIS tag whereas the mKLF1,57.35¢ Was expressed as

fusion protein with an HA tag and a FLAG-tag. In case of the mMGATA1No/MFOG Lfinger, the
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MGATALNc/MFOGLjingerss OF the MGATALnc/MFOG Liingers cCOMplexes, the mMGATALyc was
expressed as fusion protein with an HA tag and a HIS tag and the
MFOG Liinger1/MFOG Liingerss/MFOG Liingers Were expressed as fusion proteins with an HA tag
and a FLAG-tag. All the proteins were expressed through induction of the bacterial cells
with 0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Sigma) at 37°C for 5 hours.
The bacterial cells were harvested in “FLAG binding” buffer (50mM Tris pH 7.5, 5mM
EDTA, 150mM NaCl, 0.1% NP-40, 2x complete EDTA-free Protease Inhibitors
(Roche,UK)). The pellets were sonicated for 2.5 minutes with 10 pulses On-Off. Then,
20% Triton X-100 for a final concentration of 0.5% was added to the lysate and the lysate
was left rotating at 4°C for 30 minutes. Eventually, the debris were removed via
centrifugation at 16000xg for 30 minutes. A two-step purification procedure was then

performed as follows.

In the first step the cleared lysate was incubated with beads that were coated with an anti-
FLAG antibody (ANTI-FLAG® M2 Affinity Gel, Sigma, A2220) (approximately 40 ul per 2ml
of cell lysate) at 4°C for 2 hours. The beads were then washed 2 times with 5ml of “FLAG
binding” buffer. Next, the beads were washed 1 more time with 5ml of FLAG binding
buffer, the supernatant was discarded, and 50 ul of FLAG binding buffer was left on top of
the beads. The elution of the bound protein was done with a FLAG peptide (3x FLAG
peptide, Sigma, F4799). Specifically, 200-450 ul of “FLAG elution” buffer solution was
put to the resin. The “FLAG elution” buffer contained 180 pug/ml of 3x FLAG peptide in
“FLAG binding” buffer. The eluted protein was then buffer exchanged in “Ni-NTA bind”
buffer (50 mM NaH,PO, pH 8.0, 300 mM NaCl, 10mM Imidazole) with ultracentrifugation
columns (Amicon Ultra-0.5 ml Centrifugal Filters, Millipore, USA) (10kDa cut off for the
MGATALlyc or the mMKLFl57358 Or the MGATAlno/MmKLF1,57358 complex or the
MGATALN/MFOGLiingern  OF  MGATALN/MFOGLingerss  OF MGATALNc/MFOG Liingero

complexes and 3kDa for the mGATALc).
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The second purification step was performed with Ni-coated beads against the HIS tag
('Ni-NTA His-Bind Resin' system, Merck, #70666). The eluted proteins in “Ni-NTA bind”
buffer were incubated with the Ni-NTA beads for 30 minutes, washed 3 times in “wash”
buffer (50 mM NaH,PO, pH 8.0, 300 mM NaCl, 20mM Imidazole) and eluted with

“elution” buffer (50 mM NaH,PO, pH 8.0, 300 mM NacCl, 250mM Imidazole).

To further clean the GATAlyc and mKLF1,s7355 proteins instead of column
chromatography, two ultracentrifugation steps were also performed. At first the protein
solution was passed from a 30kDa cut-off ultracentrifugation column (Amicon Ultra-0.5 ml
Centrifugal Filters, Millipore, USA) and the flow through was passed from a 10kDa cut-off
ultracentrifugation column (Amicon Ultra-0.5 ml Centrifugal Filters, Millipore, USA). Then,
the retained fraction of the last column was kept. During the last two ultracentrifugation
steps, the buffer was exchanged with “storage” buffer (10mM Hepes pH 7.5, 50mM KCl,

10% glycerol, 0.05% Triton X-100, 1.5mM DTT).

To clean the GATA1Nc/FOGinger1, GATALN/FOG Liingerss and GATALnc/FOG Liingers protein
complexes two ultracentrifugation steps were again performed. At first the protein solution
was passed from a 50kDa cut-off ultracentrifugation column (Amicon Ultra-0.5 mi
Centrifugal Filters, Millipore, USA) and then the flow through was passed from a 10kDa
cut-off ultracentrifugation column (Amicon Ultra-0.5 ml Centrifugal Filters, Millipore, USA).
Then the retained fraction of the last column was kept. During the last two

ultracentrifugation steps, the buffer was exchanged with “storage” buffer.

To clean the GATAL. protein, two ultracentrifugation steps were also performed as
described above. At first the protein solution was passed from a 10kDa cut-off
ultracentrifugation column (Amicon Ultra-0.5 ml Centrifugal Filters, Millipore, USA) and the
flow through was passed from a 3kDa cut-off ultracentrifugation column (Amicon Ultra-0.5

ml Centrifugal Filters, Millipore, USA). Then the retained fraction of the last column was
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kept. During the last two ultracentrifugation steps, the buffer was again exchanged with

“storage” buffer.

The proteins were aliquoted and stored at -80°C.

2.3.3 Electrophoretic Mobility Shift Assay (EMSA) for testing the functionality of

proteins and the protein complexes

The purified wt-mGATAL or the wt-mGATA1/wt-mFOG1 complex were assayed for DNA

binding with one of the following DNA molecules:

i) A Dbiotin-labelled double-stranded oligonucleotide (see section 2.3.1)
(GCGCTCAGAGATAAGGCCTTG).

ii) A biotin-labelled DNA library with a 20-mer degenerate region (see section 2.4.1).

For the shift assays 20 fmoles of biotin-labelled oligonucleotides were incubated with 1.5
Mg of protein for 1 hour at room temperature in binding buffer (10mM Hepes pH 7.5,
0.3mM EDTA, 0.6mM EGTA, 50mM KCI, 10% glycerol, 0.05% Triton X-100, 1.5mM DTT).
Protein-DNA binding complexes were resolved by electrophoresis using commercial DNA
retardation gels in 0.5X Novex® TBE Running Buffer (Life technologies, USA) at 150 Volt
for 1 hour, transferred to Blotting-Nylon 66 type B positive membranes (Fluka), UV cross-
linked, and visualized using the Chemiluminescent Nucleic Acid Detection System
(Pierce, USA) as per manufacturer’s protocol. 6% TBE NuPAGE® gels (Life technologies,
USA) were used in order to separate the wt-mGATALl and the wt-mGATAL/wt-mFOG1

protein-DNA complexes from the unbound DNA.

For super-shift assays, the GATAL antibody (N1: sc-266, Santa Cruz Biotechnology, USA)
and the FOG1 antibody (M-20: sc-9361, Santa Cruz Biotechnology, USA) were
concentrated 10X and buffer exchanged in 10mM Tris-Cl pH 7.4, 30mM KCI. Before
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addition of the biotin-labelled oligonucleotides, 7 ug of the 10X concentrated antibodies or
non-immune IgG (Santa Cruz Biotechnology ,USA) were incubated with 1.5 pg of the
purified protein for 1 hour at room temperature in the binding buffer (10mM Hepes pH 7.5,

0.3mM EDTA, 0.6mM EGTA, 50mM KCI, 10% glycerol, 0.05% Triton X-100, 1.5mM DTT).

We also suggest calculating the concentration of the functional GATAL protein in the
purified sample from the EMSA reaction by titrating an increased amount of a “GATA”"
containing oligonucleotide. When the binding saturates, it reveals the concentration of the

GATAL protein used (Mott et al., 2004).

2.3.4 Western Blot for the characterization of the isolated proteins and protein

complexes

The protein samples were separated on a reducing 4-12% Bis-Tris NUPAGE® (Life
technologies, USA) and electroblotted onto Invitrolon® PVDF membranes (Life
technologies, USA). The membrane was blocked with a solution of 5% non-fat dried milk
powder (AppliChem) in 1x phosphate-buffered saline (pH 7.4) (blocking buffer) (Sigma)
for 60 min. The membrane was then incubated overnight with the primary antibody
against GATAL1 (N1: sc-266, Santa Cruz Biotechnology, USA), FOG1 (M-20: sc-9361,
Santa Cruz Biotechnology, USA), FOG1 (A-20: sc-9362, Santa Cruz Biotechnology,
USA), anti-FLAG (abl1162, Abcam, Cambridge), anti-6X His-tag (ab18184, Abcam,
Cambridge) at a dilution of 1:1000, 1:3000, 1:3000 1:2000, 1:2000 respectively in
blocking buffer, after which the membrane was washed four times. It was then incubated
for 60 min with the secondary antibody (alkaline phosphatase-conjugated IgG) at a
dilution of 1:30000 in blocking buffer. After another four washes, antigen-antibody
complexes were detected using ECL plus (GE Healthcare) and the signal was exposed

with Hyperfilm ECL (GE Healthcare).
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2.3.5 EMSA-Western for the characterization of the proteins and protein complexes

in the DNA band shifts

At first 600 ngs of a “GATA” containing double-stranded oligonucleotide (see section
2.3.1) (GCGCTCAGAGATAAGGCCTTG) were incubated with 1.5 ug of wt-mGATAL or
the wt-mGATA1l/wt-mFOG1 complex for 1 hour at room temperature in binding buffer
(10mM Hepes pH 7.5, 0.3mM EDTA, 0.6mM EGTA, 50mM KCI, 10% glycerol, 0.05%
Triton X-100, 1.5mM DTT). Protein-DNA binding complexes were resolved by
electrophoresis using 6% custom made 5 wells DNA retardation gels (see section 2.1) at
150 Volt for 1 hour. The gels were then immediately electro-blotted on an Invitrolon®
PVDF membrane (Life technologies, USA) for 1 hour with a Trans-Blot® SD Semi-Dry
Transfer Cell device (Biorad). Before the transfer, the PVDF membrane was equilibrated
in 0.5X Novex® TBE Running Buffer (Life technologies, USA) for 10 minutes. Then the
blocking and the incubation with the primary and the secondary antibodies were

performed as described in the Western Blot section (see section 2.3.4).

2.4 EMSA-seq experiments

2.4.1 Creation of the 20mer degenerate DNA libraries that were used in the EMSA-

seq experiments

HPLC purified 20mer degenerate DNA library was ordered from METABION international
AG (Martinsried, Germany). The template of the degenerate 20mer DNA library is the

following:

5-tgccatgcgccaactgccA NNNNNNNNNNNNNNNNNNNN Cagcccc agccggaccac tAA-
3!
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Each template was double stranded with the following barcoded primers which are

complementary with the 3’ of the DNA library:

Group A
1. CCATGCATttagtggtccggctggggct
2. AACATGCAttagtggtccggcetggggcet
3. TTGCATGCttagtggtccggctggggct
4. GGTGCATGttagtggtccggcetggggct
Group B
5. CCACTGACttagtggtccggcetggggct
6. AAGACTGAttagtggtccggcetggggct
7. GGTGACTGttagtggtccggcetggggct
8. TTCTGACTttagtggtccggctggggct
Group C
9. AAGATCGAttagtggtccggctggggct
10. TTCGATCGttagtggtccggcetggggct
11. CCTCGATCttagtggtccggcectggggcet

12. GGATCGATttagtggtccggctggggct

This design permitted us to have 12 barcoded libraries separated in 3 groups. In replicate
experiments only libraries that belong in the same group were used. This was done in
order to avoid sequencing in the lllumina platform, nucleotide positions that do not have
an equal representation of ACGT (low complexity positions). These sequencing positions

can cause miscalculation of the quality scores of each base (PHRED score).

The double stranding of the 20mer DNA library was performed as follows. At first 9 pl from
a 100uM solution of the 20mer DNA library were mixed with 9 ul from a 100uM solution of

a barcoded primer in a 20 pl reaction containing 1X NEB3 buffer (New England Biolabs,
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UK). Then the sequences in the reaction were annealed via incubation at 94°C for 1
minute and subsequently for an additional 69 cycles of 1 minute each coupled to a per-
cycle, step-wise decrease of 1°C. Afterwards the library was double-stranded by
incubating the 18 pul reaction with 10U (1U per 1 ug of DNA but no more than 0.67 U/ul) of
Large Klenow Fragment (M0210S, New England Biolabs, UK), 1X NEB2 buffer (New
England Biolabs, UK) and 167uM of dNTPs (New England Biolabs, UK) in a 30 pl
reaction. The reaction was incubated at 20°C for 30 minutes and then at 37°C for 15-30
minutes. Phenol:chloroform extraction was followed with sodium acetate precipitation and
at least two final washes in 70% ethanol. The library was reconstituted in water at a

concentration of 0.5 pg/ul, aliquoted and stored at -20°C.

2.4.2 Creation of protein-DNA binding isotherms with fluorescence polarization

assays

The fluorescence anisotropy technique is based on the following principle: The DNA is
labelled with a fluorophore, in our case 6-FAM (6-Carboxyfluorescein) (6-FAM-DNA).
Increasing amounts of the protein are incubated with the same amount of 6-FAM-DNA.
Free 6-FAM-DNA and the complex-bound 6-FAM-DNA are illuminated with polarized light.
Because the 6-FAM-DNA in the complex tumbles more slowly, a larger proportion of its
emitted light remains polarised (anisotropic) (Figure 8). The difference between the
anisotropy values of the free DNA and the complex bound DNA is used to create the

binding isotherm of the protein-DNA interaction.
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Figure 8. Biophysical principle of fluorescence anisotropy. From (LiCata and Wowor,

2008).

More specifically, 100 fmoles of 6-FAM (6-Carboxyfluorescein) labelled DNA
oligonucleotides (the concentration of the 6-FAM-DNA was measured with NanoDrop
1000 Spectrophotometer (Thermo scientific) at 260 nm) were incubated with increasing
amounts of protein in a 20 pl buffer containing 10mM HEPES pH 7.5, 50mM KCI, 0.06%
Triton X-100, 1.5mM DTT, 10% Glycerol. The reactions were incubated for 1 hour at room
temperature before collecting the raw fluorescence values. Data were collected with a
POLARstar Omega (LABTECH, Germany) instrument. Measurements for the fluorescein
moiety of the DNA molecules were taken with an excitation filter at 494nm and an
emission filter at 519nm. Three replicates were used per experiment. For each condition

the mean and the standard deviation were calculated.

One of the following 6-FAM-DNA were used per experiment:

i) A double-stranded oligonucleotide, 6-FAM labelled only in the forward strand (see
section 2.3.1) (GCGCTCAGAGATAAGGCCTTG).
ii) A DNA library with a 20-mer degenerate region. During the double stranding, the

barcoded primer number 9 was 6-FAM labelled (see section 2.4.1).
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The fluorescence anisotropy (r) of a sample was calculated from the following equation,
as described previously (Weinberg et al., 2004), using the instruments own software:

(= lww-G*lvn
Inw+2*¥G*lyy

where (ly) and (lyy) are thefluorescence intensities measured with a vertically and
horizontally oriented emission polariser respectively. The G-factor (G) represents the
instrument sensitivity ratio towards vertically and horizontally polarized light. It is

calculated from the instrument automatically.

2.4.3 Electrophoretic Mobility Shift Assay (EMSA) for the EMSA-seq experiments

The concentration of the degenerate DNA library and protein used in each EMSA-seq
experiment is presented in Table I. The EMSA-seq reactions for the mGATAlyc, the
MGATALl: the mMKLF1y7355 the mMGATALNe/MKLF1y57358 complex or  the
MGATALN/MFOGLiinger1, MGATALNc/MFOG Liingerss, MGATALN/MFOGLiingers COMplexes
were performed in a 20 pl reaction for 1 hour at room temperature. The buffer consisted
from 10mM HEPES pH 7.5, 50mM KCI, 0.06% Triton X-100, 1.5mM DTT, 10% Glycerol.
To avoid any interference in the kinetic analysis from a potential competitor, apart from the

very simple reaction buffer, we used a reduced concentration of 0.01 ng/ul Poly(dI-dC).

The EMSA-seq reactions for the wt-mGATA1 and the wt-mGATALl/wt-mFOG1 complex
were performed in a 10 ul of reaction for 1 hour at room temperature. Because the
proteins were isolated with DNA affinity chromatography, in order to reduce potential non
specific binding, we used a buffer consisted from 10mM HEPES ph7.5, 118mM KCL,

0.06% Triton X-100, 1.5mM DTT, 10% Glycerol, 0.3 mM EDTA, 0.6mM EGTA, 10 uM
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ZnS04, 0.5 mM MgCI2, 10 ng/ul Poly(dl-dC). Each individual salt (KCL, ZnS04, MgClI2)
was titrated independently in fluorescence anisotropy assays and the minimum
concentration was selected that did not interfere with the overall binding and eliminated
the subtle binding curves in the negative control. The negative control represents a lysate
that lacks the specific protein and that was purified with the same methodology as the one

that contains the specific protein.

The reactions were then loaded on the DNA retardation gels (commercial or custom
made) and the protein-DNA binding complexes were resolved by electrophoresis in 0.5X
Novex® TBE Running Buffer (Life technologies, USA) at 150 Volt for 1 hour. The shifted

DNA bands were processed as in section 2.4.4.

6% TBE NuPAGE® gels (Life technologies, USA) were used in order to separate the wt-
MGATAL1 and the wt-mGATALl/wt-mFOG1 protein-DNA complexes from the unbound
DNA. 8% custom-made 1 well polyacrylamide DNA retardation gels (see section 2.1) were
used to separate the mMGATALyc protein. 8% custom-made 2 well polyacrylamide DNA
retardation gels were used to separate the mKLF1,57.358, the GATALne/MKLF1,57.558, the
GATALNc/FOGLfinger1, the GATALnc/FOGLiingerss OF the GATALNc/FOGLiingers bound DNA
from the unbound one. 10% custom-made 2 well polyacrylamide DNA retardation gels

were used to separate the GATALc bound from the unbound DNA.
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mMGATAINC

mKLF1257-358

MGATAINC/mFOG Lfinger1
MGATA1INC/mFOG Lfinger9

MGATA1INC/MFOG Lfingers6

wt-mGATA1l

wt-mGATA1/wt-mFOG1

Protein and DNA concentrations in the
fluorescence anisotropy assay

conditions

conditions

conditions

O 00 N O U WN B

U WN

1

nM of protein

254.3692315
350.3576207
446.34601
542.3343992
638.3227885
734.3111777
830.299567
926.2879562
1022.276345

nM of protein
757.7952222
969.7659137
1128.743932
1303.619753
1588.013764
1872.407775

nM of protein
140 (51.5)

nM

nM

nM

DNA

5.15625
5.15625
5.15625
5.15625
5.15625
5.15625
5.15625
5.15625
5.15625

DNA

5.15625
5.15625
5.15625
5.15625
5.15625
5.15625

DNA

14 (5.15)

Protein and DNA concentrations in the EMSA-seq

conditions

conditions

conditions

conditions

O 00 N U WN

AU WN P

1

reaction

nM of protein
2657.649731
3660.536422
4663.423112
5666.309803
6669.196494
7672.083185
8674.969876
9677.856566
10680.74326

nM of protein
7917.444481
10132.11427
11793.11661
13620.21918
16591.56781
19562.91643

nM of protein
44847.35603

13866.39032
2692.249142
5734.490672

10768.99657

uM of protein
22.52

22.52

nM DNA
53.8725
53.8725
53.8725
53.8725
53.8725
53.8725
53.8725
53.8725
53.8725

nM DNA
53.8725
53.8725
53.8725
53.8725
53.8725
53.8725

nM DNA
53.87640752

53.87640752
53.87640752
53.87640752

53.87640752

uM DNA
1.79

1.79

Table I. Concentration of protein and DNA used in the EMSA-seq reactions presented.

Additionally the respective concentration in the fluorescence anisotropy assay is

presented. In the wt-mGATAL, due to the higher concentration of DNA used during the

fluorescence anisotropy assay, the number in the parenthesis represents proportionally

scale down values so that the concentration of DNA is similar with the one used in the

MGATA1yc and the mKLF1,57.355 €Xperiments.
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2.4.4 EMSA-seq library preparation

In order to avoid damaging the DNA sequences of the library, the visualisation of the
shifted DNA band in the DNA retardation gel was performed with a Dark Reader blue
transilluminator (Clare Chemical Research). For every EMSA-seq experiment, the DNA
band of the DNA retardation gel, that had the protein-DNA complex, was cut out of the gel
with a scalpel. The DNA was then eluted from the acrylamide gel using the QIAEX Il gel
extraction kit (Qiagen). The DNA was eluted for 12 to 24 hours overnight and the
purification of DNA from contaminants was performed as per manufacturer’'s protocol.
The library preparation was performed with the NEB ChlIP-seq Library Prep Master Mix

Set for lllumina (E6240L, New England Biolabs, UK) as per manufacturer’s protocol.

We started by pooling replicate experiments with different indexes. Library quantification
was performed with both a spectrophotometric method that uses a fluorescence dye
(QUBIT high sensitivity kit) (Life technologies, USA) and through qPCR. In the gPCR
method (IQ SYBR Green Supermix) (Biorad), a standard curve was created based on a
10 fold serial dilution of the original 20mer library. The forward primer of the qPCR used
was 5'- tgccatgcgecaactgec-3' and the reverse primer used was one from the indexes, for

example 5’-AAGATCGAttagtggtccggcetggggct-3'.

After creation of the Illumina libraries, the different conditions were pooled again in order
to run in the same flow cell lane. The pooling of the libraries was done after calculating
their concentration with both the QUBIT high sensitivity kit (Life Technologies, USA) and

the KAPA Library Preparation Kit for lllumina (Kapa Biosystems Inc, USA).
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2.4.5 Bioinformatic processing of the sequenced files from the EMSA-seq

experiments

The bioinformatic processing of sequencing files (FASTQ files) was done with in house
Perl scripts. In more detail, the sequencing produced two files for each sample. A file that
contained the sequencing results of the forward strand of the reads and a file that
contained the sequencing results of the reverse strand of the same reads. Because the
sequenced read (20bp degenerate region + 20bp left (5") fixed flanking DNA sequence +
20bp right (3) fixed flanking DNA sequence) was less than the total sequencing length (50
bp from the start of the forward strand and 50 bp from the start of the reverse strand) the
sequencing information for each read was combined into one file. In all the sequenced
reads, bases with a base quality score (Phred score) less than 25 were masked with the
letter “N” using the fastg_masker function from the FASTX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/). Subsequently, we used BOWTIE (Langmead et
al.,, 2009) to map the 5’ fixed flanking DNA sequence (tgccatgcgccaactgcca) on the
sequenced reads using the default parameters with the exception of the following ones “ --
seedmms 1 --seedlen 30 --magerr 41 -m 3 -k 3 . We then removed the 5’ fixed flanking
DNA sequence whereas we used the 3’ fixed flanking DNA sequence to separate the
multiplexed libraries based on their barcode sequence. Afterwards, we removed the 3’
fixed flanking DNA sequence and we were left with the 20bp degenerate region. In the
20bp degenerate region we deconvoluted k-mers with the “Meryl” software
(http://sourceforge.net/apps/mediawiki/k-mer/index.php?titte=Main_Page). The number of
20bp sequenced reads used for the k-mer deconvolution in the different experiments is
presented in Table Il. K-mers of length 4, 5, 6, 7 and 8 base pairs were extracted. For
each k-mer the number of occurrence in each database was calculated. Replicates were

used to calculate an average value for each k-mer.
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replicate 1 replicate 2 replicate 3
experimental conditions number of library barcode number of |library barcode| number of library barcode | lllumina index
reads reads reads
mGATATnc EMSA-seq condition 1 1820726 2 1580063 3 2585783 4 1
mGATA1ne EMSA-seq condition 2 1860309 2 1592434 3 1624011 4 2
mGATATne EMSA-seq condition 3 2168637 2 1408212 3 1920504 4 3
mGATATnc EMSA-seq condition 4 2040416 2 1725614 3 1391825 4 4
mGATATN: EMSA-seq condition & 2008742 2 1321850 3 1481341 4 5
mGATATnc EMSA-seq condition 6 1778022 2 1372400 3 2269688 4 B
mGATATne EMSA-seq condition 7 20936368 2 1305405 3 1963967 4 7
mGATATne EMSA-seq condition 8 2479845 2 1608896 3 2023694 4 8
mGATATnc EMSA-seq condition 9 1683694 2 1972896 3 2676696 4 9
mGATA1nC dimer EMSA-seq condition 1 13368587 3 2082849 4 5
mGATA1c EMSA-seq condition 1 2501882 2 1881155 3 1918320 4 10
wt-mGATA1 2618938 1 1738070 12 1
wit-mGATA1t-mFOG1 1919455 1 2387610 12 3
mMGATATNC/MF OG1fingert EMSA-seq 1770515 2 1352239 3 1373917 4 8
mMGATATNC/MF OG1fingers EMSA-seq 1403135 2 1275265 3 1465421 4 9
MGATATNC/mF OG1 fingerss EMSA-seq condition 1 1666033 2 1434198 3 1816197 4 10
MGATATNC/MFOG fingerss EMSA-seq condition 2 1610171 2 1134554 3 1624407 4 11
MGATATNC/MFOG fingerse EMSA-seq condition 3 2214844 2 1670069 3 2001280 4 12
mKLF 1257-358 EMSA-seq condition 1 1708018 2 1382296 3 1492503 4 13
mKLF 1257358 EMSA-seq condition 2 1983618 2 1502802 3 2022155 4 14
mKLF 1257-3s8 EMSA-seq condition 3 2112372 2 1592642 3 1912248 4 15
mKLF 1257-253 EMSA-seq condition 4 1936171 2 13561449 3 1703525 4 16
mKLF1257-2353 EMSA-seq condition 5 2154256 2 1485121 3 1804521 4 18
mKLF1257.3s8 EMSA-seq condition & 2566286 2 1671305 3 1912801 4 19
mMGATATnc/mKLF 1257-252 main band EMSA-seq condition 1 2683659 2 1930170 3 1924496 4 20
mMGATATNC/mKLF 1257-358 upper band EMSA-seq condition 1 1388379 2 1222903 3 1788332 4 23
original 20mer DNA library 2040571 2 1617538 3 1614719 4 11
Table Il. Number of sequenced reads per experiment per replicate. The different

conditions represent the ones presented in Table I. The different library barcodes

represent the ones presented in section 2.4.1. The libraries of each experimental

condition were mixed together in the first multiplexing step. Afterwards, experimental

conditions that were going to run on the same lane of a sequencing flow cell in the

lllumina sequencing platform were mixed together and barcoded with the indicated

lllumina indexes (second multiplexing step).
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2.4.6 EMSA-seq analysis

We noticed that in the replicates, in each EMSA-seq experiment, the fold change of a
specific k-mer versus the unbound DNA 20mer library might show some variation. On the
contrary, the rank ordering of the k-mer values in the replicates is much more robust. If we
just consider the replicates, without correcting for this aspect, then we lose the sensitivity
to detect differentially expressed k-mers because the inflated variance biases the test
statistic. Although we can find differentially bound k-mers using rank statistics, these
techniques are not as a sensitive as parametric statistics. For this reason, in order to
normalise the replicates we used quantile normalisation of the fold change values as

follows:

For each replicate, we calculate the fold change of each k-mer against the unbound DNA
20mer library. We then order the values of the different k-mers, from the highest to the
lowest for each one replicate independently. Starting from the highest trio of values of the
three replicates we calculate the average value. We then assigned to the highest value k-
mer in each individual replicate, the highest average value. Then to the second highest
value k-mer in each individual replicate, the second highest average value and so on. We
next transform the fold change values back to reads with the following equation:

number of normalised reads in sample = number of reads in unbound 20mer library =
fold change

We then calculated the differentially bound k-mers by using the exactTest function in the
R package EdgeR. Because the function gives p-values for two tailed test, and we are
only interested to find bound k-mers that are enriched we divided each p-value with 2. We
also corrected the p-values for multiple hypotheses testing using the p.adjust function in
the R package with method bonferroni. We then used p-values with cut-off less than

1*10°® to find enriched 8mers. This p-value cut-off was produced from the following: We
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are testing 32896 8-mers and for each test we try to reject the null hypothesis, that there
is no enrichment between the bound and the unbound DNA libraries, at a significance
level of 0.05. So the adjusted significance level (p-value cut-off) for all the 32896 tests will

be 0.05%(1/32896)=1.5*10°.

We usually normalise the k-mer values from different libraries with the total number of
sequenced reads in each library. As we discuss in the main text, for each protein we
found the statistical enrichment of each k-mer for the EMSA-seq condition with the lowest

amount of protein to DNA ratio.

The calculation of the dissociation constant values (“Kd”) was performed as discussed in

the main text.

2.4.7 Calculation of the EMSA-seq coefficient (e)

To calculate the Kd and the EMSA-seq coefficient (“e”) coefficient as presented in the
main text we used the “nIs” function in R. All the parameters were default except for the
parameter “algorithm” which was equal to “port”. This was selected in order to put
constrains on the calculated Kd and “e” parameters and to avoid the algorithm to fail (the
value of the constraints used were lower=c(.001, .001) and upper=c(5000000, 50000000),
two values for each one of the “Kd” and “e” respectively). In case that the algorithm could
not converge (something that was very rare), we increased the number of iterations to 500
(maxiter = 500) and we also forced the algorithm to output the last calculated values of the
parameters (warnOnly = TRUE). Overall the function (we will call it function EQ) was as
follows:

nis(((d)/(2-(d))) ~ (((c™e)/((rN(1/1))*(1+(((1-(ratio))*3180)/Kmix))(e)))(1)), start = list(r =

1l,e=1), control = list(maxiter = 500, warnOnly = TRUE), algorithm = "port",
lower=c(.001,.001), upper=c(5000000,50000000))
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where

d is the fraction of bound DNA for a specific 8mer (maximum 1),

e is the EMSA-seq coefficient,

The number 3180 represents the concentration (nM) of the total 8mers of the DNA library
used in the EMSA-seq reaction. In more detail, we used 40 ngs of the 20mer DNA library
(mean MW= 37123.7 Da) in each 20 pl reaction. This equals to DNA concentration 265
nM in the reaction. Because each 20mer has twelve 8mers we multiplied the 265 nM DNA

concentration with 12 and we ended up having the concentration of 8mers (3180 nM).

ratio is the fraction of bound DNA library,

For both the “Kd” and “e” we computed also the confidence intervals. We used the
“confint” function in the library MASS in R at 95% confidence interval. We call the
maximum value of Kd (Kgk-mer1_uppeross), the minimum value of the Kd (Kgkmer1_iowersse), the
maximum value of the “e” (el_upper_95%) and the minimum value of the “e”
(el_lower_95%). In order to calculate the normalised values of the Kax-mer1 upperosw (Kak-
mer1_normalised_upper_95%) aNd the Kgmer1 joweros% (Kak-mer normaiised_lower 95%) from (eq 18) we had
to assign an “e” value. Although we intuitively expect that for each k-mer the confidence
interval values of the “Kd” and “e” parameters to be related, which means that the
maximum value of the “e” (el_upper_95%) might be appropriate to normalise the
maximum value of Kd (Kgimer1_upperosws) and similarly for the lower values, we found that
this is not always the case. For this reason, we normalised the Kgxmer1_uppeross and the Kgy.

mer1_loweros% DY USING the same “e” value that we used to normalise the Kgy.mer1 as follows:

1
Kdk—mer1_upperQlS%_normalised:(de—merl_upper%%)e1

1
Kdk—merl_upper95%_normalised=(de—merl_upper95%)el
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For every k-mer we compare whether the co-operative model with the EMSA-seq
coefficient fits the data better than the simpler equilibrium model without the EMSA

coefficient as follows:

For each one of the model we found the SSR (sum-squared residuals):

N
SSR = E ' 1[(yi)observed '(yi)PTEdiCted]z
I:

This was calculated in R as follows:

sum(predict(EQ)-((d)/(1-(d)))*2)

where

d is the fraction of bound DNA for a specific 8mer (maximum 1),

EQ is the function presented earlier

In order to compare the two models we used the score of the F statistic:

_ SSRs-SSRc . N-m¢
"~ SSRc Mc-Ms

where

SSRs is the sum-squared residuals of the simple model (the model with fewer

parameters)

SSRc is the sum-squared residuals of the complex model (the model with more

parameters)
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N is the number of data points. This number is 27 for the mGATALyc (3 replicates of 9

conditions) and 18 for mKLF1,57.358 (3 replicates of 6 conditions).

ms is the number of parameters for the simple model. In our case is 1 (one parameter:

“Kd”).

m. is the number of parameters for the complex model. In our case is 2 (two parameters:

“Kd” and “e”).

We then calculated the p-value of the F statistic (F score) using the “pf” function in R.
Because the pf(X=x) is the cumulative distribution that describes the probability that a real
value random variable X will be found at a value less than or equal to x [pf(X=x)=P(X<x)]
and we want the probability of a value more or equal to x [P(X=x)], then the p-value of the

F statistic is given as follows:

P(f(X)=f(X=x))=1- pf(X=x)

And more specifically, the pf in the R function is taking the following values:
pf(q, dfl, df2, ncp, lower.tail = TRUE, log.p = FALSE)

where

g equals the F score

dfl=m¢mg

df2= N-m,

We then corrected the p-value for multiple hypotheses testing using the Bonferroni

correction. We used the “p.adjust” function in R with method "Bonferroni”.

The goodness of fit was assessed with the Pearson correlation (r?) (function “cor” in R with

method="Pearson”).
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2.4.8 DNA binding motif creation

The motifs of Figure 28 and Figure 29 were created as follows. We started with a core
GATA, GATT, GATC, GATG motif and we counted the number of times that each
nucleotide appears in positions -2, -1, +1, +2. For example for the -2 position we counted
the number of occurrence of the following 6mers ANGATA, CNGATA, GNGATA,
TNGATA in both the sample and the input library. We then found the fold change of
occurrence of the sample versus the input library. The fold change represents a
normalised occurrence value independently of the original number of k-mers in the input
library. The fold change was represented as a number with maximum 2 decimals. We
then multiplied the fold changes with an arbitrary number of 100 to transform the decimal
values into real numbers. Afterwards, we created a file with sequences where each one of
the examined k-mers was appearing the number of times of the fold change multiplied
with 100 as mentioned previously. Finally, we used the Weblogo software (Crooks et al.,
2004) to represent the motifs. We also represented with a heatmap the frequency of
occurrence of the 8mers [ACGT][ACGT]core[ACGT][ACGT], where core is one of the
already mentioned motifs. The frequency of occurrence was represented as fold change.

The heatmaps were drawn with the R function heatmap.2 in the package gplots.

2.4.9 Statistical methods

Except otherwise mentioned in the main text, the statistical methods used in some of the

chapters of the manuscript are the following:

In order to find the statistical significance of the differences between the 3 groups in
Figure 104 we focused on the median value and we performed a permutation analysis. At

first we found the difference in the values of the GATAL and GATAZ2 specific groups. We
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combined both groups and we randomly assigned each value to either a GATAL or a
GATAZ2 specific group so that the number of values in each category is equal to the initial
GATAL and GATAZ2 specific groups. We did this 1000 times. We then examined in how
many cases, in the permutation samples, the value of the difference between the median
value of the GATA1 and the GATAZ2 specific peak group is higher that the difference
between the initial GATAL specific and GATA2 specific groups (median value=1.75). We
found that none of the 1000 permutation samples (empirical p-value=0.001) had a higher
difference. Similarly we performed the permutation analysis in the GATA2 specific and the
GATAL/GATA2 overlapping groups. We again found none of the 1000 subsamples with a
higher difference (median value=1.75). The median value of the GATA2 specific group is

1.45.

2.4.10 Binding models of the purified proteins and their protein complexes

In order to create the binding models of Figures 34-36, 41, 49-54, 56, 57, 64 and 65 we
used the following approach. For example for Figure 34 we selected from the enriched
MGATA1yc 8mers, the 8mers that contained initially the “GATA” motif (“GATA” containing
8mers) and then the 8mers that contained the “GATC” motif (“GATC” containing 8mers).
We then used the sequenced 20 bp reads of the bound DNA library (20mer reads). We
found 20mer reads that contained at least one 8mer from the “GATA” containing 8mers
(20mer “GATA” group). Next from the 20mer “GATA” group we found the reads that
contained at least one 8mer from the “GATC” containing 8mers (20mer “GATA-GATC”
group). Afterwards, in the 20mer “GATA-GATC” group we found the distance between a
“GATA” motif and its closest “GATC” motif. Lastly, we created the bar plot of Figure 34.
For the background distribution we performed the same approach in the original 20mer

degenerate DNA library.
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2.5 FOGL1 ChlIP-seq

2.5.1 ChlP-seq of FOG1 from murine erythroleukemia cells

Murine erythroleukemia (MEL) cells and MEL cells with biotinylated FOG1Syes.
(sFOG1Syes2) (translational isoform (S-short form) that starts from the methionine which
appears in position 82 in the wt-mFOG1 (Snow and Orkin, 2009)) were cultured as
previously described (Weiss et al.,, 1997, Woo et al., 2008). The biotinylation tag was
introduced in the C-terminus of FOG1Sys, and the biotin labelling was performed as
described in (Yu et al., 2009). For erythroid differentiation, induction of MEL cells was
done by adding 1.7% DMSO (Sigma) (final concentration) to the medium for 24 hr. The
cells were cross-linked with EGS (Ethylene glycol-bis(succinic acid N-hydroxysuccinimide
ester)) (Sigma). Streptavidin pull down assays were performed on chromatin prepared
from DMSO-induced MEL cells as described (de Boer et al.,, 2003). Streptavidin
immunoprecipitated material from untransfected DMSO-induced MEL cells was used as
control (BirA sample). All the samples and their respective controls were kindly provided
to us by Dr. John Strouboulis (Alexander Fleming BSRC, Athens, Greece). The material

was processed for lllumina high-throughput sequencing.

2.5.2 Data processing of the FOG1 ChIP-seq

Sequences were mapped to the non repeat-masked reference mouse (build m37)
genome using BOWTIE (Langmead et al., 2009). We accepted uniquely mapped reads

with maximum 2 mismatches in the first 28 bases and total Phred quality score of
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mismatches equal or less than 70. In vivo DNA bound regions (ChlP-seq peaks) were
found by running MACS (Zhang et al., 2008) on each ChlIP-seq sample against the
matching control. DNA binding positions with a false discovery rate (FDR) of <1% were
selected. For the ,i,,FOG1Syeis2 ChIP-seq, peak finding was carried out on each ChlP-seq
sample against the matching BirA sample. Because the BirA ChIP-seq has a high number
of peaks that arise from biotinylated proteins other than the ,,,FOG1Syes2, the empirical
FDR that MACS uses will overestimate the FDR. For this reason we found GATAL binding
positions using cisGenome (Ji et al., 2008) which uses an FDR calculated from a binomial
distribution fitted on genomic windows with small number of sequencing reads. Again,
FDR of <1% was selected. The adequacy of the FDR cut-off was examined by visual
inspection of the peaks on the UCSC browser. For the pi,FOG1Syes, ChIP-seq 473 ChlP-
seq peaks with FDR<1% were identified (In a similar FOG1 ChIP-seq dataset, with DMSO
induced MEL cells around 800 peaks were identified, Frank Grosveld personal

communication).

2.6 Analysis of publicly available ChlP-seq datasets

For the ChlIP-seq datasets presented in Figures 94, 97, 99 and 103 the number of ChlP-
seq reads that were crossing the 400bp region, with the TSS in the middle, was calculated
as the maximum signal that appears in a wig file (genomic signal in the region/vertical
concatenation of all the reads, that cross the region, presented as peak height)
(http://genome.ucsc.edu/goldenPath/help/wiggle.html) of the presented datasets for the
specific genomic regions. For Figures 79-83 the number of sequenced reads that were
crossing the 400bp region, with the ChlP-seq peak centre in the middle, was calculated
similarly. The sequenced tags of the public datasets were used with the given genomic
coordinates otherwise in case of un-mapped data, the mapping was done similarly with

section 2.5.2. In case of processed data the genomic coordinates were transformed, when
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necessary, in coordinates of another genome assembly with the LiftOver tool

(http://genome-mirror.moma.ki.au.dk/cgi-bin/hgLiftOver).
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CHAPTER 3 RESULTS

In Figure 9 we present the process that we are following in the next chapters in order to
produce the DNA binding specificities/affinities of the examined proteins and their
extrapolation on in vivo derived datasets. In more detail, we initially expressed and
purified the proteins and the protein complexes of interest. We then performed EMSA-seq
with a 20mer degenerate DNA library in multiple concentrations of protein against a fixed
amount of DNA, depending on the available quantity of the expressed protein. Afterwards,
we extracted the DNA binding models (specificities and/or affinities) from the protein
bound DNA sequences, depending on the experimental design and the examined protein.
We then projected the DNA binding specificities and/or affinities in genomic positions,
where the examined proteins have been found to bind in vivo, in order to investigate their
relationship with the presence of different aspects of the transcriptional regulation for
example histone post-translational modifications, nucleosome occupancy levels, DNase |

hypersensitivity levels and differentially expressed genes during erythropoiesis.
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express and purify a specific protein or protein complex

test functionality by performing EMSA perform EMSA against a degenerate 20mer DNA library
against a specific DNA oligomer (EMSA-seq) with different concentrations of protein to DNA

|

isolate the protein bound DNA, clean the DNA and create
the library for high-throughput sequencing

v

identify different methods to find enriched DNA motifs

v

test the relevance of the in vitro datasets on publicly
available in vivo datasets (ChIP-seq, DNase-seq, MNase-seq, RNA-seq])

Figure 9. The scheme shows the process followed in this study in order to acquire in vitro
derived DNA binding affinities/specificities of specific proteins or protein complexes and

the subsequent integration with in vivo data.

73



3.1 Expression, purification and DNA band shifts of GATA1 and KLF1 proteins and

of the GATA1/FOG1, GATAL/KLF1 complexes

At first we expressed the proteins and the protein complexes in vitro. Subsequently we
performed EMSA-seq. We then analyzed the resulting sequences in order to infer binding

specificities and other kinetic properties characteristic of the DNA binding.

3.1.1 Creation of fusion proteins with specific purification tags

We created fusion proteins and protein fragments with either the poly-histidine tag (His-
tag) or both the His-tag and the FLAG peptide tag (FLAG-tag) for the following GATA1
related proteins, the full length mouse GATA1 protein (aa 1-413) (wt-mGATA1), mouse
GATAL1 with only the N-terminal Zn finger and the C-terminal Zn finger (aa 200-318)
(MGATALyc), mouse GATAL with only the C-terminal Zn finger (aa 258-282) (IMGATALc)
(Figure 10A). We purified the wt-mGATAL from a baculovirus expression system whereas

we purified the mGATALyc and the mGATALc from a bacterial expression system.

We additionally created fusion proteins and protein fragments with either the FLAG-tag or
both the hemagglutinin tag (HA-tag) and the FLAG-tag for the following FOGL1 related
proteins, full length mouse FOG1 (aa 1-995) (wt-mFOG1), the mouse FOG1 Zn finger 1
(aa 241-295) (MFOGLfinger1), the mouse FOGL1 Zn finger 5/6 (aa 563-730) (MFOG1ingerss),
the mouse FOG1 Zn finger 9 (aa 945-995) (MFOG Linger) (Figure 10B). The wt-mFOGL1 in
complexation with wt-mGATALl or alone was purified from a baculovirus expression
system. The MFOGLsnger1, MFOGLiingerss, MFOG1fingers in complexation with mGATALyc

or alone were purified from a bacterial expression system.
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We also created a mouse KLF1 protein (aa 257-358) (MKLF1.5,355) fused to a His-tag
and a FLAG-tag (Figure 10C). This region spans the 3 Zn fingers of the protein. The
MKLF1.5,355 Was expressed in a bacterial expression system alone or in complexation
with mGATALlnc. We were not able to express full length KLF1 in the baculovirus

expression system.

The specificity of the complexation between mMGATAlyc and the FOG1 Zn fingers has
been shown previously. Briefly, the mFOG1 Zn finger 1, mFOG1 Zn finger 6 and mFOG1
Zn finger 9 have been shown to bind specifically with the mGATA1 N-terminal Zn finger
(aa 200—254) using a Yeast Two-Hybrid screen and GST pull down assays (Tsang et al.,

1997, Fox et al., 1998, Fox et al., 1999).

We also aimed to check the specificity of the wt-mGATALl/wt-mFOG1 complex by co-
expressing the V205G mutant of mMGATA1 (MGATA1Y?%) with the wt-mFOG1. The
MGATA1Y?%¢ cannot bind wt-mFOG1 (Crispino et al., 1999). The protein expression
levels of MGATA1Y?%*¢ were very low which did not permit us to check the complexation
under the same expression and purification conditions as the wt-mGATAL1. We also tried
to reconstitute the complex in vitro by co-incubating wt-mFOG1 and wt-mGATA1l or
MGATA1nc. In either case, we could not see a band shift given from the complex itself

(data not shown). We interpret this result as an indication that the complex is specific.

