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Abstract

Background: The information responsible for animal diversity, complexity and
embryonic patterning lies in non-coding regions of a genome. The non-coding portion
of a human genome has become into a light now-a-days because of its regulatory
aspects. Sequence acceleration in the human lineage has been found to harbour cis-
regulatory elements among them enhancer constitute the most portion play a major role
in gene regulation These sequences of the human genome compared with other
vertebrates identified genomic regions that were highly conserved among vertebrates
but fast-evolving in the human lineage called Human accelerated regions (HARS).
HARs are short conserved genomic portions that have attained considerably more
nucleotide variations than would be predicted in the human lineage following the
divergence from chimpanzee. The rapid evolution of HARs is the reflection of their
crucial role in the emergence of human-specific attributes. Human accelerated genomic
regions were mostly non-coding in nature, and upon subjection to in vivo testing,
confirmed the presence of cis-regulatory enhancers which regulate the expression of
numerous developmental genes. Recent study has reported the positively selected
single nucleotide variants (SNVs) within brain exclusive human accelerated enhancers
(BE-HAESs) hs563 (hindbrain), hs304 (midbrain/forebrain) and hs1210 (forebrain).
Furthermore, these SN'Vs were revealed to be modern human-specific by incorporating
data from archaic hominins, since they were residing within the transcriptional factors
binding sites (TFBSs) for RUNX1/3 (hs563), FOS/JUND (hs304) and SOX2 (hs1210).
Although these results imply that these predicted alterations in TFBSs are crucial for
determining current brain structure, much more research is necessary to confirm
whether these changes actually correspond to functional modification. Here, in order to
empirically test the binding events and binding affinity of SOX2 protein with the
modern human (derived A allele) and archaic hominin (ancestral T allele) carrying
DNA, we employed electrophoretic mobility shift assay (EMSA). In further analysis,
molecular docking was explored to analyze how binding domain (DBD) of SOX2 TF
interacts with the respective TFBSs. Moreover, exploiting the dynamic binding features
for modern human and archaic hominin (Neanderthal) alleles based complexes, all-
atoms biomolecular simulation was performed for the solvated systems using FF19SB
force-field in AMBER20.

Results: We investigated the SOX2 SNV, with strongest results of positive selection in

human population that was relevant for forebrain expression. We demonstrated that the
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binding domain of SOX2 (HMG) binds in vitro with modern human-specific derived
A-allele and ancestral T-allele carrying DNA sites. In further analysis, DNA-protein
interaction studies indicated that HMG domain of SOX2 directly interacts with the
minor groove of the derived A-allele as well with the ancestral T-allele type. Energetic
profile evaluation through HADDOCK score calculations revealed higher affinity of
SOX2 ®MY for the derived A-allele carrying target DNA site (-281.6 + 4.2 kcal/mol),
whereas relatively lower affinity was noticed for the ancestral T-allele carrying target
DNA site (-270.3 + 4.0 kcal/mol). The interface analysis also demonstrated a better
interface in the derived A-allele-SOX2 complex as compared to ancestral T-allele, as
evident by energetics and the number of hydrogen bonds. Furthermore Simulation
analysis indicated the significant dynamic behavior and binding differences of THE
DNA binding domain of HMG box with derived A-allele containing DNA target site
when compared to site carrying ancestral T-allele. We speculate that such changes in
TF affinity within BE-HAEs hs1210 and other enhancers could accumulate during
recent history of human evolution to produce modifications in gene expression with
functional consequences during forebrain formation.

Conclusion: Taken together with the combinations of in vitro and bioinformatics
analysis to comparatively characterize the evolutionary significance of positively
selected modern human specific substitution (T>A) within BE-HAEs hs1210. Our
comparative molecular structural analysis showed that modern human-specific single
nucleotide substitution has increased the affinity of SOX2 transcriptional factor for its
target binding site within BE-HAEs hs1210. These findings suggest that this predicted
enhanced affinity of SOX2 towards its target site could drive the target gene expression
more robustly within forebrain of modern humans compared with the archaic humans
or alternatively within novel territories in the forebrain of modern humans. These
findings imply that adoptive changes in TF affinity within BE-HAE (hs1210) and other
HAR enhancers may have altered gene expression patterns, which may have functional

effects on the development and evolution of the forebrain.
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Chapter 1 Introduction