The specificity of MGATALlnc/mMKLF1,57358 fingers has been shown with GST pull down

assays (Merika and Orkin, 1995). In more detail, the mKLF1 Zn fingers (aa 286-376) have

been shown to bind specifically with the mGATA1 C-terminal Zn finger (aa 229-333).
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mFOG1 finger56
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Figure 10. Full length proteins and protein fragments that were used in this study. The

boxes with the black dots represent the zinc fingers. The tags that were used for

purification are shown for each protein. The numbers in the beginning and end of each

protein fragment represent the amino acids that correspond to the wild type protein. The

different groups of protein and protein fragments, presented in the figure, consist of the

MGATA1L group (A), the mFOGL1 group (B) and the mKLF1 protein fragment (C).
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3.1.1.1 Kinetics of protein production of wt-GATA1 and wt-GATA1l/wt-FOGL1 in the

baculovirus expression system

The optimal levels of protein expression of w-mGATAL and wt-mGATAL/wt-mFOG1 were
identified as described below. It is important to stress out that the wt-mGATAL protein is
produced at low levels whereas the wt-mFOGL1 protein is produced in large amounts. For
this reason, when we expressed the wt-mGATA1l/wt-mFOG1 complex, we focused in

optimising the protein expression of the wt-mGATAL protein.

At first we calculated the growth curve of the SF9 cells along a course of 4 days. In
Figure 11A we see a duplication time of 24 hours approximately. Starting at 1x10° cells/ml
we reach after 3 days at approximately 6x10° cells/ml. Because, at this cell density, the
cells are already overcrowded and stressed, we restricted our protein production at

maximum 3 days.

We then diluted the viral titer 10, 10% 10° 10% 10° times in order to find the minimum
amount of viral particles that produces the same or more protein as the undiluted titer after
3 days of protein production (Figure 11B). We concluded that dilution of the initial viral titer
10° times is the optimal one. The same results were taken for both the wt-mGATA1 and

the wt-mGATALl/wt-mFOG1 complex.

We then checked the time-course of protein expression during the 3 days period. A
representative image for the wt-mGATALl/wt-mFOG1 complex is shown in Figure 11C. We
can see that, in the total protein lysate, the protein expression levels of the complex are
highest after 3 days of protein production. On the contrary, the protein expression levels of

wt-mGATAL are highest after 2 days and then they decline (Figure 11D).

Based on the above we selected 3 days of protein expression for the wt-mGATAL/wt-

mFOG1 complex and 2 days of protein expression for the wt-mGATA1 protein alone at
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the pre-specified titer. We also notice, in the total lysate (Figure 11C), that after 3/2 days
of protein production we have the appearance of degradation fragments but the

purification procedure removes the majority of them (Figure 14B).

In case where we purified the mFOGL1 protein alone from the SF9 cells, the optimisation of

the expression was done similarly as the mGATAL protein expression (data not shown).
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Figure 11. Protein expression in the baculovirus expression system. A) Growth curve of
SF9 cells in the presence and absence of undiluted wt-mGATAL viral titer (starting
concentration 1x10° cells/ml). After 3 days of growth the SF9 cell concentration has
increased to 6x10° cells/ml for the control cells and it has decreased to 0.7x10° cells/ml for
the infected cells with the undiluted wt-mGATAL1 viral titer. The growth curves of SF9 cells
for the diluted viral titer lie between the two presented curves. B) Expression levels of wt-
MGATAL when it is expressed alone or in complexation with wt-mFOG1. The SF9 cells
were expressing the wt-mGATAL/wt-mFOG1 complex or the wt-mGATAL protein alone for
3 days. The SF9 cells were infected with different viral titers as indicated. In each
condition the protein was purified with a two step purification protocol as described in the

materials and methods section. C) Expression levels of wt-mFOG1 and wt-mGATAL in the
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total lysate of SF9 cells after 1, 2, 3 days post infection. The cells were expressing the wt-
MGATAL1/wt-mFOG1 complex. The viral titer used corresponds to the 10 dilution of the
viral stock titer. D) Expression levels of wt-mGATAL1 in the total lysate of SF9 cells after 1,
2, 3 days post infection. The cells were expressing the wt-mGATA1 protein alone. The

viral titer used corresponds to the 107 dilution of the viral stock titer.
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3.1.1.2 Protein production in the bacterial expression system

The mMGATAlyc, MGATAlc, MGATAlyc /MFOGLlingeri, MGATALyc /MFOGLfingers,
MGATALnc /IMFOGLingerss, MKLF1,57.355 proteins were all expressed in bacterial cells (as
described in detail in the material and methods section). Briefly, the bacterial cells were
incubated for 5 hours at 37°C after IPTG induction (Figure 12C). We also tested
incubation at 25°C for 5 hours but the amount of produced protein was lower (data not

shown).

3.1.1.3 Purification of proteins from the baculovirus or the bacterial expression

system

We used the following purification schemes for the isolation of the proteins (Figure 12):

1. For the isolation of the wt-mGATA1 protein, in the baculovirus expression system,
the first step of purification was against the 6x-HIS tag with Ni-NTA beads and the
second step of purification was with DNA affinity chromatography (as described in

the materials and methods section) (Figure 12A).

2. For the isolation of MGATAlyc, MGATAlce and mKLF1,57.358 proteins in the
bacterial expression system, the first step of purification was against the FLAG-tag
with anti-FLAG beads and the second step of purification was against the 6x-HIS tag
with Ni-NTA beads (as described in the materials and methods section) (Figure

12C).

3. For the isolation of MGATALnc/MFOG1fingen, MGATALnc/MFOG1fingess and
MGATALNc/MFOGLsingers cOMplexes, in the bacterial expression system, the first

step of purification was against the FLAG-tag of mFOG1 fragments with anti-FLAG
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beads and the second step of purification was against the 6x-HIS tag of the

MGATALc with Ni-NTA beads (Figure 12C).

For the isolation of the mMGATALyc/mKLF1,57.358 cOMplex, in the bacterial expression
system, the first step of purification was against the FLAG-tag of mKLF1,57.355 With
anti-FLAG beads and the second step of purification was against the 6x-HIS tag of

the mMGATALyc with Ni-NTA beads (Figure 12C).

For the isolation of the wt-mGATALl/wt-mFOG1 complex three alternative schemes

were tested (Figure 12B):

i) The first step of purification was against the 6xHIS tag of mMGATA1 with Ni-NTA
beads and the second step of purification was with DNA affinity chromatography

(NINTA/DNA oligo approach).

i) The first step of purification was against the 6xHIS tag of mMGATA1 with Ni-NTA
beads and the second step of purification was against the FLAG-tag of mFOGL1

with anti-FLAG beads (NiNTA/anti-FLAG approach).

iii) The first step of purification was against the FLAG-tag of mFOG1 with anti-
FLAG beads and the second step of purification was with DNA affinity

chromatography (anti-FLAG/DNA oligo approach).

As seen in Figures 15,16 and 13B we successfully isolated the mGATALyc, MGATALcr

and wt-mGATA1 proteins and the MGATALne/MFOGLfinger;, MGATALNe/MFOGLingerss,

MGATALNc/MFOGLfingers, MGATALne/MKLF1257.358 complexes. All the proteins were

functional because they were able to shift a “GATA” motif containing DNA sequence

(Figure 13A for the wt-mGATAL protein, for the rest of the proteins data are not shown).

In Figure 14B we see that for the wt-mGATAL1/wt-mFOG1 complex, the anti-FLAG/DNA

oligo approach did not isolate the complex. The NiINTA/anti-FLAG approach isolated the
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complex but was not functional because no DNA band shift was detected during the
EMSA experiments with either a “GATA” motif containing DNA sequence (Figure 14A) or
the 20mer degenerate DNA libraries (data not shown). Thus we selected the NINTA/DNA
oligo approach that isolated the protein complex (Figure 14B) and that was giving a DNA

band shift (Figure 14A).
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Figure 12. A) Purification scheme of the wt-mGATALl protein from the baculovirus
expression system. B) Purification scheme of the wt-mGATAL/wWt-mFOG1 complex from
the baculovirus expression system. Three different schemes were tested. C) Purification
scheme of the presented protein fragments and protein complexes from the bacterial

expression system.
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Figure 13. Purification of wt-mGATAL. The wt-mGATAL protein was successfully purified
(B). The functionality of wt-mGATA1 was shown with a band shift against a “GATA”
sequence containing oligo (lane 2 on A). SF9 lysate that was not expressing wt-mGATAL
and that was used in the same purification procedure as the wi-mGATAL1 containing lysate
did not show any shift (lane 1 on A). Wit-mGATAL1 was also able to shift the 20mer
degenerate DNA library (C). The specificity of the band shift was shown with the EMSA-
Western technique (see materials and methods section) that was able to detect GATA1

on the band shift (C).
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shift — «— wt-mGATA1/wt-mFOG1

+— wt-mGATA1
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Figure 14 (previous and current page). The complex wt-mGATAl/wt-mFOG1l was
successfully purified with the NINTA/DNA oligo approach and NiNTA/anti-FLAG approach
but not the anti-FLAG/DNA oligo approach (see text for details) (A). The functionality of
the wt-mGATA1l/wt-mFOG1 complex was shown with a band shift against a “GATA”
sequence containing oligo (B). Only the NiNTA/DNA oligo approach gave a functional
complex. SF9 lysate that was not expressing the complex and that was used in the same
purification procedure as the complex containing lysate did not show any shift (B). The
complex wt-mGATALl/wt-mFOG1 was also able to shift the 20mer degenerate DNA library
(C). The specificity of the band shift was shown with the EMSA-Western technique (see
materials and methods) that was able to detect mGATAL1 and mFOG1 on the band shift
(C). mFOG1 was detected with two antibodies. The “M-20" anti-FOG1 ab binds near the
N-terminus of mMFOG1 whereas the “A-20" anti-FOG1 ab binds near the C-terminus of

mFOGL1 indicating that the complex with full length mFOG1 binds the shifted DNA.
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Figure 15. Purification of bacterially produced mGATAlye, MGATALlc, MKLF1;57.3ss,
MGATALyc/mKLF1,5,.358. The gel with the Coomasie stained protein and the western blot
against the FLAG-tag is shown for mKLF1,s7.358 (A). The gel with the Coomasie stained
protein and the western blot against the FLAG-tag and the His-tag are shown for
MGATALyc (B). The western blot against the FLAG-tag and the His-tag is shown for the

MGATALyc/mKLF1,57.358 complex (C). The western blot against the FLAG-tag for the
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Figure 16. Purification of bacterially produced MGATALNe/MFOGLingern, MGATALnC/
MFOGLingerss, MGATALIN/MFOG Liingers cOmplexes, The Coomassie stained gel is shown.
The complexes were purified with one step purification against the FLAG-tag of the FOG1
fragments. The same fraction of eluate was loaded on every lane. The position of
MGATAL\c is shown (yellow asterisk). The position of FOG1 fragments is also shown
(red asterisk). We also notice that in the mMGATALyc/mMFOG1ingerss lane both proteins
MGATALyc and mFOGlsges6 are presented in equal amounts which indicates that the
complexation is favoured. The same for the mMGATAL\yc/MFOG1jngere cOmplex. On the
contrary in the mMGATA1Nc/MFOGLjingen the isolated mMGATALyc is far less than the

MFOG1inger1. This indicates that the complexation is not favoured.
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3.1.2 DNA band shift of a 20mer degenerate DNA library from the GATA1 and KLF1

proteins and the complexes GATA1/FOG1 and GATA1/KLF1

To identify the DNA binding landscape of the purified proteins we performed EMSA-seq
experiments (Wong et al., 2011a) (Figure 7). Each protein was incubated with a specific

amount of a 20mer degenerate DNA library.

In order to calculate dissociation constants (Kd), the EMSA-seq experiments for the
MGATA1\c and the mKLF1,57.355 proteins were performed on different protein/DNA ratios.
Based on the availability of the protein we performed 9 different protein/DNA ratios for the

MGATALyc and 6 different protein/DNA ratios for the mKLF1,s7.355 (Figure 17).

For the complexes: wt-mGATAL/Wt-mFOG1, MGATALlnc/MFOGLingers, MGATALyc/
MFOG1ingerss, MGATALne/ MFOG1ingers and MGATALnc/MKLF1 57555 We performed 1, 1,
3, 1 and 3 different protein/DNA ratios respectively but due to the limited amount of

protein we were unable to calculate the binding fraction (Figure 17).

In Figures 18-20, 13C and 14C we can see the DNA band shifts of the 20mer degenerate
DNA library for the wt-mGATAL, mGATAlyc, MGATALc, MKLF1 57355, Wt-mGATAL/wi-
mFOG1, mGATAlNc/mKLF1257_358Y mGATAlNc/mFOGlﬁngerL mGATAlNc/ mFOGlﬁnger%

and MGATALnc/ MFOG1ingers.

In Figure 18 we notice that with increasing concentration of mMGATALc the band of the
dimeric mMGATALlyc complex appears. Because not all the 20mer DNA library can be
bound by two mGATA1lyc molecules, the creation of the trimeric protein-DNA complex
depends on the motif content of the DNA sequence. The two mGATALlyc molecules do
not probably exist as a dimeric complex in solution (or they exist in very low concentration)

but two independent mGATALyc molecules can bind simultaneously in permissive 20mer
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sequences. Whether this close co-occurrence permits the creation of a true GATAL
dimeric complex is unknown. As expected at high protein concentration of mMGATALy¢ the

band of the free DNA is almost absent.

In Figure 20A-C we notice that the MGATAL\c/MFOGLiinger1, MGATALNc/MFOG Liingerss
and mGATAL\c/mMFOG1lsngere cOomplexes give band shifts of the 20mer degenerate DNA
library that migrate similarly with the band shifts from the mGATALyc alone. This indicates
that either the DNA binding competes the protein-protein interactions of mGATA1 and
mFOG1 fragments or that the migration inside the gel causes the complex to dissociate.
As will be discussed later in the text, we believe that the DNA binding competes the
MGATA1/mFOGL1 interaction in vitro. On the other hand, we see that the wt-mFOG1/wt-
MGATAL gives a band shift as a complex (Figure 14C). This indicates that only the full

length mFOGL1 protein can stably interact with GATAL1 when GATA1 binds DNA.

The MGATA1lnc/mKLF1,57358 gives two band shifts the “upper” band (slow migrating
band) that can be attributed to the intact MGATALnc/MKLF1,57.355 complex bound on the
DNA and the “main” band (fast migrating band) that can be attributed to the dissociated
MGATALnc/MKLF1 557358 complex (MGATALyc bound on the DNA alone and mKLF1 557 355
bound on the DNA alone) (Figure 20D). In the EMSA-seq analysis that is presented in the

next paragraphs we used both the slow and the fast migrating bands.
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Figure 17. Experimental design and fraction (%) of the 20mer degenerate DNA library
bound in each condition. The percentage of bound DNA library was assessed with
fluorescence anisotropy (see materials and methods section). Binding isotherms were
available only for the mGATALyc, MKLF1,57.358 and wi-mGATAL. The position of the other

protein complexes (wt-mGATALl/wt-mFOG1, MGATALne/MFOG Lfinger,
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MGATALNc/MFOG Liingerss, MGATALN/MFOG Liingers) indicates only the concentration of the
protein used. Due to the competition between different DNA sequences for the same
protein we do not expect the kinetic behaviour of the mMGATALlyc and MKLF1,57.355 tO
follow a one binding site model. The Ky of the bound libraries is the concentration of the

protein where half of the DNA library is bound.
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Figure 18 (previous page). DNA band shifts of the 20mer degenerate DNA library for the
MGATAL\c protein. The nine EMSA-seq conditions are presented. The band shifts for
protein-DNA complexes with one (DNA + mGATALyc) and two (DNA +2 X mGATA1nc)
MGATA1yc molecules are presented. The pictures are representative of one replicate.
The inverse of the original images is presented in order for the bands to be clearly visible.
Although the exposure of the images and the image processing were done with the same
way, and we used one lane gels during the experiments, we notice that at high protein
concentration the intensity of the DNA band is becoming fainter. We attribute this to
migration problems that have to do with the high protein concentration. The concentric
cycles at the centre of the image and the letters at the edge have nothing to do with the

experiment and are part of the imaging tray used during the image capture.
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Figure 19. DNA Band shifts of the 20mer degenerate DNA library for the mKLF1,57.355 (A)
and mGATALc (B) proteins. The DNA band shift from the mGATA1c protein is shown for
comparison reasons. Due to the smaller MW of the protein, the DNA band shift from the
MGATAL. protein migrates faster than the mGATALyc one. The concentric cycles at the
centre of image (B) and the letters at the edge have nothing to do with the experiment and

are part of the imaging tray used during the image capture.
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Figure 20. DNA Band shifts of the 20mer degenerate DNA library for the complexes

and mMGATALlyc/mKLF1,57.355 (D). The DNA band shift from the mGATALyc is shown for

comparison reasons. The three different conditions with increasing ratio of protein/DNA is

shown for the MGATALyc/MKLF1;57.355 and MGATALye/ MFOG Lingerss COMplexes. Except

from the fast migrating band (“main” band), the slow migrating (“upper” band) (see text) of

the mMGATALyc/mKLF1,57.3558 cOmplex is visible in all the conditions. No other band except
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the fast migrating band is visible for the mMGATA1No/MFOG Liingern, MGATALNe/MFOG Liingers,
MGATALne/ MFOGLingerss cOmplexes in any of the conditions. We also notice that the
migration of the shifted band is anomalous in the MGATAlyc/MFOGLingers indicating
probably a continuous competition between the FOG1 fingers and the DNA for the GATAL
binding. The concentric cycles at the centre of the image and the letters at the edge have

nothing to do with the experiment and are part of the imaging tray used during the image

capture.
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At first we created a mechanistic model of the binding of a transcription factor on the DNA
in an EMSA-seq reaction. This permitted us to calculate the dissociation constant “K4” of a

protein/DNA ligand interaction.

3.2 EMSA-seq can be used to calculate both the DNA binding specificities and the

DNA binding affinities (dissociation constant-Kd) of a transcription factor

3.2.1 Non-cooperative competition model in an EMSA-seq reaction

We modeled the binding behavior of the protein against a degenerate 20mer DNA library
as a combination of independent binding sites that compete with each other for the same
amount of protein (multiple equilibria binding kinetics and competition kinetics) (Figure

21).

demeﬁ -
protein + DNAkmer1 2 2 [kmer1 bound on protein]
+

DNA kmer 2

demerz

[kmer2 bound on protein]

Figure 21. Modelling the binding of the DNA sequences in an EMSA-seq experiment. The
model shows the competition between each k-mer for binding the specific amount of

protein in the EMSA-seq experiment. The example of two k-mers is presented.
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Experimentally, we titrated the protein against a fixed amount of the 20mer DNA library
(Figures 17 and 18). We monitored the fraction of the bound DNA library with
fluorescence anisotropy, as described in the material and methods section. Then, for each
binding isotherm, we calculated the amount of total DNA molecules bound on the different

protein/DNA ratio conditions. By taking into account:

i) The fraction of each individual k-mer in the total number of k-mers from the
sequenced DNA libraries of the different protein/DNA ratio conditions .

ii) The total DNA molecules bound on the different protein/DNA ratio conditions.

we calculated the percentage of each individual DNA k-mer bound in each condition. We
then used these numbers in the thermodynamic model and we calculated the K4 for each

individual k-mer.

Below we model the binding of the protein with the 32896 different 8mers of the 20mer
library (65536 different 8mers in total that are collapsed in 32640 reverse compliment

8mers and 256 palindromic 8mers). The modeling is similar for k-mers of different length.

In more detail, we hypothesized that the binding behavior of the DNA library in each
condition will be the sum of all the independent binding events. We express this as

follows:

I'total =l k-mer1 + Mk-mer2 + ...+ IMk-merN
(eq 1)

where

rota 1S the fraction of all the DNA library bound as calculated from the molecular
anisotropy experiments, ry.men for N={1, 2, ..., 32896} is the fraction of each individual k-

mer bound (in this case each k-mer is one of the 32896 available 8mers).
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The above equation can be represented spectroscopically as shown in Figure 22.

In each different protein/DNA ratio condition each k-mer is competing with the other k-

mers to bind the protein (Figure 21). For example, for each of the two k-mers of Figure

21, the binding affinities are expressed by the dissociation constants Kdy.mer1 and Kdy mer2

as follows:
— [protein not bound on any k-mer]*[free k-mer1]
de—merl_ .
[k-mer1 bound on protein]
(eq 2)
— [protein not bound on any k-mer]*[free k-mer2]
de—merz_ .
[k-mer2 bound on protein]
(eq 3)

where, for example, [free k-merl] is the DNA concentration of unbound k-merl and [k-

merl bound on protein] is the DNA concentration of bound k-mer1.
The general equation of the dissociation constant for each 8mer is :

protein not bound on any k-mer]*[free k-merN]

de—merN= [
[k-merN bound on protein]

(eq 4)

where N={(1, 2, ..., 32896}

In each different protein/DNA ratio condition, the total concentration of the protein is given

as follows :
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32896

[total protein]=[protein not bound on any k-mer]+ Z [k-merN bound on protein]
N=1

(eq 5)

We introduce the dissociation constants (Kdy.mern) as follows:

If we expand eq 5 we have:

[total protein]=[protein not bound on any k-mer]+[k-merl bound on protein]+
[k-mer2 bound on protein]+...+[k-merN bound on protein]

(eq 6)

The [protein not bound on any k-mer], [k-mer2 bound on protein], [k-merN bound on

protein] in eq 6 are replaced by Kdk-mer1, Kdimer, @and Kdi-mern respectively from eq 2, eq

3,eq4:

. 32896
. Kdk-mer1+|k-merl bound on protein free DNA k-merN
[total protein]=—"= [ protein] (1+ E [free DNA k-merh]

[free DNA k-mer1]

v ) +[k-merl bound on protein]
N=2 k-merN

(eq7)

By solving for [k-merl bound on protein] we obtain:

[total protein] .[free DNA k-mer1]
32896

[k-mer1 bound on protein]= [free DNA k-merN]
ree -mer
[free DNA k-merN],

[free DNA k-mer1]+de_me,1*(1+z
N=2 de—merN

(eq 8)
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The spectroscopic representation of eq 8 is the one shown in Figure 22B.

We then rearrange eq 8 in order to bring it in a form that will be convenient to fit it in the

data for each individual k-mer:

[k-mer1 bound on protein] _ [total protein]
[free DNA k-mer1]

32896[free DNA k-merN])

[free DNA k-mer1]+de_mer1*(1+z
N=2 de—merN

(eq 9)

If we divide both [k-merlbound on protein] and [free DNA k-merl] with

[total DNA k-mer1] we will have the fraction of bound and free k-merl respectively :

[k-merl bound on protein]
[k-merl bound on protein] [total DNA k-mer1]

[free DNA k-mer1] B [free DNA k-mer1]
[total DNA k-merl]

[k-merl bound on protein]
[total DNA k-merl]
[total DNA k-merl] — [k-merl bound on protein]
[total DNA k-merl]

_ MNk-mer1
1'rk—mer1
So eq 9 can be rewritten as:
Memerl _ [total protein]

T 32896
[free DNA k-mer1]+de_mer1*(1+Z

[free DNA k-merN])
N=2 Kd k-merN

(eq 10)
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Because the dissociation constants (Kdy.mern) Of €9 10 are unkown we have to substitute

them with the dissociation constant of the 20mer degenerate DNA library.

The dissociation constant for the total amount of the 20mer degenerate DNA library (Kd of

the library, Figure 17) is the following:

Kdy .= [protein not bound on any k-mer]*[free library]
kmix [library bound on protein]

(eq 11)

where Kdymix IS the amount of protein where 50% of the 20mer degenerate DNA library is

bound.

The concentration of the amount of DNA bound on the protein is given:

32896
[library bound on protein]:z [k-merN bound on protein]
N=1

If we expand the above equation we have:

[library bound on protein]=[k-merl bound on protein]

+[k-mer2 bound on protein]+...+[k-merN bound on protein]
(eq 12)

If we substitute eq 2, eq 3, eq 4 and eq 11 in eq 12 we have:

32896
[free DNA k-mers] z :[free DNA k-merN]

demix de—merN

N=1
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By rearranging we have:

[free DNA k-mers] [free DNA k-merl] _ 232896 [free DNA k-merN]

demix de-merl N=2 de-merN
(eq 13)
By substituting eq 13 to eq 10 we have:
lk-mer1 [total protein]
1-rimer1 [free DNA k-mer1]+Kdymen*(1+ [free DNA k-mers] [free DNA k-merl])
demix de—merl

which equals to:

Mk-mer1 _ [total protein]

free DNA k-mers])
demix

1'rk—merl de-merl*(l"' [

The above competition model implies that we have each 8mer alone on the tube. This is
not representative of the 20mer degenerate DNA library where each 20mer molecule has

12 overlapping 8mers. If we correct for this feature then we have the following:

(total number of 8mer molecules in the DNA library pool)=12*(number of 20mer

molecules)

So the concentration of non bound 8mers is:

[free DNA k-mers]=12*[free 20mer DNA sequence of the library]
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Consequently:

Mk-mer1 _ [total protein]

1-Tmert - de_merl*(l+12*[free 20mer DNAstequence of the Iibrary])
kmix

(eq 14)

The Kdnix is substituted with values 650nM of protein for the mGATALyc experiment and

1600nM of protein for the mKLF1,5;.355 experiment (Figure 17).

The unknown Kdy.mer1 €an be calculated by minimising the least square fit of a non linear

I'-mer1

curve of the against the [total protein]. We note here that the above equations

-I-mer1

imply that the binding isotherm starts from the beginning of x axis at x=0. As can be seen
in Figure 17, the binding isotherm starts from the value approximately 250nM of protein.
This is attributed to the sensitivity of the instrument where although there is protein-DNA
binding in the solution, it is below the detection levels. To calculate the Kd for every k-mer

we thus subtracted from the Kdx the 250nM value in each experiment. We then add

250nM in the final Kdy_mer1 Value.

The final value of Kdy.mer1 IS also corrected for the total number of different k-mers that we

have which indicates the total number of protein molecules allocated in each different

DNA k-mer. For example the corrected Kdy.mer1 fOr an 8mer is:
1

Kd k-merl corrected:Kd k—merl* m

where the number 32896 represents the fact that we have 32896 different 8mers

For the 8mers the values of the Kdy.mer1 corrected iS in the picoMolar scale which is in good

agreement with the DNA concentration of the 8mers in the EMSA-seq reaction used.
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Figure 22 . A) Binding of a transcription factor to two DNA molecules of different affinity.
The individual binding isotherms for one high and one low affinity DNA molecule are
shown along with the binding isotherm of a solution that contains a mixture of low and
high affinity DNA molecules (“DNA pool”) (it is preferred the DNA pool to have equimolar
amounts of different DNA molecules but usually there are deviations due to manufacturing
reasons). The [protein] represents the concentration of the transcription factor. The
fraction of the DNA molecules bound by the transcription factor is presented with “r". The
“DNA pool” curve is the binding isotherm observed during an EMSA-seq experiment. The
different affinity DNA molecules represent different k-mers. B) Binding isotherms of a
specific DNA k-mer in the presence of increasing concentrations of another higher affinity
DNA k-mer. The binding isotherms represent the competition between the two DNA k-
mers. The [protein] represents the concentration of the transcription factor. The [B],
[Bi], [B2], [B3] represent different concentrations of the competitor ([Bo]<[B1]<[B2]<[Bj3]).
In the presence of a higher concentration of the competitor, the amount of protein needed
to bind 50% of the examined k-mer is increased by an amount that depends in both the
concentration of the competitor and the binding affinity of the competitor for the examined

k-mer (Adapted from (Bisswanger, 2008)).
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3.2.2 Cooperative competition model in an EMSA-seq reaction

Because we are testing the binding behaviour of 32896 k-mers simultaneously we expect
deviations from the binding equilibrium as presented in eq 2. These deviations might be
attributed to an unknown biophysical behaviour or it might be the result of a non specific
carry-over of 8mers due to the overlapping nature of 8mers on the 20mer sequence. The
latter is assumed to be part of the experimental error. For this reason we are introducing
in the equation an extra parameter, the EMSA-seq coefficient (e). The way we are
introducing it is similar to the Hill coefficient that is used to describe the binding
cooperativity which occurs from allosteric changes. Although the previous model might not
be of a direct relevance with our data, our rational for using this equation is the following:
i) Without overfitting, the extra parameter will be able to describe changes in the expected
shape of the binding isotherm curve as the Hill coefficient does, ii) The value of the

parameter might reflect a biological phenomenon as the Hill coefficient also does.

The EMSA-seq coefficient (e) is related to the binding equilibrium as follows:

e*[protein not bound on any k-mer] + [free k-merl] — [k-merl bound on
protein]

The [k-merl bound on protein] is calculated experimentally. The [free k-merl] can be
calculated analytically ( [free k-merl]=[total k-merl]-[k-merl bound on protein] ). The
[protein not bound on any k-mer] can also be calculated analytically ( [protein not
bound on any k-mer]=[total protein]-[k-merl bound on protein] ). The previous
calculation assumes that the DNA/protein binding is 1:1. The binding equilibrium equation
with the EMSA-seq coefficient (e) tests this “1:1 binding” assumption which means, for

example, whether the protein binds more or less DNA molecules of k-merl than expected
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by the classical protein-DNA equilibrium. If the binding follows the classical protein DNA

equilibrium then e=1. If there are deviations from this equilibrium e # 1.

Because the experiment is designed so that we have a fixed amount of DNA against an
increasing amount of protein then the EMSA-seq coefficient (e) value will have the

following meaning:

e If e > 1 we define that the binding shows negative cooperativity. This means that in
order to have a specific amount of bound DNA, more protein is needed than
expected. So, for example, the protein binds less DNA molecules of a specific k-
mer than expected by the classical protein-DNA equilibrium.

e If e <1 we define that the binding shows positive cooperativity. This means that in
order to have a specific amount of bound DNA, less protein is needed than
expected. So, for example, the protein binds more DNA molecules of a specific k-
mer than expected by the classical protein-DNA equilibrium

¢ If e = 1 we have no-cooperativity.

In more detalil, the introduction of the EMSA-seq coefficient in eq 14 is as follows:

We again assume the antagonistic model of Figure 21. For each of the two k-mers, the

binding affinities are again expressed by the dissociation constants Kdy mer1 and Kdy mer2

respectively now with the EMSA-seq coefficient introduced:

_ [protein not bound on any k-mer]*'*[free k-mer1]

Kdk-mer1=
kemerl [k-mer1 bound on protein]
(eq 15)
— [protein not bound on any k-mer]ez*[free k-mer2]
de—merz_ .
[k-mer2 bound on protein]
(eq 16)
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where “el” and “e2” are the EMSA-seq coefficients of k-merl and k-mer2.

In each protein/DNA ratio in the EMSA-seq experiment the total concentration of the
protein is the one presented in eq 6. The dissociation constant (Kd,;x) for the total amount
of DNA library bound has also been presented in eq 11. The concentration of the amount
of DNA bound on the protein is given in eql2. If we substitute eql12 in eq 11 and the

derived equation in eq 6 we have the following:

. ) N .
[total protein]=[protein not bound on any k-mer]+[pr0tem not bound on any k-merjfree library]

demix
This can be rewritten as:

[free Iibrary])

[total protein]=[protein not bound on any k-mer]*(1+ T

The [protein not bound on any k-mer] is replaced with the Kdy.merr from eq 15 as follows:

l/el
* (1+

Kdi.mer1 <[k-mer1 bound on protein]

[free library]
[free DNA k-mer1] )

demix )

[total protein]=(

By solving for [k-merl bound on protein] we obtain:

[total protein].[free DNA k-mer1] /*
[free library]

kmix

[k-mer1 bound on protein] /= —
de—merl " (1+

This equals to:

1

[k-merl bound on protein] / [total protein]

[free DNA k-mer1]1/e1 [free Iibrary])
demix

de—merl /x (1+
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This can be written as:

el

[k-merl bound on protein] _ [total protein]
[free DNA k-mer1] Kdymers " (1+[fre§é|k2:flry])

And eventually:

el

lk-mer1 _ [total protein]
= _ -
1-ri-mert Kdk-mer1* (1+ 12*[free 20mer DNA sequence of the I|brary])
demix
(eq 17)

In the equilibrium model the Kyy.mer1 takes values from the [total protein] because there is

[k—mer1 bound on protein]
[free DNA k—mer1]

a linear relationship between the and the [total protein].

In the above model the Kg.mer: takes values from the [total protein]®* because the

[k—mer1 bound on protein]
[free DNA k—mer1]

relates to the “el” power of [total protein].

Thus in order to be able to compare the calculated Ky mer1 Of individual k-mers we have to

normalise the values as follows:

de—merl_normalised=(de—merl)a
(eq 18)

We also need to correct the Kyy.mer1 Value as has been presented earlier. So for the 8mers

we will have:

1

de—merl normalised corrected:de—merl normalised*
- - - 32896
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We also note that the equilibrium model (eq 14) is a nested model of the model that has
the EMSA-seq coefficient for e=1 (eq 17). Because we introduced a second parameter (e,
EMSA-seq coefficient), we expect to fit the data better. In order to check whether the
better fit was not due to the extra degrees of freedom but it was a genuine better fit, we

used an F-test to compare the non-cooperative (e=1) with the cooperative (e#1) model.

In Figure 23 we see that for the “AATGGATC” 8mer the cooperative model fits the EMSA-
seq data better than the non-cooperative model. On the contrary, for the “GCGATAAA”

8mer, the cooperative model fits the data equally well as the non-cooperative model.

In Figure 24 we compare the calculated K4 from the EMSA-seq (units in concentration of
the titrated protein, Kdpowein), With the Kd that was presented in the literature (units in
concentration of the titrated DNA probe, Kdpna_pobey (Merika and Orkin, 1993) for the
following 6mers “AGATAA”, “TGATTG", “GGATAG", “TGATTA". We inspect a good
concordance which indicates that the Kdqwin derived values, in a high throughput way, do

indeed represent a good approximation of the binding affinities.

We note here that (Guertin et al., 2012), in their PB-seq platform, presented also a way to

calculate absolute dissociation constants (“Kd”). Their approach differs in the following:

i) The authors did only one condition with a specific protein/DNA ratio in contrast to
the multiple conditions for the MGATAlyc or mKLF1,s57358 EMSA-seq in our
experiments.

i) In (Guertin et al., 2012) the read depth of each k-mer is transformed into “Kd”
values by experimentally calculating the “Kd” for two specific k-mers and
calculating the “Kd” values for the rest of the k-mers relative to the two
experimentally calculated ones. This implies that k-mers with the same read depth
will eventually have the same “Kd". By exploring our EMSA-seq data we realised

that the relative values of the read depth of the same k-mers in two different
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protein/DNA ratios is not fixed and for example, in one condition one k-mer might
have more reads than the other one whereas in another condition the reverse
might happen. We assign this phenomenon to the competitive nature of the
EMSA-seq reaction. For this reason, we feel that our approach of fitting a
competition model in the different experimental conditions is much more

comprehensive.

Our method is similar to the (Nutiu et al., 2011). The authors titrated the protein against a
specific amount of DNA that was immobilised on a microarray slide. They visualised the
binding of the fluorescently tagged protein on the DNA sequences with an “lllumina”
sequencing machine. Although their method is laborious and available to a limited number
of labs, their data produced binding affinity “Kd” values for the examined protein-DNA
interactions. The authors used the Hill equation in their analysis that incorporated the Hill
co-efficient as we have already discussed. In contrast to us (see later sections), they

failed to appreciate the importance of this coefficient.

Lastly, (Slattery et al., 2011) presented a model for inferring the relative affinities (Kd) of k-
mers from multiple rounds of SELEX-seq. Although this model reflects the behaviour of k-
mers in multiple rounds of enrichment, it still does not incorporate any competition

between the k-mers.
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Figure 23. Comparison between the non-cooperative and the cooperative model for the
“AATGGATC” and “GCGATAAA” 8mers. The black circles represent the derived values
for the three replicates from the nine conditions of the MGATAlyc EMSA-seq
experiments. The y axis represents the fraction of bound 8mer. The x axis represents the
concentration of the mGATALyc in the nine different EMSA-seq conditions (concentration
of MGATA1yc in Figure 17 minus 250 nM which represents the region with the lack of
signal in Figure 17). The red circles represent the expected values from either the non-

cooperative or the cooperative model.
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Figure 24. Comparison of reported Kd affinities (Merika and Orkin, 1993) and the
respective binding affinities calculated from the EMSA-seq of mMGATAlyc. We note that
(Merika and Orkin, 1993) have titrated the DNA probes against a specific amount of
protein. Thus, the Kd units are in nM of DNA (Kdpna_probe). On the other hand, we titrated
the protein against a specific amount of DNA. The Kd units of the EMSA-seq are in pM of
protein  (Kdpowein). The 6mers used are “AGATAA” (Kdpna_probe=11nM, EMSA-seq
Kdprowein=9.44 pM), “TGATTG” (Kdona_ probe=29NM, EMSA-seq Kdpowein=9.92 pM),
‘GGATAG” (Kdpna_ probe=52nM, EMSA-seq Kdpowin=10.22 pM), “TGATTA” (Kdpna_
probe=33NM, EMSA-seq Kdyein=10 pM). The EMSA-seq affinity is the median value of the

8mers that contain the respected 6mer.

115



3.3 Comparison of published GATAL1 DNA binding specificities

Since the discovery of GATAl as one of the major transcriptional regulators of
erythropoiesis, numerous studies have been performed to find the DNA binding
specificities of the protein. The early studies employed Sanger sequencing combined with
multiple rounds of SELEX (Systematic Evolution of Ligands by Exponential Enrichment)
(Merika and Orkin, 1993, Ko and Engel, 1993). Years later the SELEX approaches were
combined with high-throughput sequencing (SELEX-seq) (Jolma et al., 2010) in order to
get a detailed image of the DNA binding landscape of GATAL. In parallel, ChIP-chip and

ChlP-seq studies extracted binding motifs from GATA1L binding sites in vivo (Figure 25).

All these studies concluded that the GATAL1 DNA binding motif is the WGATAR. GATA1
can also recognize the “GATT” and “GATC” motifs but with lower affinity. (Ko and Engel,

1993, Whyatt et al., 1993).

The N-terminal and the C-terminal Zn fingers of GATAL have been shown to be able to
bind DNA independently of each other. The N-terminal GATAL Zn finger binds DNA with
lower affinity than the C-terminal GATAL1 Zn finger and it shows different DNA binding
specificities than the C-terminal Zn finger (Whyatt et al., 1993, Ko and Engel, 1993). The
GATAL1 N-terminal Zn finger has a preference for “GATC” core motifs (Newton et al.,
2001, Martin and Orkin, 1990, Pedone et al., 1997). The C-terminal Zn finger has been
shown to bind the core “GAT(A/T)” motif (Martin and Orkin, 1990; Pedone et al., 1997,

Newton et al., 2001).

It has also been shown that the GATA1 motifs can appear as palindromes. In this case it
has been hypothesized that the N-terminal Zn finger is used to stabilize the interaction
while the C-terminal Zn finger binds in a suboptimal motif site. For example, it has been
shown that the GATAL C-terminal Zn finger can bind in a suboptimal motif site (“GATG"),
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if the N-terminal Zn finger can bind a nearby motif (“GTAAC”) (Whyatt et al., 1993).
Another example involves the non-canonical motif GNN[TCJAAG where the first G is
interacting with the C terminal finger whereas the last four bases are interacting with the
N-terminal finger (Whyatt et al., 1993). These observations have not been discussed

further in later studies mainly because it involved non canonical motifs.

In case that the GATAl C-terminal Zn finger binds its optimal “GATA” motif, the
simultaneous binding of the GATAL N-terminal Zn finger increases the binding affinity of

—
the sequence for the protein. This has been shown for the palindromic motif ATCWGATA

(Trainor et al., 1996).

Recently, ChlP-seq studies have validated all the above in vitro experiments. From the in

vivo binding sites, it has been shown that GATALl can bind to either a single motif
- - - _> -

[W]GATAA or to a palindromic motif CATCtGATAAG (Yu et al., 2009, Wei et al., 2011,

—
Horiuchi et al., 2011, Fujiwara et al., 2009) .

Below, based on the EMSA-seq results, we will explore each one of the mentioned
behaviors of GATA1 namely:

i) Its preference for “GATA” containing motifs.

ii) The DNA binding specificities of its Zn fingers alone or together.

i) Its preference for palindromic sequences.
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Figure 25. A) DNA binding specificities of GATA1 from published work. B) DNA binding
specificities of the GATA1/FOG1l complex from published work. C) DNA binding
specificities of KLF1 from published work. D) DNA binding specificities of the
GATA1/KLF1 complex from published work. The motifs have been extracted from the

indicated ChIP-seq and ChIP-chip studies.
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3.4 Investigation of the DNA binding specificities and the DNA binding affinities of a

transcription factor using EMSA-seq

3.4.1 General considerations of the EMSA-seq analysis

To extract the DNA binding specificities from the EMSA-seq experiment we focused on

8mers. It should be noted here that in order to find high affinity 8mers we followed 2

approaches:

)

In the experiments where we have DNA binding isotherms we assigned to
all the 8mers a “Kd” value, as has been described earlier. This gave an
unbiased, “cut-off free” approach where each 8mer contributes a high,
medium or low binding affinity.

In the experiments where we do not have a DNA binding isotherm we
compared the condition with the lowest protein/DNA ratio (the reason for
this selection is presented in Figure 26) versus the original DNA pool. We
used statistical inference to find 8mers that are more frequent in the bound
DNA fraction compared to the original DNA pool. This gave us only a
fraction of enriched 8mers (compared to the total number of 8mers) (Table
[II) and their respective fold change (Figure 27). We also found statistically
enriched 8mers for the EMSA-seq experiments that we had binding
isotherms in order to be able to compare them with the rest of the EMSA-

seq experiments.
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EMSA-seq experiments Enriched 8mers (p-value <10¢)

GATAL, ¢ 2122
GATAl. 4763
GATAL, . /KLF1,s; 354 main band 2230
GATAL,/KLF1,c; 555 upper band 4218
KLF15e7.555 193

Table Ill. Number of statistically enriched 8mers in each of the different EMSA-seq
experiments. The 8mers were selected as described in material and methods (binomial
test, p-value < 10°). As it is argued in the text, for every different protein only the EMSA-
seq condition with the lowest ratio of protein to DNA was used to infer statistically

enriched 8mers.

120



completely bound
R ‘ .—-_-_
partially bound @@lﬁl@]ﬂﬁﬂ@w @

group of k-mers

completely bound
- ‘ .—-_-_
partially bound condltlon 8

group of k-mers

completely bound
group of k-mers ‘ . - .
partially bound cond't'on 7

group of k-mers

completely bound
group of k-mers ‘ . -
partially bound @@[ﬁ]@]ﬂﬁﬂ@[ﬁ] @

group of k-mers

completely bound
group of k-mers ‘ . -
partially bound condltlon 5

group of k-mers

completely bound
group of k-mers ‘ . .
partially bound cond't'on 4

group of k-mers

completely bound
group of k-mers ‘ .
partially bound @@n@]ﬁﬁﬁ@n 3

group of k-mers

completely bound
group of k-mers ‘ .
partially bound @@D‘ﬂdﬂﬁﬂ@n‘ﬂ 2
group of k-mers
completely bound
group of k-mers ‘ .
partially bound condltlon 1

group of k-mers

High affinity Low affinity
kmers kmers

[ulgyoud] Jo asealoul

Figure 26. Kinetic behaviour of the EMSA-seq reaction in the different conditions of the
MGATALyc experiment. Condition 1 represents a low protein/DNA ratio. Condition 9
represents a high protein/DNA ratio. The k-mers are separated in 9 categories (boxes of
different colours) based on their affinity values. Each colour represents the different group
of k-mers that is bound mainly in the condition of the same colour (coloured letters on the
right). In each graph, the y axis represents the proportion of the bound molecules of each
group. The protein binds first the high affinity k-mers until all of them are selected by the

protein. Then the protein moves to bind the medium affinity k-mers. And the protein finally
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binds the low affinity k-mers. When for example the protein selects all the high affinity k-
mers, then the relative frequencies with each other (but not with the medium or low affinity
k-mers) will look similar like the original unbound DNA library. This behaviour will not
create a problem in the calling of enriched k-mers (fold change versus the original
degenerate 20mer DNA library) in the low protein/DNA ratio conditions where only a
fraction of high/medium affinity k-mers is bound (Figure 27A, conditions 1 and 2 have a
significant number of k-mers with a high fold change). In the conditions where we increase
the protein/DNA ratio, the normalisation will fail as more and more of the k-mers will be
sampled until complete binding and the bound library will look similar to the original
unbound DNA library (Figure 27A, in conditions 7-9 the majority of k-mers show low fold
change). The suggested way to circumvent this problem is to assume additivity of the
conditions where for example the fold change of k-mers in condition 4 will not be:
(normalised number of k-mers in condition 4)/(normalised number of k-mers in original
DNA library) but [(normalised number of k-mers in condition 1)+(normalised number of k-
mers in condition 2)+(normalised number of k-mers in condition 3)+(normalised number of
k-mers in condition 4)]/(normalised number of k-mers in original DNA library). The different
colours represent the different groups of k-mers bound in each EMSA-seq experimental

condition from the high affinity ones (red colour) to the low affinity ones (cyan colour).
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Figure 27 (previous page). A) Fold change distribution for the different conditions of the
MGATALl\c EMSA-seq experiments. The mGATAlyc EMSA-seq condition 1 represents
the low protein/DNA ratio condition. The mGATAlyc EMSA-seq condition 9 represents the
high protein/DNA ratio condition. The other conditions 2-8 are intermediate between 1 and
9 and represent conditions with increasing protein/DNA ratio (see text). B) Fold change
distribution for the wt-mGATAl1 EMSA-seq and the wt-mGATALl/wt-mFOG1 EMSA-seq
experiments. For comparison the fold change distributions of the mGATAlyc EMSA-seq
conditions 1-4 are presented. C) Fold change distribution for the mMGATA1ne/MFOG Liingen,
MGATALN/MFOGLingers, MGATAlne/ MFOGlingess EMSA-seq experiments. The
MGATALN/MFOG1ngerss EMSA-seq condition 1 represents the low protein/DNA ratio
condition. The MGATA1Nc/MFOG Liingerss EMSA-seq condition 2 represents the medium
protein/DNA ratio condition. The MGATAlNc/MFOGLingess EMSA-seq condition 3
represents the high protein/DNA ratio condition. For comparison, the fold change
distributions of the mGATAlyc EMSA-seq conditions 1-4 are presented. The k-mers were
ranked from the one that shows the highest fold change (position 1) to the one that shows

the lowest fold change (position 32896).
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3.4.1 DNA binding specificities of mMGATALyc

Based on the depth of sequencing of the EMSA-seq experiments, we have the statistical
power to detect enriched k-mers up to 9 nucleotides in total when we compare with the
original degenerate DNA library. Nevertheless, we selected an 8mer in order to see
whether we can expand the 6mer motif presented in the literature. As seen in Table lll,
from the 32896 8mers that were counted from the EMSA-seq experiment, we found 2122
enriched 8-mers for the mGATALlyc protein (binomial test p-value <0.00006) (15.5% of
total). At first we searched which 4mers are enriched in these top 8mers. We found that
“GATA” (occurrence in 36% of the enriched sequences) and “GATT” (26%) are the most
frequent 4mers followed by “GATC” (10%) and “GATG” (7%) and finally by “GAGA” (7%)

(Figure 28A). Thus the core motif that GATAL prefers is presented in Figure 28B.

We then expanded the 4mer motif up to an 8mer motif by checking the base preference of
the -1/-2 and +1/+2 positions (Figure 29). We notice that the “GATA” and the “GATT” are
the less restricted motifs implying that the core 4 nucleotides are adequate for binding
(Figure 29). As can be seen from the heat maps of Figure 29, the “GATC", “GATG” and
“GAGA” have extra flanking nucleotides restrictions implying that these nucleotides are
necessary to stabilize the binding. More specifically whereas the +1 position in “GATA”"
and “GATT” seem to be degenerate the -1 position shows a specific restriction towards
“ATC” for the “GATA” core motif and mainly towards “AT” for the “GATT” core. In the
“GATA” motif we see that the G nucleotide in position -1 of the “GATA” motif is preferred
only 58% of time (37 occurrences, orange colorful boxes in the heat map, versus 64
overall possible occurrences) whereas the “G” and “C” nucleotides in the “GATT” core
motif are preferred 26% (17 occurrences, orange colorful boxes in the heat map, versus
64 overall possible occurrences) and 60% (39 occurrences, orange colorful boxes in the

heat map, versus 64 overall possible occurrences) of the time respectively. For both the
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“GATA” and “GATT” the -2/+2 position are degenerate (N[ATCG]GATANN,

N[ATcs]GATTNN).

As far as it concerns “GATC", the “G”, “C”, “T”, “A” in the -1 position are preferred 19%,
41%, 70% and 80% of time respectively (12, 26, 45, 51 occurrences respectively, orange
colorful boxes in the heat map, versus 64 overall possible occurrences) . The “G”, “C”", “T",
“A” in the +1 position are preferred 41%, 19%, 80% and 70% of time respectively (26, 12,
51, 45 occurrences respectively, orange colorful boxes in the heat map, versus 64 overall
possible occurrences). The -2/+2 position are degenerate (N[ATcs]GATC[TAG]N). For the
“GATG” motif, there is a preference for the “A” and “T” nucleotides in both the (-1) and
(+1) position. The -2 position is degenerate whereas in the +2 position there is a
preference for the “A” and “T” nucleotides (N[AT]|GATG[AT][AT]). For “GAGA”", the -2, -1,
+2 positions are degenerate whereas the +1 position is restricted to contain only

Thymidine (NNGAGATN).

We also checked whether the “GATA"/"GATT"/"GATC"/"GAGA” 4mers are present in the
top or bottom of the first 2122 enriched 8mers. In Figure 28C,D we see that the “GATT”
and “GAGA" are equally present in the top and bottom 8mers. On the contrary, “GATA”
4mers are present mainly on the top 8mers whereas “GATC” and “GATG” are present
mainly on the bottom 8mers. This confirms for one more time that “GATA” and
“GATT"” are the core motifs with the highest binding affinity whereas “GATC"” and

“GATG” are the core motifs with the lowest binding affinity.

It is useful to mention here the structural properties on the DNA binding of the GATAL C-
terminal Zn finger. When bound to DNA, the chicken GATA1 C-terminal Zn finger folds
into a structure that consists from four beta strands (B1, B2, B3, B4) (residues 1-26), an
alpha helix (residues 27-37) and a long loop (carboxy-terminal tail) (residues 37-51)
(Figure 30A). The alpha helix and the loop that connects the 32 and the B3 strands orient
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in the major groove of DNA whereas the carboxy-terminal tail wraps around the DNA and
lies in the minor groove (Omichinski et al., 1993). NMR studies have shown that the
following amino-acids mainly make contacts with the DNA bases, Thrl4, Leul5, Argl?7,
Asn27, Leu3l, Leu35 (Omichinski et al., 1993, Tjandra et al., 1997) (Figure 30A). Argl7
and Asn27 make hydrogen bonds and/or salt bridges with the nucleotide bases or the
phosphate backbone. Thrl4, Leul5, Leu31 and Leu35 make hydrophobic contacts with
the nucleotide bases (Omichinski et al., 1993). It has been shown that the binding energy
of the GATAL C-terminal Zn finger with the DNA is attributed mainly to the amino acids
that create hydrogen bonds and/or salt bridges with the DNA whereas the hydrophobic
interactions with the DNA do not have a strong role (Mott et al., 2004, Vonderfecht et al.,
2008). For the “GATA” motif, the protein creates hydrogen bonds with the Gua of position
1, the Ade of position 2, the Ade of position 4 and the complementary nucleotide Ade of
position 3. This might explain the strong preference for the “GAT” in the first 3 nucleotides

of the motif and the “AT” preference for the 4™ nucleotide (Mott et al., 2004).
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Figure 28. A) Frequency of occurrence of the 16 different 4mers from the DNA motif
“GA[ACGT][ACGT]" in the 2122 statistically enriched mGATALlyc 8mers. The heat map
represents the enrichment for different nucleotides on positions 3 and 4 of the DNA motif
“GAJACGT][ACGT]". The occurrence of each 4mer is measured as percentage of 8mers
that show the specific 4mer. The 5% threshold of enrichment represents, for the numbers
of the frequency of occurrence, a z-score value of 3. This z-score value has occurred
through permutation analysis. In more detail, 2122 8mers were randomly subsampled,

without substitution, 1000 times from the 32896 different 8mers. In each sample, the
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percentage of 8mers that show each one of the 16 different 4mers was calculated. Then
the frequency numbers were pooled and a z-score value was assigned to them. B) Logo
representation of the enriched 4mers. C) Heat map of the presence of the 4mers (blue
signal) on the most enriched to the lowest enriched 8mers. D) Cumulative distribution of

the presence of the 4mers on the most enriched to the lowest enriched 8mers.
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represents the fold change for the mGATALlyc 8mers with different nucleotides on
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enrichment seen on the heat map but without taking into account particular dinucleotide

correlations.
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Figure 30. A) Folding of the GATA1 N-terminal and C-terminal Zn fingers. The grey arrow
represents a beta strand whereas the grey spiral represents an alpha helix. The grey
boxes represent regions of conservation between the two Zn fingers. The filled circles
indicate amino acids that make contacts with the FOG1 protein. The open circles indicate
amino acids that make contacts with the DNA sequence. The blue boxes indicate amino
acids that form hydrogen bonds with the DNA sequence. The red boxes indicate amino
acids that are making hydrophobic contacts with the DNA sequence. Adapted from
(Newton et al., 2001) and (Kowalski et al., 1999). B) Model of the GATAL1 C-terminal Zn
finger binding on the major groove of the DNA sequence. The amino acid L174 represents
the Leul5 of the text, the rest of the amino acid numbers are changed accordingly. From

(http://www.faculty.ucr.edu/~mmaduro/meds.htm).
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3.4.2 The N-terminal GATAL1 Zn finger binds to “GATC” and “GATG” motifs (DNA

binding specificities of MGATAL,)

We then examined the DNA binding specificities of the C-terminal Zn finger of GATAL
alone (IMGATAL.). In Figure 31A, we see that absence of the N-terminal Zn finger results
in a reduced frequency of “GATC” (from 10% to 5%) and “GATG” (from 7% down to 3%)
motifs in the top 2122 enriched 8mers. This indicates that the GATA1 N-terminal Zn
finger DNA binding motifs are the “GATC” and the “GATG”. The fact that we do not
see a complete depletion of “GATC” and “GATG” implies that the C-terminal Zn
finger can bind to them albeit with a lower affinity. We also notice an increase in
frequency for the 8mers containing the “GATT” motif (from 26% to 35%). In Figure
31C,D we see that the mGATAL, “GATC” containing 8mers have a lower enrichment than
the mGATALlyc “GATC” containing 8mers. This implies that the N-terminal Zn finger
can only bind high affinity “GATC” containing 8mers. The C-terminal is able to
stabilise the binding in low affinity “GATC” motifs. In Figure 31B, we see that
absence of the N-terminal Zn finger causes a re-distribution of the “GATA” motif along the
8mer sequence. In the mGATALyc 8mers the “GATA” motif is shifted towards the 4th and
5th position. In the mGATAl: 8mers, the “GATA” motif is equally found in all the
positions. The “GATT” motif shows a smaller shift towards position 1 and 2. The “GATG”
or “GAGA” motifs do not show any difference in the mGATALlyc versus the mGATAlc
8mers. This indicates that the N-terminal Zn finger is involved in simultaneous DNA
binding mainly with the “GATA” motif and at a lower extend with the “GATT” motif.
The “GATC” or “GATG” motifs are bound by either the C-terminal Zn finger or by

the N-terminal Zn finger alone.

132



>

B.

45 GATA GATT GATC
40 EmGATA1INC (top 500 Bmers)  (top 500 8mers) (2122 Bmers)

EmGATA1C

0 5 10 15 20 25
o
o
o
0z 4680
o
y
.
"
01 23 4586

0

frequency (%) of motif occurrence
in the top 3000 8mers

35
30
25
20
GATG GAGA
15 (2122 8mers) (2122 8mers)
it . ‘
5 L L . - ; — MGATA1,
0 - - \\//\ — mGATA1,
Ov@v 0654. e‘;‘& G‘;\o Oc,v evs;ﬂ S .

0 10 20 3
00 10 20 30

frequency x 100
| 0. )
~|
& j
@

position of the motif on the 8mers

C. —— GATAL D.
—— GATAL,,

4mer motif presence (blue signal) or
absence (white signal) on the
mGATA1 enriched 8mers

GATA

/
1 / .
v
A

o o <
E Rk g
O o

GATT
GA

Highly enriched
8mers

GATC

I

[ ',I_,IIIIIIMI||‘I|'|l|ll\l‘l\ﬂlﬂ

GATG =

MR RRAR

GAGA
b

20 - 2 Lowly enriched
0 - ‘,,//’—' ~ = . 8mers

% cumulative fraction
B
o o o
\

Highly N Lowly
enriched enriched
8mers 8mers

Figure 31. Binding specificities of mMGATALlc: A) Frequency of occurrence (%) of the
“GATA", "GATT", "GATC", "GATG", "GAGA” motifs in the enriched 8mers of either the
MGATALc (top 2122 8mers) or the mGATALyc (2122 8mers). B) Distribution of the
“GATA", "GATT", "GATC", "GATG", "GAGA” motif along the enriched 8mers for either the
enriched mGATALyc (top 2122 8mers or top 500 8mers) or the enriched mGATA1: 8mers

(2122 8mers or top 500 8mers). C) Cumulative fraction of the “GATA”, "GATT”, "GATC”,
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"GATG”, "GAGA” motif appearance in the top 2122 enriched mGATAL: 8mers. The 8mers
are sorted by fold change from the highest (on the left of the x-axis) to the lowest (on the
right of the x-axis). D) “GATA”, "GATT", "GATC", "GATG", "GAGA” motif appearance in
the top 2122 enriched mMGATAL: 8mers. The 8mers are sorted by fold change from the

highest to the lowest.
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3.4.2.1 Absence of the N-terminal Zn finger changes the binding specificities of the

C-terminal Zn finger

We also grouped the GATC containing 8mers in 8mers that are present in both
MGATALyc and mMGATAL: (GATAL C-terminal Zn finger specific 8mers) and in 8mers
that are present only in mGATALyc (GATAL N-terminal Zn finger specific 8mers) (Figure
32). The GATAL1 N-terminal Zn finger specific 8mers represent 8mers that only the N-
terminal Zn finger binds. The GATAL C-terminal Zn finger specific 8mers represent 8mers
that only the C-terminal Zn finger binds. We clustered the 8mers based on their similarity.
We used as a similarity measure the “Hamming distance”. The “Hamming distance”
corresponds to the number of positions that are the same between two 8mers. The
clustering gave us three groups of 8mers (groups A, B, C). Their main difference lies in
the position of the “GATC” motif occurrence. In group A the “GATC” motif appears in
position 1. In group B the “GATC” motif appears in position 3 and in group C the “GATC”
motif appears in position 2. In the 8mers that the C-terminal Zn finger binds, we see an
increase in the occurrence of 8mers that are part of group B (“GATC” in position 3) and a
reduction of group A ("*GATC” in position 1) related 8mers. The group C size is also
larger. This indicates that the C-terminal Zn finger needs extra interactions with the
nucleotide bases or the phosphate backbone upstream of the motif to stabilise the
binding. We also notice some flank restrictions. The C-terminal Zn finger shows an
increased preference for [AT]|GATC (group B) and GATC[AT] (group C and A). This again
indicates that extra base interactions are needed for the GATAl C-terminal Zn
finger to stabilise the binding. On the contrary, the GATAL N-terminal Zn finger can

bind the “GATC” without the need for extra base interactions.

135



GATA1 N-terminal Zn finger specific “GATC” motif containing 8mers

33.10455

]
J

16.552275

33.178642
16.589321
0.0

0.0

-
- . "
)

*l—‘ﬁ—

GATA1 C-terminal Zn finger specific “GATC” motif containing 8mers

I ]—l—‘ 33.62037

16.810184

| 34.203148
17.101574
0.0
o
o

Figure 32. Binding specificities of the C-terminal Zn finger and the N-terminal Zn finger of
GATAL1 for the enriched “GATC” containing 8mers. The binding specificities were derived
from 8mers that were bound from both the GATA1 N-terminal and the C-terminal Zn
fingers (MGATA1\c enriched 8mers) or the GATAL C-terminal Zn finger alone (MGATAL¢
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enriched 8mers). A) GATAL1 N-terminal Zn finger specific 8mers that represent “GATC”
containing 8mers that appear only in the mGATALyc bound fraction. B) GATAL1 C-terminal
Zn finger specific 8mers that represent “GATC” containing 8mers that appear in both the
MGATA1yc and the mGATAL: bound fraction. Both (A) and (B) pictures were derived
through hierarchical clustering of the DNA sequence similarity of the enriched 8mers. The
similarity measure used was the “Hamming distance”. Each 8mer was assigned a
similarity score against the rest of the 8mers. The similarity score can take values from 5
to 8 (red boxes on the clustergram, the higher the intensity of red the higher the similarity).
A similarity score of 5, for example, indicates that in the same 5 nucleotide positions of the
8mer DNA sequence, the two 8mers have the same nucleotide base. In order to cluster
only the more similar 8mers, a pair of 8mers with similarity score less than 5 was assigned
a score of 0 (black boxes on the clustergram). The hierarchical clustering was performed

with the default parameters of the MeV software (http://www.tm4.org/mev.html). The

clusters were assigned in groups “A”, “B” or “C” by manual curation. The 8mers of each
group were then used for de novo motif discovery (presented motifs) using the “MEME”

software (Bailey et al., 2009).
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3.4.2.2 Absence of the N-terminal Zn finger eliminates the binding in palindromic

sequences

In the previous paragraphs we provided proofs, similarly with the already existing
literature, that the GATA1l C-terminal Zn finger binds mainly the “GATA” motif and
secondary the “GATT” motif. The N-terminal GATAL1 Zn finger motif binds the “GATC”
motif. Considering that the EMSA-seq platform can interrogate a vast majority of the
DNA binding space simultaneously, we assumed that it can give indications of the
N-terminal and the C-terminal Zn finger distance distribution in an unbiased way.
For this reason, we examined in the bound 20mer library the distance distribution between
the “GATC” motif (as representative of the GATAL N-terminal Zn finger binding) and the
“GATA" or “GATT" motif (as representative of the GATAL C-terminal Zn finger binding). In

Figure 33 we present the interpretation of the graphs.

In Figure 34 we see that the 20mer sequences bound by the mMGATALl. protein (the
GATAl1 C-terminal Zn finger) show a tandem occurrence of the “GATC” and
“GATA’I"GATT” motifs (GATCGATA, GATCGATT, GATAGATC, GATTGATC). We
hypothesize that the occurrence of two closely found motifs (in tandem, no spacer
between them) will increase the local binding affinity. We exclude binding of two C-
terminal Zn fingers in tandem because the steric hindrance cannot permit their
coexistence in such a short distance (also the migration distance from the free DNA front

indicates that only one protein molecule is bound on the DNA) (Figure 19).

On the contrary, the 20mer sequences bound by the mGATALyc protein show a broad
distance distribution between the “GATC” and “GATA"/"GATT” motifs. More specifically
the preferred distance distribution for the GATA-GATC conformation is mainly GATC{N},.
11GATA and GATA{N},3GATC and secondary GATA{N}4.1:GATC. Similarly for the GATA-
GATT conformation the preferred distance distribution is again mainly the GATC{N},.

138



11GATT and GATT{N},3GATC and secondary the GATT{N},1;GATC. We note that
these distance distributions is asymmetric with the GATC-GATA/GATT
conformation to have a broad distance dependence whereas the GATA/GATT-GATC
conformation has a narrow distance dependence. This might be an indication that
the flexible spacer between the two domains need to wrap around one of them in
order for both of them to be able to bind in the GATA/GATT-GATC conformation.
This wrapping around one of the domains might reduce the flexibility of

conformational changes for the whole protein.

We also checked the distance distribution between the “GATG” and the “GATA""GATT”
motif. We have already seen that the GATA1l N-terminal Zn finger shows a “GATG”
preference. In Figure 35 we see that the 20mer sequences bound by the mGATALc
protein show a tandem occurrence of the “GATG” and “GATA"/"GATT” motifs (GATGATA,
GATGATT, GATAGATG, GATTGATG). The conformation where the motifs are in
different strands showed preference for TATCGATG, GATGTATC and AATCGATG,
GATGAATC. The 20mer sequences bound by the mGATALyc protein show mainly the
same pattern as the mGATALc. In addition there is a preference for the GATG{N}, ;GATA
and GATG{N};GATT conformations. The conformation where the motifs are in different

strands showed the extra preferences GATG{N}; TATC and GATG{N};AATC.

From this we can conclude either one of the following:

i) The N-terminal Zn finger can bind DNA independently from the C-terminal Zn
finger. This means that for example the GATGATA, GATGATT, GATAGATC
and GATTGATC motifs are bound by either the N-terminal or the C-terminal
Zn finger.

ii) The same preference of the mMGATAl: and mGATAl\c for the “GATG”-
“GATA”/"GATT” motif distance indicates that only the C-terminal Zn finger
of GATA1 is involved in the DNA binding in both cases. The reduction of the
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presence of the “GATG” motifs in the mGATA1c enriched 8mers (Figure 31)
indicates that the effect may not be from the reduced binding of the GATA1
N-terminal Zn finger but from the allosteric effects of the GATAL N-terminal
Zn finger on the GATAL1 C-terminal Zn finger. This practically means that
absence of the N-terminal Zn finger does not permit the C-terminal Zn finger

to bind a subset of the “GATG” containing 8mers.

As we have seen earlier, the above are in accordance with the lack of re-distribution
of the “GATG” along the sequence of the mGATAlc: enriched 8mers versus the

MGATAL\c enriched 8mers (Figure 31).

Although the GATAL1 N-terminal Zn finger binds with high affinity to the “GATC” and
“GATG” motifs it has also been shown that it binds with low affinity to the “GATA” or
“GATT” motifs. For this reason, we examined whether we can see a distance distribution
between the “GATT” and the “GATA” motif. In Figure 36 we see that the 20mer
sequences bound by the mGATAL. protein show the following preference GATAGATT,
GATTGATA and GATTATC. As expected the 20mer sequences bound by the mGATALyc
protein show enrichment of the same pattern as the mGATA1¢ with strong preference for
the GATTATC motif. They also show the extra binding motifs GATT{N},.11GATA,
GATA{N}o.11GATT when the motifs are on the same strand and the motifs TATC{N},.

11GATT, GATT{N}0.1.: TATC when the motifs are on different strands.

For the GATA-GATA distance the mGATAL. shows preference only for the GATAGATA

and the GATATC motifs. The mGATA1yc shows similar preference. The mGATAL¢ also

likes the GATA{N}1..0GATA motifs.
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3.4.3 Full length GATA1 binds on the DNA with only the C-terminal Zn finger, the N-

terminal Zn finger shows no binding

The previous results were based on examining the binding of either the N-terminal Zn
finger and the C-terminal Zn finger together or the C-terminal Zn finger alone. To
investigate whether the N-terminal and C-terminal GATAL tails have an effect on the DNA
binding of the protein we performed EMSA-seq with the full length GATA1l. We then
checked the distance distribution between the “GATC” or “GATG” and the “GAT(A/T)”

motif .

In Figure 49 we do not see any distance distribution between the “GATA” and the “GATC”
motif. Thus the N-terminal and C-terminal tails inhibit the binding of the N-terminal
Zn finger on the DNA. We also did not see the “GATC” enrichment that was based
only on the binding of the C-terminal Zn finger alone (GATAGATC or GATCGATA).
This implies that the tails affect both the N-terminal and the C-terminal Zn finger. On
the other hand the binding of the C-terminal Zn finger on the GATGATA was not

affected significantly (Figure 52).

For the GATA-GATT distance we found only the footprint of the C finger binding by using
either the mMGATALyc specific 8mers or the wt-mGATAL specific 8mers. In particular we
only see enrichment of GATTATC, GATAGATT and GATTGATA. This is similar with the

GATG-GATA motif distance distribution.

On the contrary the GATA-GATA distance pattern is more similar to the mGATALyc

pattern with preference for the GATA{N},.sGATA and the GATATATC motifs.

The above indicate that the GATA1 N-terminal and C-terminal tails restrict the DNA

binding in a “GATC” motif specific manner which probably involves the N-terminal
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Zn finger binding. We can hypothesize that the N-terminal tails and/or C-terminal
tails are inhibiting the N-terminal Zn finger DNA binding which inhibits, in his turn,
the C-terminal Zn finger DNA binding. So, the GATA1 N-terminal Zn finger cannot
see the “GATC” motif, no structural change can occur and the GATA1 C-terminal
Zn finger DNA binding is inhibited. On the contrary the “GATGATA” and
“GATTTATC” motifs, that represent the C-terminal Zn finger binding, are adequate
to impose structural changes on the C-terminal Zn finger that will prevent the N-
terminal Zn finger and/or N-terminal/C-terminal tails inhibition. Interestingly, the
GATA{N}ysGATA motifs seem that are able to overcome the N-terminal/C-terminal
tails inhibition on both the N-terminal and C-terminal Zn fingers by permitting the

DNA binding of both Zn fingers simultaneously.

We do not believe that this behaviour of full length GATAL is artificial. Newton et al
(Newton et al., 2001) have shown that the transactivation activity of DNA sequences
containing only the “GATC” motif is similar for either the case when the GATA1 N-terminal
Zn finger binds alone or the case when the GATA1 C-terminal Zn finger binds alone or the
case when wt-GATAL binds. They showed this by using mutant versions of the wt-GATAL
in which they were disrupting the folding of either the GATA1 N-terminal or the GATAL C-
terminal Zn finger. On the contrary, DNA sequences that contain only the “GATA” motif
can be bound mainly by the GATA1 C-terminal Zn finger or the wt-GATAL protein. The
transactivation activity is twice as much, compared to the transactivation of the “GATC”
containing DNA sequences from the GATALl C-terminal Zn finger or the wt-GATAL
protein, implying that the “GATA” motif is of a higher binding affinity than the “GATC”
motif, for the GATAL C-terminal Zn finger as we have already seen. The above show that
the “GATC” motif is of equal affinity for both the C-terminal and the N-terminal Zn finger of
GATAL. Nevertheless, the “GATC” motif in all the binding spectrum of the GATA1 C-
terminal Zn finger is at the bottom binding affinity level whereas the “GATC” maotif in all the

binding spectrum of the GATA1 N-terminal Zn finger is at the top binding affinity level.
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This indicates that the binding affinity scale of the GATA1 N-terminal Zn finger
overall is lower than the binding affinity scale of the GATAL1 C-terminal Zn finger.
On the contrary, the “GATA” motif appears at the top binding affinity level of the GATAL
C-terminal Zn finger and at the bottom binding affinity level of the GATAL N-terminal Zn
finger. This is the reason that the “GATA” containing DNA sequences of (Newton et al.,
2001) show an increased transactivation difference when they are bound by the GATAL
C-terminal Zn finger compared to the case when they are bound by the GATAL N-terminal

Zn finger.

Although this targeted examination of the specific motifs for each GATAL1 Zn finger did
indeed permit the calibration of the relative binding affinities between them, the nature of
the experiment is rather binary, where the presence or absence of the appropriate GATA1
Zn finger either keeps the transactivation at the same levels as the wild type protein or it
eliminates it completely. On the contrary, Newton et al (Newton et al., 2001) showed that
in the DNA sequence from the promoters of the ALAS2 and PF4 genes, which both have
a mixture of GATAL N-terminal and C-terminal Zn fingers specific DNA binding motifs, the
transactivation of the wt-GATAL protein is lower that the transactivation of either the
GATAL C-terminal or the N-terminal Zn finger alone. Because both promoters contain a
mixture of “GATC", “GATG", “GATT"” and “GATA” motifs (Figure 37) we can hypothesize
the following scenario. If the GATAL N-terminal Zn finger or the GATA1 C-terminal Zn
finger are alone they might be free to bind in multiple low and high binding affinity
positions, whereas if both the GATA1 N-terminal and the C-terminal Zn fingers need to
bind simultaneously then the binding might be restricted to some of the available
positions. Nevertheless, knowing that the co-operative binding of the two GATAl Zn
fingers increases the affinity of all the protein for the binding site and that the high binding
affinity sites of the GATAL N-terminal Zn finger are in reality at the bottom part of the DNA
binding affinities of the C-terminal Zn finger, then we would expect from the mutagenesis
experiments that the transactivation activity of the wt-GATA1l to be higher that the
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transactivation activity from each one of its Zn fingers, which is the reverse from what
Newton et al (Newton et al., 2001) saw. On the contrary, if the N-terminal and C-terminal
Zn fingers in the wild type protein restrict each other’s binding then we would expect that
by eliminating, through the mutagenesis, the structure of either one of them the intact
GATAL Zn finger will be able to bind unrestricted on the DNA sequence. In this case the
expectation is that the transactivation activity of each one of the GATAL Zn fingers alone
should be higher that the transactivation activity of the wild-type GATAL protein. Indeed,
this is something that Newton et al (Newton et al., 2001) observed for the ALAS2 and
PF4 promoters. Thus, the results of Newton et al (Newton et al., 2001) are in accordance
with our model where the interaction of the GATAL1 N-terminal and C-terminal Zn fingers
with the GATA1 N-terminal and the C-terminal tails and with each other, restrict the DNA

specificities of the wild type GATAL protein.
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3.4.4 Binding of two molecules of GATAL independently or as a dimer on the DNA,
changes the distance distribution between the specific GATAL1 N-terminal and the

C-terminal Zn finger DNA binding motifs

During the mGATALc band shifts in some conditions we observed a slow migration band
(Figure 18). We attribute this band to DNA molecules that are bound by two protein
molecules simultaneously. Binding of GATA containing DNA molecules by two GATAl

proteins has also been observed in crystal structures (Bates et al., 2008).

For the GATA-GATC distance the GATA1l dimer showed mainly a preference for
GATA{N}31:GATC and GATT{N}311GATC and a lower preference for GATC{N}3;GATA,
GATC{N}3sGATA (Figure 34). The GATAGATC, GATTGATC and at a lower extend the
GATCGATA motifs are also present. The GATCGATT motif is absent along with the

GATA{N}1,GATC, GATT{N}1,GATC, GATC{N}, ,GATA and GATC{N}, ,GATT motifs.

For the GATA-GATG distance the GATALl dimer showed similar pattern with the
monomeric GATAL. We also noticed an increase of GATA{N}, sGATG, GATT{N}:sGATG,

GATG{N}.s TATC (Figure 35).

For the GATA-GATT distance the GATALl dimer showed a similar pattern with the
MGATA1c for motifs that were on the same strand (Figure 36). We notice here that there
is a reduced frequency for the GATT{N}:.11:GATA distance. For motifs that were on
opposite strand the GATTATC is present. On the other hand, the TATC{N},.;;GATT and
GATT{N}1 s TATC motifs are significantly reduced. There is also a significant increase of

the GATT{N}4.14TATC motif (Figure 36).

Similarly for the GATA-GATA distance, the pattern is similar with the mGATAL1yc one with
the exception that there is a significant increase in the GATA{N}s.,3TATC motif.
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The binding model of the mGATALlyc on the DNA sequence, based on all the above

observations, is presented in Figure 38.
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Figure 33 (previous two pages). Interpretation of the distance distribution graphs between
the “GATA’"GATT” motif and the “GATC” motif (A) or the “GATA""GATT” motif and the
“GATG” motif (C). The working hypothesis is presented in (B). In more detail, the GATAL
N-terminal Zn finger is assumed to bind the “GATC” or “GATG” motif whereas the C-
terminal Zn finger is assumed to bind the “"GATA” or “GATT"” motif. The x-axis in the bar
plots of (A) represents the distance in bp between the beginning of the “GATC” motif and

the beginning of the “GATA”/"GATT” motif as indicated in the schematic graphs. The value
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of the distance in bp is indicated above the bars in the plots (the absolute value of the
indicated number represents the distance). Negative values represent the “GATA"/"GATT"
motif being upstream of the “GATC” motif. Positive values represent the “GATA"/"GATT”"
motif being downstream of the “GATC” motif. The appearance of the “GATA"/"GATT" motif
and the “GATG” motif on the same sequence can have two orientations the parallel one
and the anti-parallel one (C) depending on which strand the motifs are. The interpretation
of the parallel orientation is similar to the GATA/GATT-GATC plots (blue bars in the bar
plot). In the anti-parallel orientation, the “GATA’/"GATT” motif upstream of the “GATG”
motif faces a different direction to the “GATG” motif, whereas the “GATA"/"GATT” motif
downstream of the “GATG" is in the same direction as the “GATG” motif . Similar plots like
the GATA/GATT-GATG distance plots can be created for the GATA-GATT or the GATA-

GATA distance plots.
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Figure 34. Distance graphs between the “GATA” and the “GATC” motifs or between the
“GATT” and the “GATC” motifs for the monomeric mMGATAlyc, MGATAL: and the dimeric
MGATA1\c. The distance graphs for the monomeric and dimeric mMGATALyc were created
with the 2122 enriched 8mers of the monomeric mMGATAL\c (see materials and methods
section for further details). The distance graphs for the mGATAl: were created with the
top 2122 enriched 8mers of the mGATALc. The binding models of the protein on DNA are
also shown. For further explanation about the graph see Figure 33. The blue arrows

represent the orientation of the motifs as appear in Figure 33A.
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Figure 35. Distance graphs between the “GATA” and the “GATG” motifs or between the

“GATT” and the “"GATG” motifs for the monomeric mGATAlyc, MGATAL: and the dimeric

MGATA1yc. The distance graphs for the monomeric and dimeric mMGATALyc were created

with the 2122 enriched 8mers of the monomeric mMGATALyc (see materials and methods

section for further details). The distance graphs for the mGATAl: were created with the

top 2122 enriched 8mers of the mGATALc. The binding models of the protein on DNA are

also shown For further explanation about the graph see Figure 33. The blue and red

arrows represent the orientation of the motifs as appear in Figure 33C.
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Figure 36. Distance graphs between the “GATA” and the “GATT” motifs for the monomeric
MGATALlyc, MGATALl: and the dimeric mGATAlyc. The distance graphs for the
monomeric and dimeric mMGATAlyc were created with the 2122 enriched 8mers of the
monomeric MGATA1yc (see materials and methods section for further details). The
distance graphs for the mGATALc were created with the top 2122 enriched 8mers of the
MGATA1c. The binding models of protein on DNA are also shown. The red nucleotides in
the binding models of the third row indicate that short distances between the motifs are
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not favoured. For further explanation about the graph see Figure 33. The blue and red

arrows represent the orientation of the motifs as appear in Figure 33C.
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(mouse ALAS2 promoter , from -300 to +37 nucleotide position):

GTCCTCTCCACGTGGACTTGCCTTTAGTGGCCTCCTTCATGGCTGAGGGA
ACTGAAGGTCAGAGGGATGGTTCTACAGAAGGTGCCCTG TATAAGG
ATGGTCT TCAA GAATGAGTTAGTTTCACTACCCCAGAGGGAG
TAGAGGAAGAAAACAGAAAGAGAAGGCACAGAACAAGGGGAGTGAAAG
GA GACTACTTTGCTTTTTATCTTTAGCAGAGGCCTGAGATACCTTAAGGCCG
AGGCGGAAGGGGGTGGGGTGGGGETGGGCGGGGLTGAGCAGGAGGCLTG
GGA TGAAAGCTGCTTCCCAGCCCAGCCCACAGCACTCACCG

(mouse PF4 promoter, from -355 to +19 nucleotide position):

CACCAC GGCAGGAAGAGTGACAGTGGCTTTGGAGTTACGTGACTGG
AAGCCAAGAAGGCAACACATTGATACTGAAGGTGTGTGTTCTGCAAACCC
GATGGC TCAGAAAGTTCTCTGCCCCATACAGCATACCTTTTGCTAA
ATTCCAAGTCCTACTGTTTCTCACTCTGTAATTGTTGATATCAATTCACA
TTGGAGATGTG CTGCTGCCAGCTACTAGTCAAGACAGCTGGCCTCA
GCTTTTTTTTTTTITTTITTTTCTGCTCTGTTTTATTTT TTGGCTGGC

CA CCAATTACTGTTCCACAAGTGTCATTGCTTCTGCAGAGCACTTC
CTCATCCTGTATCCTGGGTTTCCGG

TSS

Figure 37. Nucleotide sequence of the promoter region for the ALAS2 and the PF4 gene
between the indicated genomic positions. The GATAL motifs “GATA”, “ ", "GATG”,

“GATC" are indicated with different colours.
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Figure 38. General binding model of the GATA1\c protein derived from the EMSA-seq
experiments. In low concentration of protein, GATAL can bind with either the C-terminal
Zn finger alone or with both the N-terminal Zn finger and the C-terminal Zn finger. In high
concentration of protein, GATAL can also bind as a dimer. Probably only the C-terminal
Zn fingers of the dimeric GATAL molecules are used for binding when the sequence has
two “GATA” motifs. In case of the dimeric GATAL, when the sequence has only one
“GATC” motif and one “GATA” motif, the dimer can still probably bind with the C-terminal
Zn fingers. In this situation, the interaction of the two GATAL1 proteins will probably

stabilise the binding.
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3.4.5 Integration of the GATAL1 EMSA-seq results with other in vitro data

3.4.5.1 DNA motif distances of mMGATAlyc, MGATAL: and their relationship with

solved crystal structures

Although the distance distributions represent potential protein conformations upon DNA
binding the best way to check whether they can reflect the DNA-protein interaction
conformations is to compare them with solved crystal structures. DNA Binding by a single
GATA zinc finger has been analysed by NMR on the chicken GATAL C-terminal Zn finger
(Omichinski et al., 1993, Tjandra et al.,, 1997, Clore et al., 1994) and on its fungal
homologue AREA (Starich et al., 1998a, Starich et al., 1998b). Crystal structures of the
GATA zinc fingers bound to DNA have been analyzed on the mouse GATA3 C-terminal
Zn finger alone (Bates et al., 2008) and on the human GATA3 C-terminal Zn finger and N-
terminal Zn finger when they are together on the protein sequence (Chen et al., 2012).
Below we present some mechanistic details from these binding models. We eventually
compare them with our models. We should always have in mind that the crystal structure
represents a protein DNA conformation that was able to crystallize under the specific
crystallization conditions. The crystallization conditions might not always favor the most
thermodynamically stable conformation for the protein-DNA complex. Crystal stacking
effects might also distort the protein-DNA binding. From our frequency data of the motif
distance distributions, we can assign the most frequent conformation as the most
thermodynamically favorable one (independently from the generic DNA sequence
context). The unbiased nature of our experimental setup permits us to be able to
approximate the thermodynamically stable condition and infer the dynamics of the
protein-DNA complexes. For this reason the frequency data from the EMSA-seq

can be assumed that they lie along the lines of simulations from molecular
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dynamics experiments and from NMR dynamics experiments (Kleckner and Foster,
2011). Below we present the GATA3/DNA binding models from the crystal structures of
the above mentioned studies and the projection of our data on them. We use the
GATA3/DNA binding models because at the time of writing this manuscript the only
available protein/DNA crystallographic models from the proteins of the GATA family are

the ones from GATAS3.

Chen et al (Chen et al., 2012) have crystallized the N/C-terminal Zn fingers of human
GATA3 (hGATA3\c) along with the following palindromic molecules a)
—> —>
AATGTCCATCTGATAAGAC (GATApal) and b) CCTAAATCAGAGATAACC. They
«— «—
noticed that the hGATA3\¢ can bind in the GATApal with the C-terminal Zn finger bound
on the “GATA” motif and the N-terminal Zn finger bound on the “CATC” (“GATG”) motif. In
the second sequence, they noticed that the hGATA3yc can bind simultaneously on two
different DNA molecules that are aligned in parallel in the crystal structure. In this case the
GATAL1 C-terminal Zn finger can bind on the “GATA” motif whereas the N-terminal Zn
finger can bind on the GATT motif of the other molecule. They interpret this as an
indication that GATA1 can bridge two DNA binding sites that are distant apart. They
also showed that this can happen in solution. These observations are similar to what
we have seen where the GATA1 N-terminal Zn finger and the GATA1 C-terminal Zn
finger can bind motifs that are further distant apart as long as a flexible DNA

sequence exists between them (Figure 39).

Bates et al (Bates et al., 2008) also presented the crystal structure of proximal GATA sites
with the C-terminal Zn finger of mouse GATA3 (MGATAS3:). This complement the NMR
analyses of the chicken GATA1 C-terminal Zn finger (cGATA1c) (Omichinski et al., 1993).
Bates et al (Bates et al., 2008) used the following sequences:

i) A sequence that contains two “GATA” motifs on the same strand and one “GATT”

motif in tandem with one “GATA” motif but on the reverse strand. We will call the
— «—— —
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i)

sequence “OPP complex” and it is the following, TTGATAAATCAGA ACC

(The AATC represents the GATT sequence). In the crystal structure, two

molecules of MGATA3¢ bind the second “GATA” motif (colored green) and

the “GATT” motif.

A sequence that contains two “GATA” maotifs, that are four nucleotides apart, on

different strands. Bates et al call the sequence “ADJ” and it is the following,
— «—

TTCTGATAAGACTTATCTGA. In the crystal structure two molecules of

MGATAS3c bind the “GATA” motifs. EMSA also showed that two wt-mGATA3

bind on this sequence
A sequence that contains two “GATA” motifs, that are three nucleotides apart, on
different strands. Bates et al call it sequence “OPP” and it is the following,

<« D
TATATCAGAGATAAC. EMSA showed that either one or two wt-mGATA3 can

bind on this sequence depending on the protein concentration.

A sequence that contains one “GATA” motif and one “GATC” motif on different
strands. This sequence was exactly the same as the sequence “OPP” with the
exception that one “GATA” motif was replaced with the “GATC” motif. Bates et

— —
al, call it sequence “OPP A-C” and it is the following, TAGATCAGAGATAAC.

EMSA showed that one mGATAS3 can bind this sequence.

From the above sequences, Bates et al presented 2 crystal structures (for sequences

(0,(i)) and proposed 2 hypothetical models (for sequences (iii),(iv)).

On our side, we assumed that the mGATAL binding affinities will be representative of the
MGATA3 binding preference. We hypothesized that the binding affinity values (Kd) that
were extracted from EMSA-seq will be able to reproduce to some extend the binding
conformation of the protein-DNA complex. In Figure 40 we see the projection of the Kd

values of the mGATALlnc 8mers on the sequences (i),(ii),(iii) and (iv). We notice that the
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EMSA-seq binding affinities (K4) represent a very good approximation of the

thermodynamically favorable protein-DNA conformation.

For the “ADJ” sequence we can see two positions with high DNA binding affinity (Kd
approximately 10 pM) at the edges of the sequence. These two positions are separated
by a region of low DNA binding affinity (Kd approximately 13 pM). Two molecules of the
wt-mGATA3 can bind simultaneously at this sequence at the two high binding affinity

regions.

For the “OPP A-C” sequence, we can see one position with high DNA binding affinity (Kd
approximately 10 pM) at the right edge of the sequence. At the left edge, the mean
binding affinity is around 12 pM (MGATALlyc 8mers with Kd equal to 11pM, 12pM and
13pM). The C-terminal Zn finger of wt-mGATA3 can probably bind on the high DNA
binding affinity region on the right whereas the N-terminal Zn finger can bind on the low

DNA binding affinity region on the left.

For the “OPP” sequence we can see that the binding affinity throughout the sequence is
homogeneous, with Kd around 10pM. Nevertheless, we can see a trend where the right
part of the sequence has higher binding affinity (Kd approximately 9.5 pM) and the left
part of the sequence has lower binding affinity (Kd approximately 10.5 pM). In low protein
concentration one molecule of wi-mGATA3 binds on the DNA whereas in high protein
concentration two molecules of wt-mGATA3 bind on the DNA. We can assume a
metastable situation where at low protein concentration the C-terminal Zn finger of wt-
MGATA3 binds the 9.5 pM region and the N-terminal Zn finger binds the 10.5 pM region,
whereas at high protein concentration the C-terminal Zn finger of a second wt-mGATA3
molecule can compete the N-terminal Zn finger, of the first molecule, for binding at the

10.5 pM region.
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Figure 39. Fold change of the nucleotide frequency occurrence (Adenine, Cytocine,
Guanine, Thymine) between the “GATA” and the “GATT” motifs for the mGATAlyc EMSA-
seq condition 1 experiment (sample) versus the original 20mer degenerate DNA library
(input). The distribution of the fold change for both the GATT-GATA (A) and GATA-GATT
(B) orientations is shown. In case where there are two or more nucleotides between the
“GATA" and the “GATT"” motifs, the occurrence of each one of the four nucleotide bases is
summed across all nucleotides for both the sample and the input independently and the

fold change is calculated.
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Figure 40. Comparison between the proposed models of GATA3 binding on 3 different
DNA sequences (ADJ, OPP, OPP A-C) and the projected DNA binding affinities (Kd) of
the mMGATA1yc 8mers, on the overlapping 8mers of the DNA sequence. No available
EMSA-seq Kd values exist for GATA3 so the mMGATALyc Kd were used. The GATA3
binding models were from (Bates et al., 2008). We also present the EMSA shifts of the
same DNA sequences bound by GATAS3 where it is visible the migration of the protein-

DNA complexes that have one and two GATAS proteins (Bates et al., 2008).
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3.4.5.2 DNA motif distances of mGATAlyc, MGATALl: and their relationship with

biochemical studies

In the sequences that are presented in this section it is advisable for the reader to focus
on the existence or not of the “GATA”, "GATC”, "GATC”, "GATT” motifs and how big is

the spacing between them in case that they co-occur in the same sequence.