1 Introduction

No subject has created better intrigue or fury among the wonders that science
has revealed about the universe in which we live, than evolution. Evolution describes
changes that occur throughout time as species change and diverge to produce several
descendant species. In place of the myths that had long since given us satisfaction, it
provides the accurate history of our origins. Homo sapiens is substantially different
from other non-human primates (NHPs) by its unique eccentrics such as physiological,
morphological, anatomical and behavioral , including relative brain size, cranio facial
attributes, bipedalism, vocal organs, small canine teeth, hair less skin, shorten finger,
language, opposable elongated thumb and advance tool making capabilities (Carroll,
2003; Martin, Rayner, Gagneux, Barnwell, & Varki, 2005). These unique Homo
sapiens specific phenotypic traits are emerged during the last 6 million years of
evolution after its divergence from Pan (chimpanzee and baboon) lineage. The
decoding of human and non-human primates’ genome was providing an opportunity
for evolutionary biologist to precisely understand how and what genetic underpinnings
arose in the evolution of human unique oddities.

Moreover, the defining attribute of human evolution is structurally complex
brain that differs from nonhuman primates in shape, size, organization and function.
Prior investigation found that modern humans have somewhat smaller faces but larger
brain case when examining and contrasting the endocasts of both modern and archaic
humans. The brain and endocasts of modern humans are globular, with rounded,
expanding cerebral portions, bulging parietal regions, and steep frontal regions. But
there was an anterior-posterior elongation in our ancestors such as Neanderthals and
other species (Neubauer, Hublin, & Gunz, 2018). The extent of the dynamics that led
to the genesis and persistence of modern humans' facial, mandibular, cranial, and dental
improvements is also demonstrated by evidence from craniodental data of our ancestors
(Richter et al., 2017). Consequently, using this information to evaluate what happened
differently during the evolution of the brain and its relevant attributes can reveal crucial

details about the evolution of modern humans.
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Chapter 1 Introduction

1.1 Eukaryotic Transcriptional Regulation

Numerous biological activities that occur within cells, include cell division,
proliferation, and homeostasis, depend on the spatiotemporal regulation of gene
expression. Eukaryotic transcription is more complicated than prokaryotic transcription
and activity is regulated by integrated action of cis-regulatory (promoters, enhancers,
silencers and insulators) and framns-regulatory (DNA binding proteins including
transcription factors, activators and co-activators) elements (Levine, Cattoglio, & Tjian,

2014).

In eukaryotes, RNA polymerase Il mediates the transcriptional regulation.
Initially highly conserved General Transcription Factors (GTFs) binds sequentially to
core promoter and assemble into Pre-Initiation Complex (PIC), compels RNA
polymerase II to bind at Transcription Start Site (TSS) of the gene (Roeder 1996). After
PIC assembly helicase unwind the double helix and set polymerase II to start ATP
dependent transcription (Goodrich & Tjian, 1994). Most GTFs are produced when the
nascent mRNA reaches 25—50 nucleotides and for termination phosphorylation of Ser2
terminal of Polymerase is required (Marshall, Peng, Xie, & Price, 1996; Marshall &
Price, 1995). However, there are no stringent criteria for assembly of initiation
complexes due to availability of diverse range of cis-regulatory elements which can
modulate transcription per space and time (Miiller & Tora, 2014). Brief notes on these

elements are discussed below

1.1.1 Cis-Regulatory Elements

Based on position cis-regulatory elements (CRE) can be divided into two
subsets: Proximally located promoters (core promoter and proximal promoter) and
distally located cis-regulatory elements (enhancers, silencers and insulators) (Figure
1). All these cis-regulatory elements contain binding motifs for the trans-regulatory
elements i.e. transcription factors, activators, or coactivators (Aziz Khan et al., 2018;

G. A. Maston, S. K. Evans, & M. R. J. A. R. G. H. G. Green, 2006-b).
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Chapter 1 Introduction

Figure 1. Diagrammatic view transcriptional regulation

Diagrammatic illustration for overview of proximal and distal cis-regulatory elements (CRE):
The promoter region consists of core promoter, encompassing the transcription start site (TSS),
and proximal promoter. The distal regulatory region is composed of enhancer, silencer, and
insulator. Transcription factors bind to these CREs by transcription factor binding site (TFBS)
Adapted from (Aziz Khan et al., 2018).