Trainor et al (Trainor et al., 2000) have shown that the hGATA1 ¢ binds a sequence that

—_— —
contains one “GATC” and one “GATA” motif (GGATCAGATAAG) with higher affinity

. - _> _> -
than a sequence that contains two “GATA” motifs (GGATAAGATAAG, one nucleotide
spacer between the “GATA” motifs) (K4=8nM for the GATC/GATA sequence versus
Kqy=22nM for the GATA/GATA sequence). This was independent of the sequence context

because it was noticed for another set of sequences

—> —>
(AGCTTCGGGATAAAGATCTTAAATTC versus

4.__
TCGCTcagAGATAAGGCCTTCAGAGTGC). Also, competition experiments showed that

the hGATAlyc bound to a sequence mentioned in the literature as GATApal

«— —>
(AGTCCATCTGATAAGACTTCAGTGCTGCCC / a-globin promoter ) can be effectively

competed from a sequence that contains both “GATA and GATC” motifs

—_— —>
(AGCTTCGGGATAAAGATCTTAAATTC) but not only “‘GATA” motifs

—>
(AGCTTCGGTTGCAGATAAACATTGAATTCA). The cGATAl: showed the reverse

behavior.

DNase footprinting experiments showed that the cGATAL1 protects only the GATA motif
whereas the hGATALyc protects both the “GATA and GATC” motifs or the “GATA and

GATG” motifs (Trainor et al., 2000).

As we have already seen from the EMSA-seq results, the above indicate that both
the N-terminal and the C-terminal Zn finger of hGATALlyc bind simultaneously on
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the DNA sequence. Apart from the GATA-GATC distance plots, as we will discuss later,
the EMSA-seq platform through the EMSA-seq coefficient (“e”) did indeed indicate to us
the distinct role of the “GATC” motif (as an indication of the simultaneous binding of both
the GATAL1 N-terminal and the C-terminal Zn finger) when it is compared with the other

GATA1 motifs.

Trainor et al (Trainor et al., 2000) also showed that the transactivation induced from the

“GATC” containing sequence (GATCCCTGCAGATAAACATG) was lower than the
— —

sequence that has the two “GATA” motifs (GGATAAGATAAG). This implies that either
different GATAL complexes bind the two sequences or that the protein has different
conformations (which will eventually lead to complexation with different factors)
upon binding on the two different sequences. As we have seen from the EMSA-seq,
the GATAL1 C-terminal Zn finger cannot interact with two “GATA” motifs that are
one nucleotide spacer (Figure 41). On the contrary, the GATA1l N-terminal and
GATAl C-terminal Zn fingers can simultaneously bind two “GATA” motifs,
independently of one another (Figure 41). Thus, the differential transactivation
behavior should be assighed to the N-terminal Zn finger of GATAL. We have already
hypothesized on the context of the wt-mGATAl the “GATC” motif specific/N-
terminal Zn finger specific binding behavior. All the above confirm the validity of

the EMSA-seq results.

Interestingly, the data of Trainor et al (Trainor et al., 2000) also show that the

> —>
AGCTTCGGGATAAAGATCTTAAATTC sequence that contained both GATA and GATC

motifs did not show any transactivation at all independently of the number of repeats in
_ —
the reporter plasmid. In the AGCTTCGGGATAAAGATCTTAAATTC we notice the

“GATANNGATC” orientation whereas in the GATCCCTGCAGATAAACATG we notice

the “GATCNNNNNNGATA” orientation. Based on the EMSA-seq results both
orientations, with the given number of spacers, are permitted. Still, it is interesting to point
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out that the EMSA-seq results show a clear preference for the “GATC-GATA” orientation
rather than the “GATA-GATC” orientation (the asymmetric distance pattern discussed
earlier) and this might be a reflection of the transactivation behavior. Maybe complexation
with other co-factors, necessary for the transactivation activity, will put extra
conformational strains on the already restricted “GATA-GATC” orientation whereas the
flexibility of the “GATC-GATA” orientation might make the protein more resistant to

conformational strains.

Lastly, we present some other sequences that were tested for binding from the hGATALyc
or the hGATAL. protein. Trainor et al (Trainor et al., 1996) showed that if you take the

«— — «—
chicken GATAL promoter (TCGCTATCAGATAAGGCCTTATCAGTGC) and you mutate

«— —
the second “GATA” motif (TCGCTATCAGATAAGGCCTTcagAGTGC) (we will call it
“sequence 1") the hGATALyc or full length hGATAL proteins bind with higher affinity than
the hGATAlc protein. If  you also mutate the “TATC” motif
(TCGCTcagAﬁAGGCCTTcagAGTGC) (we will call it “sequence 2") only the
hGATA1. protein can bind with high affinity. In “sequence 1" the two “GATA” motifs have
the TATC{N};GATA orientation. In Figure 41 this is an orientation that the mMGATALyc

shows a preference. On the contrary, the mGATAL: does not have a preference.

_> 4—
Similarly the AGTCCATCTGATAAGACTTATCTGCTGCCC (we will call it “sequence 3")
—

but not the AGTCCATCTGATAAGACTTcagTGCTGCCC sequence (we will call it
“sequence 4”) was bound with higher affinity from the hGATAl,c rather than the
hGATAl: protein whereas the AGC'REGTTGCA%AACATTGAATTCA (Ble
sequence) was bound equally well from both of them. In “sequence 3” the two “GATA”
motifs have the GATA{N}sTATC orientation. As we have seen in Figure 41 this is an
orientation that the mGATALyc does not show any preference. On the contrary, only the
dimeric mGATAlyc shows preference. Although, Trainor et al do not provide any

evidence whether hGATALlyc binds as a monomer or as a dimer, it is interesting to
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speculate that the observed higher affinity of “sequence 3” versus “sequence 4" can be
attributed to the binding of two hGATALyc molecules. Although it is not unreasonable
to speculate that, because two hGATALc proteins can bind nearby “GATA” motifs,
we should expect two hGATAL. to be able to bind the same orientation of “GATA”
motifs, the EMSA-seq results of Figure 41 indicates to us that these expectation is
false. Thus, the dimeric conformation of GATA1 is a special state that might: i)
stabilize the binding and/or ii) reduce the steric hindrance of nearby binding sites

by forcing the proteins into a specific conformation.

Ghirlando et al (Ghirlando and Trainor, 2000) have shown that the GATA1 protein, upon
binding on a DNA sequence, bends it at a specific angle irrespectively of the DNA
sequence. The authors prove that this bending is mediated only from the GATAl C-
terminal Zn finger binding on the DNA sequence although both Zn fingers of GATA1 bind
on the DNA sequence. This bending probably results from the insertion of the C-terminal
basic residues, that are present after the GATAL1 C-terminal Zn finger (Figure 3), on the
minor groove of the DNA sequence (Ghirlando and Trainor, 2000). The presence of the
GATAL N-terminal Zn finger does not have any effect on the overall bending of the DNA
sequence although the authors used a variety of DNA sequences with different distances
between the GATAL1 C-terminal and the N-terminal Zn finger binding sites. The authors
claim that this indicates that GATAL changes structure upon binding rather than the DNA
itself is bending in order to accommodate the binding of the two GATAL Zn fingers. In the
GATA-GATC distance plots we saw that there exist positional combinations of motifs
where the C-terminal Zn finger and the N-terminal Zn finger of GATA1 bind with no
distance restriction between them (for example mMGATAlyc binds mainly the
GATC{N}«GATA motif, for k=0..8). Additionally, in the same distance plots we also found
positional combinations of motifs where the distance between the GATAL Zn fingers is
restricted to nearby motifs (GATA{N}«GATC distance, for ke(0,3)). This behavior points
towards the existence of a very flexible spacer that connects the GATAL DNA binding
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domains. Overall, the module “Zn finger-spacer-Zn finger” has shown a big variety of
conformations. This indeed confirms the hypothesis of Ghirlando et al (Ghirlando and
Trainor, 2000) that GATAL presents a variety of conformational changes upon DNA

binding.

On the other hand, we examined whether the DNA sequence between the “GATT” motif
and the “GATA” motif helps the binding. We hypothesized that if only the GATAL protein
changes conformation in order to be able to accommodate the binding then the “A”, “C”,
“G”, “T" nucleotide distribution for each nucleotide position between the “GATT” and the
“GATA” motifs should be similar. In Figure 39 we see that the “A”, “T” nucleotides are
more frequent than the “G”, “C” nucleotides. Considering that the “A”, “T" nucleotides
make the DNA sequence more flexible in bending than the “G”, “C” nucleotides this
indicates that the DNA sequence itself facilitates the GATALl binding. Thus, in
contrary to Ghirlando et al (Ghirlando and Trainor, 2000), we argue that both the
GATAL conformational changes and the DNA content between the motifs help the

binding. We can expect different DNA bending conformations based on the DNA

content of the sequences.
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Figure 41. Distance graphs between the “GATA” and the “GATA” motifs for the
monomeric MGATALyc, MGATAL: and the dimeric mMGATA1yc. The distance graphs for
the monomeric and dimeric mMGATA1yc were created with the 2122 enriched 8mers of the
monomeric MGATAlyc (see materials and methods section for further details). The
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the binding models of the third row indicate that short distances between the motifs are
not favoured. For further explanation about the graph see Figure 33. The blue and red

arrows represent the orientation of the motifs as appear in Figure 33C.
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3.4.6 DNA binding specificities of KLF1

KLF1, as other members of the same family, has been shown to bind the “GT-box” or
“CACC” sites (Bieker, 2001, Kaczynski et al., 2003). KLF1, in more detail, has been
shown to have preference for the CAACC element (Miller and Bieker, 1993) and
mutations that change the CCACACCCT sequence to CCACATCCT or CCACACGCT or
CCACACCGT, in the promoter of the beta globin gene, can cause beta thalassemia (Feng
et al., 1994). From the 32896 8mers that were counted from the EMSA-seq experiment,
we found enriched 193 8-mers (binomial test p-value <10°) (0.58% of total). In Figure 42A
(groups A, B, D), we see that the protein prefers the C[AT]CCC motif. We also used the
crystal structure of KLF4 in contact with the GCCACGCCT DNA sequence in order to
speculate about potential contacts between the protein and the DNA sequence (Figure
42B). In Figure 42C we see that the amino acids responsible for the DNA contacts and
their relative distance between them are conserved in all the three KLF1 Zn fingers. Thus
we hypothesized that the C[AT]CC maotif is the structural footprint of the KLF1 Zn finger 1
and 2. To have a more focused picture for the preferred motif we used the CACC as a
core motif in order to find flank restrictions on the -1, +1 positions (Figure 43). We see that

the expanded maoitif is [AC]CACC[CT].
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Figure 42 (previous and current page). A) Enriched 8mers from the mKLF1,57.358 EMSA-
seq experiment. The 8mers were clustered based on their Hamming distance (maximum 2
mismatches). B) Hypothetical position of the group B motif on the KLF4 crystal structure
2011)). C) Alignment of the
KLF1 and KLF4 proteins. The position of the three KLF1 Zn fingers is shown in different
colours. The residues of the KLF4 that make contacts with the DNA sequence on figure B
and their counterparts on KLF1 are noted with coloured vertical boxes. Each colour

Red dots represent amino acids that make



contact with the DNA bases. The rest coloured amino acids are making contacts with the

phosphate backbone.
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Figure 43. A) Frequency of occurrence of the 16 different 6mers from the DNA motif
“[ACGT]CACCJACGT]" in the 193 statistically enriched mKLF1,s,.355 8mers. The heat map
represents the enrichment for different nucleotides on positions 1 and 6 of the DNA motif
“[ACGT]CACCJACGT]". The occurrence of each 6mer is measured as percentage of
8mers that show the specific 6mer. Similarly with Figure 28, the 5% threshold of
enrichment represents, for the numbers of the frequency of occurrence, a z-score value of
3. This z-score value has occurred through permutation analysis. In more detail, 193
8mers were randomly subsampled, without substitution, 1000 times from the 32896
different 8mers. In each sample, the percentage of 8mers that show each one of the 16
different 6mers was calculated. Then the frequency numbers were pooled and a z-score
value was assigned to them. B) The logo represents in a more compact way the
enrichment seen on the heat map but without taking into account particular dinucleotide

correlations of positions 1 and 6.
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3.4.7 Binding cooperativity as reflected in the EMSA-seq coefficient (“e”) indicates

two different modes of binding for GATAL and KLF1

As was discussed earlier our mechanistic model of the EMSA-seq reaction can give us an
indication for the binding cooperativity of the k-mers through the EMSA-seq coefficient
(“e”). In Figure 44 we can see the EMSA-seq coefficient (“e”) distributions for the
MGATALlyc: and the mKLF1,57355 8-mers that show a better fit with the binding
cooperativity model rather than the non-cooperativity one. We found 1904 8mers for
GATAL and 9804 8mers for KLF1, out of 32896 8mers, that show cooperativity. From the
GATA1 8mers all of them have EMSA-seq coefficient (“e”) value less than 1. On the
contrary, from the KLF1 8mers all of them have EMSA-seq coefficient (“e”) values more
than 1. Considering that we have assumed that the “e” value represents a biological
phenomenon this difference in the distribution might indicate different functional
properties of the two proteins. Indeed, in Figure 45 we see that the GATAL 8mers that
showed positive cooperativity are enriched in the high binding affinity 8mers. If this
behaviour did not have a biological role then we would expect the GATAL1 8mers that
showed positive cooperativity to be equally distributed between the high and the low

binding affinity 8mers.

Here, we have to stress that the Zn fingers of GATAL and KLF1 belong to different fold
groups (Krishna et al., 2003). The GATAL zinc fingers belong to the “treble clef” fold group
whereas the KLF1 zinc fingers belong to the “C,H, like” fold group (Krishna et al., 2003).
This difference of the DNA binding domains gives to the whole protein different functional
properties. For example the C,H, zinc fingers (Lam et al., 2011), as the ones that appear
in KLF1, are usually found in tandem arrays (ZFAs) and each one of these fingers makes
contact with three (or more) sequential bases. This modular assembly of ZFAs permits the
host protein to recognize a DNA sequence that is the concatenation of each finger's
binding specificity.
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To examine in more detail the different functional properties, we grouped the 8mers for
each protein in the ones that show and in the ones that do not show cooperativity. In the
KLF1 groups, we focused on 4mers that were over-represented in the group that does
not show cooperativity (Figure 46). In the GATAL groups, we focused on 4mers that were

over-represented in the group that shows cooperativity (Figure 47).

In Figure 47, we see that the “GATC” motif is more frequent in 8mers that show positive
cooperativity. This might reflect the fact that GATAL binding implicates first the
binding of the C-terminal Zn finger on the “GATA” motif and consequently the
binding of the N-terminal Zn finger on the “GATC” motif. So the “GATC” motif
appears more frequently than expected (negative “e” values) because it is bound

every time that the C-terminal Zn finger binds the “GATA” motif.

In Figure 46, we see that the “CCC” motif is more frequent in 8mers that do not show
negative cooperativity. KLF1 consists of three Zn fingers. Similarly with GATAl we
hypothesized that KLF1 might have a similar binding behavior where the binding of one of
the three fingers might be necessary and adequately to stabilize the binding and the other
Zn fingers confer extra specificity and increased affinity. The alternative is the
simultaneous binding of the 3 Zn fingers where each one contributes equally and
independently of the others on the final binding. The last model does not exclude that
one of the Zn fingers drives the specificity of binding but that the binding cannot be
stabilized on the absence of the others. Our data favors the last model. Specifically
the fact that 29.8% of the total number of 8mers shows negative cooperativity indicates
that the KLF1 fingers in contrast to GATAL need to bind simultaneously in order to
stabilize the binding. We conclude this due to the overlapping nature of the 8mers on
the 20mer sequence. We hypothesize that only very few 8mers will reflect the
simultaneous binding of all the 3 KLF1 Zn fingers. These 8mers will drive the binding
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behavior of the whole library. The rest might represent binding of each of the fingers
independently and their contrast with the binding behavior of the whole library permits us
to notice the less than expected appearance. In Figure 42A we saw that the “CCC” is part
of the core motif. Because it appears after the [A/T] nucleotides on the motifs, if we
compare it with the crystal structure of KLF4 we can conclude that it represents the region
where the second Zn finger of KLF1 has extensive contacts (5-GCCCACGCCT-3).
Because the “CCC” is overrepresented in the 8mers that do not show negative
cooperativity, we propose that the second Zn finger of KLF1 is responsible for the
initial DNA binding specificity and its motifs are used as “seed” recognition motifs.
We define the “seed” recognition motifs as “motifs” that are necessary to initiate
the binding but they are not adequate to maintain the binding. For this reason, the

first and the third finger are used to stabilize the binding.

It is interesting to point out the following. KLF1 has a role in switching the expression from
fetal to adult hemoglobin (Nuez et al., 1995, Perkins et al., 1995). Mutations of human
KLF1 that affect the DNA binding domains of the protein have been associated with the
presence of high levels of fetal hemoglobin (HbF) in adults (Borg et al., 2011). Seven
KLF1 missence mutations in people with high HbF appear in the second Zn finger
whereas only one missence mutation has been recorded in the first Zn finger and none
missence  mutations have been recorded in the third Zn  finger

(http://www.ithanet.eu/db/ithagenes?action=list&gn=17 and (Borg et al., 2011)).
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enriched with high affinity 8mers. The blue line represents the hypothetical situation where

an 8mer group is equally populated with high and low affinity 8mers.
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GATA -17.00 CTCC 1.33 CAAC 8.78
ATAA -14.65 AGAG 9.51
TACA 14.23 AAAA 9.86
ATTA 13.79 AGCA 10.27

CAAA 10.49
CCCa -12.68 ACCA 10.84
AGTA -12.43 AAAG 10.93
AATA -12.02 GCAA 11.09
GTTA -11.69 CTTC 11.59
ATAC -11.35 ATGG 12.96
AACA -11.22 GAAA 13.56
ATAT -10.64 AAGC 13.87
ATCA -10.60 CCAA 15.97
TATA -10.57 GGAA 15.99
CCCC _1050 TCCA 16.39

Figure 46. Z-score distribution of the differential presence of 4mers in MKLF 15,3553 8mers
that have distinct EMSA-seq coefficients and in mKLF1,57.355 8mers that do not have. The
first 15 4mers with the highest and lowest z-score values are presented. Positive z-score
means that the 4mer is enriched in mKLF1,5;.358 8mers that have distinct EMSA-seq
coefficients. Negative z-score means that the 4mer is enriched in mKLF1,5;.3553 8mers that
do not have distinct EMSA-seq coefficients. The z-score value has been calculated
through permutation analysis. In more detail, 9804 8mers were randomly subsampled,

without substitution, 1000 times from the 32896 different 8mers. In each sample, the
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number of times each one of the 1024 different 4mers appears in the 8mers, was
calculated. For each 4mer, the mean value and the standard deviation of the values of the
number of times the 4mer appears in each one of the 1000 samples, was used to assign a

z-score in the 8mer groups that either have or have not distinct EMSA-seq coefficients.
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enrichment of a 4mer on the group of mGATA1,. 8mers that show distinct
EMSA-seq coefficients
(positive z-score represents highest enrichment)
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AGGC -8.56 CACA 8.97
ATAG -8.40 GAAC 9.51
GTTA -8.24 AAGA 9.60
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acce 768 GAGA 11.63
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Figure 47. Z-score distribution of the differential presence of 4mers in MGATALlyc 8mers
that have distinct EMSA-seq coefficients and in mGATALyc 8mers that do not have. The
first 15 4mers with the highest and lowest z-score values are presented. Positive z-score
means that the 4mer is enriched in mMGATAlyc 8mers that have distinct EMSA-seq
coefficients. Negative z-score means that the 4mer is enriched in mGATALyc 8mers that
do not have distinct EMSA-seq coefficients. The z-score value has been calculated
through permutation analysis. In more detail, 1094 8mers were randomly subsampled,
without substitution, 1000 times from the 32896 different 8mers. In each sample, the

number of times each one of the 1024 different 4mers appears in the 8mers, was
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calculated. For each 4mer, the mean value and the standard deviation of the values of the
number of times the 4mer appears in each one of the 1000 samples, was used to assign a

z-score in the 8mer groups that either have or have not distinct EMSA-seq coefficients.
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3.4.8 Effect of FOG1 and KLF1 complexation on the DNA binding specificities of

GATA1l

In order to find how FOG1 and KLF1 change the binding specificities of GATA1l we
performed EMSA-seq of the wt-mGATALl/wt-mFOG1 complex, the
MGATALNc/MFOGLfingern  complex,  the  mMGATALnc/MFOGLiingess complex, the

MGATALNc/MFOGLfingers cOmplex and of the mMGATALnc/MKLF1 57355 cOmplex.

3.4.8.1 Complexation of GATAL with FOGL1 increases the preference for GATAA and

GATC containing motifs

As we have seen the wt-mGATA1 shows reduced binding specificities in vitro compared
to the mGATAlyc. For this reason we will compare the binding specificities of wt-
MGATAL/wt-mFOG1 against the mGATALyc ones. In Figure 48A we see that FOG1
increases the preference for GATAA in the top 200 8mers of the wt-mGATALl/wt-mFOG1
(from 63 times in MGATALyc alone (31.5% of total 8mers) to 117 in wt-mGATAL/wt-
mFOG1 complex (58.5% of total 8mers)). We also see an increase of GATC containing
8mers from 2 in mMGATALyc alone (1%) to 19 8mers in the complex (5%). The “GATA.G”
motif also shows an increase from 4 8mers in MGATALyc alone (2%) to 30 8mers in the
complex (15%). On the contrary the AGATA and the GATT show reduced occurrence.
The AGATA is reduced from 81 8mers in mMGATALyc alone (40.5%) to 57 8mers in the
complex (28.5%). The GATT is reduced from 43 8mers in MGATALy¢ alone (21.5%) to 22
8mers in the complex (11%). We also checked the distribution of motifs throughout all the
enriched 8mers with cumulative plots (Figure 48C). We see that the GATAA, GATC and
GATA.G are indeed appearing more frequently in the highest enriched 8mers of the

complex than the mGATA1yc alone (Figure 48B,C).
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Figure 48. Binding specificities of wt-mGATAL/wWt-mFOGL1. A) Frequency of occurrence of
the indicated motifs in the top 200 8mers for both the mMGATAl1yc protein and the wt-
MGATAL/wWt-mFOG1 complex. B) “GATA”, "GATAA”, "GATT”, "GATC", "GATA.G” motif
appearance in the top 2122 enriched 8mers for both the mGATALyc and wt-mGATAL/wt-

mFOG1. The 8mers are sorted by fold change from the highest to the lowest. C)
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Cumulative fraction of “GATA”, "GATAA”, "GATT”, "GATC”, "GATA.G” motif appearance in
the top 2122 enriched 8mers. The 8mers are sorted by fold change from the highest to the

lowest.
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3.4.8.2 Complexation with FOG1 increases the preference for the GATC{N},GATA

motifs

At first, we checked the distance distribution between the “GATA”/"GATT” and “GATC”
motifs. In Figure 49 we see that the distance distribution is affected in a “direction” and a
“motif” dependent manner. Specifically, if we compare the distance distribution of the
“GATA”-"GATC"” co-occurring motifs between the wt-mGATAl alone and the wit-
MGATAL/wt-mFOG1 complex we see an increased preference for the GATC{N}.,GATA
motifs. We can also see that for the “GATT”-"GATC” co-occurring motifs, the GATC{N},.
2,GATT motifs preference is not very prominent. This might explain the reduction in the
occurrence frequency of the “GATT” maotifs at least in the top 200 8mers of the complex.
We note here that the distance distribution of the “GAT(A/T)"-"GATC” co-occurring
motifs of the mGATA1\c (Figure 34) covers all the potential distance distributions that the
protein can have for these specific motifs. Under this perspective, assuming that FOG1
forces the wt-mGATAL to sample a part of its binding landscape, we can argue that there
is no preference for the GATA{N};,GATC motifs (Figure 55). This behavior gives

directionality in the binding with an unknown physiological role.

In Figure 49, we also notice, for the wt-mGATAl/wt-mFOG1 complex, an increase
occurrence of the GATC{N}s.10GATA motifs (either by using the enriched mMGATALnc

8mers or the enriched wt-mGATAL/wt-mFOG1 8mers).

In Figure 50 and Figure 51 we present the GATA-GATC and GATT-GATC distance
distributions in the GATAL1 ChiIP-seq peaks called in the experiments of (Chlon et al.,
2012). Chlon et al (Chlon et al., 2012) grouped the GATAL1ChIP-seq peaks in three
categories based on whether FOG1 was present or absent in the GATA1 binding sites.

The three categories are:
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i) GATALl specific peaks (these represent positions where the complex wt-
MGATA1/wt-mFOG1 binds alone),

i) GATAly.psc specific peaks (these represent positions where wt-mGATAL binds
alone)

i) The rest of the GATAL1l ChlP-seq peaks (these represent positions where wit-
MGATAL binds alone or a mixture of wt-mGATA1 alone and of wt-mGATAL/wt-
mFOG1 complex bind).

We used enriched 8mers from both the mGATAlyc alone (Figure 50) and the wt-

MGATALl/wt-mFOG1 complex (Figure 51).

We see that the GATAl1 ChIP-seq peaks overall show a preference mainly for
GATC{N}3GATA, GATC{N}¢GATT and secondary for GATC{N}1GATA, GATC{N};GATT
and GATT{N},GATC. The wt-mGATAl/wt-mFOG1 specific ChIP-seq peaks show a
preference for GATC{N};GATA (the fluctuation of the frequency of occurrence for the rest
of the positions is of lower height). The wt-mGATAL1 specific ChlP-seq peaks do not
show this preference (the fluctuation of the frequency of occurrence for the rest of the
positions is of equal height). Both the wt-mGATALl/wt-mFOGL1 specific ChlP-seq peaks
and the wt-mGATAL specific ChlP-seq peaks do not show preference for a specific
“GATT-GATC” distance. This is in accordance with our in vitro data for both the wt-
MGATAL protein alone (Figure 49) and the wt-mGATA1l/wt-mFOG1 complex (Figure
49). The only difference is the length of the spacer between the “GATC” and the “GATA”
motif for the wt-mGATA1/wt-mFOG1 complex. Where in vitro it is one or two nucleotides,
in vivo seems to be one nucleotide. This might be attributed to other protein-protein
interactions that might restrict the protein to accommodate one nucleotide between the
motifs. Also, the fact that the GATA1 ChlP-seq peaks overall show preference for extra
“GATA-GATC” and “GATT-GATC” distances indicates that other GATA1l co-factors

change the GATA1 DNA binding specificities.
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In Figure 52 we can see the GATA-GATG and GATT-GATG distance distributions for both
the wt-mGATAL1 alone and the wt-mGATAL1/wt-mFOG1 complex. As far as it concerns the
GATA-GATG distance distribution, the wt-mGATAL/wt-mFOGL1 complex shows a similar
preference like the wt-mGATAL alone for the GATGATA motif (this preference could be
seen only with the enriched 8mers from the wt-mGATA1/wt-mFOG1 complex but not with
the enriched 8mers from the mMGATALyc). Additionally we see a small preference for the
TATC{N};GATG motif and a strong preference for the GATG{N};TATC motif. The
GATG{N}; TATC motif preference could be seen with both the enriched 8mers from the
wt-mGATALl/wt-mFOG1 complex and the enriched 8mers from the mGATALlyc. The wt-

MGATAL1/wt-mFOG1 complex showed no preference for the GATT-GATG distance.

In Figure 53 we can see the GATA-GATT distance distributions for the wt-mGATAL/wit-
MFOG1 complex. Similarly with the wt-mGATAl alone, the wt-mGATAl/wt-mFOGL1
complex shows a preference for GATTATC. The wt-mGATAL/wt-mFOG1 complex, also,

shows the extra preference for TATC{N},,GATT and for GATT{N},,TATC.

In Figure 54 we can see the GATA-GATA distance distributions for the wt-mGATAL/wt-

MFOG1 complex. Compared with the wt-mGATAL alone, we see an increased preference

for the GATATC and TATC{N},,GATA motifs.
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Figure 49. Distance graphs between the “GATA” and the “GATC” motifs or between the
“GATT” and the "GATC” motifs for the wt-mGATALl protein and the wt-mGATAL/wt-
MFOG1 complex. The distance graphs for the wt-mGATAL were created with the 2122
enriched 8mers of the monomeric mMGATALyc (first row). The enriched 8mers from the wt-
MGATAL1 were not used due to the lack of an adequate number of enriched 8mers
containing a “GATC” motif. The distance graphs for the wt-mGATAl/wt-mFOG1 were
created with the 2122 enriched 8mers of the monomeric mMGATALyc (second row) or the
top 2122 enriched 8mers from the wt-mGATALl/wt-mFOG1 complex (third row). The

binding models of the protein on DNA are also shown. For further explanation about the
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graph see Figure 33. The blue arrows represent the orientation of the motifs as appear in

Figure 33A.
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Figure 50 (previous page). Distance graphs (blue bars) between the “GATA” and the
“GATC” motifs or between the “GATT” and the “GATC” motifs for the all the GATAL ChlIP-
seq peaks, the GATAL selective ChIP-seq peaks (fraction of peaks where only wit-
MGATAL/wWt-mFOG1 is bound), the GATAly.0sc Selective ChlP-seq peaks (fraction of
peaks where only wt-mGATA1 is bound). The distance graphs were created with the 2122
enriched 8mers from the monomeric mMGATALyc. Distances were calculated similarly with
Figure 34. The green bar indicates position 0. The red bars indicate positions on the x-
axis every four nucleotides (for example the first red bars right and left of the green bar in

the centre indicate positions +4 and -4 respectively).
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Figure 51 (previous page). Distance graphs between the “GATA” and the “GATC” motifs
or between the “GATT” and the “GATC” motifs for the all the GATA1 ChIP-seq peaks, the
GATAL selective ChlP-seq peaks (fraction of peaks where only wt-mGATAL/wt-mFOGL1 is
bound), the GATAly,0sc Selective ChlP-seq peaks (fraction of peaks where only wt-
MGATAL is bound). The distance graphs were created with the top 2122 enriched 8mers
from the wt-mGATALl/wt-mFOG1 complex. Distances were calculated similarly with Figure
34. The green bar indicates position 0. The red bars indicate positions on the x-axis every
four nucleotides (for example the first red bars right and left of the green bar in the centre

indicate positions +4 and -4 respectively).
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Figure 52. Distance graphs between the “GATA” and the “GATG” motifs or between the

“GATT” and the “GATG” motifs for the wt-mGATA1l protein and the wt-mGATAL/wt-

mFOG1 complex. The distance graphs for the wt-mGATAL were created with the 2122

enriched 8mers of the monomeric mMGATALyc (first row) or the top 2122 enriched 8mers of

the wt-mGATAL protein (second row). The distance graphs for the wt-mGATAL1/wt-

mMmFOG1 were created with the 2122 enriched 8mers of the monomeric mMGATA1yc (third

row) or the top 2122 enriched 8mers of the wt-mGATALl/wt-mFOG1 complex (fourth row).
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The binding models of the protein on DNA are also shown. For further explanation about
the graph see Figure 33. The blue and red arrows represent the orientation of the motifs

as appear in Figure 33C.
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Figure 53. Distance graphs between the “GATA” and the "GATT” motifs for the wt-
MGATAL protein and the wt-mGATALl/wt-mFOG1 complex. The distance graphs for the

wt-mGATAL1 were created with the 2122 enriched 8mers of the monomeric mMGATALlyc
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(first row) or the top 2122 enriched 8mers of the wt-mGATAL protein (second row). The
distance graphs for the wt-mGATAl/wt-mFOG1 were created with the 2122 enriched
8mers of the monomeric mMGATALyc (third row) or the top 2122 enriched 8mers of the wt-
MGATALl/wt-mFOG1 complex (fourth row). The binding models of the protein on DNA are
also shown. For further explanation about the graph see Figure 33. The blue and red

arrows represent the orientation of the motifs as appear in Figure 33C.
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Figure 54. Distance graphs between the “GATA” and the “GATA” motifs for the wt-
MGATAL protein and the wt-mGATALl/wt-mFOG1 complex. The distance graphs for the
wt-mGATA1 were created with the top 2122 enriched 8mers of the wt-mGATAL protein.
The distance graphs for the wt-mGATAL/wWt-mFOG1 were created with the top 2122
enriched 8mers of the wt-mGATALl/wt-mFOG1 complex. The binding models of the
protein on DNA are also shown. The red nucleotides in the binding models of the second
row indicate that short distances between the motifs are not favoured. For further
explanation about the graph see Figure 33. The blue and red arrows represent the

orientation of the motifs as appear in Figure 33C.
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Figure 55. Model of the effect of FOG1 on the DNA binding specificities of GATAL. The
two DNA binding domains of GATAL give to the protein a broad DNA binding specificity.
The N-terminal and C-terminal tails of GATAL restrict the DNA binding specificities of the
protein to a very narrow spectrum of the DNA motifs. Interaction with FOG1 restores only
a specific fraction of the unrestricted DNA binding landscape. Although overall GATAL
shows reduced binding specificities, this behaviour increases its ability to discriminate the

fraction of the GATA1 binding sites where the presence of FOGL1 is necessary.
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3.4.8.3 DNA binding specificities of MGATALN/MFOGLfinger1,

To further validate the wt-mGATALl/wt-mFOG1 results we investigated the binding
specificities of each FOG1 fingers independently. As discussed earlier the FOGL1 fingers
1, 6, 9 are responsible for the interaction with GATAL (Fox et al., 1999). For this reason
we profiled the binding specificities of MGATALnc/MFOG1ingerr, MGATALNc/MFOGLfingerss,
MGATALNc/MFOG1singers. As has been already discussed these complexes dissociate
during the DNA binding reaction (Figure 20). If the binding of the DNA with the
MGATA1\c antagonizes the binding of the FOGL1 fingers with the mGATAlyc then we
might expect the DNA recognition footprint of the complex to exist on the DNA bound

library and in its respective k-mers.

In Figure 56 we can see the GATA-GATC distance distribution of the
MGATALNc/MFOGLfingers, MGATALNc/MFOGLiingerss and ~ MGATALNc/MFOG Liingero
complexes. The pattern is similar with the mGATAlyc pattern with the exception of an
increased frequency for the GATA{N}s.,0GATC motifs. This preference appears in all of
the three complexes. As we have seen, this pattern has also been found in the wt-
MGATAl/wt-mFOG1 when either the enriched mGATALlyc 8mers or the wi-mGATAL1/wt-
mMFOG1 8mers were projected on the 20mer bound library (Figure 49). When we
projected on the wt-mGATAL/wWt-mFOG1 20mer bound library the enriched
MGATALNc/MFOGLiingers, MGATALNc/MFOGLiingerss and MGATALNc/MFOGLiingers 8mers

the GATA{N}, ¢GATC motif preference was much more prominent (Figure 57).

In Figure 56 we also point out the lack of a strong preference for the GATC{N},,GATA
motifs. This can be attributed to one of the following factors:
i) The co-existence of all the three FOGL1 fingers on the wild type protein forces

GATAL to show preference for the GATC{N},,GATA motifs.
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i) As was discussed in the previous chapter, the reduced specificities of
wt-mGATAL, which equals to lack of preference for the GATC{N},,GATA
motifs, permits the protein upon binding with FOG1 to have specific
conformational changes that will show this GATC{N};.GATA motif
specific preference. This means, that the FOG1 fingers cannot force
MGATALlyc to show the GATC{N};.GATA motif specific preference
because mMGATA1\c has already the conformation to bind on this motif

whereas wt-mGATA1 does not have it.

From our perspective we favor the second interpretation (Figure 55, Figure 60).

We also notice that all the fingers show the same binding pattern and the same
DNA binding specificities which implies a redundant role in the binding (Figure 58).
Seventy five percent of the top 500 enriched 8mers for the mMGATALnc/MFOG1ingen, the
MGATALNc/MFOGLfingers and the MGATALnc/MFOGlingesse COMplex are common
between all the complexes (Figure 58A). Nevertheless we caution here, that because
approximately sixty eight percent of the top 500 enriched 8mers for the mGATALyc alone
and the mMGATAly./mFOGL finger complexes is common between the two conditions
(Figure 58B) but the rest, thirty two percent of the top 500 enriched mMGATA1yc/mFOG1
finger 8mers, shows a wide range of increased binding affinity (lower binding affinity in the
MGATALyc, the blue bars in lane 2, 3, 4 of Figure 58C are lower than lane 1), further
exploration needs to be undertaken to examine whether the non-common group has

particular patterns that can discriminate the FOGL1 fingers.

In Figure 27 we see that the fold change distribution of the mMGATALnc/MFOG1fingen
8mers and the MGATALlNc/MFOGLingers 8mers, are higher than the
MGATALNc/MFOGLfingerss (Iowest protein/DNA ratio condition) and the mGATA1yc ones.
In Figure 17 we also notice that the protein concentration of the mGATALnc/MFOG1finger
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and the mMGATAL\c/MFOGLjngers cOMplexes is more than the mGATALyc alone and the
MGATALNc/MFOG1ingerss (lowest protein/DNA ratio condition). Considering that the
binding specificities of the MGATAln./mFOG1L fingers is overall similar with the
MGATALlyc ones (Figure 58B), the previous observation indicates significant
competition between binding of either the DNA or the FOG1 fingers on the
MGATAL\c protein. The fact that the mGATALne/mMFOG1gess fold change distribution
of 8mers is less than the MGATALlnc/MFOGLfingen and MGATALne/MFOGLfingers ONES
imply that the binding of the mFOGLsngess ON the MGATALyc has less strength to
withstand the DNA competition, than the binding of the mMFOGLnge1 and
MFOGLyingers ON the MGATAL\c Here we have to remember Figure 16 where we saw
that upon purification against the tagged FOG1 fingers from the MGATALnc/MFOG Liingerss
and MGATALnc/MFOGLingers cOmplexes, the mMFOGLgess and MFOG1ngere appears in
equimolar concentration with the mGATALlyc. This implies that the complexation of
MGATALyc With mMFOG1fingerss Of MFOGLyingers is favored. On the contrary in the
MGATALNc/MFOG1fingern lane of Figure 16, mGATALyc is far less than MFOGLinger
meaning that the complexation is not favored. Based on these in gel protein-protein
interaction affinities we were expecting, in EMSA-seq, the mMGATAL\c/MFOG L ingers and
MGATALNc/MFOGLiingerss  COMplexes to behave similarly and different from the
MGATALNc/MFOGLfingen cOmplex. Thus, the fact that, in EMSA-seq, only the
MGATALNc/MFOGLfingers and MGATALne/MFOGLiinger1 cOmplexes behave similarly
indicates that the competition of the DNA with the FOG1 fingers for the mGATALyc
binding is another feature of the GATA1/FOGL1 protein complex. Although, the
FOG1 fingers might force similar binding specificities on the mGATAL\¢ as far as it
concerns the DNA motif, their differences and the resulting fine/critical regulation

might derive from the strength of the DNA binding that each one causes (Figure 60).
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“GATT” and the “GATC” motifs for the mMGATALyc/MFOGLiinger1, MGATALNc/MFOG Liingero,

MGATALnc/MFOGLingess bound sequences. The distance graphs were created with the

top 2122 enriched

8mers from the MGATAINc/MFOGLingenn, MGATALnc/MFOG Liingero,

MGATALne/MFOGLingerss cOMplexes respectively. The binding models of protein on DNA

are also shown. For

further explanation about the graph see Figure 33A.
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models of protein on DNA are also shown. For further explanation about the graph see

Figure 33A.
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Figure 58. A) The top 500 enriched 8mers from each MGATAly./mFOG1 fingers
combination were selected and there overlap is presented. B) The top 500 enriched
8mers from each mGATALly./mFOGL1 fingers combination were overlapped with the top
500 enriched 8mers from mGATA1yc. C) The 2122 enriched 8mers from mGATALyc were
sorted from the highest enriched to the lowest enriched. The top 500 enriched 8mers of
MGATA1lyc are marked as blue (lane 1). The top 500 enriched 8mers from the
MGATALNe/MFOG Lfingen (lane 2), MGATALne/MFOG Lfingers (lane 3),
MGATALNc/MFOGLingerss (lane 4) complexes were selected and there position in the

sorted 2122 enriched 8mers of mMGATA1yc was marked with blue.
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3.4.8.4 Similarities in the protein sequence of the FOGL1 fingers may explain the

similar DNA binding specificities

To give insights into the potential functional redundancy of the FOG1 fingers we focused
on available crystal structures of FOG1 fingers .For this reason, we used the crystal
structure of the Drosophila U-shaped (USH) protein that is a FOG1 homologue. The USH
protein has been shown that it can interact with both the Droshophila homologue of

GATAL (Pannier) (Haenlin et al., 1997) and the mouse GATAL (Fox et al., 1999).

Three out of the five C3H; fingers of the USH protein have been shown to be able to
interact with the N-terminal Zn finger of mouse GATA1 (MGATA1) (Fox et al., 1999).
Crystal structure of the finger 1 from the USH protein bound on the N-terminal mGATAL
Zn finger showed that the following residues are important for the binding S2184roc.r1,
S219¢rocr1, T2224r0c-F1, E2244r0c-F1, A2254r0c-F1, Y229 4roc-F1, Y2304rocr1 (Liew et al.,
2005). As can be seen in Figure 59 the Y2294rocr1 and the Y2304roc.F1 are conserved in
all the mouse FOG1 Zn fingers, the A2254r06.F1 and the T222 40c.F1 are conserved in two
out of the three mouse FOGL1 Zn fingers. The residue that is substituting the Alanine,,s is
Valine in MFOGLjngerse @and the Threonine,y, is Asparagine in mMFOG1nger1. Both Alanine
and Valine have hydrophobic side-chains and the authors claim that this substitution does
not affect the binding (Liew et al., 2005). Both Threonine and Asparagine have polar
uncharged side chains. So the substitutions are with amino acids with similar properties.
The S2184r06.r1 and S2194r0c.F1 are also conserved in three out of the four proteins. But
Serine is substituted with Arginine in both cases (MFOGlfgen and MFOGLingerss
respectively). Although both amino acids have polar side chains of different length, the
Arginine side chain has a positive charge. So although they have different properties the
charge might be neutralized from a nearby negatively charged amino acid. The E224 4roc.

r1 does not show any conservation. This indicates that in the FOG1 fingers the

208



majority of residues that are required for the GATAL binding are conserved, which

might explain their similar effect on the DNA binding specificities of GATAL.

We also note here that the dissociation of the mMGATALnc/MFOG1ingern upon DNA binding
might not be unexpected. Wilkinson-White et al. (Wilkinson-White et al., 2011) have
presented a weak association constant (Ka approx 1x10° M) for the mGATA1y: and
dFOG1ngern complexation. This is not a FOG1 specific behavior as another GATAL co-
factor LMO2 interacts with the mGATAL N-terminal Zn finger with similar affinities (Ka
approx 10%-10°> M™) (Wilkinson-White et al., 2011). Although the DNA binding surface of
GATAL N-terminal Zn finger is in opposite site of the mFOGL1 binding surface (Liew et al.,
2005, Wilkinson-White et al., 2011) the weak association contact might not be adequate to
stabilize the simultaneous binding of DNA and the FOGL1 fingers. Nevertheless, it has
been shown that a GATC containing DNA sequence from the ALAS2 promoter, can bind
purified mMGATAL NF in complex with purified MFOG1jngers (Liew et al., 2005) This might
also indicate that due to the degenerate nature of the library there might exist sequences

that are more effective in causing dissociation of the complex upon binding.
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Figure 59. Sequence alignment of the mFOGL1 fingers 1, 9, 56 and the finger 1 of the
Drosophila homolog of FOG1 (USH). ClustalW2 was used for multiple alignment. The
ClustalW?2 colour code is as follows: red represents small hydrophobic/aromatic amino
acid (except Y), blue represents acidic amino acid, magenta represents basic amino acid
(except H), green represents hydroxyl/sulfhydryl containing amino acids (including G). The
orange vertical boxes represent amino acids that make contacts with the GATALl N-
terminal Zn finger. The yellow vertical boxes represent conserved amino acids across all
proteins. The arrows indicate the Cysteines (C) and Histidines (H) that are necessary to
coordinate the zinc ion. The finger 1 of the USH protein corresponds to amino acids 200-

235 of the full length protein.