1.1.2 Promoter, Core promoter and proximal promoter

An essential group of sequences known as promoters is responsible for the
transcriptional initiation of RNA and protein-coding genes (R. K. Umarov & V. V.
Solovyev, 2017; R. K. Umarov & V. V. J. P. o. Solovyev, 2017). Activating
transcription factors (TFs) could bind to the regulatory motifs in such 5' flanking
regions to start the expression of genes. Promoters are further classified as core
promoter (upstream of gene), proximal promoter (upstream of core promoter) and distal
promoters (anywhere in the genome) according to their presence.

The core promoter is at immediate vicinity, about 30 bps upstream of TSS of
a gene. It integrates total input from the transcriptional machinery anchored to proximal
and distal elements and build a refined and regulated proportion to start transcription

(Figure 2) (Aziz Khan et al., 2018). TATA-box was first reported and characterized
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core promoter. Interestingly TATA-box and TBP (TATA-box Binding Protein) are
conserved throughout ancient bacteria to humans.

The proximal promoter generally present at 200 to 250 bps upstream to TSS
and contain multiple binding motifs for activator elements and capable of producing
tethering effect to induce homotypic transcription factor binding (Calhoun,

Stathopoulos, & Levine, 2002).

Figure 2. Three promoters combine to regulate a gene

Three types of promoters: core promoter, proximal promoter and Distal promoter located
upstream of a gene which together play role in tissue-specific expression of a gene. Adapted

from (Davidson & Erwin, 2006).

1.1.3. Enhancer

The effects of SV40 DNA on the ectopic expression of a rabbit cloned beta-
globin gene were initially mentioned as the cause of the word "enhancer". Transcription
was made active by the SV40 DNA elements from a distance and independent of their
orientation in regard to the target gene (Banerji, Rusconi, & Schaffner, 1981). Small
DNA regions termed as enhancers, typically a few hundred base pairs long, have been
functionally characterized and are normally occupied various transcription factors

through small and specific DNA sequence (motifs), to control transcription (Levine &
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Tjian, 2003; Panne, 2008; Spitz & Furlong, 2012). They are the DNA elements that
transcribe the gene from a distance no matter what the position of an enhancer on DNA
is. Most of the transcriptional regulation of developmental stages of mammals is
because of the diverse activity of enhancers that are bound by transcription factors and
controls the specific gene expression patterns of multiple cell types (Bulger &
Groudine, 2011; Hawrylycz et al., 2012; Maston et al., 2006b).

Enhancers are basically scattered through the 98% of human genome which is
non-protein coding and hence producing a tremendous amount of search space in order
to predict them. They tend to control their target genes in cis position. Cis-regulatory
modules have highly variable locations from their target genes. They can be either
found at upstream or downstream region, and even within the intronic region of the
genes (L. A. Pennacchio, W. Bickmore, A. Dean, M. A. Nobrega, & G. J. N. R. G.
Bejerano, 2013b). Enhancers hold multiple transcription factor binding sites that are
required to control its activity. Activation of enhancers coincides with DNase
lhypersensitivity of these regions and sometimes with specific histone modifications

(Figure 3) (Lelli, Slattery, & Mann, 2012; Shlyueva, Stampfel, & Stark, 2014).

Figure 3. Schematic model of enhancer function

The figure shows the different epigenetic marks and multiple binding sites for transcription
factors on enhancers, in the right cellular, temporal and spatial conditions, they are bound by
the appropriate transcription factors, which in turn recruit various cofactors, and the
enhancers contacts its cognate promoter to drive expression. Nucleosomes flanking active

Elucidating the events of transcription factor binding in human brain enhancers 5



Chapter 1 Introduction

enhancers are often enriched for monomethylation of histone H3, lysine 4 (H3K4mel). Shown
in blue. Reproduced from (Noonan & McCallion, 2010).

Four different models have been described for the gene expression regulation
by enhancers: The enhancer is bound by a pink-colored transcription factor (TF), which
moves down the DNA toward the promoter position where it binds with the polymerase
to initiate transcription. In the linking model, transcription is started by polymerizing
more TFs in the direction of the promoter once a Transcription factor (TF) in pink color
bind to the enhancer position. Relocation model, where the genes relocate to make
enhancer-promoter interaction feasible, and Loops model, where a protein-protein
interaction brings the enhancer and the appropriate promoter into close proximity. It
causes transcriptional activation and loops out any interfering chromatin (Figure 4)

Adopted from: (Kolovos, Knoch, Grosveld, Cook, Papantonis, et al., 2012).