210



3.4.8.5 Functional redundancy of the FOGL1 fingers in vivo may explain the similar

DNA binding specificities

Fox et al (Fox et al., 1999) have shown that the FOG1 fingers 1, 6, 9 interact equally well
with the GATA1 N-terminal Zn finger and that mutations, in the GATA1 N-finger, that
disrupt the interaction of GATAL1 N-finger with the FOG1 fingers have the same effect for
all the fingers. Fox et al (Fox et al., 1999) claim that this implies that the FOGL fingers and
GATAL interact with the same contact surface which hints that the FOG1 fingers have a
functional redundancy. Indeed Fox et al (Fox et al., 1999) showed that mutations in some
but not in all of its FOGL fingers, that disrupt the binding with GATAL, reduce but do not
eliminate the ability of the FOG1/GATA1 complex to repress a KLF1 promoter containing
reporter gene. We can hypothesize that this is due to the reduced interaction of GATAL

with FOG1.

Also, the fact that FOG1 has multiple redundant fingers it might imply that FOG1 can
interact with multiple GATAL proteins simultaneously. Cantor et al (Cantor et al., 2002)
argues against it as it was shown that FOG1 mutants that interact with GATAL with only
one Zn finger can save terminal maturation in a FOG1-/- erythroid progenitor cell line. He
also noticed that the GATAL interaction with only the FOG1 finger 1 or FOGL1 finger 6
leads to a more substantial rescue of the erythroid maturation than the GATAL interaction
with only the FOG1 finger 9. This implies that the FOG1 fingers 1, 6 and 9 are not
functionally equivalent in vivo and in the context of the whole FOG1 protein. These
dissimilarities might be attributed to other reasons except the DNA binding specificities.
Nevertheless, the fact that either of the FOGL1 finger 1, 6 or 9 can save the erythroid
maturation indicates that all these fingers can substitute each other in a very general

perspective.
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Figure 60. Model of the effect of the FOG1 fingers 1, 9 and 5/6 on the DNA binding
affinities of GATAL. The black arrows indicate levels of binding affinity. The more black
arrows appear on top of a DNA motif the higher the affinity of the DNA binding domain of
the protein for the specific motif. The FOG1 fingers 1 and 9 of the GATAL protein
complexes compete with the DNA for the GATAL binding. Only high affinity DNA motifs
can effectively compete the interaction of the FOGL1 fingers 1 or 9 with GATAL. This gives
increased sensitivity on the specific DNA motif recognition from the GATAL/FOGLiinger1

and GATAL/FOG Linger s complexes. The FOG1 fingers 5/6 do not show this behaviour.
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3.4.9 Effect of KLF1/GATAL complexation on the binding specificities of GATA1

In Figure 61A we present the frequency of flanking nucleotides (four upstream and four
downstream) for the “GATA” motif on the bound 20mer DNA library for both the
MGATA1\c alone and the mGATALne/MKLF1.57.358 complex. We also present the fold
change of the frequency of occurrence of the nucleotides in the mMGATALyc/MKLF1 ;57358
complex in comparison with the mGATA1yc alone. We notice that there is an increased
frequency of mainly the Gua nucleotide and secondary of the Ade or Thy nucleotides at
positions +1, +2, +3, +4 downstream of the “GATA” motif. The Cyt nucleotide did not
show similar increase. At position -1 there is an increased frequency of the Ade and Thy
nucleotides. Generally upstream of the “GATA” motif, there is mainly an increase in
occurrence of the Ade and Thy nucleotides and secondary of the Cyt nucleotide. The Gua
nucleotide did not show a significant increase in frequency. In Figure 61B we see that the
distance distribution between the GATA1 motifs and the KLF1 motifs indicates that the
GATAL1-KLF1 binding orientation, on the 20mer bound sequences, is preferred rather than
the KLF1-GATAL binding orientation. Both GATAL1 motifs and KLF1 motifs in Figure 61B
are assumed to be orientation independent, meaning that we measure the distance
between them independently on which strand they occur (either in the same or in different

strands).

In Figure 61A there is the expectation that both the Gua and the Cyt nucleotides should
be equally over-represented downstream of GATAL. In Figure 42 from the crystal
structure of KLF4 we see extensive contacts of the KLF4 protein with the Gua nucleotides
and not with the Cyt nucleotides. The increase of the Gua nucleotides downstream of the
“GATA” motif might be an indication that the KLF1 protein tries to bind in a parallel or an

> > —> —
anti-parallel orientation with the GATAL motif (GATA{N}GG[AT]G / GATA{N}G[AT]|GG)

(Figure 62G-K). Thus, the behavior in Figure 61A indicates to us that by having a specific

reference point (in this case the “GATA” motif) permit us to see a strand specific
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preference in binding which reflects the true binding contacts. The binding model of the

GATA1-KLF1 complex on a DNA sequence is presented in Figure 61C.

In Figure 17 we have seen that the KLF1 binding is weaker than the GATAL binding. To
further confirm that this is the case and is not the result of the different protein isolation
batches we used the sequencing results from the mMGATALyc/mKLF1.57355 main band
(dissociated mGATALyc/mKLF1.5,355 complex) where both proteins are expected to be
present in equal amounts in the EMSA-seq reaction. If GATAL has indeed higher affinity
than KLF1 then we expect to have more GATAL related 8mers with higher fold change
than KLF1 ones. For this reason we took the top 150 mGATA1yc 8mers and the top 150
MKLF1.5,355 8mers (no 8mer is common between them). Then we ranked the 8mers of
the mMGATALnc/mKLF1,57.358 main band from the highest to the lowest and we tested in
which position the mGATALc specific 8mers and the mKLF1s7.355 Specific 8mers appear.
We noticed that the mGATAlyc 8mers appear higher than the mKLF1,s;355 8mers
(Willcoxon test, p-value<10®). Thus indeed GATA1 has a higher affinity than KLF1. In
vivo, the implications are that GATAL1 probably interacts with KLF1 in order to
stabilize its binding (increase the time that KLF1 occupies a specific genomic

position).

In Figure 63 we also notice that the position distribution of the GATA1 8mers on the
sequenced 20mer bound library of the upper band (intact MGATALlnc/MKLF157.358
complex) is shifted towards the edges of the 20mer. On the contrary the KLF1 8mers
show no bias in the position distribution on the 20mer sequences and they are equally
distributed throughout. The GATA1 shift towards the edge of the 20mer implies that the
20mer sequence might try to accommodate the binding from both proteins. Both proteins
need at least 10 nucleotides each (1 full turn of DNA) in order to have efficient contacts
with the major and minor groove of the DNA. Considering that GATA1 has a higher affinity
than KLF1, this is something unexpected. We would have hypothesized that GATAL
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drives the binding of the complex, so it can bind with no restriction throughout the 20mer
sequence (no bias in the position distribution of the GATAL 8mers) and KLF1 follows with
accessory binding, so KLF1 can now bind wherever it is available (expected bias in the
position distribution of the KLF1 8mers). The fact that this is not happening indicates
that the extensive contacts of the three KLF1 Zn fingers drive the binding of the
complex and can effectively outcompete the binding of the one and sometimes two
GATAL Zn fingers. Maybe, KLF1 acts as a rigid structure during the binding that
forces the simultaneous binding of the three Zn fingers whereas GATAL might be
more flexible in the binding and can accommodate the binding of only one of its Zn

fingers.

3.4.9.1 Complexation of KLF1 with GATAl changes the distance distribution

between the C-terminal and the N-terminal Zn finger of GATA1

As discussed earlier we checked the distance distribution between the GATA-GATC,
GATT-GATC, GATA-GATT, GATA-GATA for the KLF1/GATA1 complex. We avoided
using the enriched 8mers of the MGATAlnc/MKLF1,57358 complex because they
represent a mixture of the mGATALlyc and mKLF1,5;35s 8mers. On the contrary, we
projected the mMGATAlnc 8mers on the sequenced 20mer bound library of the
MGATALnc/mKLF1,57358 complex and we created the motif distance plots of Figure 64 .
We see that the overall distributions of the mMGATAly: alone and of the
MGATALnc/mMKLF1,57.358 cOmplex are similar. The exception is that we see some increase
in the frequency of the long bi-motif distances (orange boxes in Figure 64). Specifically we
see an increased preference for GATA{N}310GATC, GATA{N}osGATG, GATT{N}s.
10 TATC, GATA{N}:.10TATC. This indicates that the interaction of the KLF1 with the C-

terminal Zn finger of GATAL pushes the N-terminal Zn finger further apart and thus
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the mMGATALyc of the mMGATALyc/mKLF1,5,.355 complex is able to bind bi-motifs with

long separation between them.

We have to point out here that the increase in the preference for the GATA{N};..0GATC
was also noticed in the mGATAlyc/mFOGL1 fingers complexes. Additionally, the increase
in the preference for GATA{N}3,GATC, GATA{N}csGATG, GATT{N}3::0TATC and
GATA{N}310TATC was also noticed for the mGATAlyc dimer. This indicates that
although mGATA1yc interacts with different co-factors KLF1, FOG1 fingers and
probably itself (dimer state) the functional outcome is funneled through a limited
variety of conformational changes, which is reflected in the change of the
MGATALyc DNA binding specificities. As we have seen in the wt-mGATAL, the N-
terminal and C-terminal tails change significantly the DNA binding specificities of GATAL.
Therefore, we can hypothesize that the addition in the system of the effect of the
GATAL tails might increase the variety of the functional outcomes and/or fine-tune
the final response, as we have seen for the wt-mGATAl/wt-mFOG1 complex

(increased preference for GATC{N};,GATA).

We also created the motif distance plots of the dissociated MGATALnc/MKLF1257.358
complex (main band). We again projected the mGATAlyc 8mers on the sequenced
20mer bound library (Figure 65). We see that the overall distribution for the GATA-GATT
and GATA-GATA distances of the mGATA1,c alone (Figure 36, Figure 41) and of the
dissociated mMGATA1c from the complex is similar. The frequency of occurrence is lower
but this probably is the cause of the existence of KLF1 bound 20mers on the bound library
that forces us to overestimate the total number of GATAL related 20mers on the bound
library. On the contrary, the dissociated complex shows a very restricted pattern of only
the GATGATA, GATGATT motifs for the GATG-GATA distance and the GATG-GATT
distance respectively. For the GATC-GATA distance and the GATC-GATT distance, the
dissociated complex shows similar restriction with preference for mainly the GATAGATC,
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GATCGATA, GATTGATC, GATCGATT motifs and to a lesser extend for the GATC{N},.
sGATA, GATC{N}1sGATT motifs. As we have seen, for the mMGATALyc/mFOGL1 fingers
complexes, the differences between them and the mGATAlyc were attributed to the
FOG1 fingers effect on the DNA binding specificities of mMGATAlyc. Similarly here, the
differences between the dissociated MGATAlyc/mKLF1,57,358 complex and the
MGATAL\c probably reflect a biological phenomenon. The fact that the intact
MGATALNc/MKLF1:57355 complex and the dissociated MGATALlnc/MKLF1557.358
complex have different GATAL related DNA binding specificities, which are in both
cases different than the mGATAlyc ones, indicates that the intact and the
dissociated complex represent two  different populations of the

MGATALyc/MmKLF1 5,355 complex with different properties.

Because the GATC-GAT(A/T) and the GATG-GAT(A/T) distance distribution patterns of
the MGATAL\c/MKLF1 57355 dissociated complex look similar with the mGATA1c ones,
we can hypothesize the following model. In the mMGATA1yc/mKLF1,57.3558 cOmplex, we can
hypothesize that KLF1, before it dissociates, forces the C-terminal Zn finger of GATAL to
bind on the 20mer sequence irrespectively of the N-terminal Zn finger sequence
preference. Thus, KLF1 either inhibits the GATAL N-terminal Zn finger DNA binding or it
increases the affinity of (stabilizes) the GATAL C-terminal Zn finger DNA binding. As we
have already discussed, DNA sequences that contain both the “GATC” and “GATA”
motifs have a higher binding affinity for the GATAlyc alone than sequences that have
only “GATA” motifs (Trainor et al.,, 2000). Thus we favor a model, where KLF1
increases the binding affinity of the C-terminal Zn finger and this is adequate to
increase the GATAL binding in “GATA” containing sequences without the necessity
for KLF1 to bind nearby. We argue here, that KLF1 probably affects the rate of
association (*Ka”’) of GATAl with the DNA sequence and not the rate of

dissociation of GATAL from the DNA sequence.
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Figure 61. A) Frequency of nucleotides upstream and downstream of the “GATA” motif for
both the mMGATAlyc alone and the intact MGATAlyo/mKLF1,5,358 complex
(MGATALN/mKLF1,57.358 upper band). The positive (+1 to +4) and the negative (-4 to -1)
numbers represent the nucleotide positions downstream and upstream of the indicated
motif. The nucleotides are indicated with different colours: Adenine (blue), Cytosine (red),
Guanine (green), Thymine (yellow). B) Distance distribution between the 2122 enriched
MGATA1yc 8mers and the 193 mKLF1,5,353 8mers on the 20mer sequences of the
degenerate DNA library bound from the intact MGATAlnco/MKLF1,57358 complex

(MGATA1nc/MKLF1;57.355 upper band). Both the GATAL and the KLF1 motifs are assumed

to be orientation independent (see main text). C) Model for the interaction of the GATAL
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and KLF1 proteins. KLF1 is assumed to be present with a specific orientation relative to
the G-rich side of the “C[AT]CCC” motif. GATAL is also assumed to be present with a
specific orientation relative to the “GATA” nucleotides side of the “GATA” motif. The two
proteins interact so that the “GATA” nucleotides side, of the “GATA” motif, and the “G-rich”

side, of the “C[AT]CCC” motif, look at the same orientation.
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Figure 62 (previous two pages). Working hypothesis for the orientation of the GATA1 and
KLF1 proteins on DNA sequences where both GATAL binding sites and KLF1 binding
sites exist. A) The GATAL protein is presented with the green scheme and the KLF1
protein is presented with the blue scheme. Both schemes represent the proteins as
asymmetric units with the light colour end of the scheme making contact with the 3’ or 5’
part of the DNA, and the dark colour end of the scheme making contact with the 5’ or 3’
part of the DNA, for the GATAL or KLF1 respectively. B-P) Potential orientation of the
GATALl and the KLF1 proteins on the DNA sequence for the case where the “GATA”
nucleotides side of the GATAL motif (“GATA” motif) and the C-rich side of the KLF1 motif
(“CACC” motif) are facing towards the same direction (B-F) or the case where they are

facing different directions (G-P).
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Figure 63. Distribution of the mGATALlyc and mKLF1,57.353 8mers positions on the 20 bp
sequence of the bound degenerate DNA library for the mGATALye/mMKLF1,57.355 cOmplex.
The position distribution of both the slow (upper) and fast (main) migrating bands are
shown. The slow migrating band represents the DNA band shift of the intact
MGATALNc/mKLF1,57.355 complex. The fast migrating band represents the DNA band shift

of the dissociated mMGATALyc/MKLF1,57.355 cOMplex.
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Figure 64 (previous page). Distance graphs between the “GATA” and the “GATC” motifs,
the “GATT” and the “GATC” motifs, the “GATA” and the “GATG” motifs, the “GATT” and
the “GATG” motifs, the “GATA” and the “GATT” motifs or between two co-occurring
“GATA” motifs. The graphs represent the distance pattern for the bound 20mer sequences
of the intact MGATALyc/MKLF1,57.358 cOmplex (MGATALyc/MKLF1,57.358 Upper band). The
distance graphs were created with the 2122 enriched 8mers from the MGATAlnc
experiment. The binding models of the protein on DNA are also shown. For further
explanation about the graph see Figure 33. The blue arrows represent the orientation of

the motifs as appear in Figure 33A.
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Figure 65 (previous page). Distance graphs between the “GATA” and the “GATC” motifs,
the “GATT” and the “GATC” motifs, the “GATA” and the “GATG” motifs, the “GATT” and
the “GATG” motifs, the “GATA” and the “GATT” motifs or between two co-occurring
“GATA” motifs. The graphs represent the distance pattern for the bound 20mer sequences
of the dissociated MGATALyc/MKLF1,57.355 complex (MGATALyc/MKLF1 557358 main band).
The distance graphs were created with the 2122 enriched 8mers from the mGATALyc
experiment. The binding models of the protein on DNA are also shown. For further

explanation about the graph see Figure 33C.
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3.4.10 Effect of KLF1/GATAL complexation on the binding specificities of KLF1

In Figure 66 we see KLF1 8mers that are enriched upon complexation with GATAL. We
see an enrichment of the AC[GA]JCCC motif (group B,C). Upon projection of the motif on
the KLF4/DNA crystal structure, we can hypothesize that this enriched motif represents
mainly the binding of the KLF1 Zn fingers 2 and 3. Thus complexation with GATAl
increases the binding of the KLF1 Zn finger 2 and 3 and reduces the binding of the KLF1

Zn finger 1.
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Figure 66 (previous page). A) Enriched 8mers from the EMSA-seq experiment of the
intact MGATALyc/MKLF1,57.3556 complex (MGATALye/MKLF1 57355 upper band). The 8mers
were clustered based on their Hamming distance (maximum 2 mismatches). B)
Hypothetical position of the group B and the group C motifs on the KLF4 crystal structure

(The KLF4 - DNA interactions graph is from (Schuetz et al., 2011)).
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3.4.11 The orientation of the GATA1-KLF1 complex in vivo indicates a mechanism

of local DNA looping

We checked whether in vivo, the in vitro behaviour of the KLF1-GATALl complex is
retained. We used positions where both the GATA1 ChIP-seq peaks and the KLF1 ChlIP-
seq peaks overlap in the TER119-/TER119+ model of erythropoiesis. We also used
positions where the GATAL ChIP-seq peaks and the KLF1 ChlP-seq peaks do not overlap
in the same model. Similarly with Figure 61B, we examined the distance distribution of the
GATAL, KLF1 motifs in the overlapping GATAL, KLF1 ChIP-seq positions (Figure 67A).
We also examined this distance distribution in a set of 1000 different samples, of the
same size as the overlapping set, taken from the GATAL1 ChiIP-seq peaks that do not
overlap with KLF1. Although we were expecting similar image like the Figure 61B, with an
enrichment above the background distribution, in Figure 67A we see that the GATAL-
KLF1 orientation is preferred less than the background. On the other hand the KLF1-
GATAL orientation is preferred equal with the background. This differential presence of
the two orientations of the GATAL1/KLF1 complex, although it did not show any
enrichment, points towards a functional role for the KLF1-GATAL orientation. This is in
contrast with the in vitro results where the GATAL1-KLF1 orientation was preferred.
Because the distances were calculated in orientation independent motifs and considering
that we saw that in vitro the “GATA” nucleotides side, of the “GATA” maitif, is frequently
found, on the same strand, with the “G-rich” side of the “C[AT]CCC” motif (Figure 61C),
we decided to examine this in vitro preference in the GATAL1/KLF1 overlapping ChlP-seq
peaks. At first we checked whether the association (see legend of Figure 67B) of the
“GATA” nucleotides side, of the “GATA” motif with either the “G-rich” side or the “C-rich”
side, of the “C[AT]CCC” matif is statistically significant, meaning that it is not found in the
1000 sets of the background distribution. Indeed, we found that it is statistically significant

for the KLF1-GATAL orientation (Figure 67B). We then examined whether the “GATA”
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nucleotides side, of the “GATA” motif, is frequently found, on the same strand, with the “G-
rich” side or the “C-rich” side, of the “C[AT]CCC” motif. We noticed that the “GATA”
nucleotides side, of the “GATA” motif is frequently found, on the same strand, with the “C-
rich” side of the “C[AT]CCC” motif (Figure 67C). We then assumed that the in vitro
orientation of the GATA1-KLF1 complex is the optimal for the complex (preference for the
“GATA” nucleotides side of the “GATA” motif, to be frequently found in association with
the “G-rich” side of the “C[AT]CCC” motif). Thus, we conclude that the DNA loops in order

to be able to accommodate the proteins in the correct orientation (Figure 68).
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Figure 67 (previous page). A) Distance distribution between the non directional GATAL
8mers and the non directional KLF1 8mers in the GATAL/KLF1 overlapping ChIP-seq
peaks in the TER119+ erythroblasts (vertical bars). The continuous lines (green, red and
blue) represent the distance distribution of the GATAL 8mers and the KLF1 8mers in 100
different groups of the GATAL1 ChiIP-seq peaks that do not overlap with the KLF1 ChlIP-
seq peaks (background density). Each one of the 100 background samples was of equal
size as the GATAL/KLF1 overlapping ChlP-seq group. B) Association between the
“GATA” nucleotides side of the GATA1l motif and the GC content of the orientation
independent KLF1 8mers in the GATA1/KLF1 overlapping ChiP-seq peaks of figure (A).
The red arrow indicates statistically significant deviations (over-representation of the Cyt
nucleotides, z-score=6) from the expected background distribution of 1000 subsamples
from the GATALl ChiIP-seq peaks that do not overlap with the KLF1 ChIP-seq peaks
(same number of peaks as the GATA1/KLF1 overlapping ChiP-seq peaks). For the
“GATA" nucleotides side of the GATAL motif in either the plus or the minus strand, in
either the GATA-KLF1 or the KLF1-GATAL orientation (four combinations in total, four
arrows), we calculated the total number of either the Cyt or the Gua nucleotides, that
appear in the same strand as the “GATA” nucleotides strand, of the orientation
independent KLF1 motifs. For each peak the closest KLF1 8mer to the “GATA” motif was
considered. In case of multiple “GATA” motifs of the same orientation, in a specific ChlP-
seq peak, the mean occurrence of either the Cyt or the Gua nucleotides was calculated
for the specific ChiP-seq peak. In case of multiple “GATA” motifs of different orientations,
in a specific ChlP-seq peak, the occurrence of either the Cyt or the Gua nucleotides was
assigned independently for the specific ChlP-seq peak in each one of the different
background distributions. The occurrence of either the Cyt or the Gua nucleotides was
summed across all the examined ChIP-seq peaks. A z-score was calculated by
performing similar analysis in the background subsamples and creating eight background
distributions of the total number of the Cyt or the Gua nucleotides for each one of the four
associations (four for the Cyt nucleotides and four for the Gua nucleotides). Statistically
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significant associations in the GATAL/KLF1 overlapping ChlP-seq group were the ones
where the total number of either the Cyt or the Gua nucleotides were at least four
standard deviations higher that the mean (z-score = 4) of the relevant background
distribution. The blue dotted arrows represent non-statistically significant associations. C)
Percentage of the Cyt nucleotide versus the Gua nucleotide in the KLF1 motif of the
statistically significant association of figure (B). The GATALl ChiIP-seq peaks were from
(Xu et al., 2012) (GEO accession number: GSM970258). The KLF1 ChIP-seq peaks were

from (Su et al., 2013) (GEO accession number: GSM1067275).
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Figure 68. Model for the interaction of KLF1 and GATAL in vivo. A) KLF1 is assumed to
be present with a specific orientation relative to the G-rich side of the “C[AT]CCC” maotif.
B) GATAL is also assumed to be present with a specific orientation relative to the “GATA”
nucleotides side of the “GATA” motif. C) We assume that KLF1 is present on the DNA
before GATAL arrives (Vernimmen et al., 2007). Upon GATAL arrival the 2 proteins
interact in a specific way, that needs looping of the DNA sequence which lies between

them, so that the “GATA" nucleotides side, of the “GATA” motif, and the “G-rich” side, of
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the “C[AT]CCC” motif, look at the same orientation. The functional significance of this
orientation might be the fact that the DNA sequence upstream of the KLF1 motif and the
DNA sequence downstream of the GATAL motif are brought closer together which either
facilitates the recruitment of specific protein complexes and/or inhibits the recruitment of

nucleosomes.
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3.5 Projection of the EMSA-seq DNA binding affinities/specificities on the GATAl

related erythropoietic gene regulation models

We projected the EMSA-seq DNA binding affinities/specificities of GATA1 and its co-
factors on GATAL related ChlP-seq data. We used data from both the mouse G1E/G1ME
model of erythropoiesis/megakaryopoiesis, the mouse embryonic liver erythroblasts model
[TER119- progenitor erythroblasts (R1, R2 populations)/TER119+ mature erythroblasts
(R3, R4, R5 populations)] and finally the human CD34+ progenitors/CD36+ mature
erythroblasts model (see introduction section 1.5). In Figure 69 we see that the human
and mouse GATAL proteins in the DNA binding domain (N-terminal Zn finger and C-
terminal Zn finger) are highly conserved. This permits us to generalise the GATAl

behaviour independently of the model system used.

At first we created a thermodynamic model to score the GATA1 and KLF1 ChlIP-seq

peaks with the “Kd” values of the mGATALlyc and mKLF1,57.358 8mers respectively.

3.5.1 Calculation of the DNA binding affinities of GATAL/KLF1 ChlIP-seq peaks from

the “Kd” values of each mMGATAlye/mMKLF1,57.355 8mer

In order to calculate the binding affinities of a ChlP-seq peak we used the approach that is

presented below. At first, we make the following assumptions:

i) Its ChIP-seq peak sequence comprises of a group of k-mers (k-merl, k-mer2,
..., k-merN) with N=(length of the ChlP-seq peak sequence)-k. In our case k=8,
the length of a ChiP-seq peak sequence is 300 bp and eventually N=292 bp.

1)) The ChIP-seq peak binding affinity is independent of the k-mer order on the

sequence.
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iii) The protein is going to bind to each k-mer independently. The total protein
bound on the sequence is the sum of the binding on the independent k-mers.
This also implies that the overlapping nature of k-mers is not considered at all

and each k-mer is treated independently of the others.

So the total amount of protein bound is:

32896
[Total protein bound on sequence |= Z [k-merN bound on protein]
N=1
(eq 19)
From eq 2, eq 3 we have:
. 1_ [protein not bound on any k-mer]*[free k-mer1]
[k-mer1 bound on protein]=
de—merl
(eq 20)
. 1_ [protein not bound on any k-mer]*[free k-mer2]
[k-mer2 bound on protein]=
de-merz
(eq 21)

i [protein not bound on any k-mer]*[free sequence]
[total protein bound on sequence]=

Kdof sequence

(eq 22)

So if we substitute in eq 19 the eq 20, eq 21, eq 22 we have:
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32896
[protein not bound on any k-mer]*[free sequence] _ [protein not bound on any k-mer]*[free k-merN]

Kdof sequence de-merN

(eq 23)

We also make the assumption that at any given point only one of the k-mers can

bind.

Then because k-merl and k-mer2 appear on the sequence in 1:1 ratio we have:

[free k-merl] = [free k-mer2] = [free sequence]

We note here that even similar k-mers are treated independently. So eq 23 can be

simplified as:

32896

1 B 1
Kd of sequence de-merN
N=1
By rearranging we have:
Hﬁ9=1 de—merN

Kdof sequence™ 292
292 HN=1 de—merN

N=1 de—merN

(eq 24)

For proteins/complexes that we did not have EMSA-seq “Kd” affinities of 8mers we scored
their ChiP-seq peaks with the number of statistically enriched 8mers. For proteins that we
have “Kd" affinities of 8mers, we also scored their ChiP-seq peaks with the number of
statistically enriched 8mers when we compare them with proteins which we did not have

“Kd” affinities.

240



All the ChIP-seq peaks binding affinity “Kd” scores that are calculated using “Kd” values
derived from the EMSA-seq experiments we will call them EMSA-seq binding affinity Kd

scores. The lower the EMSA-seq binding affinity Kd scores the higher the binding

affinity.

In case that the enrichment value of the k-mers (the fold change of the frequency of the k-
mer in the bound fraction versus the frequency of the k-mer in the original 20mer DNA
degenerate pool) has to be used then the EMSA-seq binding affinity Kd scores is
intuitively similar with the average fold change of all the k-mers in each ChIP-seq peak.
We caution here that when the average fold change of all the k-mers from two different
proteins/protein complexes for the same ChlIP-seq peak are compared, a normalised fold
change value for each protein needs to be used. As we have seen the absolute fold
change depends on the protein/DNA ratio used, on the affinity (“Kd") of the protein for a
DNA sequence and on the effect that co-factors can have on the DNA binding affinities

(competition). The normalised fold change score is something that we did not explore.

For the above mentioned reasons, we used as an alternative score the number of
statistically enriched EMSA-seq k-mers that are present in each one of the ChiP-seq
peaks. As expected this score gives equal weight in two ChIP-seq peaks that have the
same number of k-mers, something that causes loss of sensitivity. On the other hand,
we argue that the presence or absence of an enriched k-mer in two ChlP-seq peaks
with different number of k-mers is probably more important than their absolute
affinity values due to the cooperative nature of k-mers which we discussed in an

earlier chapter.

The number of statistically enriched EMSA-seq k-mers that are present in each one of the
ChiP-seq peaks we will call them EMSA-seq k-mer number score. The higher the

EMSA-seq k-mer number score the higher the binding affinity.
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In the following chapters, we are using the EMSA-seq binding affinity Kd score when
we compare the GATAL or KLF1 ChlP-seq peaks binding affinities against a biological
phenomenon (nucleosome occupancy, DNase | accessibility, H3K4me3/2 levels, distance
of a ChlIP-seq peak from the TSS, presence of the ChlP-seq peak on enhancers or

promoters).

We used the EMSA-seq k-mer number score when we compare the affinity distributions
of different proteins that at least one of them does not have Kd affinity values for each one
of the k-mers. We also used this score when we compare the binding affinities of a
fraction of the GATAL ChIP-seq peaks dataset against the binding affinities of the rest of
the dataset (GATAL1 ChIP-seq peaks that overlap with a co-factor versus GATAL1 ChIP-
seq peaks that do not overlap). This was selected because the distributions that are
compared are discrete and have much more data points (so there is a range of values that
can give more confidence for the biological phenomenon that we observe) and the scoring

function is intuitively straightforward.

In some cases, we also confirmed that both scoring schemes (EMSA-seq binding

affinity Kd score, EMSA-seq k-mer number score) give similar results.
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CLUSTAL W (1.83) multiple secuence alignment
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Figure 69. Sequence alignment of the mouse and human GATA1 proteins. The red line
demarcates the mGATALyc fragment. The green lines are the regions of the N-terminal Zn

finger and the C-terminal Zn finger of MGATALyc.
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3.5.2 GATAL1 ChIP-seq binding affinities, assigned from the EMSA-seq results, are

representative of the GATAL DNA binding turnover in vivo

3.5.2.1 Prediction of the kinetic recruitment of the protein upon GATAL restoration

in a GATAL -/- cell line

We hypothesized that our in vitro DNA binding affinities will be representative of the
protein turnover at the occupied ChIP-seq positions in vivo. To check whether this
assumption is true, we used data from the GATAL restoration in the G1E model of
erythropoiesis. These are genome wide data of the GATAL kinetic recruitment at its
binding sites from a 24 hours time course ChlP-seq study. There have also been two
published reports of the kinetic recruitment of GATAL in specific loci in the same model

assessed through ChIP-gPCR. The genome wide data include these loci.

We will start with the low-throughput studies. These studies examined the a-globin locus,
the B-globin locus and the GATAZ2 locus. The positions that have been tested with ChlP-

gPCR are noted with red asterisks on Figures 70-72. These positions are:

i) For the a-globin locus the a-globin promoter and the a-globin enhancer HS-26
(Pope and Bresnick, 2010).

ii) For the B-globin locus the B-major promoter (gene Hbb-b1l) and the B-globin
enhancer HS2 (Pope and Bresnick, 2010).

iii) For the GATAZ2 locus the Hypersensitive site (HS) positions -77, -3.9, -2.8,

+9.5 (Grass et al., 2006).

At first we checked in our "°FOG1 ChlIP-seq dataset whether these positions show a
FOG1 ChIP-seq signal. Although the FOG1 ChiIP-seq was performed in MEL cells we

assumed that it is representative of the presence of FOG1 in the G1E model. Indeed we
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found FOG1 signal in all the previous positions with the exception of the GATA2 promoter
(GATAL ChiIP-seq peaks -3.9, -2.8) and the GATALl ChIP-seq peak inside the GATA2
gene (+9.5). All the mentioned positions, including the GATA2 promoter peaks and the
GATAZ2 intragenic peak, have been shown in the literature to have FOG1 (Pope and
Bresnick, 2010, Grass et al., 2006). Lack of FOG1 might indicate poor ChIP efficiency or
cell-type specific preferences. In the pre-mentioned positions we checked whether the
kinetics of recruitment reflect the affinity of binding. This means that ChlP-seq positions,
that attract the protein quicker than other regions, should have higher binding affinity

(high values of EMSA-seq k-mer number scores).

We first focus on the alpha and beta globin regions (promoter of the Hba-al and Hbb-b1
gene and the HS-24 and HS-2 sites respectively). Because these positions have FOG1
protein we focused on the binding affinities of the wt-mGATA1l/wt-mFOG1 complex. The
Hypersensitive Sites recruit GATAL quicker than the promoters. Indeed the EMSA-seq k-
mer number scores are higher in the HS sites than in the promoters. We then focused
on the GATAZ2 loci. The -77, -3.9, -2.8 and +9.5 all have been shown to have FOGL1. It has
been also shown that the -77 and the -2.8 position GATAL recruitment is higher than the -
3.9 and +9.5 position. The EMSA-seq k-mer number scores at the -2.8 and the +9.5 are
higher than the -77 and -2.8 positions. The EMSA-seq k-mer number scores of the -2.8
and +9.5 are similar. This discrepancy might be caused because the GATAL protein might

be in a complexation with other factors that increase or decrease its binding affinity.

We then used the genome wide ChlP-seq data of the kinetic recruitment of GATAL in its
binding sites. The ChIP-seq of GATAL was done 3 h, 7 h, 14 h and 24 h after GATAL
restoration in the G1E model of erythropoiesis. We expressed the ChlP-seq reads for
each binding position in each time point as a fraction of the number of reads of the 24
hours GATAL ChlP-seq (Figure 73). We hypothesized that high affinity binding sites (high
EMSA-seq k-mer number score) should have a higher fraction of the 24 hours ChiIP-seq

reads (high saturation) than lower affinity sites (low EMSA-seq k-mer number score)
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(low saturation). Indeed we notice that for the 3 hours and the 7 hours GATA1 ChiIP-seq
the high binding affinity sites show high saturation whereas the low affinity sites show low
saturation (Figure 73). The 14 hour GATA1l ChIP-seq dataset showed equal saturation
across the high and low affinity binding sites implying that the binding of the protein on the

genome has reached steady state levels (Figure 73).

All the above indicated that the EMSA-seq binding affinities represent the GATA1 DNA
binding turnover in vivo and potentially can be used to infer mechanistic principles of the

system (Figure 74).
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Figure 70. Profile of the beta-globin locus (chr7:110.930.000-111.030.000). The EMSA-
seq derived DNA binding affinities of the GATA1l ChiP-seq peaks (tracks with black
columns) are shown along with the GATAL ChlP-seq peaks themselves (orange tracks).
The "°FOG1 ChiIP-seq peaks from the differentiated MEL cells and their respective input
are also been shown. The red stars represent regions where the kinetic studies of the
GATAL recruitment after GATAL restoration in the G1E model has been performed (see
text). The row below the gene track represents published DNase | hypersensitive sites
(HS). The GATA1L ChlP-seq peaks and the DNase | hypersensitive sites are derived from
differentiated G1E cells for 24 hours after GATAL restoration and in the presence of
erythropoietin. (The mouse beta-globin locus consists from the following genes from left to
right: the Hbb-y gene encodes the embryonic beta-globin-like y protein (Hansen et al.,
1982), the Hbb-bhl gene encodes the minor early embryonic beta-globin-like z protein
(Farace et al., 1984), the Hbb-bh2 and Hbb-bh3 are pseudogenes (Phillips et al., 1984,

Hutchison et al., 1984), the Hbb-b1 encode the adult beta-globin major chain, the Hbb-b2
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encode the adult beta-globin minor chain (Konkel et al., 1979). Similar to the LCR in the
human beta-globin locus, the mouse beta-globin locus consists of 6 hypersensitive

regions termed: HS1 (Shehee et al.,, 1989), HS2 (Moon and Ley, 1990), HS3, HS4

(Jimenez et al., 1992), HS5 , HS6)

248



a-globin locus

Scale 20 mra
avil 100001 2150000 1 32,160,000 1 321700001 21800001 2,190,000 | 22000001
0 FOG-1 ChiPseq mpu
hoFOGA
ChIP-seq
Input ‘
B s s s g t——————— RPRpS— PRI [ S—— R pE—— - = o de—
k] FOG-1 ChiPzag
bOFOG1 .
ChiP-seq l \
CyrnERAE SRR T T R J e e L ], T |
- ERISA 5o sty wiGA TAT
number of EMSA-seq top
enriched 8mers of the wt-
mGATA1inthe GATA1 1 |
ChIP-seq peaks » I I I
5 I | I (s
£ EMSA-2aq alfinty WwFOG! WIGATAY
number of EMSA-seq top
enriched 8Bmers of the wt-
mFOG1/wt-mGATA1 * *
complexinthe GATA1 1 '
ChiIP-seq peaks i I | I I | I | 1
\\:\1—- -t W
e a0 W |

2 1
H

el baidppotiidait faststenitois sttt

GATA1 ChiIP-seq

GATA1 ChIP-seq input

DNAse | hypersensitive sites

Figure 71. Profile of the alpha-globin locus (chr11:32.130.000-32.210.000). The rows in

the picture are the ones presented in Figure 70.

249



GATA2 locus

Scale e
enré. | 82,080,000 88,070,000 | 83,080,000 | 880900001 881000001 82,110,000 1 83120000 | 88.130.000 | 36,140000 1 88,150,000 | 83160000 | 88,170,000 1
E ) FOG-1 CniP 2aq input

hioFOG1
ChIP-seq
Input \ ‘
M LANRRRN 1 Ll LUl
FOG1 ChP2eq
bioFOG1
ChIP-seq .
15 i i 1 i | 1
& EMSA =0 afinity WIGATA]
number of EMSA-seq top
enriched 8mers of the wt-
mGATA1inthe GATA1 |
ChIP-seq peaks 25 }
] 1 lll
a5 EMSA-s8q #findy WFOGIWGATAT
number of EMSA-seq top % Jok -
enriched 8mers of the wt- |
mFOG1/wt-mGATA1 l
complex inthe GATA1 7
ChIP-seq peaks 1 |||
R | = A B Gata2 v+ riaka @
150 GIE€RL GATA Extmdiol 26 hr TFES ChIP-2eq Signal lom ENCODEPSU |
GATA1 ChIP-se i
. g b il a Ll
Transoripgion Factor Biding Stes by CniP-zeq fom ENCODEPSU b J
150 1 GIE GATA1 TFBS ChiP-seq Sgnal bom ENCODE PSLU §

GATA1 ChIP-seq input

z - ettt - - et e e e
.15 G1E-ER4 Estmadioi 26hr DiNase | HS Dane -weq Sgnal Rep2 tom ENCODEPRI.
a M““MMM“‘-LL“M“WM‘M
170003

UCSC Genes (RdiSeq. Genflank, 1ARNAS & Camparalve Genomics|

. e e | viaei 5]
Ll
[ | 3.9 [ |
77 2.8 +9.5
v
1.8

Figure 72. Profile of the GATA2 locus (chr6:88.050.000-88.170.000). The rows in the

picture are the ones presented in Figure 70.

250



3 hours vs 24 hours 7 hours vs 24 hours

400

300

200

AR LA R AR A AR RN RRRRLARR RS TOPTTTAR T TR T TR T T AR T TR T T AR T A T A T TR O R IR IIy
147 11 16 21 26 31 38 41 46 51 56 €1 147 11 16 21 26 31 36 41 46 51 56 61

14 hours vs 24 hours

o
=)
-
=
E| 7
= @
2|38 3
og o =
sElss
= :3- )
T|gs 2
L] “w w =
= = T 5
(=0 - (=] g
gg|lss >
£ 5 i
2el2d =
4—‘% 4.—.5 'E LR RN R R RN RN R RRR R RR AR
o 3 1 47 11 16 21 26 31 36 41 46 51 56 &1

Number of enriched mGATA1 ¢
8mers per ChiP-seq peak

Figure 73. Comparison of the GATA1l ChIP-seq signal upon GATAL restoration in a
GATAL null mouse cell line (G1E). The pictures represent four time points (3h, 7h, 14h,
24h after GATAL restoration) of a 24h time-course. In each graph the ChlIP-seq signal of
the indicated time-points was compared with the ChlP-seq signal at 24 hours. The y axis
represents per ChiP-seq peak the ratio of the number of sequenced reads per time point
versus the number of sequenced reads at 24 hours. Because we expect the 24 hour
ChlP-seq signal to have per position more reads than the 3h, 7h or 14 hours one the y
axis represents arbitrary units. Each ChlP-seq peak was scored with the 2122 enriched

8mers of MGATAL\c.
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Figure 74. Working model hypothesis of the relationship between ChlP-seq and EMSA-
seq. We assume that we have two ChIP-seq positions where the chromatin can be
immunoprecipitated equally well. These two positions have different DNA binding affinities
(we will call them a low DNA binding affinity position and a high DNA binding affinity
position). In a single cell, we will find in the nucleus two copies of each specific position.
We also assume that in the nucleus we have a significant amount of our transcription
factor. This implies that the binding of the transcription factor in each specific position is
near saturation. So independently of the strength of binding of each position, the positions
will always be bound from the transcription factor. The number of molecules from the
same transcription factor that can be bound in each position will depend only on the steric
hindrance of nearby binding positions which has to do with the organisation of the binding
sites on the sequence (motif grammar (Spitz and Furlong, 2012)). For example, if 10
molecules of the transcription factor can bind in both positions then the ChiP-seq signal
from these two positions will be of the same strength. On the contrary, the difference in
the DNA binding affinity of these two positions will affect the DNA binding turnover of the

protein in these two positions. Low affinity binding sites will have a high DNA binding
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turnover. High affinity binding sites will have a low DNA binding turnover. This practically
means the following: If at t,=0 we have 10 protein molecules in the low DNA binding
affinity site and 10 protein molecules in the high DNA binding affinity site then at t;>t, the
high DNA binding affinity position will have retained the same 10 protein molecules
whereas the low DNA binding affinity position will have 10 different molecules. We can
argue that if each binding event involves considerable structural changes and protein-
protein interactions we can hypothesize that in the low DNA binding affinity sites the rate
of occurrence of a potential enzymatic event, from a GATAL co-factor, will be slower than
at the high DNA binding affinity sites where the reaction is uninterrupted. On the other
hand, we can also argue that the high binding turnover in the low affinity sites, versus the
high affinity sites, replenishes the enzyme needed on the specific locus. Assuming that
the more time the same enzyme stays on the locus, the lower is its processivity, the quick
replenishment keeps the rate of the enzymatic reaction high. Some studies have shown
that putting a tag on the protein and permit it to compete the endogenous protein can give
indication of the binding turnover (Competition ChIP (Lickwar et al., 2012)) (the
hypothetical tagged-ChlP-seq row on the image). This technique although laborious is still
limited from the resolution of the ChIP-seq technique which does not have the linearity of
the EMSA-seq. An alternative approach is to have a cell line that lacks the protein of
interest something that is not always feasible. Upon reconstitution of the examined protein
someone can follow the recruitment in specific genomic positions with a ChlP-seq time

course study as was used here for GATAL (see main text, section 3.5.2.1).
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3.5.3 EMSA-seq binding affinity distributions of ChlP-seq peaks can be used to
characterize the similarity between ChlIP-seq experiments of the same protein under

different conditions

At first we checked how similar are the GATAL ChiIP-seq peak affinity distributions of the
available datasets for the different models (Figure 75). We assigned the binding affinity of
each ChlP-seq peak as the number of top 2122 enriched mGATA1yc 8mers mapped on
each one of the GATAL peaks. We only found a human CD36+ dataset from (Su et al.,
2013) that showed a skewed distribution in comparison with similar datasets from human
CD36+ pro-erythroblasts cells. On the other hand independently of the differentiation state
(TER119- versus TER119+), the model or the species (human versus mouse) the GATAL
affinity distributions are similar. Thus we suggest that the EMSA-seq binding affinity
distributions of ChIP-seq peaks can be used as a quality control of ChiP-seq datasets. We
also excluded the human CD36+ dataset that showed the skewed distribution from further

analysis.
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Figure 75. DNA binding affinity distributions of the GATAL ChIP-seq peaks from different
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published studies. The affinity is expressed as the number of 8mers per ChlP-seq peak
from the 2122 enriched mGATALlyc 8mers. The experiments cover different models of

erythropoiesis and megakaryopoiesis.