Figure 4. Models for enhancer’s role in initiating transcription

Enhancers models Adopted from: (Kolovos, Knoch, Grosveld, Cook, & Papantonis, 2012)
describing the gene regulation by enhancer shown as ((A) TM (Tracking model), (B) LM
(Linking model), (C) RM (Relocation model), (D) LM (DNA looping model)
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1.1.4. Silencers

Silencers were first discovered in yeast. They are DNA sequences, capable of
switching off the promoters regardless of their orientation and position, thus having an
inhibiting effect on the transcriptional activity of the corresponding gene (Brand,
Breeden, Abraham, Sternglanz, & Nasmyth, 1985). There is a similarity between the
features of enhancers and silencers (Ogbourne & Antalis, 1998). Silencers contain
repressor binding sites and are normally present upstream of the transcription start site.
Upon binding to the silencer, the repressors inhibit the initiation complex formation
leading to the suppression of transcription (G. A. Maston, S. K. Evans, & M. R. Green,
2006a).

1.1.5. Insulators

Insulators are short Cis-acting DNA sequences. Their length may vary from 0.5
to 3 kilobase pairs. They inhibit the interaction between enhancers and promoters by
functioning position-dependently and orientation-independently, thus blocking genes
by inhibiting or limiting the effects of transcription activity of the nearby genes.
Insulators differentiate heterochromatin from euchromatin, partitioning and outlining
the genome into contrasting spheres of expression (Maston et al., 2006b; Sun & Elgin,
1999). Insulators of the vertebrate genome have binding sites for cohesion complexes
and CCCTC binding factor (CTCF) which are involved in looping interactions (Zuin et
al., 2014).

1.1.6. Locus Control Regions

Gene clusters are mainly regulated by transcription regulatory elements known
as locus control regions. They consist of some Cis-acting elements like silencer and
enhancers, to which binds trans-acting elements such as chromatin modifiers,
repressors, co- activators and tissue-specific transcription factors, thus enabling the
locus control region capable of gene expression regulation and increases the tissue
specific expression of genes linked with each other (Li, Peterson, Fang, &

Stamatoyannopoulos, 2002).

1.2. Cis-Regulatory Elements in Morphological complexity
A significant portion of the genetic material responsible for animal diversity is

found in the large non-coding sequences of genome (Abbasi, 2011). The huge genetic
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variability in non-coding regulatory elements has been linked to phenotypic variation,
including illness, morphology, physiology, and behavior, according to recent studies
(Tycko et al., 2019). Previous research demonstrates that the highly complex and the
deeply conserved cis regulatory elements in the genome have contribution much more
towards complexity in the organization of vertebrate body. A remarkable rise in
transcription factors, an increase in the number of regulatory elements that work to cis-
regulate gene expression, and morphological complexity are all associated with animal
evolution (Levine & Tjian, 2003). Thus, functional diversity of genes modular CREs
has been linked to both independent morphological similarity evolution and
evolutionary novelty (Prud'Homme et al., 2006). The cumulative organization of facts
from field of comparative genomics and evolutionary developmental biology, it is
extensively accepted at the current duration that the morphological diversity is also
related to the evolutionary development of the cis-regulatory DNA that regulates the
spatiotemporal expression of the developmental genes (Levine & Tjian, 2003). Thus,
functional diversification of modular CREs of genes contributed to evolutionary
novelty and independent evolution of morphologic resemblances (Franchini & Pollard,

2015).

Further if sequence of the transcription factor binding sites change it will
directly show effect on binding potency of the transcription factors so it is associated
with phenotypic traits (Hornshgj et al., 2018). The cis-regulatory regions contain a large
number of sequence variants that are acceptable and have little impact on their activity
and expression. Such modifications brought about morphological diversity and
complexity during the evolutionary processes. (Franchini & Pollard, 2015). Contrary to
coding sequences, many sequence alterations inside cis-acting regulatory elements may
thus exert acceptable effects on the activity and level of expression of the linked genes,
serving as a catalyst for the evolution of morphological complexity and diversity

(Carroll, 2005).

1.3. Disease-Related Cis-Regulatory Elements in Human

Enhancer sequence regulate expressions of the developmentally important
genes of a tissue in specific manners. The enhancer element typically has a length of
500 bp and has multiple binding sites for different transcription factors. Changes in cis-

acting sequences cause morphological, physiological, and developmental changes as
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well as more severe effects on the expression of linked genes (Anand et al., 2003;
Shashikant, Bolanowsky, Anand, & Anderson, 2007). The modifications in the cis-
acting regulatory repository may be related to the defect in human development. The
disease importance of cis-acting mutations was overlooked in earlier decades due to a
lack of computational and functional approaches for the detection and functional
characterization of the huge non-coding genomic space's cis-acting gene regulatory
elements. Human genetic disorders can be caused by 1459 mutations in regulatory
components of more than 700 genes, according to data and statistics from the Human
Gene Mutation Database in 2009 (Epstein, 2009). Preaxial polydactyly (PPD), which
has mirror-image digit duplication and is similar to an ordinary human developmental
aberration, is more closely related to the Shh (Sonic hedgehog gene). Preaxial
polydactyly is caused by an enhancer element mutation in the LMBR1 gene's intron 5
that prevents Shh from expressing polarized on the posterior limb side (Lettice et al.,

2003).

One more analogy to elucidate subject would be that mutations in another gene
for a protein were once thought to be one of the causes of limb deformities. While in
vivo experiments using the enhancer demonstrate that the phenotypes of limb
deformation are caused by particular germ line mutations in non-coding areas (Allou et
al., 2021). Instead of mutations inside the exon of the formin gene, changes in the limb
specific enhancer intron were the real causes of limb abnormalities (Dickmeis &
Miiller, 2005). Similarly, Hirschsprung disease has been linked to single nucleotide
alterations in the enhancer element inside intron-1 of the RET gene (HSCR) (Arnold et
al., 2009).

1.4. Enhancer’s function in phenotypic evolution

The most often tested cis-regulatory elements fall within the category of
enhancers. From their first discovery to their ongoing dissection to determine genetic
variability even within the human population, several research have carefully explored
these mechanisms. It is now clear that the genomes contain a wide range of metabolic
alterations that offer information about how to classify regulatory genomic elements.
For an enormous number of TFs and their co-factors in different virtual cellular
environments, the chromatin structure, many histone modifications, and binding sites

for different TFs have generally been determined. Also noteworthy is the fact that 10—
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20% of the human genome, which might include enhancers, promoters, and other
regulatory regions, controls the expression of genes (Pennacchio et al., 2013Db).
Enhancers are thought to make up the bulk of the regulatory repertoire, making them
more likely to incorporate alterations that might aid in the formation of a phenotype

specific to a species.

The crucial role that enhancers play in promoting evolution is also reflected in
their modular manner of function. Notably, 80% of human GW AS-associated SNPs are
non-coding, indicating that a higher proportion had to be present in such regulatory
regions (Hindorff et al., 2009). The ability of a gene to express itself in a variety of
tissues and cells makes it susceptible to mutation, which can be harmful. However, due
to the modularity of enhancers, it is possible to distinguish between a completely
different expression pattern seen in a different context where the enhancer or assisting
regulatory regions may not be active and tissue-specific coordination between enhancer
and other regulatory elements that can drive the expression of a gene in one cellular
context (L. A. Pennacchio, W. Bickmore, A. Dean, M. A. Nobrega, & G. Bejerano,
2013a). Therefore, selection and mutation in enhancers can work together to make
regions of choice into sources of adaptability and fitness. There are several instances
where the contribution of enhancers to the gain or loss of a trait in a lineage-specific
aspect is evident. For example, in drosophila, such adaptations include the creation of
larval trichomes and the coloration of the wing (Pennacchio et al., 2013a). Lactase
persistence in the human population is an excellent illustration of a regulatory mutation

that influences the phenotypic expression (Fang, Ahn, Wodziak, & Sibley, 2012).

1.5. Progression in the Human Genome

Two significant aspects of human genome progression — Human accelerated
regions (HARs) and species-specific genome level reorganizations such as segmental
gene duplication, deletion, and insertion have come to notice over the past few years,
taking into account that humans are the most distinct of all primates and the most
advanced in terms of their physiologic and anatomical characteristics -(Hubisz &

Pollard, 2014; Sassa, 2013).