3.5.4 GATAL low affinity ChlP-seq peaks are closer to the TSS. KLF1 does not show

this pattern

We assigned the GATAL1 ChIP-seq peaks from human peripheral blood-derived CD36+

pro-erythroblasts to the nearest TSS (10kb upstream and downstream from the TSS).

From 29952 GATAIL peaks in CD36+ differentiated cells we assigned 9929 (33%) peaks
in the nearest TSS. Of these 4760 (47% of 9929) peaks lie upstream of the TSS and
5169 (53% of 9929) lie downstream of the TSS. Overall the peaks upstream of the TSS
are associated with 3918 genes and the peaks downstream of the TSS are associated

with 4203 genes.

Similarly for the KLF1 peaks in the CD36+ cell line we assigned 20394 (out of 56027)
peaks in the nearest TSS. Of these 8238 (40% of 20394) peaks lie upstream of the TSS
and 12156 (60% of 20394) lie downstream of the TSS. Overall the peaks upstream of the
TSS are associated with 6585 genes and the peaks downstream of the TSS are

associated with 9551 genes.

We checked the distribution of ChlP-seq peak binding affinities (EMSA-seq binding
affinity Kd scores) near the TSS (10kb upstream or downstream of the TSS) for both
GATA1 and KLF1. In Figure 76 we see that the low binding affinity GATA1 ChIP-seq
peaks are more frequent near the TSS. By performing the same analysis on the KLF1
ChIP-seq peaks we do not see any spatial restriction of the ChIP-seq peak binding
affinities. In this case high and low affinity ChlP-seq peaks are equally distributed near

and distant from TSS.

We then checked whether there might exist a functional role for this differential presence
of the GATA1 ChIP-seq peak binding affinities by assigning GATA1 ChIP-seq peaks in

enhancer regions and examining their binding affinity distributions.
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Figure 76. A) Scatter plot of the relationship of the GATAL ChIP-seq peak DNA binding
affinities with the GATAL1 ChlIP-seq peak distance from the nearest TSS in the CD36+
cells. The region +/- 10 kb from the TSS is shown. The red line represents the mean value
of the GATAL ChlP-seq peak DNA binding affinities in a 100 bp window. B) Scatter plot of
the relationship of the KLF1 ChIP-seq peak DNA binding affinities with the KLF1 ChIP-seq
peak distance from the nearest TSS in the CD36+ cells. The region +/- 10 kb from the
TSS is shown. The blue line represents the mean value of the KLF1 ChIP-seq peak DNA
binding affinities in a 100 bp window. The GATA1 ChlIP-seq peaks were from (Xu et al.,
2012) (GEO accession number: GSM970258) (cell type: proerythroblasts (ProEs) from
adult human bone marrow CD34+ cells). The KLF1 ChIP-seq peaks were from (Su et al.,
2013) (GEO accession number: GSM1067275) (cell type: R3/R4 erythroid cells derived

from human bone marrow CD34+ cells)
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3.5.5 GATAL high affinity ChlP-seq peaks are present in enhancers whereas GATA1
low affinity ChIP-seq peaks are present in promoters. KLF1 high/low affinity ChlP-

seq peaks are equally probable to appear in enhancers or promoters.

We used the ChromHMM (Ernst and Kellis, 2012) to segment the genome of the CD36+
erythropoiesis model in 6 states based on a number of epigenetic marks (Wu et al., 2011).
Each of these chromatin states represents a combination of four chromatin modifications
(H3K4mel, H3K4me3, H3K27me3, H3K9me3). Each GATAl ChIP-seq peak was
assigned in one of these 6 chromatin states. In more detail, state 2 is indicative of
enhancers (enriched H3K4mel), state 1 is indicative of promoters (enriched H3K4mel
and H3K4me3), state 3 is indicative of bivalent marks (enriched H3K4me3 and
H3K27me3) and state 4 (enriched H3K27me3) and state 5 (enriched H3K9me3) are
indicative of repressed marks (Zhou et al., 2011). We then focused in states 1 and 2. In
Figure 77 we notice that high affinity GATAL1 ChlIP-seq peaks appear in enhancers (state

2) whereas low affinity GATA1 ChlP-seq peaks appear in promoters (statel).

We also assigned the KLF1 ChIP-seq peaks in the same chromatin states but we did not
notice any discriminatory presence of high or low binding affinity KLF1 ChlP-seq peaks in

enhancers and promoters (Figure 77).

The same results were taken when we used the segmentation of the G1E-ER4
erythropoiesis model genome in 6 chromatin states based on a combination of the same

four chromatin modifications (Wu et al., 2011) (data not shown).

In Figure 78 we present a model for the discriminatory preference of the high/medium/low

GATAL or KLF1 DNA binding affinities to appear in enhancers/distal promoter elements

and proximal promoter elements.
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Figure 77. Box plots with the distribution of the GATA1 and KLF1 ChIP-seq peak binding
affinities in enhancers and promoters for the human CD36+ pro-erythroblasts. Four
histone modifications (H3K4me3, H3K4mel, H3K27me3, H3K9me3) were used to
segment the genome of the CD36+ pro-erythroblasts in enhancer-like histone state
(HEK4mel high, H3K4me3 low) and promoter-like histone state (HEK4mel high,
H3K4me3 high). The GATAL and KLF1 ChiIP-seq peaks were the same as the ones in
Figure 76. The H3K4me3, H3K4mel, H3K27me3, H3K9me3 were from (Cui et al., 2009)
(GEO accession number: GSM317597, GSM317596, GSM317594, GSM317599

respectively).
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Figure 78. Binding models of GATA1 and KLF1 on enhancers and proximal/distal
promoter elements. High affinity GATAL DNA binding sites are more frequently found
away from the TSS (enhancers/distal promoter elements) whereas low affinity GATAL
DNA binding sites are more frequently found near the TSS (proximal promoter elements).
The KLF1 DNA binding sites show no specific preference. We define as distal promoter
elements binding sites less than 10 kb and more than 1 kb upstream or downstream from
the closest TSS. We also define as proximal promoter elements binding sites less than 1

kb upstream or downstream from the closest TSS.
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3.5.6 GATAL high affinity ChIP-seq peaks are present in regions of low nucleosome
occupancy and of reduced DNase | hypersensitivity whereas GATAL low affinity
ChlP-seq peaks are present in regions of high nucleosome occupancy and of
increased DNase | hypersensitivity. KLF1 high/low affinity ChlP-seq peaks are
equally probable to appear in regions of high/low nucleosome occupancy and of

high/low DNase | hypersensitivity

We used nucleosome occupancy data from the CD34+ progenitor/CD36+ mature
erythroblasts model to access whether the high affinity ChlP-seq peaks might compete
the nucleosome occupancy. To avoid the high concentration of nucleosomes near the
TSS we used peaks that are more than 10kb upstream or downstream from the closest
TSS (Figure 79). Because we have GATA1l and KLF1 ChiIP-seq peaks only from the
CD36+ cells, we also examined the nucleosome pattern in the CD34+ cells in order to
check whether the observed pattern pre-exists in the progenitors or it is acquired only in

the differentiated cells.

In Figure 79 we notice an association between high affinity peaks and low nucleosome
occupancy levels. More specifically, we observed that the higher it is the affinity of the
ChIP-seq peaks, the lower it is the nucleosome occupancy on the ChIP-seq peaks.
Assuming that we are interrogating binding events in the whole cell population, the
previous observation indicates that high affinity GATAL1 DNA binding sites are usually
depleted of the local nucleosomes in each cell of the whole cell population whereas in the
low affinity GATAL1 DNA binding sites, the local nucleosomes are usually present in the
majority of cells in the whole cell population (Figure 86). We assume that the nucleosome
eviction is caused from the SWI/SNF chromatin remodelling complex that interacts with
GATAL (Kadam and Emerson, 2003). Similar graph for the KLF1 did show a similar trend
but not as strong as the GATAL. The majority of the KLF1 ChIP-seq peak binding affinities

are very similar.
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Because the association was true for both the CD34+ progenitors and the CD36+
differentiated cells (Figure 79), we can also hypothesize that the protein prefers high
affinity binding sites to be in lower nucleosome occupancy regions. This implies that the
nucleosomes must first be remodelled from a GATAL independent mechanism and then
GATAL is recruited. We caution here that we do not have GATAL1 or KLF1 ChiIP-seq
peaks for the CD34+ progenitors and it is possible that a lot of the CD36+ GATA1L or KLF1
ChiP-seq positions do pre-exist in the CD34+ cells. It is also possible that GATA2 might
exert the same effect on the nucleosome occupancy and it might bind in the same
positions as GATAL in the CD34+ progenitors. Although the previous imply that the local
nucleosomes in the CD36+ GATAL binding sites are already remodelled in the CD34+
progenitors cells from a pre-existing GATAL1 or GATA2 complex or from another protein
complex, we do not favour a model where GATAL binds high affinity sites in regions with
pre-existing low nucleosome occupancy but rather a model where the GATAL presence
and only is adequate to remodel the local nucleosomes. Regions with already remodelled

nucleosomes might permit GATAL to bind more effectively but it is not a prerequisite.

We also used DNase | hypersensitivity data from the TER119-/TER119+ erythropoiesis
model. We used data available from the ENCODE project. Because there were no
replicates in each dataset, we used datasets from two different populations of the
TER119- cells and two different populations of the TER119+ cells. These datasets
represent cells in different stages of the maturation process as judged from the presence
of the CD117 marker (c-Kit receptor) and the CD71 marker (transferring receptor). The
maturation process starts with the CD117+, CD71-, TER119- population that matures into

the CD117+, CD71+, TER119- population (Figure 80, Figure 82). The last population
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matures into CD117+, CD71+, TER119+ cells and eventually into CD117-, CD71+,

TER119+ cells (Figure 81, Figure 83).

We again used peaks that are more than 10 kb upstream or downstream from the closest
TSS. We notice that the high affinity binding sites are associated with regions of low
DNase-seq reads in both the TER199- and TER199+ cells (Figure 80, Figure 81). This
implies that these regions, although they have low nucleosome content, as we have
seen earlier, are less sensitive to DNase | because GATAL and its associated co-
factors stay longer in these regions. Conceptually this is similar with the digital DNase |
footprinting (Hesselberth et al., 2009). We can also imagine that the lower presence of
nucleosomes, that compete with the TFs for the DNA binding, might facilitate the
stochastic formation of large GATA1 multiprotein complexes (Figure 86). KLF1 did not

show this pattern (Figure 82, Figure 83).

We then used all the available DNase | hypersensitive regions of the cell, independently
whether they are bound from GATAL1 or KLF1, and we assigned a DNA binding affinity
score (number of enriched mMGATALyc 8mers or enriched mKLF1,57.355 8mers) for both the
GATAL and the KLF1 protein (Figure 84). We examined whether GATAL and KLF1 binds
to low, medium and high affinity DNase | hypersensitive regions equally well or whether
they prefer to bind in low or high affinity DNase | hypersensitive regions exclusively. In
Figure 84C, D we see that GATA1 prefers to bind more frequently in low and medium
affinity DNase | hypersensitive regions whereas KLF1 prefers to bind more frequently in
low affinity DNase | hypersensitive regions. The fact that in both cases the high affinity

DNase | hypersensitive regions are not preferred indicates one of the following:

i) High affinity binding sites are avoided because the system can be regulated better

when the proteins have a high DNA binding turnover.
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i) Complexation of the protein with other co-factors forces it to bind in regions that
can accommodate motifs for multiple proteins. This will lead in a lower occurrence

of GATA1L or KLF1 motifs.

In Figure 85 we also present the DNA binding affinity distributions of the positions where
the complex wt-mGATALl/wt-mFOG1 binds in comparison with the positions where wt-
MGATAL binds alone. We see that when wt-mGATA1 cannot interact with FOG1 (the
MGATA1Y?%¢ mutant protein), it goes and binds in positions with high binding affinity (high
number of MGATA1yc 8mers). On the contrary, when the wt-mGATA1 interacts with
FOG1, it goes and binds exclusively in regions with low DNA binding affinity. Because
GATAL in the cell is probably always bound to a co-factor, the previous observation

might indicate that the system tries to avoid GATAL to bind in high affinity sites.
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Figure 79. Nucleosome occupancy of the GATA1 ChlP-seq peaks (A) and of the KLF1
ChiP-seq peaks (B) in the CD34+ undifferentiated and CD36+ differentiated cells. Only
GATAL and KLF1 peaks that are more than 10 kb away, upstream or downstream, from
the nearest TSS are presented. We used the EMSA-seq binding affinity Kd score to
characterise the binding affinity of the GATA1 and KLF1 ChIP-seq peaks (x-axis). The
ChiP-seq peaks were binned in 25 categories for GATAL1 and 14 categories for KLF1
based on their EMSA-seq binding affinity Kd scores. The width of the box plot in each
category is proportional to the number of ChiP-seq peaks in each category. The y axis
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represents the number of nucleosome occupancy reads per ChiP-seq peak. The GATAL
ChiP-seq data, CD34+ nucleosome data and CD36+ nucleosome data were from (Hu et
al., 2011) (GEO accession number: GSM651547, GSM651559, GSM651558 respectively)
(cell type: human CD36+ cells derived from differentiated CD34+/CD113+ HSC cells). The
KLF1 ChiP-seq peaks were from (Su et al, 2013) (GEO accession number:
GSM1067275) (cell type: R3/R4 erythroid cells derived from human bone marrow CD34+

cells).
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Figure 80. DNase | hypersensitivity of the GATAL1 ChiIP-seq peaks from two different
populations of the TER119- cells (c-Kit receptor (CD117) present and transferring receptor
(CD71) absent or present). Only GATAL ChIP-seq peaks that are more than 10 kb away,
upstream or downstream, from the nearest TSS are presented. We used the EMSA-seq
binding affinity Kd score to characterise the binding affinity of the GATA1 ChlIP-seq peaks
(x- axis). The ChlIP-seq peaks were binned in 21/22 categories based on their EMSA-seq
binding affinity Kd scores. The width of the box plot in each category is proportional to the

number of ChIP-seq peaks in each category. The y axis represents the number of the



DNase | hypersensitivity reads per ChlP-seq peak. The CD117+/CD71-/TER119- and
CD117+/CD71+/TER119- DNase | hypersensitivity data were from the
ENCODE/University of Washington project (GEO accession number: GSM1014155,
GSM1014158 respectively). The GATAL ChlP-seq peaks of the TER119- cells were from

(Papadopoulos et al., 2013).
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Figure 81. DNase | hypersensitivity of the GATAL1 ChiIP-seq peaks from two different
populations of the TER119+ cells (c-Kit receptor (CD117) present or absent and
transferring receptor (CD71) present). Only GATAL ChIP-seq peaks that are more than 10
kb away, upstream or downstream, from the nearest TSS are presented. We used the
EMSA-seq binding affinity Kd score to characterise the binding affinity of the GATAl
ChiP-seq peaks (x- axis). The ChIP-seq peaks were binned in 21/22 categories based on
their EMSA-seq binding affinity Kd scores. The width of the box plot in each category is

proportional to the number of ChlP-seq peaks in each category. The y axis represents the



number of the DNase | hypersensitivity reads per ChlP-seq peak. The
CD117+/CD71+/TER119+ and CD117-/CD71+/TER119+ DNase | hypersensitivity data
were from the ENCODE/University of Washington project (GEO accession number:
GSM1014157, GSM1014156 respectively). The GATAL ChlIP-seq peaks of the TER119+

cells were from (Papadopoulos et al., 2013).
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Figure 82. DNase | hypersensitivity of the KLF1 ChlP-seq peaks from two different

populations of the TER119- cells (c-Kit receptor (CD117) present and transferring receptor

(CD71) absent or present). Only KLF1 ChlP-seq peaks that are more than 10 kb away,

upstream or downstream, from the nearest TSS are presented. We used the EMSA-seq

binding affinity Kd score to characterise the binding affinity of the KLF1 ChIP-seq peaks

(x- axis). The ChIP-seq peaks were binned in 7/10/14 categories based on their EMSA-

seq binding affinity Kd scores. The width of the box plot in each category is proportional

to the number of ChiP-seq peaks in each category. The y axis represents the number of
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the DNase | hypersensitivity reads per ChlP-seq peak. The DNase | hypersensitivity data
were similar with Figure 80. The KLF1 ChIP-seq peaks of the TER119- cells were from

(Pilon et al., 2011) (GEO accession number: GSM1165492).
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Figure 83. DNase | hypersensitivity of the KLF1 ChlP-seq peaks from two different
populations of the TER119+ cells (c-Kit receptor (CD117) present or absent and
transferring receptor (CD71) present). Only KLF1 ChlP-seq peaks that are more than 10
kb away, upstream or downstream, from the nearest TSS are presented. We used the
EMSA-seq binding affinity Kd score to characterise the binding affinity of the KLF1 ChiP-
seq peaks (x- axis). The ChlIP-seq peaks were binned in 7/10/14 categories based on
their EMSA-seq binding affinity Kd scores. The width of the box plot in each category is
proportional to the number of ChlP-seq peaks in each category. The y axis represents the
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number of the DNase | hypersensitivity reads per ChIP-seq peak. The DNase |
hypersensitivity data were similar with Figure 81. The KLF1 ChiIP-seq peaks of the

TER119+ cells were from (Pilon et al., 2011) (GEO accession number: GSM1165493).
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Figure 84. Relationship between the GATAL or KLF1 DNA binding affinities of the DNase |
hypersensitive sites in vivo (DNase-seq peaks) and the fraction of them that is bound by
either GATAL1 or KLF1 (ChiP-seq peaks). A) DNA binding affinity distributions for the
GATAL DNase-seq peaks and the GATA1 ChIP-seq peaks. The binding affinity of the
peaks is expressed as the number of 8mers per peak from the 2122 enriched mGATALyc
8mers. B) Similar for KLF1. The binding affinity of the peaks is expressed as the number
of 8mers per peak from the 193 enriched mKLF1,57.358 8mers. C) Fraction of the DNase |
hypersensitivity peaks, with the same DNA binding affinity, which are bound by GATAL or
KLF1. D) Same as (C) but the distributions are presented as density. More low rather than
medium and high affinity DNase | hypersensitivity peaks, scored with the KLF1 8mers, are

bound by KLF1 in vivo. On the contrary both low and medium rather than high affinity
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DNase | hypersensitivity peaks, scored with the GATAL 8mers, are bound by GATAL in

vivo.
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Figure 85. Affinity distributions of the GATAL selective ChlP-seq peaks (fraction of peaks
where only the wt-mGATAL/wt-mFOG1 is bound) and the GATA1Y?%® selective ChIP-seq
peaks (fraction of peaks where only the wt-mGATAL is bound). The affinity is expressed
as the number of 8mers per ChiP-seq peak from the 2122 enriched mMGATALyc 8mers.

The ChIP-seq groups are the same as the ones appearing in Figures 50 and 51.
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Figure 86 (previous page). Binding models of the GATAL complexes on chromatin. High
affinity GATA1 DNA binding sites are more probable to have their local nucleosome
evicted simultaneously in the majority of cells from the whole cell population. Low affinity
GATAL1 DNA binding sites are less probable to have their local nucleosome evicted
simultaneously in the majority of cells from the whole cell population. This behaviour in the
whole cell population can reflect the frequency of the nucleosome eviction in a specific
genomic position in a unique cell (black arrows). The higher the frequency of eviction
(high affinity GATAL1 DNA binding site), the more probable the stochastic formation of
large GATAL1 multiprotein complexes. The lower the frequency of eviction (low affinity
GATAL1 DNA binding site), the less probable the stochastic formation of large GATAL
multiprotein complexes. On the contrary, small multiprotein complexes of GATAL can
accommodate binding in regions with a lower frequency of nucleosome eviction. One of
the functions of the GATAL transcriptional co-factors, which increase the GATA1 DNA
binding affinity (for example FLI1, p300), may be to quickly grab the complex on these
positions. Because members of the GATA family can act as pioneer factors (see section
4.3.3) we cannot exclude the fact that small multiprotein complexes of GATALl can
accommodate binding even in the presence of a nucleosome. We assume that the
nucleosome eviction is mediated from the SWI/SNF chromatin remodelling complex that

interacts with GATA1 (Kadam and Emerson, 2003).
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3.5.7 Co-factors change the DNA binding specificities of GATAL and can appear in

low affinity GATAL ChlIP-seq peaks exclusively

As we have seen from the EMSA-seq experiments of GATAL and its protein complexes
the presence of a co-factor can enhance the binding of a transcription factor in a subset of
its DNA binding landscape. We make the assumption that free GATAL1 must bind in
vivo with the same binding specificities as in vitro. This implies that the frequency
of occurrence of specific motifs in vitro must match the frequency of occurrence of
the same motifs in vivo. Deviations from this behaviour show that GATA1 cofactors
can enhance the binding specificities for a subset of the GATAL motifs. To examine
the change in the DNA binding specificities for GATAL co-factors that we did not tested in
vitro, we used the ChlP-seq binding positions where GATAL overlaps with p300 and TAL1
in a CD36+ differentiation model. Both p300 and TAL1 have been shown to interact with
GATAL. We also examined the potential change of the DNA binding specificities for the
GATA1/PU.1, GATAL/FLI1 and GATA1/RUNX1 overlapping positions in the
megakaryocyte differentiation model. PU.1, FLI1 and RUNX1 have all been shown to
interact with GATAL. Finally, we used the GATA1l and NF-E2 overlapping sites as a
negative control for our approach. Because GATAL and NF-E2 do not interact with each

other we do not expect to see a change in the GATAL DNA binding specificities.

Apart from the change in the GATAL1 DNA binding specificities we also examined the
affinity distribution of the GATAL overlapping peaks with each one of the above mentioned
co-factors. As will be shown below TAL1 and PU.1 overlapping peaks do not show any
preference for high or low affinity GATAL1 ChlP-seq peaks. On the contrary p300, FLI1,
RUNX1, KLF1 they all appear in GATAL low affinity ChlP-seq peaks. This led us to
speculate that the role of p300, FLI1, RUNX1 and KLF1 is to reduce the GATAL1 DNA

binding turnover by increasing its affinity for the specific positions.
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3.5.7.1 DNA binding specificities of GATALl change upon complexation with the

TAL1 protein. Results from ChIP-seq data

The TAL1 protein always binds on the DNA as an heterodimer. It interacts with the bHLH
E-proteins (E2A) in order to be able to bind the E-box DNA motif (“CANNTG”"). TAL1 and
GATAL is part of a pentameric complex (TALL/E2A/LMO2/LDB1/GATAL) (Wadman et al.,
1997). The LIM-only domain protein (LMO2) and the LIM domain-binding protein (LDB1)
bridge the interaction between GATAL and TAL1 (El Omari et al., 2011, Anderson et al.,
1998). E-box and GATA motifs separated by 9 to 12 nucleotides [GATA{N}¢_1,CANNTG]
have been reported in genomic positions where GATAL and TAL1 co-exist (Vyas et al.,
1999, Lahlil et al., 2004, Anderson et al., 1998, Kassouf et al., 2010). We checked in the
ChlIP-seq data whether the GATA1/TAL1 positions appear in low or high affinity GATA1
ChiP-seq peaks and whether the GATA1 motifs show deviations from the expected in
vitro frequencies (Figure 88B). The histogram of Figure 88B shows that the TAL1 appears
in GATAL ChIP-seq peaks with no preference for either high or low affinity binding sites.
The barplot of Figure 88B indicates that in comparison with the bar plot of Figure 87A
there is a higher deviation (lower occurrence) of the “GATC” motif group from its binding
equilibrium. This might be a reflection of the TALL binding in the GATAL N-terminal Zn
finger that potentially restricts its DNA binding capability. There is also a higher deviation
(higher occurrence) from the binding equilibrium of the AGATA, TGATA, GATAA from the
“GATA” motif group. This motif preference also has been noticed in a previous study
where the authors present the motif [C/G][A/TIGATAAG as the preferred GATAL
sequence associated with TAL1 peaks (Kassouf et al., 2010). Members from the GATT
motif group ([A/T/C]GATT, GATTA) and from the GATG group (GGATG, GATGG) showed
a lower deviation from the binding equilibrium. This probably means that the protein
acquired a partial structural flexibility to bind these motifs similar with the in vitro

conditions where it does not interact with other co-factors.
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3.5.7.2 Projection of the EMSA-seq results on ChlP-seq data from the erythropoiesis
lineage shows that the DNA binding specificities of GATAl change upon
complexation with the p300 protein and that the GATA1/p300 overlapping sites

appear in low affinity GATAL1 ChlP-seq peaks

CREB-binding protein (CBP) and its paralog p300 are central regulators of gene
expression. CBP/p300 can acetylate histones on H3K27 and H3K18 positions (Jin et al.,
2011, Tie et al., 2009), it can acetylate other transcription factors and itself, it can function
as a scaffold for recruiting other proteins or it can mediate the interaction of transcription
factors with basal factors and the RNA polymerase Il (Holmqgvist and Mannervik, 2013). A
few genomic regions are occupied by either p300 or CBP but the majority of them is
occupied by both proteins (Ramos et al., 2010). CBP/p300 directly interacts with the
GATAL1 C-terminal Zn finger (Blobel et al., 1998). CBP/p300 act as a co-activator of
GATAL1 (Blobel et al., 1998). CBP/p300 acetylates GATA1l which stimulates its
transcriptional activity (Boyes et al., 1998a). Two lysine-rich motifs (aa 243-246 and 312-
315) at the C-terminus of the GATAL zinc fingers are acetylated (Hung et al., 1999).
GATAL recruits CBP/p300 to chromatin sites, including the B-globin LCR and the Hbb-b1l
(b major) promoter and this is probably responsible for the H3 and H4 acetylation at these
sites (Letting et al., 2003). We checked in the ChIP-seq data whether the GATA1/p300
positions appear in low or high affinity GATA1 ChIP-seq peaks and whether the GATAl
motifs show deviations from the expected in vitro frequencies (Figure 88A). p300 appears
in GATA1 ChlIP-seq peaks with low binding affinity. GATAL acetylation increases the
binding affinity of the protein (Boyes et al., 1998a). This might explain the preference of
the complex for low affinity sites. From the bar plots of Figure 88A we see that both the
“GATA” motif group and the “GATG” motif group show a higher deviation from the binding

equilibrium (lower and higher occurrence respectively). As we have discussed in vitro the
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“GATG” motif can be bound by both the N-terminal and the C-terminal Zn finger. The
increased preference for “GATG” containing motifs might be caused by an increased
binding from the GATAL C-terminal Zn finger or from the GATAL N-terminal Zn finger. An
increased binding from the N-terminal Zn finger would cause GATAL to bind with a higher
affinity due to the cooperativity of the DNA binding domains, as we have discussed earlier.
Because in vitro the “GATG” did not show any cooperativity, in contrast to what was
noticed for the “GATC” motif, we can speculate that the increased preference for the
“GATG” containing motifs would be caused from an increase in the binding of the C-
terminal Zn finger. Thus acetylation and/or p300 interaction, probably affects the GATAL
C-terminal Zn finger in a way that decreases the preference for one motif and increases
the preference for another motif. This might be one of the reasons that acetylation of

GATAL is required for chromatin occupancy (Lamonica et al., 2006).

3.5.7.3 Projection of the EMSA-seq results on ChlP-seq data from the erythropoiesis
lineage shows that the DNA binding specificities of GATA1 do not change in the
presence of NF-E2 and that the GATA1/NF-E2 overlapping sites appear in low,

medium and high affinity GATAL1 ChlP-seq peaks

The p45 nuclear factor-erythroid-derived 2 (NF-E2) is an heterodimer of a small Maf
protein (NF-E2p18) and a hematopoietic specific Cap ‘n’ collar (CNC) family of basic
leucine transcription factors (NF-E2p45) (Andrews et al.,, 1993, Gasiorek et al., 2012,
Mignotte et al.,, 1989). NF-E2 has been shown to have a major role in erythroid
differentiation. The NF-E2p45 null cell line fails to express alpha and beta globins (Lu et
al., 1994) and NF-E2p45 knockout mice show an increase in the population of early
erythroblasts implying a partial block in the maturation progress (Gasiorek et al., 2012).

GATA1 and NF-E2 can have a synergistic effect upon binding on the same genomic
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positions but they do not show any direct interaction (Woon Kim et al., 2011). The affinity
distribution of the GATAL1 and NF-E2 overlapping positions was similar with the affinity
distribution from all the GATAL1 ChiIP-seq peaks, like the TAL1 graph of Figure 88B
(Figure 88C). This is not something unexpected for a protein that does not interact with
GATAL. Nevertheless in the bar plot of Figure 88C we see an increase preference for the
“GATG” motif group. Although this is unexpected assuming that the protein is free to bind,
the increase preference for GATG might permit the protein to co-occur in overlapping

positions with NF-E2.

3.5.7.4 Projection of the EMSA-seq results on ChIP-seq data from multipotential
hematopoietic progenitors shows that the DNA binding specificities of GATAL do
not change in the presence of PU.1 and that the GATA1/PU.1 overlapping sites

appear in low, medium and high affinity GATA1 ChIP-seq peaks

PU.1 is a member of the ETS family of transcription factors. PU.1 is a myeloid and B-cell
specific transcription factor and is a negative regulator of terminal erythroid differentiation.
GATAL and PU.1 suppress each other’s activity by direct protein interaction (Rekhtman et
al., 1999, Zhang et al., 1999, Nerlov and Graf, 1998). The GATA1-PU.1 interaction has
been shown to reduce the GATAL1 DNA binding (Zhang et al., 2000). PU.1 interacts with
the C-terminal Zn finger of GATAL (Zhang et al., 1999). We used GATAL ChIP-seq data
from erythroblasts (Wontakal et al., 2012) and PU.1 ChlIP-seq data from multipotential
hematopoietic progenitors (ES-EP cells) (Wilson et al., 2010). We found positions where
both of them co-exist. We made the assumption that in these positions GATA1 and PU.1
will compete each other during the initial phase of the erythroid differentiation. The
histogram of Figure 89C shows that the affinity distribution of the GATA1l and PU.1

overlapping positions was similar with the affinity distribution from all the GATAL ChIP-seq
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peaks. This shows that the inhibition of GATAL from PU.1 needs to happen in all the
binding spectrum of GATAL. In Figure 89C we also see that the motifs pattern of the
GATAL1/PU.1 overlapping ChlP-seq peaks is similar with the motifs pattern from all the
GATAL ChIP-seq peaks (Figure 87C) indicating that GATAL does not show any specific

DNA binding profile in the GATAL1/PU.1 overlapping positions.

3.5.7.5 Projection of the EMSA-seq results on ChlIP-seq data from the
megakaryopoiesis lineage shows that the DNA binding specificities of GATA1
change in the presence of FLI1 and that the GATA1/FLI1 overlapping sites appear in

low affinity GATAL ChlP-seq peaks

Friend leukemia integration 1 (FLI1), is a member of the ETS family of transcription factors
which bind to the DNA consensus sequence “GGA(A/T)”. FLI1 is an important regulator
during megakaryocytic differentiation. FLI1 binds to both early and late megakaryocyte
genes (Pang et al., 2006). FLI1 knockout mice are embryonic lethal and show severe
dysmegakaryopoiesis along with other pathologies (Hart et al., 2000, Kawada et al.,
2001). Both the N-terminal Zn finger and the C -terminal Zn finger of GATAL was able to
interact with FLI1 (Eisbacher et al., 2003). We used ChIP-seq data from primary human
megakaryocytes that were derived from differentiated CD34+ HPCs in the presence of
thrombopoietin and Interleukin-13. We checked in the ChIP-seq data whether the
GATAL/FLI1 positions appear in low or high affinity GATAL1 ChIP-seq peaks and whether
the GATAL motifs show deviations from the expected in vitro frequencies (Figure 89B).
The histogram of Figure 89B shows that the FLI1 appears in GATAL ChIP-seq peaks with
low binding affinity. The bar plot of Figure 89B indicates that in comparison with the bar
plot of Figure 87B there is a higher deviation (higher occurrence) of the “GATG” maotif

group, from its binding equilibrium. Half of the motifs of the “GATT” motif group show
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higher deviation, higher ([G]JGATT[C/T]) and lower (JA/T/CJGATT) occurrence, whereas

the “GATA” motif group shows lower deviation ([A/C]GATA[A]).

3.5.7.6 Projection of the EMSA-seq results on ChlP-seq data from the
megakaryopoiesis lineage shows that the DNA binding specificities of GATA1l
change in the presence of RUNX1 and that the GATA1/RUNX1 overlapping sites

appear in low affinity GATAL1 ChlP-seq peaks

RUNX1 (AML1) is a member of the RUNT family of transcription factors. RUNX1 binds
directly the sequence “TGTGGT” by forming a dimer with the other subunit, CBFf.
RUNXZ1 is important for definitive hematopoiesis in the foetus (Okuda et al., 1996, Wang
et al., 1996). In the adult, RUNX1 is necessary for megakaryocyte maturation (Ichikawa et
al., 2004, Growney et al., 2005) and normal development of the T-lymphocytes and B-
lymphocytes (Taniuchi et al., 2002, Kuo et al., 2008). RUNX1 is associated with the
activation of gene targets by recruiting histone acetylases (p300, CBP) (Kitabayashi et al.,
1998) or the transcriptional co-activators YAP1 (Yagi et al.,, 1999) and MOZ proteins
(Kitabayashi et al., 2001). The amino (aa 1-85) and carboxy termini (aa 319-413) of the
hGATA1 have been shown to have a direct interaction with the hRUNX1 (Elagib et al.,
2003). Also the N-terminal and the C-terminal Zn finger of GATA1 have been shown to
interact with RUNX1 (Waltzer et al., 2002, Xu et al., 2006). We used ChlIP-seq data from
primary human megakaryocytes that were derived from differentiated CD34+ HPCs in the
presence of thrombopoietin and interleukin-1p. We checked in the ChIP-seq data whether
the GATA1/RUNX1 positions appear in low or high affinity GATA1 ChlP-seq peaks and
whether the GATAL motifs show deviations from the expected in vitro frequencies (Figure
89A). The histogram of Figure 89A shows that the RUNX1 appears in GATAL1 ChlIP-seq

peaks with low binding affinity. The bar plot of Figure 89B indicates that similarly with FLI1
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there is a higher deviation (higher occurrence) of the “GATG” motif group from its binding
equilibrium ([TG]JGATG[ATCG]). The “GATA” motif group shows again lower deviation
([A/C/G]GATAJA]), a pattern similar with the FLI1, whereas the “GATT” motif group shows
higher (high occurrence: [G]GATT[C], low occurrence: [A]JGATT) and lower
([CIGATT[A/G]) deviations. In general the FLI1 pattern and the RUNX1 pattern seemed
similar and distinct from the p300, TAL1 and NF-E2 pattern. This cannot be attributed to
the different cell lines used because the overall pattern of the GATAL1 ChlIP-seq peaks in

Figure 87A and Figure 87B looks similar.

3.5.7.7 GATAL1/KLF1 overlapping sites but not GATAL1/TAL1 overlapping sites
appear in low affinity GATAL ChlIP-seq peaks in the TER119-/TER119+ mouse model

of erythropoiesis

We checked the TAL1/GATAL overlapping positions behaviour in the TER119+/TER119-
differentiation model. We separated the GATALl ChiIP-seq peaks in three categories.
Peaks that appear only in the TER119+ cells. Peaks that appear only in the TER119-
cells. And peaks that appear in both TER119+/TER119- cells. We see that in all these
categories TAL1 has no preference for either high or low affinity GATAL1 ChlIP-seq peaks

(Figure 90).

When we checked the KLF1/GATA1l ChiIP-seq overlapping positions in the TER119+/
TER119- differentiation model, we notice that KLF1 prefers to bind in low affinity GATAL

ChIP-seq peaks in all three categories (Figure 90).

We also examined the KLF1 binding affinity distribution of the KLF1/GATA1 ChIP-seq
overlapping positions. We see no preference for either high or low affinity KLF1 ChlP-seq

peaks in all three categories (Figure 91).
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In Figure 92 we present the binding models of the complexes of GATA1l with the

examined co-factors.
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Figure 87. Difference between the proportion of the presented GATAL 5mer motifs in the
indicated GATAL1 ChlIP-seq peaks minus the proportion of the same motifs in the
MGATAL\c EMSA-seq experiment of condition 1. The 5mer motifs are separated in the

“GATA” motif group (red colour), in the “GATT” motif group (blue colour), in the “GATG”
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motif group (green colour) and in the “GATC” motif group (purple colour). The zero value
represents no difference from the expected EMSA-seq distribution of proportions which
we assume that it represents the in vitro binding equilibrium. The GATAL ChlP-seq peaks
of figure (A) were from (Xu et al., 2012) (GEO accession number: GSM970258). The
GATAL ChIP-seq peaks of figure (B) were from (Tijssen et al., 2011). The GATA1 ChlIP-
seq peaks of figure (C) were from (Wontakal et al.,, 2012) (GEO accession number:

GSM867156 and GSM867157 respectively).
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Figure 88. DNA binding affinity distributions of the GATA1 ChIP-seq peaks in sites where
they overlap with the ChIP-seq peaks from the p300 (A) or the TAL1 (B) or the NF-E2
protein (C). Both the affinity distributions for all the GATA1 ChlP-seq peaks (blue line and
blue histogram) and their overlapping peaks is shown (red line and red histogram). The
bar plots in the second column represents the difference between the proportion of the
indicated GATAL1 5mer motifs in the overlapping ChiP-seq peaks minus the proportion of
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the same motifs in the MGATA1yc EMSA-seq experiment of condition 1. The 5mer motifs
are separated in the “GATA” motif group (red colour), in the “GATT” motif group (blue
colour), in the “GATG” motif group (green colour) and in the “GATC” motif group (purple
colour). The values of the bar plots for figures (A), (B), (C) were compared with the ones
from Figure 87A for the same 5mer and the difference is indicated with arrows. The green
arrow indicates an increase in the absolute value of the bar plot whereas the red arrow
indicates a decrease in the absolute value of the bar plot. The arrows on the bottom row
of each bar plot graph represent the change of the value for the bars that are below the
zero value. The arrows on the top row represent the change of the value for the bars that
are above the zero value. The zero value represents no difference from the expected
EMSA-seq distribution of proportions which we assume that it represents the in vitro
binding equilibrium. The GATAL ChlP-seq peaks of figures (A), (B), (C) were from (Xu et
al., 2012) (GEO accession number: GSM970258) (cell type: proerythroblasts (ProEs) from
adult human bone marrow CD34+ cells). The p300, TAL1, NF-E2 ChlP-seq peaks of
figures (A), (B), (C) were from (Su et al., 2013) (GEO accession number: GSM1067278,
GSM1067277, GSM1067276 respectively) (cell type: R3/R4 erythroid cells derived from
human bone marrow CD34+ cells) (in both studies of (Xu et al., 2012) and (Su et al.,
2013) the erythroid differentiation of human bone marrow CD34+ cells was performed

with the same growth protocol).
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Figure 89. DNA binding affinity distributions of the GATAL ChIP-seq peaks in sites where
they overlap with the ChiP-seq peaks from the RUNX1 (A) or the FLI1 (B) or the PU.1
protein (C). The figure is similar with Figure 88. The values of the bar plots for figures (A),
(B) were compared with the ones from Figure 87B whereas the values of the bar plots for
figure (C) were compared with the ones from Figure 87C for the same 5mer. The GATAL,
FLI1 and RUNX1 ChiIP-seq peaks of figures (A), (B) were from (Tijssen et al., 2011) (cell
type: megakaryocytes cultured from cord blood human CD34+ cells). The GATAL1 ChIP-
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seq peaks of figure (C) were from (Wontakal et al., 2012) (GEO accession number:
GSM867156 and GSM867157) (cell type: ES-cell derived mouse erythroid progenitors).
The PU.1 ChlP-seq peaks of figure (C) were from (Wilson et al., 2010) (cell type: HPC-7

Cell Line, early haematopoietic mouse cell line derived from ES cells).
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Figure 90. DNA binding affinity distributions of the GATAL1 ChIP-seq peaks that overlap
with the KLF1 or TAL1 ChIP-seq peaks (blue line and blue histogram) in comparison with
the DNA binding affinity distributions of all the GATAL1 ChiIP-seq peaks (red line and red
histogram). The GATA1 ChIP-seq peaks were from the TER119+/- model and the peaks
were classified in 3 categories (common GATAL ChlP-seq peaks in the TER119+ and

TER119- cells, GATA1 ChIP-seq peaks that appear only in the TER119+ cells, GATAl
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ChiP-seq peaks that appear only in the TER119- cells). The ChiIP-seq peak affinity
represents the number of 8mers per ChlP-seq peak from the 2122 enriched mMGATALyc
8mers. The GATAL ChiIP-seq peaks were from (Papadopoulos et al., 2013). The KLF1
ChiIP-seq peaks were from (Pilon et al., 2011) (GEO accession number: GSM1165492 for

the TER119- and GSM1165493 for the TER119+).
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Figure 91. DNA binding affinity distributions of the KLF1 ChlP-seq peaks that overlap with
the GATAL1 ChIP-seq peaks (blue line and blue histogram) in comparison with the DNA
binding affinity distributions of all the KLF1 ChIP-seq peaks (red line and red histogram).

The KLF1 ChlP-seq peaks were from the TER119+/- model and the peaks were classified
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in 3 categories (common KLF1 ChlP-seq peaks in the TER119+ and TER119- cells, KLF1
ChiP-seq peaks that appear only in the TER119+ cells, KLF1 ChlIP-seq peaks that appear
only in the TER119- cells). The ChlIP-seq peak affinity represents the number of 8mers
per ChiP-seq peak from the 193 enriched mKLF1,s,355 8mers. The GATAL ChiIP-seq
peaks were from (Papadopoulos et al., 2013). The KLF1 ChlIP-seq peaks were from (Pilon
et al., 2011) (GEO accession number: GSM1165492 for the TER119- and GSM1165493

for the TER119+).
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Figure 92. Model for the selective preference of genomic positions with different DNA
binding affinities from the GATA1l complexes. A) The GATA/KLF1, GATA1/FLI1,
GATAL/RUNX1 and GATAL1/p300 complexes are more frequently found in genomic
positions with low GATAL1 DNA binding affinity. The GATAL/TAL1 complex (pentameric
complex of GATAL, TAL1, LMO2, LDB1) is frequently found in genomic positions with
medium to high GATA1 DNA binding affinity. B) The GATA1/PU.1 self-antagonistic
complex is formed in genomic positions with low, medium and high GATA1 DNA binding
affinity. This indicates the necessity to inhibit the GATAL function independently of the

GATAL DNA binding affinity of the genomic position.
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3.5.8 Binding affinities of ChIP-seq peaks give insights into the transcriptional

regulatory mechanisms during erythroid and megakaryocytic differentiation

3.5.8.1 GATA1 high affinity ChlP-seq peaks are present in regions with increased
levels of H3K4me2 and are associated with a higher decrease in the H3K4me3

levels of the closest TSS

We first checked the correlation between the presence of H3K4me3 and H3K4me2 on the
TSS in relationship with the affinity of the nearby GATA1 ChlIP-seq peaks in the CD36+
model of differentiation. We normalised the number of H3K4me3 and H3K4me2 reads on
the TSS (+-200bp) with the number of reads in the input. We also calculated the ratio of
the H3K4me3 versus the H3K4me2 reads. Because the H3K4me3 is the result of the
methylation of the H3K4me2, the H3K4me3/H3K4me?2 ratio indicates whether in a given
TSS the balance has been shifted towards the H3K4me3 or towards the H3K4me2. The
normalisation with the input indicates that in the total amount of nucleosomes, that were
isolated for the specific region, what fraction of them has the histone mark whereas the
ratio of the histone marks indicates whether the frequency of occurrence of the specific
histone marks have changed relative to each other independently of the total amount of

nucleosomes (Figure 93).

In Figure 94 we notice that in general high DNA binding affinity GATAL1 ChlP-seq peaks
are associated with a lower ratio of H3K4me3/H3K4me2. In Figure 94A we can notice
both a reduction of the H3K4me3 levels and an increase of the H3K4me2 levels. We
notice here that the reduction of the H3K4me3 levels in the high affinity ChiP-seq peaks is
not as prominent as the increase of the H3K4me2 levels. Low DNA binding affinity ChiP-
seq peaks are associated with TSS regions with a higher ratio of H3K4me3/H3K4me2.

The lower ratio of the H3K4me3/H3K4me2 fraction in the high DNA binding affinity
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GATAL ChiIP-seq peaks can be caused from either a reduction in the H3K4me3 levels or
from an increase in the H3K4me2 levels. Although intuitively we are expecting the
aetiology to be assigned to the increased occurrence of the H3K4me2 levels in the total
nucleosome levels for the high affinity GATAL ChIP-seq peaks (Figure 94A middle graph),
we caution here that the fraction represents the levels of the H3K4me2 and H3K4me3 per
se independently from the total nucleosome levels (Figure 93). The total nucleosome
levels are represented from the ratio of the reads of the histone mark versus the reads in
the input. For this reason to decipher whether it is the H3K4me2 or the H3K4me3 levels
that change significantly we created a scatter plot of the raw H3K4me3 and the H3K4me2

values for:

i) The TSS of all the genes.
i) The TSS of genes that have a low or medium affinity GATAL1 ChIP-seq peak near
the TSS.

iii) The TSS of genes that have a high affinity GATAL ChIP-seq peak near the TSS.

In Figure 95 we see that only the median values of the H3K4me3 levels for all these
categories differ, whereas the median values of the H3K4me2 levels are similar (median
values of the H3K4me2 levels between 17-17.5). This indicates to us that GATAl
regulates directly the H3K4me3 levels whereas it exploits the local H3K4me2 levels, as
will be discussed in the next paragraphs. We also notice a bimodal role of GATAL in the
increase of the H3K4me3 levels. Whereas the median value of the H3K4me3 levels for all
the TSS are 113, the TSS that are associated with low and medium affinity GATA1 ChIP-
seq peaks show an increased median value of 140. Contrary to the expectation for even
higher H3K4me3 levels, the TSS that are associated with high affinity GATAL ChlP-seq
peaks show an increased median value of 133 compared to all the TSS but this value is
lower than the one from the TSS of low and medium affinity GATA1 ChIP-seq peaks. We

will discuss again this bimodal regulation in section 3.5.8.4. We caution that we compare
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GATAL affinities with steady state kinetics as this is represented from the histone

modifications which might not give a clear direct association.

We also tested the above trend in the TER119-/TER119+ model. No raw data for the input
were available so we could only examine the ratio H3K4me3/H3K4me2. We notice a
similar trend for the GATA1 ChiIP-seq peaks that are common between the TER119- and
TER119+ cells (Figure 94B). The trend was not very clear for the GATAL1 ChIP-seq peaks
that were present only in the TER119- or the TER119+ population (TER119- and

TER119+ specific ChlP-seq peaks respectively) (Figure 94C,D).

We then separated the promoters in GC rich (more than 50% of GC in the region -100, -1
upstream of the TSS) (2846 in total) and AT rich (less than 50% of GC in the region -100,
-1 upstream of the TSS) (359 in total) promoters (Bajic et al., 2006). In Figure 96 we see
that the reverse correlation between the H3K4me3/H3K4me2 ratio and the binding affinity
of the nearby GATAL peak is much more prominent in the AT rich (GC poor) promoters
than the GC rich promoters. This can be attributed to some extend to the fact that there
are much more high affinity GATAL ChlP-seq peaks associated with AT rich promoters,
as expected, than GC rich promoters. Nevertheless, because the range of values (upper
and lower quantile) in each DNA binding affinity category is higher in the AT rich (GC
poor) promoters than in the GC rich promoters (compare the range of values for the DNA
binding affinity categories 7-12 versus categories 2-6 in Figure 96A,B) we might be able to
conclude that counterbalancing mechanisms (SET1 methyltransferase complex) are
present in the GC rich promoters (see section 4.3.5 in discussion) that keep the
H3K4me3 levels under tight control. Consequently, high affinity GATAL ChlP-seq peaks
might not be able to effectively reduce the H3K4me3 levels in the GC rich promoters and
their presence might be more productive, and preferably necessary, in the AT rich (GC

poor) promoters.
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We then checked whether GATA1 can affect the H3K4me2/H3K4mel ratio. Because the
H3K4mel mark is enriched in positions away from the TSS we examined how the ratio of
the H3K4me2 and H3K4mel on the GATAL ChiIP-seq peak site changes with the ChlP-
seq DNA binding affinity in the CD36+ model of erythroid differentiation. In Figure 97C we
see that no change was observed which probably indicates that either GATA1 does not
affect directly and independently at least one of the H3K4me2 and the H3K4mel marks or
that GATAL affects directly and in the same way the deposition of the H3K4me2 and the
H3K4mel marks. In Figure 97A and Figure 97B we notice that the high affinity GATAL
binding sites are present in regions with high levels of H3K4mel and H3K4me2 histone
marks when we examined the occurrence of the histone marks in the total nucleosome
levels. Considering that we have seen that the high affinity GATAL binding sites are
present in regions with low nucleosome occupancy and that it is known that the histone
post translational modifications increase the turnover of the histones on chromatin (Zee et
al., 2010, Dion et al., 2007), we can conclude that the post translational modifications
must exist or pre-exist in order to create a permissive chromatin environment for GATA1
to bind. We favour a model where GATAL can guide directly or indirectly the deposition of
the H3K4me2 or H3K4mel mark in order to facilitate the remodelling of the nucleosomes
which eventually causes their eviction and the observed low nucleosome occupancy

(Figure 93, Figure 107).

3.5.8.2 The DNA binding affinity of the GATAL ChIP-seq peaks cannot discriminate

the upregulated and the downregulated genes during erythroid differentiation

In the CD36+ differentiation model, it has been reported 1137 genes that are upregulated
and 1186 genes that are downregulated (Xu et al., 2012). We checked whether the

upregulated and the downregulated genes showed a different distribution of GATA1 ChlP-
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seq binding affinities. Because we have seen that the region +-1 kb from the TSS has a
greater range of DNA binding affinities for the GATA1l ChIP-seq peaks (Figure 76),
something that might imply a potential functional role, we checked the GATA1 ChlP-seq

peak affinity distribution for this region.

In Figure 98 we see that the GATAL ChIP-seq binding affinities distributions (EMSA-seq
k-mer number score) are similar in both the upregulated (367 GATAL ChlP-seq peaks)
and the downregulated genes (251 GATA1 ChiIP-seq peaks) for the region 1kb upstream
and downstream of TSS. The KLF1 ChlP-seq binding affinities distributions (EMSA-seq k-
mer number score) did not show also any distinct pattern (689 KLF1 ChlP-seq peaks
correspond to upregulated genes and 710 KLF1 ChlIP-seq peaks correspond to

downregulated genes).

We, also, used available microarray data from a very detailed time course of the erythroid
lineage developmental programme (May et al.,, 2013). The authors have clustered the
genes in 30 groups based on their co-expression pattern during the differentiation
program. Rather than examining the GATALl binding affinities distribution in all the
upregulated/downregulated genes we thought that if we restrict our attention in groups of
genes that show similar expression pattern during the differentiation process, thus they
should be regulated by the same mechanisms, then we might be able to deconvolve the
potential effect of the GATAL1 DNA binding affinities on gene expression in a clear way.
This probably stands true because GATAL appears mainly at the late stages of the
differentiation program. Still even after the above stratification of genes the GATAL1 DNA
binding affinities could not be associated directly with the up-regulation or the down-

regulation of the erythroid lineage genes (data not shown).
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3.5.8.3 The change in the TSS related H3K4me3 levels during erythroid
differentiation, for both the upregulated and the downregulated genes, is correlated
with the DNA binding affinity of the closest promoter associated GATA1 ChIP-seq

peak

We have already seen that the GATAL ChIP-seq binding affinities are associated with a
shift in the balance between the H3K4me2 and H3K4me3 in the CD36+ model. For this
reason we hypothesized that GATAL might regulate the balance between the H3K4me2
and H3K4me3 levels during the differentiation process. Because we did not have any
available H3K4me3, H3K4me2 datasets for the human CD34+ progenitors we moved to
the G1E model of erythropoiesis. Upon GATA1 restoration and in the presence of
erythropoietin the cells can be differentiated into erythroblasts. In the G1E model we do
not have available H3K4me2 data for the undifferentiated and the differentiated state.
Although in Figure 94 we saw that the change that the H3K4me2 levels shows in relation
to the GATAL ChlP-seq binding affinities is more prominent than the H3K4me3 levels, still
we hypothesized that a shift in the balance of the H3K4me3/H3K4me2 ratio will be
reflected in the ratio (normalized H3K4me3 reads of TER119+)/(normalized H3K4me3
reads of TER119-). Thus, we asked what is the effect of GATAL on the H3K4me3 levels
upon GATAL restoration. We also note here that the advantage of the G1E model is that
there is no GATA1 bound on the genome in the undifferentiated state. On the contrary in
the TER119-/TER119+ model GATAl ChIP-seq peaks can be found in both the

undifferentiated (TER119-) and the differentiated (TER119+) state.

The GL1E cells express basal levels of GATA2. GATAL and GATA2 can occupy the same
binding site on the genome and it is very well documented the GATAL/GATA2 switch on
these binding sites (Dore et al., 2012). To avoid any functional redundancy of GATAL and
GATAZ2 on the level of the H3K4me3 of nearby genes we focused only in the GATAL
binding sites that do not overlap with the GATA2 binding sites. We used 11492 GATAl
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binding sites (Wu et al., 2011) and 18149 GATA2 bindings sites (GEO accession number:
GSM777091 (Dore et al., 2012)) . After overlapping them we were left with 8530 GATAL
binding sites that do not show any GATAZ2 signal. We assigned the nearby genes and we
found 125 upregulated genes and 148 downregulated genes that are in a distance of 10
kb upstream and downstream of a TSS. We eventually used TSS that have in either
condition G1E basal and G1E-ER4 more than 20 H3K4me3 reads (50 upregulated genes

and 75 downregulated genes).

We then correlated the binding affinity (EMSA-seq k-mer number score) of GATAL
ChIP-seq peaks with the change on the H3K4me3 status of the nearest TSS in the
TER119+/TER119- cells. We performed this analysis in 4 groups of peaks that differ

based on their distance from the TSS:

i) GATAL ChlP-seq peaks that are between 10 kb and 1 kb upstream from the TSS
ii) GATAL ChlP-seq peaks that are between 1 kb and 0 kb upstream from the TSS
i) GATAL ChIP-seq peaks that are between 0 kb and 1 kb downstream from the TSS

iv) GATAL ChiIP-seq peaks that are between 1 kb and 10 kb downstream from the

We performed the same analysis for the upregulated and the downregulated genes

independently (Figure 99).

In Figure 99 we see that in the region between 10 kb and 1 kb upstream from the TSS,
the higher the binding affinity the higher the change on the H3K4me3 levels (the lower the
ratio (normalized H3K4me3 reads of TER119+)/(normalized H3K4me3 reads of TER119-
)) in both the upregulated and the downregulated genes. For the region between 1 kb and
0 kb upstream from the TSS this relationship was prominent only for the downregulated
genes and not for the upregulated genes. The same was observed for the region between

306



0 kb and 1 kb downstream from the TSS, where the downregulated genes showed a more
prominent relationship than the upregulated genes. In the region between 1 kb and 10 kb
downstream from the TSS, the relationship is prominent only for the upregulated genes
whereas the downregulated genes do not show any correlation. Because in the region
between 1 kb and 0 kb upstream from the TSS the upregulated and the downregulated
genes did not show the same trend we hypothesize that the transcriptional outcome might
be the result of a combination of factors and not of the GATAL action exclusively. As we
have already seen, the region 1 kb upstream from the TSS has a big range of DNA
binding affinities for the GATAL1 ChIP-seq peaks (Figure 76) and this might be an extra

indication for its potential functional role in the fine regulation of the system.

Thus, as we have seen the GATAL1 DNA binding affinities are associated with the
H3K4me3, H3K4me2 levels (Figure 100) but not with the final outcome
(upregulation/downregulation) of the gene expression. This implies that GATAL
acts independently on the H3K4me3, H3K4me2 levels along with other transcription
factors or other transcriptional co-factors and the final integration of all these

inputs results in the upregulation/downregulation of the respective genes.
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Figure 93. Working model hypothesis of the frequency of occurrence of nucleosomes with
specific histone marks in the total nucleosome population and relative to each other. The
graph shows nucleosomes that appear in a TSS region that is near a high or low affinity
GATAL ChlP-seq peak. It also shows nucleosomes that appear on a high or low affinity
GATAL ChiIP-seq peak. As we have seen high affinity GATAL binding sites show lower
levels of nucleosome occupancy (Figure 86). Additionally, we make the assumption that
contacts of the GATAL binding sites with the TSS region, due to local DNA looping, can
affect similarly the nucleosome occupancy levels of the TSS (Figure 107). Nucleosomes
with specific histone post-translational modifications (H3K4me3, H3K4me2, H3K4mel)
are shown with colour. Their frequency of occurrence in the total nucleosome population
are shown as percentage in the first two columns of the mathematical calculations. The

third column represents the ratio of the nucleosomes with the specific histone post-
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translational modifications relative to each other and independently of the total
nucleosome population. In the TSS regions we can see that a reduction in the whole
nucleosome population is reflected as an increase in the H3K4me2 levels (frequency of
occurrence) although the number of H3K4me2 containing nucleosomes is the same.
Additionally, although there is a reduction in the number of the H3K4me3 containing
nucleosomes, their frequency of occurrence is the same in the lower nucleosome
population compared to the bigger one. On the contrary, the ratio of the number of the
H3K4me3 reads versus the number of the H3K4me2 reads in the two different
nucleosome populations reflects the reduction in the number of the H3K4me3 containing
nucleosomes. For the GATAL binding sites, either low or high affinity ones, the reduction
in the whole nucleosome population is reflected as an increase in the H3K4me2 and
H3K4mel levels (frequency of occurrence) although the number of the H3K4me2 and
H3K4mel containing nucleosomes is the same. The ratio of the number of the H3K4me2
reads versus the number of the H3K4mel reads in the two different nucleosome
populations reflects the lack of change in the number of the H3K4me2 and H3K4mel

containing nucleosomes.
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Figure 94. A) Relationship between the GATAL ChIP-seq peak binding affinity (EMSA-seq
binding affinity Kd scores) and the number of H3K4me3 reads on the nearest TSS in the
CD36+ model (top graph). Only GATAL ChiP-seq peaks that are less than 1 kb, upstream
and downstream, of the TSS are considered (3404 peaks). The fraction of the H3K4me3

reads in the sample versus the reads in the input, that are 200 bp upstream or
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downstream of the TSS, is presented. Similarly for the H3K4me2 reads (middle graph).
Also the fraction of the H3K4me3 reads versus the H3K4me2 reads is presented (bottom
graph). B) Relationship between the GATAL ChIP-seq peak binding affinity (“Kd”) and the
fraction of the H3K4me3 reads versus the H3K4me2 reads on the nearest TSS (number
of reads in the region 200 bp upstream or downstream of the TSS) for the common peaks
(10 kb upstream and downstream of the TSS) in the TER119+/TER199- model. The
same graph is presented for the TER119+ specific GATAL ChlIP-seq peaks (C) and the
TER119- specific GATAL ChiIP-seq peaks (D). We used the EMSA-seq binding affinity Kd
score to characterise the binding affinity of the GATALl ChIP-seq peaks (x- axis). The
ChiIP-seq peaks were binned in 11/14 categories based on their EMSA-seq binding affinity
Kd scores. The width of the box plot in each category is proportional to the number of
ChiIP-seq peaks in each category. The GATAL ChIP-seq peaks of figure (A) were from
(Hu et al., 2011) (GEO accession number: GSM651547) (cell type: human CD36+ cells
derived from differentiated CD34+/CD113+ HSC cells). The H3K4me3 data, H3K4me2
data, H3K4me3 or H3K4me2 input data of figure (A) were from (Xu et al., 2012) (GEO
accession number: GSM908039, GSM908037, GSM970263 respectively) (cell type:
proerythroblasts (ProEs) from adult human bone marrow CD34+ cells). The GATA1 ChlP-
seq peaks of figures (B), (C), (D) were from (Papadopoulos et al., 2013). The H3K4me3
data for TER119-, H3K4me2 data for TER119-, H3K4me3 data for TER119+ and
H3K4me2 data for TER119+ of figures (B), (C), (D) were from (Wong et al., 2011b) (GEO

accession number: GSM688818, GSM688817, GSM688809, GSM688808 respectively).
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Figure 95. Scatter plot of the H3K4me3 and H3K4me2 reads that appear on the TSS of

genes that belong to either one of the following three categories: i) All the TSS of genes,

either coding or non coding, were downloaded from the RefSeq database (for the human

genome assembly hgl18, downloaded from http://genome.ucsc.edu/) (in the graph they

correspond to black dots) (12674 values). Multiple isoforms of the same gene that have

different TSS coordinates were kept whereas isoforms of the same gene that have the

same TSS coordinates were considered only once. ii) TSS that are near medium and low

affinity GATAL ChlP-seq peaks (in the graph they correspond to green dots). The affinity

of the GATAL1 ChlP-seq peaks was assigned as the number of 8mers per ChiP-seq peak

from the 2122 enriched mMGATALyc 8mers. The low and medium affinity GATAL ChiP-seq

peaks are the ones with lower than 25 mGATALlyc 8mers (2607 peaks). iii) TSS that are
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near high affinity GATAL ChlP-seq peaks (in the graph they correspond to red dots). The
high affinity GATAL ChlP-seq peaks are the ones with equal or higher than 25 mGATALyc
8mers (500 peaks). The TSS that are assigned near a low, medium or high affinity GATAL
ChiP-seq (+/- 1 kb from a TSS) peak along with their respective H3K4me3 and H3K4me2
reads are the ones presented in Figure 94A. The horizontal and the vertical lines
represent the median value of the H3K4me3 and H3K4me2 reads respectively for the
three mentioned categories. TSS with at least 10 H3K4me3 and H3K4me2 reads were

used in each category.
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Figure 96. Relationship between the GATAL ChiIP-seq peak binding affinity (EMSA-seq
binding affinity Kd scores) and the number of H3K4me3 and H3K4me2 reads on the
nearest TSS in the CD36+ model. The figure is similar with the bottom graph of Figure
94A with the only difference that the TSS of Figure 94A have been separated in GC rich

promoters (A) and GC poor promoters (B) (see main text).
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Figure 97. A) Relationship between the GATAL ChIP-seq peak binding affinity (EMSA-seq
binding affinity Kd scores) and the number of H3K4mel reads on the GATAL1 ChIP-seq
peak binding sites in the CD36+ model. The fraction of the H3K4mel reads in the sample
versus the reads in the input, that are 200 bp upstream or downstream from the GATA1

ChiP-seq peak centre, is presented. Only GATAL ChlP-seq peaks that are more than 10
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kb, upstream and downstream, of a TSS are considered. Additionally, only GATAL1 ChIP-
seq peaks with more than 10 H3K4mel reads are considered (7417 peaks). B) Similarly
for the H3K4me2 reads. Again here only GATA1l ChiIP-seq peaks with more than 10
H3K4me2 reads are considered (5940 peaks). C) The fraction of the H3K4me2 reads
versus the H3K4mel reads is presented. The figure is similar with (A). Only GATA1 ChIP-
seq peaks with more than 10 H3K4melreads and more than 10 H3K4me2 reads are
considered (3973 peaks). We used the EMSA-seq binding affinity Kd score to
characterise the binding affinity of the GATA1 ChiIP-seq peaks (x- axis). The ChIP-seq
peaks were binned in 14 categories based on their EMSA-seq binding affinity Kd scores.
The width of the box plot in each category is proportional to the number of ChIP-seq
peaks in each category. The GATA1 ChlP-seq peaks were from (Hu et al., 2011) (GEO
accession number: GSM651547) (cell type: human CD36+ cells derived from
differentiated CD34+/CD113+ HSC cells). The H3K4mel data, H3K4me2 data, H3K4mel
or H3K4me?2 input data of figure (A) were from (Xu et al., 2012) (GEO accession number:
GSM908035, GSM908037, GSM970263 respectively) (cell type: proerythroblasts (ProEs)

from adult human bone marrow CD34+ cells).
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Figure 98. GATA1 ChIP-seq peak affinity distributions for the GATAL1 ChIP-seq peaks that
are 1 kb upstream or downstream from the TSS of the genes that show differential
expression during erythroid differentiation (CD36+/CD34+ model). GATA1 ChlP-seq
peaks for both the upregulated (blue histogram) and the downregulated (red histogram)
genes are shown. The ChIP-seq peak affinity represents the number of 8mers per ChIP-
seq peak from the 2122 enriched mMGATALlyc 8mers. B) Similarly for the KLF1 ChIP-seq
peaks. The ChlP-seq peak affinity represents the number of 8mers per ChlP-seq peak
from the 193 enriched mKLF1,5735¢ 8mers. The GATAL ChlP-seq peaks and the KLF1
ChiP-seq peaks of the CD36+ cells were used. The GATAL1 ChlIP-seq peaks were from
(Xu et al., 2012) (GEO accession number: GSM970258) (cell type: proerythroblasts
(ProEs) from adult human bone marrow CD34+ cells). The KLF1 ChIP-seq peaks were
from (Su et al., 2013) (GEO accession number: GSM1067275) (cell type: R3/R4 erythroid

cells derived from human bone marrow CD34+ cells). The differentially expressed genes
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were from (Xu et al., 2012). Xu et al defined the A5 population of cells (adult human bone
marrow CD34+ cells 5 days after erythroid differentiation, CD36+ cells) and the AO
population of cells (adult human bone marrow CD34+ cells 0 days after erythroid
differentiation, CD34+ cells). The upregulated genes of the CD36+ cells were the ones
that had high expression in the A5 cells and low expression in the AO cells (A5_vs_AO0 A5
high genes from (Xu et al., 2012)). The downregulated genes of the CD36+ cells were the
ones that had high expression in the AO cells and low expression in the A5 cells

(A5_vs_AO0 A0 high genes from (Xu et al., 2012)).
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H3K4me3 reads in the G1E-ER4 cells
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Figure 99. Relationship between the GATALl ChlP-seq peak binding affinity and the
change in the H3K4me3 levels for the genes that show differential expression during
erythroid differentiation (G1E/G1E-ER4 model). GATAL ChlP-seq peaks that are 10 kb
upstream and downstream of the TSS are used. Both the upregulated and the
downregulated genes are presented separately. The ChlP-seq peak affinity represents the
number of 8mers per ChlP-seq peak from the 2122 enriched mGATAlyc 8mers. The
change in the levels of the H3K4me3 is presented as the ratio of the H3K4me3 reads in
the G1E-ER4 cells versus the H3K4me3 reads in the G1E cells for the region 200 bp
upstream and downstream of the TSS. The GATA1 ChIP-seq peaks are grouped, based
on their distance from the closest TSS, in 4 categories (10 kb to 1 kb upstream of the
TSS, 1 kb to 0 kb upstream of the TSS, 0 kb tol kb downstream of the TSS, 1 kb to 10 kb
downstream of the TSS). We also note that we indented to express the H3K4me3 reads
as the fraction of (humber of H3K4me3 reads)/(number of input reads) in each of the G1E
and G1E-ER4 conditions. Because in both the G1E and G1E-ER4 experiments, the
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number of reads from the input that are assigned in each peak are less than 10 we
assumed that the input library bias for each ChlP-seq position is negligible in either
experiment. Thus, we only calculated the presented H3K4me3 ratio. The red line
represents the median value trend. The GATA1 ChlIP-seq peaks for the G1E-ER4 cells
were from (Wu et al.,, 2011) (file: GATA1_GlEERA4_replicatesCombined_peaks from
https://usegalaxy.org/library (Data library name: Erythroid Epigenetic Landscape)). The
H3K4me3 data for the GI1E-ER4 cells were from (Wu et al., 2011) (file:
H3K4me3_G1EER4 replicatel _mapped from https://usegalaxy.org/library (Data library
name: Erythroid Epigenetic Landscape)). The H3K4me3 data for the G1E cells were from
(Wu et al., 2011) (file: H3K4me3_G1E_replicatela_mapped from
https://usegalaxy.org/library (Data library name: Erythroid Epigenetic Landscape)). The
RNA-seq derived differentially expressed genes were from (Wu et al.,, 2011) (file:
gle erd _gene_exp from https://usegalaxy.org/library (Data library name: Erythroid

Epigenetic Landscape))
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Figure 100. Model for the effect of GATAL on the H3K4me3 levels of a nearby TSS. We
hypothesize that GATAL can affect directly the H3K4me3 levels on the nearest TSS. We
can argue that GATAl through an unknown mechanism (for example, a histone
demethylase) shifts the H3K4me3 back to H3K4me2. The higher the DNA binding affinity
of the GATA1 ChiIP-seq peak, the more prominent this shift. The alternative model is that

GATAL indirectly controls the H3K4me3 deposition by inhibiting a prospective H3K4me2
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methyltransferase (black inhibitory arrows). The two mechanisms can also occur

simultaneously.
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3.5.8.4 The same gene in different lineages, regulated by GATA1 from different
genomic positions (10 kb +/- of the gene TSS) which have different binding
affinities, shows a change in the H3K4me3 levels that corresponds to the binding

affinity of the GATAL1 ChlIP-seq peak in the specific lineage

To further validate the effect of the GATAL DNA binding affinities on the H3K4me3 levels,
we used the G1ME megakaryopoiesis model and the G1E erythropoiesis model where
GATAL is involved in the differentiation of both lineages under different treatment

protocols.

In the GIME and the G1E model, GATA1L restoration is performed in the presence of
thrombopoietin (Chlon et al., 2012) or erythropoietin (Wu et al., 2011) in order the cells to
differentiate towards either the megakaryocyte lineage or the erythrocyte lineage
respectively. In these two models, we checked whether there is a different distribution of
ChiP-seq peak affinities in the GATA1 megakaryocyte specific peaks and the GATAL
erythrocyte specific peaks. We separated the ChIP-seq peaks in 3 categories: common
erythrocyte/megakaryocyte peaks, erythrocyte specific peaks and megakaryocyte specific

peaks.

We have already seen that the mean GATAL1 ChIP-seq DNA binding affinity increases the
further away from the TSS (Figure 76). For this reason, at first we explored whether the
distribution of the GATAl ChIP-seq peaks near the TSS is different between the
erythrocyte and the megakaryocyte lineage. In Figure 101A we see that the GATAL
ChiP-seq peaks that appear in both lineages are more frequent near the TSS (less than
1000 bp upstream of TSS) (10.6% of the overlapped peaks versus 6.9% and 5.1% of the
megakaryocyte and erythrocyte specific peaks respectively). The megakaryocyte specific

peaks are more frequent in the distal intergenic regions (28.2% of the megakaryocyte
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specific peaks versus 17.9% and 20.8% of the overlapped peaks and erythrocyte specific

peaks respectively).

In Figure 102, we see the binding affinity distributions of the erythrocyte and
megakaryocyte specific GATAL ChIP-seq peaks. The binding affinity distribution of the
erythrocyte specific GATAL ChlP-seq peaks has overall higher values (more 8mers) than
the binding affinity distribution of the megakaryocyte specific GATA1 ChIP-seq peaks
(two-sided Kolmogorov-Smirnov (KS) test, p-value<2.2e-16). In the previous paragraph,
we saw that the megakaryocyte specific peaks are more frequent, the further away from
the TSS, than the erythrocyte specific peaks. So, we would expect that they would show a
tendency to have higher binding affinity values (EMSA-seq k-mer number score) than
the erythrocyte specific ones. This is something that we do not observe. On the contrary,
we saw that the erythrocyte specific peaks have overall higher values than the
megakaryocyte specific peaks. This might indicate a general role of the ChiP-seq DNA

binding affinity distribution in lineage specification.

In order to see whether this binding affinity distribution difference might have any
physiological role, we focused on the common genes between the erythrocyte and the
megakaryocyte GATAL specific ChlP-seq peaks. As can be seen in Figure 101B we found
272 genes that are common in both categories. We then asked whether the peak k-mer
distribution shift is retained in the common genes. As can be seen in figure 47B the peak
k-mer distribution shift is much more prominent (two-sided Kolmogorov-Smirnov (KS) test,
p-value<10®). We have already associated the GATA1 high affinity peaks with a higher
reduction in the H3K4me3 content on the TSS. We then focused on genes that showed a
different GATAL1 ChIP-seq peak binding site in the two different lineages 10 kb upstream
of the promoter. We found 88 genes. We then tested the normalised H3K4me3 levels of
these 88 common genes in cells that were differentiated towards an erythrocyte lineage

versus cells that were differentiated towards a megakaryocyte lineage.
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In Figure 103 we are presenting the scatter plots of the distribution of the normalised
H3K4me3 signal value in both the megakaryocyte and the erythrocyte lineage of the
G1ME and G1E models for the genes that are associated with megakaryocyte GATAL
specific ChlP-seq peaks, the genes that are associated with erythrocyte GATAL specific
ChiP-seq peaks and the selected 88 genes that have GATA1 ChlIP-seq peaks in both
megakaryocytes and erythrocytes. We also show the contour plots (which point toward
the centre of the 2d density) of each of the scatter plots for the 3 categories. We see that
the centre of the contour plots (the centre of the concentric circles) for the genes that are
associated with megakaryocyte GATAL specific ChlP-seq peaks (blue circles) and the
genes that are associated with erythrocyte specific GATAL ChIP-seq peaks (red circles)

are distinct.

We also assume that the presence of GATAL affects the total levels of H3K4me3 on a
given TSS in a unimodal and unidirectional fashion (the higher the GATAL1 ChiIP-seq
binding affinity, the lower the H3K4me3 levels). The alternative is to assume a bimodal
role for GATAL where the presence of GATA1L at low levels increases the H3K4me3 levels
initially but eventually high levels of GATAL leads to low H3K4me3 levels. If GATA1 was
operating in a unimodal role then we would expect the blue and red contour centres to lie
anti-parallel with the main diagonal. On the other hand if GATA1 was operating in a
bimodal role and considering that the overall affinity distributions of the megakaryocyte
GATAL specific ChlP-seq peaks are lower than the ones from the erythrocyte specific
GATA1 ChIP-seq peaks, then the blue and red contour centres are expected to lie in
parallel with the diagonal, which is the case. Because the GATA1 ChlIP-seq peaks of the
common genes in the erythroid lineage have binding affinity peaks that are of higher
values than the GATA1l ChIP-seq peaks of the common genes in the megakaryocyte
lineage, then we expect the common genes to be much more similar with the scatter plot
distributions of the erythroid specific GATAl1 ChlP-seq peaks rather than the

megakaryocyte specific GATAL ChlIP-seq peaks. Indeed in Figure 103 we can see that
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the centre of the green contour lies near the centre of the red contour lines and far away
from the centre of the blue contour lines. Thus the dependence of the H3K4me3 levels
on the binding affinity of GATAL has a physiological role. We also note here that a
bimodal role for GATAL in the regulation of the Tac-2 gene expression, in an erythroid
differentiation model, has been described in the literature (Johnson et al., 2006).
Specifically the initial activation and the subsequent repression, during the erythroid
differentiation process, of the Tac-2 gene expression have been shown to depend on the
GATAL activity. Although FOGL1 is present in the GATA1L binding site from the beginning
of the differentiation process, only at the last stages of the differentiation the FOG1
repressing activity and the increased eviction of the GATAL/FOG1 complex from the DNA

manifest in the repression of the Tac-2 gene expression
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Figure 101 (previous and current page). A) Genomic distribution of the GATAL ChlP-seq
peaks in the G1E/G1ME model. GATAL ChiP-seq peaks from the erythroid differentiation
model (G1E/G1E-ER4) were overlapped with GATAl ChIP-seq peaks from the
megakaryocytic differentiation model (G1IME/GATAL restored G1ME). The GATA1 ChlP-
seq peaks were separated in 3 categories. The GATAL ChlP-seq peaks that appear only
in the erythroid differentiation model (erythrocyte specific), the GATAL1 ChIP-seq peaks
that appear only in the megakaryocytic differentiation model (megakaryocyte specific), the
common GATA1 ChlP-seq peaks in both models. The genomic distribution of the ChlP-
seq peaks in these three categories is shown. B) Overlap between the genes that are
associated with the erythrocyte or megakaryocyte specific GATAL1 ChlP-seq peaks (less
than 10 kb upstream or downstream from the TSS). The GATAL ChlIP-seq peaks for the
G1E-ER4 cells were from (Wu et al., 2011) (file:
GATALl G1EER4 replicatesCombined_peaks from https://usegalaxy.org/library (Data
library name: Erythroid Epigenetic Landscape)). The GATALl ChlP-seq peaks for the
GATAL restored G1ME cells were from (Dore et al., 2012) (GEO accession number:

GSM777092).
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Figure 102. GATAL1 ChiIP-seq peak affinity distributions in the G1E/G1ME model under
different conditions of differentiation. The GATA ChIP-seq peak categories are the ones
used in Figure 101A. B) GATAL1 ChlP-seq peak affinity distributions for the peaks that are
associated with the common 272 genes from Figure 101B. Although the genes are the
same the GATAL ChiIP-seq peaks are not the same. In both images, the ChiP-seq peak
affinity represents the number of 8mers per ChlP-seq peak from the 2122 enriched

MGATALyc 8mers.
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Figure 103. Scatter plot of the H3K4me3 signal, in the erythroid and the megakaryocytic
lineage, for genes that are associated with a GATAL ChiIP-seq peak in either of the two

lineages for the G1E/GIME model. The genes are grouped in the ones that are
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associated with erythrocyte specific GATAL ChlP-seq peaks (red group) and the ones that
are associated with megakaryocyte specific GATAL1 ChIP-seq peaks (blue group) as have
been presented in Figure 101A. A third group of genes is also presented. This group
concerns genes (88 genes) that showed a different GATAL1 ChIP-seq peak binding site in
the two different lineages 10 kb upstream of the promoter (green group). The scatter plot
shows the H3K4me3 signal on the TSS (+/- 200bp). Contour lines that indicate the
position of the centre of density (asterisks) are also presented. The centre of density for
the genes that are associated with the erythrocyte specific GATAL1 ChIP-seq peaks and
the megakaryocyte specific GATAL ChIP-seq peaks is different (red versus blue asterisk).
The distance difference between the red and the blue centre is statistically significant
(1000 permutation samples, p-value=0.03*). On the other hand, the distance difference
between the centre of density for the 88 common genes (green asterisk) and the centre of
density for the genes that are associated with the erythrocyte specific GATAL1 ChlP-seq
peaks (red asterisk) is not statistically significant (1000 permutation samples, p-
value=0.85). The GATA1l ChIP-seq peaks were the ones used in Figure 101. The
H3K4me3 data for the G1lE-ER4 cells were from the ENCODE/PSU project (GEO
accession number: GSM777094 file:
GSM946519 mm9_wgEncodePsuHistoneGleer4e2H3k04me3MEO0S129InputPk.broadPe
ak). The H3K4me3 data for the GATAL restored G1ME cells were from (Dore et al., 2012)

(GEO accession number: GSM777094 file: GSM777094_H3K4me3_A_peaks).
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3.5.8.5 The GATA1/GATA2 switch occurs in sites where the GATA1 DNA binding

affinity is higher than the GATA2 binding affinity

GATA2 is mainly expressed in hematopoietic stem cells, multipotent hematopoietic
progenitors and erythroid precursors (Tsai et al., 1994, Tsai and Orkin, 1997). It can also
be found in megakaryocytes, eosinophils and mast cells (Tsai and Orkin, 1997, Minegishi
et al.,, 1999). During the erythroid maturation GATAZ2 levels slowly decline whereas
GATAL levels increase. GATAL represses the expression of the GATA2 gene. GATAlL
displaces GATA2 (GATA switch) from the promoter of the GATA2 gene by binding in the
same position where GATAZ2 binds and this eventually shuts down the autoregulatory loop
of GATA2 expression (Grass et al., 2003). Apart from the lack of the autoregulation loop,
GATAL1 mediates directly the repression of the GATA2 gene (Hong et al., 2005). This

GATA switch happens in multiple loci (Dore et al., 2012).

We tried to explain the GATAL/GATAZ2 switch behaviour. We used a dataset derived from
(Dore et al., 2012). The authors used ChlP-seq data from GATAZ2 in the undifferentiated
G1ME cells (multipotent precursors) and from GATA1l in the differentiated into
megakaryocytes G1ME cells. The authors then separated the GATAL1 and GATA2 ChlP-

seq peaks into 3 groups:

i) Peaks where GATAL1 and GATAZ2 overlaps. The authors claim that these are
peaks that show a GATAL/GATA2 switch during the differentiation process.

ii) GATAL ChIP-seq peaks that do not show GATAZ2 in the undifferentiated state
(GATAL specific ChiP-seq peaks).

iii) GATA2 ChlP-seq peaks that do not show GATAL in the differentiated state

(GATAZ2 specific ChiP-seq peaks).

Although the GATA2 ChIP-seq peaks were derived from an undifferentiated state and the

GATAL ChIP-seq peaks from the differentiated state this does not exclude the existence
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of GATAZ2 peaks in the differentiated state as has been shown during the differentiation of

the erythropoietic lineage (May et al., 2013).

Because we do not have GATAZ2 binding specificities we used the binding specificities of
the protein with the closest similarity to GATA2 from the GATA family of proteins. In
Figure 104A, B we see that the GATA3 protein sequence is more similar to GATAZ2 rather
than GATAL. In Figure 104C we present per ChlP-seq peak the ratio of the binding affinity
of the GATAL protein versus the binding affinity of the GATA2 protein. The binding affinity
of the GATAL protein is expressed as the number of 8mers from the 2122 enriched
MGATA1yc 8mers. The binding affinity of the GATAZ2 protein is expressed as the number
of 8mers from the top 2122 enriched mMGATA3 8mers (Jolma et al., 2013). The higher the
ratio the more probable the ChlIP-seq peak to be bound from GATAL (this assumes that
both GATAL and GATAZ2 are in equimolar concentrations, which is not exactly true during
the differentiation of the megakaryocytic lineage). The higher the ratio the more probable
the ChlP-seq peak to be bound from GATAL (GATA1 has a higher binding affinity for this
position than GATAZ2). The lower the ratio the more probable the ChIP-seq peak to be
bound from GATA2 (GATAZ2 has a higher binding affinity for this position than GATAL). In
Figure 104C we see that the GATA2 specific positions have a higher GATA2 binding
affinity (lower median ratio) than the GATAL specific positions (higher median ratio)
(permutation test, empirical p-value=0). The GATALl specific positions have a higher
GATA1l binding affinity than the GATA2 specific positions. On the contrary, the
overlapping GATAL1/GATAZ2 positions have a higher GATAL binding affinity than GATA2
binding affinity (lower median ratio) (permutation test, empirical p-value=0). This probably
explains the ability of GATAL to compete and displace GATA2 from the GATAL/GATA2
switch regions. In the GATAZ2 specific regions, GATA2 can resist the competition because
it has higher binding affinity. This is in accordance with experiments where proteasome
inhibitors, that stabilise GATA2 and permit the co-existence of high levels of GATA2 and

GATAL inside the cell, impair GATA switches (Lurie et al., 2008). This role of the DNA
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sequence in the GATAL switch, as has been presented above, is probably complementary
with the indispensable role of the GATAL co-factor, FOG1, in the GATA switch. FOG1
either facilitates the chromatin occupancy of GATAL (Pal et al., 2004a) or mediates the
GATA switch through the nucleosome remodelling activity of its NURD co-factor (Gao et

al., 2010).
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Figure 104 (previous and current page). A) Alignment of the protein sequences of mouse
GATA2 and GATAS. The pink line represents the GATA3 peptide fragment used in the
experiments of (Jolma et al., 2013). The green line represents the N-terminal and the C-
terminal Zn finger of GATAZ2. B) Alignment of the protein sequences of mouse GATA1 and
GATA3. The blue line represents the GATAL peptide fragment of mMGATALyc. The red line
represents the N-terminal and the C-terminal Zn finger of GATAL. GATAL has lower
similarity with GATA3 than GATAZ2 in the region of the DNA binding domains (N-terminal
Zn finger, C-terminal Zn finger, linker region between the two Zn fingers, C-terminal region

after the C-terminal Zn finger). Due to the high similarity between the GATA2 and the
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GATA3 DNA binding domains, the GATA3 enriched 8mers from (Jolma et al., 2013) were
used as the hypothetical 8mers that GATAZ2 prefers to bind. C) Distributions of the ratio of
the DNA binding affinity score for a given ChlP-seq peak for GATAL versus the DNA
binding affinity score for the same ChIP-seq peak for GATA2 (for details see text). The
GATA1 and the GATA2 ChlIP-seq peaks were separated in three groups: i) ChIP-seq
peaks that are bound by both GATA1l in the differentiated state and GATAZ2 in the
undifferentiated state. These are the peaks that GATAL substitutes GATA2 during the
differentiation (GATAL/GATA2 switch) (4799 peaks), ii) GATAL ChIP-seq peaks that do
not show GATAZ2 in the undifferentiated state (GATAL specific ChiP-seq peaks) (7894
peaks), iii) GATA2 ChlP-seq peaks that do not show GATAL in the differentiated state

(GATAZ2 specific ChlP-seq peaks) (13261 peaks).
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3.5.8.6 Low and high affinity GATAL1 ChIP-seq peaks control different functional

categories of genes

We also examined whether the GATAL1l ChIP-seq binding affinities can classify the
associated genes into different functional categories. We separated the GATAL ChlP-seq
peaks into low, medium and high affinity peaks. We took the first 800, middle 800 and
bottom 800 peaks respectively. In Figure 105 we can see that the low affinity GATAL
ChiP-seq peaks are associated mainly with signal transduction pathways
(erythropoietin/JAK-STAT signalling), the medium affinity GATA1 ChIP-seq peaks are
associated with pathways of erythroid metabolism (heme biosynthetic pathway) whereas
the high-affinity GATALl ChiP-seq peaks are associated with housekeeping processes
(glutathione maintenance) either erythroid specific or not. In the heme biosynthetic
pathway, although a lot of the enzymes are regulated from medium affinity GATAL1 ChlP-
seq peaks, we can find either the same or different enzymes to be additionally regulated
from low and high affinity GATAl1 ChiP-seq peaks (Figure 106). This combinatorial

regulation can probably create different rate limiting steps for the metabolic pathways.
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biological processes enriched pathways enriched

genes associated with low DNA binding affinity GATA1 ChIP-seq peaks
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Figure 105 (previous page). GATAL ChlP-seq peaks with different DNA binding affinities
regulate distinct groups of genes. We took 700 GATAL ChiP-seq peaks with the lowest
DNA binding affinities (less or equal to 13 mGATAlyc 8mers per ChlP-seq peak), 700
GATAL ChiIP-seq peaks with the highest DNA binding affinities (more or equal to 32
MGATA1yc 8mers per ChiP-seq peak) and 700 GATAL1 ChlP-seq peaks that showed DNA
binding affinities between the previous two groups (more or equal to 18 and less or equal
to 27 mGATA1yc 8mers per ChiP-seq peak). The genes that were associated with the
GATAL ChIP-seq peaks (less than 10kb upstream and downstream of the TSS) in each
one of the previous three groups were used to find enriched biological processes and
pathways. The binding affinity of the GATAL1 ChIP-seq peaks is expressed as the number
of 8mers per ChiIP-seq peak from the 2122 enriched mGATAlyc 8mers. The gene set
enrichment analysis was performed with DAVID (Huang da et al., 2009). The GATAl
ChiP-seq peaks of figure (A) were from (Xu et al., 2012) (GEO accession number:
GSM970258) (cell type: proerythroblasts (ProEs) from adult human bone marrow CD34+

cells).
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Figure 106. Heme biosynthetic pathway. The genes of the presented enzymes, that are
controlled from different GATAL1 ChIP-seq peaks, are shown inside the parenthesis, along
with their gene expression fold change during the erythroid differentiation (G1E/G1E-ER4
model, (Wu et al., 2011)). Each asterisk represents a different GATAL ChIP-seq peak.
The colour of the asterisk represents the binding affinity category of the GATAL1 ChlP-seq

peak as presented in Figure 105. Adapted from (Cecil Medicine, 23rd edition).
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Results summary

The results can be summarized in the following points:

High-throughput profiling of a transcription factor DNA binding can be used to infer
structural properties of binding. We saw the relative positioning of the GATAL N-
terminal and the C-terminal Zn fingers by examining the nucleotide distance
distribution between their binding sites on the DNA sequence. We also saw that
non DNA binding domains of GATAL can significantly suppress the DNA binding
specificities of the Zn fingers.

Complexation of a co-activator/co-repressor can cause a shift on the DNA binding
properties of a transcription factor (DNA binding motif and orientation).
Transcriptional co-factors of GATAL can relax the suppressive effect of the non
DNA binding domains of GATAL (for example complexation with FOG1) while they
can force the two GATAL Zn fingers to bind on the DNA sequence further apart
between them (for example complexation with either FOG1 or KLF1).
High-throughput estimation of dissociation constants in vitro are representative of
the DNA binding turnover in vivo. GATAL transcriptional co-factors can affect the
GATA1 DNA binding turnover by increasing or decreasing the residence time of
GATAL on the DNA sequence. The increase in the residence time of GATAL is
mediated mainly in genomic positions where GATAL can bind with low affinity (for
example GATA1/p300 overlapping sites). The decrease in the residence time of
GATAL happens, equally probable, in genomic positions where GATA1 can bind
with low, medium or high affinity (for example GATA1/PU.1 overlapping sites).

DNA binding turnover can discriminate functional modules (enhancers, promoters).
Enhancers usually have more binding sites for GATA1 than promoters indicating
that high DNA residence time for GATAL increases their chance of contacting the

relevant promoter.
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e The DNA binding turnover of GATAL dictates the nucleosome occupancy levels.
Regions with high DNA residence time for GATAl show lower nucleosome
occupancy levels.

e Coupled enzymatic activity (H3K4 tri/di-methylation) and DNA binding turnover can
be used to infer direct/indirect associations in vivo. The DNA residence time of
GATAL near a TSS was found to be inversely correlated with the trimethylation
levels of H3K4 on the TSS. The DNA residence time of GATAL on its binding site
was positively correlated with the dimethylation and monomethylation levels of
H3K4 on its binding site.

e All the above are transcription-factor specific properties. In contrast with GATAL,
KLF1 did not show any of the examined biological properties to depend on its DNA

binding affinities.
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CHAPTER 4 DISCUSSION

The current work has presented the EMSA-seq technique as a versatile platform for
studying protein-DNA interactions. By using GATAL as an example, the work has shown
the following:

i) GATALl co-factors affect the microscopic properties of the GATA1l protein.
Specifically, we saw changes of the GATAL1 DNA binding specificities, which we
assigned in the different movement of the two DNA binding Zn fingers relative to
each other.

i) In vivo, the GATAL1 DNA binding affinities of the genome affect the macroscopic
properties of the system. Specifically, we saw how the DNA binding affinities of
the genomic positions where GATAL binds, affect the local nucleosome occupancy
levels, the local H3K4me2 levels and the H3K4me3 levels on the TSS of a nearby

gene.

4.1 EMSA-seq is a versatile platform for studying protein-DNA interactions

Initially, we and others used the EMSA-seq/SELEX-seq platforms to characterize the DNA
binding specificities of different transcription factors from the same or different families
(Jolma et al., 2013, Badis et al., 2009). Our original work with the EMSA-seq platform,
presented an initial exploration of the EMSA-seq data by comparing the change in the
DNA binding specificities of the different members of the NF-kappaB family (Wong et al.,
2011a). Because the proteins were all part of the same family, the work was mainly
focused on how different is the DNA binding motif logo of each member, from the general

DNA binding motif logo that represents the whole NF-kappaB family.
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In this work we expanded the potential of the EMSA-seq platform (Figure 7), both as far
as it concerns the experimental design and the data analysis. For this reason, we
introduced concepts from classical biochemistry. Specifically, we titrated the protein
against a specific amount of DNA and we sequenced the bound DNA from each different
protein/DNA ratio conditions (Figure 17). We used simple biochemical models to extract
dissociation constant (“Kd”) values (Figure 22). We also introduced the EMSA-seq
coefficient (e) as a value characteristic of the kinetic behavior of the DNA binding (Figure

46, Figure 47).

Because our protein of interest, GATAL, has two DNA binding domains (the N-terminal
and the C-terminal Zn finger), we considered interrogating each one of them
independently. We eventually managed to interrogate only one of them (C-terminal Zn
finger). Nevertheless, we were able to assign independent and dissimilar motifs “ GATA”
and “GATC/GATG” to the C-terminal and the N-terminal DNA binding domains of GATAL
respectively (Figure 28, Figure 31). We then used these motifs as “fiducial markers” that
permitted us to explore the movement of the two DNA binding domains relative to each
other (Figure 33). This experimental design did indeed permit us to see, for the first time

and in_a guantitative way, how the two DNA binding domains of GATAL behave when

GATAL is alone or in complex with other proteins. This concept has little to do with the

motif logos that are very often found in the literature.

The above approach gave us insight into the system at a very detailed level. For this
reason, we went to suggest that this technique complements molecular biophysics
techniques like x-ray crystallography, NMR and molecular dynamics. The X-ray
crystallography gives data with atomic resolution but its disadvantage is that it does not
have a dynamic resolution, meaning that the structure is one of the potential
conformations of the complex. On the contrary, the dynamic resolution of a specific
protein-DNA complex can be derived from techniques like NMR and molecular dynamics.
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Similarly, the EMSA-seq platform has shown a dynamic resolution at base pair
level. As we have seen, the platform offers unbiased, experimentally derived
frequencies of occurrence of specific conformations. This makes our approach
even more powerful, as these frequencies represent the protein-DNA dynamics that

NMR and molecular dynamics experiments are trying to calculate.

We also saw that the different protein-DNA ratios of EMSA-seq also gave us insights into
the binding cooperativity of specific DNA motifs, another aspect of the structural
conformation of the transcription factors. We thus suggest that the EMSA-seq, but not
SELEX-seq is more appropriate to capture structural properties of the transcription
factors and give novel insights. Although massive efforts have been undertaken to
characterize the DNA binding specificities of a great variety of transcription factors,
through automation based SELEX-seq (Jolma et al., 2013), we suggest that the derived
binding motif logo is just an aspect of the binding of the transcription factor per se.
Equally and probably most important are the other aspects of binding as has been

presented in this study.

4.2 The microscopic properties of the GATAL1 DNA binding domains are regulated

by both intrinsic and extrinsic factors

As far as it concerns GATAL, we show that the N-terminal and the C-terminal tails are
equally important as the DNA binding Zn fingers. We saw that the tails regulate the
binding by reducing the DNA binding specificities of the whole protein (Figure 34, Figure
49). This we hypothesize that reduces the stochastic recognition of the binding
motifs on the genome and permits the protein to acquire increased sensitivity upon
interaction with factors that can restore part of the original DNA binding preference
(Figure 55).
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We also saw that complexation of GATAL with other co-factors favors specific binding
conformations. For the wt-GATA1l/wt-FOG1 complex we saw that FOG1 forces GATAL to
show increased preference for the GATC{N},,GATA conformations (Figure 49). It also
increases in a lesser extend the binding preference for distant conformations GATA{N}s.

sGATC (Figure 49).

We then saw that the FOG1 Zn fingers 1, 9 and the 5/6 have the same effect on the
conformation of the GATAL1 DNA binding domains which reflects the change in the GATAL
DNA binding specificities (Figure 58, Figure 56). We noticed that the GATA1/FOG1
fingers complexes dissociate upon DNA binding something that we suggest reflects a true
behavior (Figure 20). Although all three FOG1 fingers are redundant in their functional
effect on the GATAL conformation, the dissociation behavior along with the amount of
competition from specific DNA sequences (the fold enrichment of the bound GATAl
8mers that we have seen) (Figure 27) have lead us to speculate that the different FOG1

fingers regulate the rate of transition between specific GATAL conformations (Figure 60).

We also saw that the GATAL/KLF1 complexation shows preference for the GATA{N}s.
sGATC motif (Figure 64). This is similar with the effect of the FOG1 Zn fingers on GATAL
implying that there probably exists a limited panel of conformational changes with which
GATAL can respond to interaction with other transcriptional co-factors. The GATA1/KLF1
complex showed additional preference for distant GATA/GATG and GATA/GATA

conformations (Figure 64).
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4.3 The macroscopic properties of the GATAL1 DNA binding affinity distribution

characterize the transcriptional regulation of erythropoiesis

4.3.1 The EMSA-seq derived DNA binding affinities of the GATA1 ChlIP-seq peaks

reflect the relative DNA residence time of GATAL

Gene regulation has components that work on different time scales usually in parallel.
From individual proteins to multiprotein complexes the system needs to organise the
succession of events in a way that independently of the properties of its individual
components, the whole system moves towards one direction in order to achieve the final

outcome (Coulon et al., 2013).

Different studies have found that the stochasticity in the system can be reduced if the
components that work on lower time scales initiate multiple events whereas the
components that work on larger time scales create a permissive environment for the lower
time scale events to occur (Fuda et al., 2009). For example, Fluorescence Recovery After
Photobleaching (FRAP) studies have found that transcription factors (TF) are bound on
the DNA on average for a few seconds (van Royen et al., 2011, McNally et al., 2000).
Competition ChIP has shown that nucleosome remodelling takes minutes to hours (Dion
et al., 2007). Additionally, transcription kinetics studies have shown that initiation of
transcription takes several minutes (Larson et al., 2011). This implies that multiple cycles
of binding and dissociation of the TF are happening until a productive event (a sequence
of different histone post translational modifications or histone eviction or formation of a
stable pre-initiation complex) passes a threshold and permits the system to move into the

next step (Metivier et al., 2003).

All the above indicate that having a way to measure the residence time of the protein on

the DNA can reveal mechanistic aspects of the system. From a technical point of view
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chromatin immunoprecipitation (ChlP) techniques and all of its derivatives can be
assumed that they can partially address this problem. The reason for this is that different
methodologies can interrogate the same event on different time scales. For example, after
estrogen induction, FRAP analysis of ER has shown retention times on the DNA at the
scale of few seconds (Stenoien et al., 2001). On the contrary kinetic ChIP analysis
showed retention time at the scale of minutes (Metivier et al., 2003). Although the
experimental design of FRAP and ChIP are considerably different, the difference in the
final results is attributed to the fact that ChIP determines the fraction of the DNA
sequences, in all the cell population, that are bound from the transcription factor. This
fraction is defined as the sum of the binding events in all cells, whereas in each cell the

factor might be or might not be bound at the time of the experiment (Coulon et al., 2013).

In our case, we hypothesized that the EMSA-seq technique, although in vitro by nature
and without directly interrogating any in vivo mechanisms, can under some assumptions
reflect the binding behavior of the protein on specific genomic loci in an idealized cell

(Figure 74).

For this reason, we projected the in vitro calculated GATAL DNA binding affinities in vivo
and we indeed saw that they are representative of the kinetic recruitment of GATAL on the
ChiP-seq peaks (Figure 73). We used data from a kinetic GATA1 ChlIP-seq study after
GATAL induction. Although our GATA1 DNA binding turnover, which is expressed as
GATAL DNA binding affinities, has no time scale units, we believe that it represents the
strength of binding in each genomic position. If the genomic positions are compared
relative to each other, the GATA1 DNA binding turnover can represent the arbitrary
fraction of time that GATAL stays on the genomic position defined from the ChiIP-seq

peak.
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We also do recognise that by using the EMSA-seq DNA binding affinities as a measure of
the DNA binding turnover in the GATAL binding sites, we are assuming that no-other
factor can affect the DNA residence time of GATAL. This is a disadvantage comparing to
the ChIP-seq studies that can hint for potential deviations from the expected behaviour
albeit with a lower resolution. Nevertheless, as we have already seen, the genome wide
distribution of the GATAL1 DNA binding affinities revealed interesting properties of the
transcriptional regulation. For this reason we believe that our approach is of a great

interest in the general scientific community.

4.3.2 Complexes of GATAL1l with some of its transcriptional co-factors, that can
selectively increase its binding affinities, can exclusively appear in genomic

positions where GATAL has short residence time when it binds alone

Apart from the affinity of the DNA sequence itself, the residence time of a TF on the DNA
is regulated by other mechanisms. For example, the eviction time of a TF from the DNA
can be modulated (increased) by complexes that interact with the TF like chromatin
remodelers (as in the case of the glucocorticoid receptor (GR) and the yeast Acel
(Fletcher et al., 2002, Karpova et al., 2004) respectively), chaperones (as in the case of
the GR and the yeast HSF1 (Zelin et al., 2012, Freeman and Yamamoto, 2002)
respectively) or the proteasome (as in the case of GR and the yeast GAL4 (Ferdous et al.,
2007, Stavreva et al., 2004) respectively). For other TFs, DNA binding can be stabilised.
For example the heat shock factor (HSF) in Drosophila binds as a monomer with a low
residence time in non-heat shock conditions whereas upon heat-shock it trimerizes and
therefore it shows high residence time on the DNA (Yao et al., 2006). Similarly,
competition ChlP showed increased stability on specific genomic loci for the human HIF1la

(hypoxia inducible factor 1) under hypoxia induction (Yu and Kodadek, 2007) and for the
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yeast GAL4 under the presence of galactose (Nalley et al., 2006). All these indicate that
the ability to regulate the dynamic formation and disruption of the nucleoprotein
complexes, which represent the intermediates of the eukaryotic gene expression, is an
essential part of the system. This mechanism may make the system more or less
sensitive to changes of signalling cascades by decreasing or increasing respectively the

lifetime of the nucleoprotein complexes.

Although the effect of the GATAL1 interacting proteins on the GATAL DNA binding affinities
has been established in vitro, we tried to examine whether we can infer this role genome
wide from in vivo data, by projecting our EMSA-seq derived GATAL binding affinities. This
is very important because it will reveal the robust role of the DNA binding affinities in
regulating the GATAL1 DNA binding behaviour. Indeed we found that all of the examined
DNA binding and non-DNA binding co-factors, with the exception of TAL1, tend to
associate with low/medium GATAL1 DNA binding affinity genomic positions (Figure 92).
For example, as we saw the GATAL co-factors FLI1 and p300 appear in low GATAL1 DNA
binding affinity genomic positions. Both have been shown to increase the DNA binding
affinity of the GATAL protein. Thus, by using other GATAL co-factors, the system can
probably recruit and retain GATAL, for extended time, in genomic positions where it

cannot afford to have multiple GATAL binding sites.

On the other hand, the GATAL competitor PU.1 associates with the entire DNA binding
affinity spectrum of the GATAL1 genomic positions (Figure 92). This probably happens
because the GATAL exclusion from the lymphoid lineage needs to happen in as many as

possible from the GATA1L binding sites.

As we discussed, one of the major complexes of GATAL is a pentameric complex where
the two main DNA binding proteins of the complex are GATAL1 and TAL1 (Cantor and
Orkin, 2002). We saw that TAL1 is found mainly in GATA1 ChiP-seq peaks of medium to

high DNA binding affinity (Figure 90). Considering that TAL1 is associated with
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transcriptional activation (Kassouf et al., 2010, Kassouf et al., 2008), the potential
regulation of the complex formation from the GATA1 DNA binding affinities of the
genomic position, indicates a direct role of the GATAL1 DNA binding affinities in the

transcriptional activation.

Another aspect of the regulation of the system comes from experiments which used a
mutated form of GATAL (GATA1Y?°*°) that could not bind FOG1. There, GATA1 showed
additional preference for binding in high affinity genomic positions compared to the
average DNA binding affinity from the ChIP-seq binding sites of the wild-type protein
(Figure 85). This implies that the GATA1l co-factors can reduce binding to high
affinity sites in order to probably give fine regulation in the whole system. This is in
accordance to studies that have shown that reduced clearance of a TF from the DNA,
through proteasome inhibition, can lead to reduced expression of its target genes (Lipford

et al., 2005, Muratani et al., 2005, Reid et al., 2003).

4.3.3 The DNA residence time of GATA1L affects the nucleosome occupancy levels
of the binding site. It additionally affects the levels of the H3K4me2 and the
H3K4mel histone marks on the binding site and the levels of the H3K4me3 on the

nearest TSS

Transcription factor (TF) occupancy is influenced by nucleosome positioning. TFs and
histones compete for DNA binding. TFs usually bind in nucleosome depleted regions (Liu
et al., 2006, Li et al., 2011, John et al., 2011, Degner et al., 2012). TFs can also displace
and/or reposition the nucleosomes by interacting with chromatin remodelers (SWI/SNF
complex and CHD, ISWI, INO80 complexes respectively) (John et al., 2008, Vicent et al.,

2009, Morris et al., 2014). All these indicate that nucleosome instability regulates gene
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expression by facilitating the access of transcription factors to promoters and other cis-

regulatory elements (Mito et al., 2007).

Regions with mobilised nucleosomes are sensitive to DNase | digestion. Genomic regions
with active genes were recognised to be more susceptible to DNase | digestion than
regions with non-transcribed genes (Weintraub and Groudine, 1976, Garel and Axel,
1976). Promoters and enhancers of active genes where the chromatin fibre is more
relaxed are highly sensitive to DNase | digestion than the local genomic region (DNase |

hypersensitive regions) (Wu, 1980).

Pioneer factors are TFs that can access their DNA binding sites in compact chromatin.
Their binding and the consequent chromatin remodelling, needs to occur before the
recruitment of additional TFs that are otherwise unable to bind (cooperative binding) (Spitz
and Furlong, 2012). Pioneer factors can prime the binding sites by changing the post-
translational modifications of histones, by recruiting histone variants or by organising the
local nucleosomes (Zaret and Carroll, 2011). TFs that have been found to act as pioneer
factors are the Forkhead box A (FOXA) (Krum et al., 2008, Hurtado et al., 2011), GATA2
acts as a pioneer factor for subsequent androgen receptor (AR) binding (Wang et al.,
2007), GATA3 (Eeckhoute et al., 2007) and GATA4 act as pioneer factors for
subsequent estrogen receptor (ER) binding (Miranda-Carboni et al., 2011), PU.1 (Ghisletti

et al., 2010, Heinz et al., 2010).

GATAL has been shown to collaborate with the SWI/SNF chromatin remodelling complex
through interaction with BRG1 (Kadam and Emerson, 2003) in order to activate the
transcription of the beta-globin genes. In the GATAL enhancers, GATAL acts as a pioneer
factor that brings BRG1 with it (Boyes et al., 1998b, Escamilla-Del-Arenal and Recillas-
Targa, 2008). Subsequently, BRG1 shifts the nucleosomes away from the binding sites of
GATAL1, something that facilitates the binding of TAL1 and the transcriptional activation of

the nearby genes (Hu et al., 2011). KLF1 has been shown also to interact with chromatin
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modifying complexes like CBP/p300 (Zhang et al., 2001) and the SWI/SNF chromatin
remodelling complex through BRG1 (Brown et al., 2002, Kim et al., 2009b, Zhang et al.,
2001, Kadam et al., 2000, Armstrong et al., 1998). Nevertheless, BRG1 is not a general
transcriptional regulator because it is hot necessary for the GATAL dependent expression
of the FOG1, GATA1 and KLF1 genes (Kim et al., 2007b, Kim et al., 2009c), whereas the
expression of the alpha (Kim et al., 2009b) and beta globin genes (Kim et al., 2009c,
Bultman et al., 2005) depends on his function. The H3 acetylation and H3K4me2 levels of
the DNase | hypersensitive sites, the DNase | sensitivity and chromatin looping between
promoter and enhancers, for both the alpha and the beta globin genes, have been shown
to depend on the GATAL and KLF1 recruitment of BRG1 (Kim et al., 2009¢c, Kim et al.,

2009D).

Our working hypothesis was that if either the nucleosome occupancy or the histone post
translational modifications are controlled directly by GATAL or KLF1 they should show a
positive or negative correlation with the DNA binding affinity of the GATAl1 or KLF1
binding site. We do recognise that the same will happen if the binding affinity of the
GATAL or the KLF1 ChlP-seq peak depends on the levels of either the nucleosome
occupancy or the histone post translational modifications, something that reflects the
problem of causality. Nevertheless, here we mainly hypothesized that the levels of the
nucleosome occupancy or the histone post translational modifications, are affected from
the residence time of the GATAL complexes on the DNA sequence. The DNA residence

time is positively correlated with the binding affinity of the GATAL ChlP-seq peaks.

We saw that the binding affinity of the GATA1 ChIP-seq peaks is positively correlated with
the levels of the H3K4mel and the H3K4me2 marks on the region of the ChlP-seq peaks
(Figure 97). It is also positively correlated with the levels of the H3K4me2 mark on the
region of the TSS (Figure 94). On the contrary, it is negatively correlated with the levels of
the H3K4me3 mark on the region of the TSS (Figure 95). Additionally the binding affinity

of the GATAL1 ChIP-seq peaks is negatively correlated with the levels of nucleosome
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occupancy (Figure 79) and positively correlated with the levels of DNase | hypersensitivity
(Figure 81) on the region of the ChlP-seq peaks. Furthermore, the binding affinities of the
KLF1 ChIP-seq peaks showed no associations with the histone post translational
modifications similar with the GATAL ones. The binding affinities of the KLF1 ChIP-seq
peaks were associated with constant levels of the histone post translational modifications
and of the DNase | hypersensitivity (Figure 83) and a very mild negative correlation with

the nucleosome occupancy (Figure 79).

Because high affinity DNA binding sites for GATAL in DNase | hypersensitive regions are
not preferred equally well as low and medium affinity binding sites (Figure 84) we cannot
exclude a mechanism of regulation where GATAL binding in high affinity binding sites is
regulated by permissive (high) levels of H3K4me2, H3K4mel and low nucleosome
occupancy levels. In this case another factor must act as a pioneer factor to enable

GATAL to bind by priming the GATA1 binding sites.

We can also envision a direct effect of GATAL on transcription by facilitating the rate of
assembly of the pre-initiation complex (PIC). It is generally assumed that regulation of
transcription is mediated through regulation of the assembly of the pre-initiation complex
(PIC) (Juven-Gershon et al., 2008, Fuda et al., 2009) although equally important in the
mammalian cells is regulation of the promoter proximal pausing of RNA polymerase |l
(Adelman and Lis, 2012). The components of the PIC assemble stochastically. The
residence time of its components can be modulated in order to increase the likelihood of

its full assembly (Hager et al., 2009).

The PIC is constantly assemble and disassemble in the promoters due to competition with
the nucleosomes. Reduced nucleosome occupancy in the promoters has been shown to
lead to increased transcription after heat shock in yeast (Zanton and Pugh, 2006). A
similar thing has been observed when the H3 histone is depleted in vivo (Gossett and

Lieb, 2012). Nevertheless, nucleosome depletion does not control the time of transcription
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(Grimaldi et al.,, 2014, Huebert et al., 2012) but controls proportionally the rate of

transcription (Lee et al., 2004).

Further dissection of the interplay between the rate of nucleosome disassembly and the
rate of assembly of the PIC has led to a biphasic transcriptional output. Kinetic analysis of
transcription has revealed that gene expression can either be continuous or occur in
bursts (Lionnet and Singer, 2012). Both in the continuous and the burst expression, the
firing rate of transcription (initiation rate in the continuous expression or the total number
of transcripts (size) per burst) can be controlled by the same mechanism whereas the
mechanism that controls the period of inactivity after the burst, which defines the
frequency of a burst, is different than the continuous expression (Larson et al., 2009). That
Is to say that the oscillation pattern of the chromatin (type and/or overall occupancy) in the
promoter between a permissive and a non-permissive state can indicate the type of
expression. Stochastic opening leads to continuous expression whereas the coordinated
opening leads to burst expression (Kaern et al., 2005, Zenklusen et al., 2008). Indeed,
nucleosome occupancy has been shown to affect the induction level of a gene
(frequency of a burst) but not its expression level (initiation rate/burst size) (Lam et al.,
2008, Bai et al., 2010). For example, exposed low or high affinity binding sites can recruit
a factor that will remodel the nearby chromosomes in order to expose the rest of its
binding sites, that are hidden by nearby nucleosomes. The low or high frequency of the
gene induction (frequency of a burst) will depend from whether the initial exposed binding
sites are of a low or high binding affinity respectively. The magnitude of gene induction
(initiation rate) will depend on the total amount of exposed high or low affinity binding
sites after the chromatin remodelling (Lam et al., 2008). Similarly, it has been shown that
the burst size can be modulated from cis-regulatory motifs in the promoter (Suter et al.,

2011).
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One interpretation of our analysis results is that GATAL modulates the local nucleosome
occupancy levels. We tested GATAL ChIP-seq peaks that were 10 kb away from the TSS
to avoid any interference from the nucleosome structure in the promoters that might reflect
the effect of additional gene related mechanisms (Figure 79). Nevertheless, we made the
assumption that the positive correlation between the GATAL1 ChiIP-seq affinity and the
nucleosome eviction of its binding site, must reflect a generic GATA1 mechanism. We
also saw that high levels of H3K4me2 were present in regions of high affinity GATAL
binding sites indicating a direct or indirect role of GATAL in the regulation of the H3K4me2
deposition (Figure 97). Because TSS that were near high affinity GATAL binding sites also
showed higher levels of H3K4me2 when they were compared to TSS that were near low
affinity GATA1L binding sites (Figure 94), we can conclude that GATAL probably keeps an
open chromatin environment in each closest TSS through transient interactions between
its binding site and the compatible TSS region (Figure 107). Additionally, the low DNase |
hypersensitivity in the nucleosome evicted high affinity GATAL ChIP-seq peaks indicates
that large multiprotein complexes of GATAL appear in GATAL1 ChIP-seq peaks of high
DNA binding affinity (Figure 81). These large complexes might also compete and prevent
the re-assembly of the nucleosomes. We can also hypothesize that the retention of
GATAL in a specific position for a long time is a requirement for the formation of
large complexes. Sequentially, the GATA1 complexes can affect the local chromatin

environment.

4.3.4 GATA1 can affect transcription by modulating the H3K4me3 levels of the

closest TSS

We saw that the higher the binding affinity of the GATAL ChIP-seq peak the higher the
decrease in the H3K4me3 levels on the nearest TSS upon erythroid differentiation after

GATAL restoration (Figure 99). Although high levels of H3K4me3 are associated with

358



actively transcribed genes, the absolute change in its levels does not correlate linearly
with a similar change in the gene expression levels. In contrary to what it was expected,
reports have suggested that reduction of the H3K4me3 levels due to high H3K4me3
demethylase activity can positively regulate transcription (Gildea et al., 2000, Lee et al.,
2007c, Lloret-Llinares et al., 2008) . One of the mechanisms on which this was attributed,
is that removal of the H3K4me3 mark from the promoter, left behind from the previous
RNA polymerase Il molecule, facilitates the recruitment of the next RNA polymerase Il
molecule on the promoter, something that permits fast initiation rates (Lloret-Llinares et
al., 2012). While present H3K4me3 can recruit locally components of the core
transcription factor TFIID (Vermeulen et al., 2007), chromatin-remodelers and histone
modifying enzymes (Kim and Buratowski, 2009, Li et al., 2006, Santos-Rosa et al., 2003,
Wysocka et al., 2006) thus maintaining a transcriptionally permissive environment for a
short time even after its absence. Methylation of H3K4 can also regulate not only the
initiation rate but also the frequency of the expression bursts. For example, the pulse
frequency of the expression bursts, but not the burst size, has been shown to be inherited
through mitosis in Dictyostelium discoideum via a mechanism that depends on H3K4

methylation (Muramoto et al., 2010).

We also proved that regulation of the H3K4me3 levels has a physiological role in vivo by
bringing as an example the common genes that are regulated by GATAL in both the
erythrocyte and the megakaryocyte lineage (Figure 101). Because, the erythrocyte
specific GATAL ChIP-seq peaks of the common genes are of a higher binding affinity than
the megakaryocyte specific GATAL1 ChIP-seq peaks of the common genes (Figure 102),
the levels of the H3K4me3 mark are lower in the erythrocyte lineage than in the

megakaryocyte one (Figure 103).

Unexpectedly, all the above were noticed only for GATA1 whereas KLF1 did not show any

similar strong pattern. Intriguingly, although both GATAl and KLF1 are important for
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erythropoiesis their genomic DNA binding affinities seem to regulate transcription in

different ways.

We can also suspect that the DNA residence time of GATAL can affect the expression
pattern of the nearby gene. We have argued that high affinity GATAL DNA binding sites
are correlated hypothetically with higher initiation rates. If we combine these high initiation
rates with the low nucleosome proximal promoter environment, for which the high affinity
GATAL DNA binding sites are responsible, we can hypothesize that the specific gene will
show a continuous expression rather than a burst one (Figure 107). In yeast,
housekeeping genes show a continuous expression whereas stress response genes
show bursting expression (Zenklusen et al., 2008), We have already seen that GATAL
can regulate different classes of genes and that high affinity GATAL1 DNA binding sites
are regulating mainly housekeeping activities (Figure 105). So, both the yeast models and

the way we have interpreted the results in our system are in good concordance.

4.3.5 GATAL1 modulates the H3K4me3 levels through an unknown mechanism

The H3K4me3 mark is present at the promoters of both active and inactive genes even
without the presence of transcriptional activators or RNA polymerase Il (Vastenhouw et
al., 2010).The increase of the H3K4me3 can be either the cause or the consequence of
transcription. In mammals, the proteins responsible for the methylation of the H3K4me2 to
H3K4me3 are the SET1A, SET1B, MLL1, MLL2, MLL3, MLL4 (Herz et al., 2013). SET1A
and SET1B are the main proteins responsible for maintaining the H3K4me3 levels
genome wide (Ardehali et al., 2011, Hallson et al., 2012, Wu et al., 2008). The MLL1 and
MLL2 maintenance of the H3K4me3 levels is gene specific, for example in the HOX
cluster (Wang et al., 2009), and developmental stage specific (oocytes) (Andreu-Vieyra et

al., 2010). The MLL3 and MLL4 role in maintenance of the H3K4me3 levels is limited
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(Vicent et al., 2011, Kim et al., 2009a, Lee et al., 2009¢c, Guo et al., 2012) and shows gene
specificity, for example the p53 target genes (Lee et al., 2009b). SET1A and SET1B in
order to methylate the H3K4me2 require the existence of monoubiquitinilated H2B (Lee et
al., 2007hb, Vitaliano-Prunier et al., 2008, Zheng et al., 2010, Soares and Buratowski,
2012). The yeast SET1 and the mammal MLL1 have been shown to interact with the
Serine 5 of the C-terminal domain tail (CTD) of the initiating form of RNA polymerase Il a
region that recruits also the complex responsible for the monoubiquitination of H2B (Ng et
al., 2003, Wood et al., 2003a, Wood et al., 2003b, Milne et al., 2010, Muntean et al.,
2010). It has also been shown that asymmetric H3 Arginine 2 (H3R2) di-methylation
prevents the recruitment of SET1 in yeast and MLL1 in mammals (Kirmizis et al., 2007,
Guccione et al., 2007, Hyllus et al., 2007). Unmethylated CpG islands can also recruit
multiprotein complexes (COMPASS) that contain the SET1A and SET1B proteins
(Thomson et al., 2010). The MLL1 and MLL2 can also act as a co-factor and interact with
the activated estrogen receptor alpha (ER-a), PPAR-y receptors, E2F, LEF1/TCF
(Dreijerink et al., 2006, Dreijerink et al., 2009, Imachi et al., 2010, Mo et al., 2006, Sierra
et al., 2006, Tyagi et al., 2007) whereas MLL3 and MLL4 can interact with p53 (Lee et al.,
2009b). The removal of the methyl group from the H3K4me3 back to H3K4me2 is
mediated from the Jaridl/KDM5 family of histone lysine demethylases (Secombe and
Eisenman, 2007). Alternatively, because the mono-methylated, di-methylated and tri-
methylated molecules of H3K4 have increasingly slower formation rates on bulk histones
these modifications can be lost with passive dilution for example through DNA replication

(Zee et al., 2010, Dion et al., 2007).

Depletion of either the CFP1 subunit (Clouaire et al., 2012) or the DPY-30 subunit (Jiang
et al., 2011) of the SET1 H3K4 methyltransferases, that leads to a global reduction of the
H3K4me3 levels, has a minimal effect on gene expression of most genes. Similar effect

was noticed in yeast (Guillemette et al., 2011). H3K4me3 might regulate the processing of
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transcripts by affecting the kinetics of RNA polymerase |l transcription in early elongation

(Terzi et al., 2011).

Based on the above the function of GATAL might be attributed to the following:

1)

ii)

GATA1 might have a direct effect on the H3K4me3 levels by interaction with a
histone lysine demethylase from the Jaridl family. No interaction with a Jaridl
demethylase has been shown. GATAL1 has only been shown to interact indirectly
with an H3K4mel or H3K4me2 demethylase LSD1 (Turner and Crossley, 1998,
Katz et al., 2002). Thus, GATA1 might interact with an unknown H3K4me3
demethylase.

GATAL might affect the recruitment of the SET1A/B from the RNA polymerase I
by inducing the dephosporylation of Ser 5 of the CTD domain. Similarly, GATA1
may reduce the levels of the monoubiquitination of H2B. No interaction of GATA1
with a RNA polymerase Il Ser 5 phosphatase or an H2B deubiquitinase has been
reported. We also checked whether high DNA binding affinities of GATA1 ChIP-
seq peaks are associated with reduced levels of RNA polymerase Il (lower levels
of RNA polymerase Il might cause lower levels of H3K4me3 deposition) but we did
not find any association (data not shown).

GATAL might increase the asymmetric H3 Arginine 2 (H3R2) di-methylation. The
PRMT6 (protein arginine methyltransferase 6) catalyses the recruitment of
asymmetric dimethyl H3R2 (Bedford and Clarke, 2009). No direct interaction
between GATA1 and PRMT6 has been found although the expression of PRMT6
increases during erythroid differentiation of CD34+ hematopoietic progenitors
(Herglotz et al., 2013). Only interaction between RUNX1 and PRMT6 in CD34+
hematopoietic progenitors has been reported (Herglotz et al.,, 2013). This
interaction represses some of the RUNXL1 target genes.

GATA1 might increase the methylation of CpG islands inhibiting the recruitment of
the COMPASS complex. No direct interaction of GATA1 with the de novo DNA
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methyltransferase Dnmt3a/b has been reported, only interaction with the
maintenance methyltransferase Dnmtl (Dr John Strouboulis, personal
communication).

v) GATALl might inhibit the DNA binding of proteins that can recruit the histone
methyltransferases. Also no interaction between GATA1l and H3K4me2 histone

methyltransferases has been reported.

We have also noticed that the GATAL dependent reduction of the H3K4me3 levels was
not as prominent in GC rich promoters as in GC poor promoters (Figure 96). Although
high affinity GATA1 ChiIP-seq peaks are expected to be found in AT rich/GC poor
promoters more frequently, the difference between the two groups permit us to
hypothesize about a potential mechanism (Figure 96). Proteins that have the CxxC
domain can bind specifically to unmethylated CpG (Voo et al., 2000). CFPL1 is a protein
containing a CxxC domain and it is part of both the SET1A and SET1B H3K4
methyltransferase complex (Lee and Skalnik, 2005, Lee et al., 2007a). CFP1 is found in
CpG islands in mouse brains and its depletion leads to reduced H3K4me3 levels at
specific CpG islands (Thomson et al.,, 2010). Furthermore, the CpG density in CpG
islands correlates positively with the H3K4me3 levels (lllingworth et al., 2010). Similarly,
the H3K36me2 demethylase KDM2A, which is a CxxC protein, is also being recruited in
CpG islands (Blackledge et al., 2010). H3K36me2 inhibits transcriptional initiation in yeast
through recruitment of histone deacetylase (HDAC) (Li et al., 2009). Depletion of
H3K36me2 may contribute to increased transcription (Deaton and Bird, 2011). We can
speculate that GATAL acts antagonistically with the function of the recruited SET1
complex. In GC rich promoters SET1 can compete the reduction of the H3K4me3 levels
caused by GATAL. This indicates that GATAL probably affects directly the H3K4me3
levels and it is frequently found, and probably prefers, AT rich/GC poor promoters where it

can regulate the H3K4me3 levels without significant competition.
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4.3.6 The high occurrence of GATALl binding motifs in enhancers probably

increases the likelihood of interaction with the compatible promoter

Gene expression is regulated from the combinatorial action of core promoters, proximal
promoter elements and enhancers as well as from the function of silencers, insulators and
tethering elements (Lenhard et al., 2012, Bulger and Groudine, 2011, Petrykowska et al.,
2008, Gaszner and Felsenfeld, 2006, Calhoun et al.,, 2002). Fine regulation of
transcription is accomplished mainly by enhancers. Enhancers can activate transcription
independently of their location, orientation or distance from the promoter region of the
gene. Enhancers activate transcription by facilitating the recruitment of the transcription
pre-initiation complex (Maston et al., 2006) or the release of paused RNA polymerase Il

(Ong and Corces, 2011).

The chromatin state (usually combination of H3K4mel, H3K4me2, H3K27me3, H3K27ac
marks) at enhancers, in contrast to promoters, is cell type specific and correlates with the
gene expression (Heintzman et al., 2009). Because the chromatin state is similar across
many enhancers the specificity of each enhancer occurs from the presence of binding
sites for multiple factors. This combinatorial binding of factors that can read the epigenetic
state of an enhancer and impose a new one, can take place in a temporal manner during

the cell differentiation and development (Rada-Iglesias et al., 2011).

The combinatorial binding of multiple TFs on an enhancer depends on their position,
orientation and relative distance between them (Spitz and Furlong, 2012). Binding
cooperativity of two or more transcription factors can induce gene expression, through
their binding synergism, even when their levels are suboptimal for function (Szymanski
and Levine, 1995). For example the developmental patterning in Drosophila embryos are
established from TF gradients that utilise in distant regions, from their place of production

in the embryo, either high affinity enhancers or cooperative DNA binding (Lebrecht et al.,
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2005). The cooperativity can be either strict or flexible. Strict cooperativity means the
enhancers cannot function optimally unless all TFs are present and all bind cooperatively
with a specific position and orientation. For example, in the Interferon beta promoter
(IFNB) multiple activators need to present their acidic activation domains together and
simultaneously contact the co-activator p300/CBP (a structure called enhanceosome)
(Merika et al., 1998, Merika and Thanos, 2001). Flexible cooperativity means the
enhancers can function optimally when a fraction of all the possible factors, that can bind,
have been recruited (“billboard” activity) (Arnosti and Kulkarni, 2005). A second flexible
cooperativity model is when all the possible TFs, that can bind, need to be recruited but
their position and orientation in the nucleoprotein complex can vary (“transcription factor

collective” activity ) (Junion et al., 2012).

In our case, we saw that low affinity GATAL binding sites are usually near the TSS (+/-
1kb) whereas high affinity GATAL binding sites are further away (Figure 76). As expected,
the GATAL binding sites in enhancer regions (defined as regions that show low H3K4me3
and high H3K4mel) are of a higher binding affinity than the TSS related GATAL binding
sites (high H3K4me3, low H3K4mel) (Figure 77). The KLF1 ChIP-seq peaks did not show
so distinctively this discriminatory behaviour (Figure 76, Figure 77). We hypothesize that
the occurrence of multiple DNA binding motifs for GATAL would increase the frequency of
contacts between the enhancer and the compatible promoter. Assuming that GATAl
complexes of the same functionality bind on a specific promoter, we envision a “billboard”
activity for the GATA1 enhancers where the presence of multiple GATA1l motifs is
redundant but important to increase the likelihood of occurrence of downstream events.
This would facilitate the long range interactions that are mediated by the GATAL/FOGL1
complex (Kim et al., 2007b, Vakoc et al., 2005, Deng et al., 2012). It has also been shown
that an ectopic beta globin LCR can preferentially contact genes that are controlled by
shared transcription factors (Noordermeer et al., 2011) and probably an increased

frequency of events in the enhancers will facilitate this behaviour.
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Figure 107 (previous page). Hypothetical model for the effect of the GATAL DNA binding
affinities on the local chromatin environment and on the chromatin environment of the
TSS region and their relationship with RNA polymerase |l loading and transcriptional
kinetics. Enhancers/Distal promoter elements with high or low affinity GATAL DNA binding
sites show higher or lower eviction of the local nucleosomes respectively in the total cell
population, due the chromatin remodelling function of the GATA1 co-factor the SWI/SNF
complex. Eviction of the local nucleosomes might be facilitated by priming the
nucleosomes with the histone marks H3K4mel and H3K4me2. High or low occurrence of
the H3K4mel/H3K4me2 marks in the total cell population is associated with a higher or
lower eviction of the local nucleosomes. The priming can be regulated by GATAL directly
or indirectly. Close proximity between the enhancers/distal promoters and the proximal
promoters affects the H3K4mel levels, the H3K4me2 levels and the nucleosome
occupancy levels of the TSS region in a similar way as the local nucleosomes of the
GATAL binding site in the enhancer/distal promoter region (black arrows, the thicker the
arrow the stronger the effect). Additionally, close proximity between the enhancers/distal
promoters and the proximal promoters affects the H3K4me3 levels on the TSS. High
GATAL DNA binding affinity enhancers/distal promoter elements, in contrast to low affinity
enhancers/distal promoter elements, can reduce the H3K4me3 levels on the TSS.
Reduction of the H3K4me3 levels can increase the loading of sequential RNA polymerase
Il molecules. The Mediator complex can bridge the interaction between GATAL and RNA
polymerase Il (Stumpf et al., 2006). Simultaneously, due to the close proximity of the
enhancers/distal promoter elements and the proximal promoters, increased chromatin
remodelling activity from the high affinity GATA1l binding sites can increase the
nucleosome eviction near the TSS. Increased RNA polymerase Il loading and
nucleosome eviction can lead to a continuous pattern of expression. On the contrary
reduced RNA polymerase Il loading and increased nucleosome formation can lead to a
burst expression pattern. Periods of transcriptional activity can be followed from periods of
nucleosome presence on the TSS and absence of RNA polymerase Il with no
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transcriptional activity. The images of the continuous and burst transcription kinetics are
from (Kaern et al., 2005). Abundance represents the number of mRNA molecules
produced per fraction of time. The question mark represents a hypothetical association.
The different complexes of GATAL for example either with the SWI/SNF complex or with
another transcriptional co-factor can appear interchangeably on the same binding site. We
can also hypothesize that low affinity binding sites where GATALl complexates with
transcriptional co-factors, which extend the residence time of GATAL on the DNA, can

have similar effects as the high affinity binding sites.
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Future experiments

The study generated the following observations:

We saw that wt-mGATAL cannot bind in palindromic positions as efficiently as the
wt-mGATAL/wt-mFOG1 complex. To test this we could use a minimal promoter
reporter assay in HELA cells which lack endogenous GATA1l (Rodriguez et al.,
2005). We will have to show that the induction of the reporter gene from wt-
MGATAL alone is similar for sequences containing GATA{N},«GATC and
GATC{N},sGATA. On the other hand, the expectation is that the wt-mGATAL/wt-
mFOG1 complex will show an increased induction of the reported gene for
sequences containing GATCNNGATA whereas the rest of the sequences will have

to show similar activation as the wt-mGATAL1 alone.

We can also use the mutant protein GATA1R?**? The N-terminal Zn finger of
GATA1R?*®Q cannot bind DNA (Liew et al., 2005, Yu et al., 2002, Campbell et al.,
2013) but it can bind FOG1. The expectation here is that only the C-terminal Zn
finger will guide the binding something that will result in lack of preference for the

GATCNNGATA configuration from the wt-mGATA1??®/wt-mFOG1 complex.

Enhancers show increased binding affinity compared to promoters. The hypothesis
that is generated is whether there is a functional significance. Are the multiple
binding sites indispensable for the function of the enhancer or they operate
additively. We can use the same minimal reporter assays as previously. We can
synthesize mutant versions of enhancers and test them in parallel either in low
throughput or high throughput assays (Melnikov et al., 2012, Patwardhan et al.,
2012). If the multiple binding sites in the enhancer operate additively then we

expect the signal of the reporter gene to be proportional to the number of binding
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sites. On the other hand if all the binding sites are necessary for the function of the
enhancer the signal of the reporter gene will be binary, either the enhancer will be

able to activate the reporter gene or not.

We observed that high affinity GATAL1 ChiP-seq peaks are associated with lower
levels of H3K4me3. We can test the role of the H3K4me3 demethylase (JARID1)
in mediating the reduced H3K4me3 levels by using chemical inhibitors or siRNA
mediated inhibition. There is also the possibility that GATAL is regulating indirectly
the reduced H3K4me3 levels by inhibiting the methylation of H3K4me2 to
H3K4me3. In this case we can take a gene regulated by GATAL from a low affinity
(or a high affinity) promoter associated binding position, mutagenise the sequence
to a high affinity binding site (or to a low affinity binding site respectively) using a
genome editing technology like CRISPR-Cas (Mali et al., 2013, Sander and Joung,
2014) and assess the effect on the H3K4me3 and the H3K4me2 levels of the

nearby TSS.

The genome editing of the GATAL binding site can be used to asses the effect of
GATAL on the local histone-posttranslational modifications levels of the GATAL

binding sites, for example the levels of H3K4mel and H3K4me2.

We also observed that high affinity GATAL1 ChlIP-seq peaks are associated with
lower nucleosome occupancy levels. Again, we can use the genome editing of the
GATAL binding site to asses the effect of GATAL1 on the local nucleosome
occupancy levels. Alternatively, we can use a genome wide approach by randomly
inserting thousands of reporters in the genome (integrated reporters) (Akhtar et al.,
2013). The integrated reporters will consist from a minimal promoter and a high

binding affinity site for GATALl. We can then correlate the gene induction in the
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different genomic loci with the nucleosome occupancy levels of the respective loci.
The expectation is that if the nucleosome occupancy levels dictate the GATAL
binding on the high affinity site then the expression levels of the reporter gene will
be negatively correlated with the nucleosome occupancy levels of the genomic
loci. On the contrary, if the GATAL binding on the high affinity site is independent
of the local nucleosome levels (due to the remodelling activity of the GATAL co-
factors) then the expression levels of the reporter gene will show no correlation

with the nucleosome occupancy levels of the genomic loci.
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