1.5.1. Human Accelerated Regions
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Accelerated regions created as a result of single nucleotide substitutions are the most
prevalent form of fine-tuning regulatory elements in creating species specific loss or
gain of traits. Human accelerated DNA frgaments or HARs are those bits of the genome
that have experienced frequent sequential changes after the human-chimp split (Hubisz
& Pollard, 2014). Not only are the substitutions comprising the human lineage specific
acceleration important, their presence in a highly conserved, evolutionarily substantial
patches of the genome make the pursuit of dissecting these regions mandatory
(Levchenko, Kanapin, Samsonova, & Gainetdinov, 2017). This theory contends that in
vivo analysis of these human accelerated non-coding areas appears to have been
triggered by the existence of cis-regulatory transcriptional enhancers, which regulate
the expression of numerous developmental genes (Prabhakar et al., 2008). In a meta
analysis of five studies (Bird et al., 2007; Bush & Lahn, 2008; Pollard et al., 2006;
Prabhakar, Noonan, Péddbo, & Rubin, 2006; Zuckerkandl & Pauling, 1965) that
predicted 2649 non-coding HARs in the Human genome after the protein coding
regions were excluded. The majority of these non-coding HARs were found in intronic
and intergenic regions (Capra, Erwin, McKinsey, Rubenstein, & Pollard, 2013).
Intriguingly, studies also asserted that the accelerated regions of human genome
comprise significant portion of these accelerated portions of neural enhancers (Doan et
al., 2016). According to the evolutionary study, the rate at which enhancer sequences
evolved during vertebrate land adaptation in comparison to coding and non-coding/non-

enhancer genomic sequences was similarly accelerated (Yousaf, et al., 2015).

1.5.2. Role of enhancer sequence acceleration in human cognition

Numerous accelerated regions of genomes contain developmental enhancers,
and genetic modifications in these regions can result in significant changes to the
function of brain (Burbano et al., 2012; Hubisz & Pollard, 2014; Prabhakar et al., 2008).
Additionally, evolutionary investigations have supported the acceleration of enhancer
portions during vertebrate land adaptation relative to coding and non-coding/non-
enhancer genomic chunks (Yousaf, Raza, et al., 2015). Recent research has shown that
human-specific mutations in enhancers can significantly alter gene regulation processes
and ultimately result in disparities in brain size (J. Lomax Boyd et al., 2015). For
instance, a recent study has supported this theory by showing significant variations in

brain size were caused by human-specific alterations in a neuro-developmental
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enhancer of the FZDS8 gene (Franchini & Pollard, 2015). Sequential alterations that
quickly accumulated in human brain enhancers should be assessed in order to determine
whether they are necessary enhancers and what role they play in primarily regulating
the spatiotemporal expression of the genes (Franchini & Pollard, 2015). Evaluation of
the sequential modifications that quickly accumulated in human brain enhancers is
required to determine the significance of enhancers and their function in primarily
directing the spatiotemporal expression of the genes (Maston et al., 2006a). Recent
study reported the SNPs catalog encompasses 27 SNPs linked to Alzheimer diseases,
and 5 of these SNPs occur in the super-enhancers of brain tissue. Thus this study
revealed that ~19% (5/27) of all of the Alzheimer diseases SNPs occur in the 1.4% of
the genome comprised by brain tissue super-enhancers (Hnisz et al., 2013). Moreover,
67 SNPs in the non-coding sequence are found to be associated with type 1 diabetes,
among them 13 SNPs were occurring in the super-enhancer regions of genes with
prominent roles in T-helper cells biology (Hnisz et al., 2013). Similar to this, a recent
study examined the consequences of deleting the Gli3 enhancers that are specific to the
limbs (hs1586/mm1179), which significantly reduced Gli3 expression in the embryonic
hand plate and revealed forelimb-specific polydactyly (Osterwalder et al., 2018).

Another Studies have also shown a significant association between the gene
types of mental illness or those who are believed to play a significant function in
accelerated regions. In the introns of the HAR-associated gene autism susceptibility
candidate 2 (AUTS2), three human-specific variations have been discovered, which is
rumored to harbour structural variants that contribute to a variety of neurological
abnormalities (Pollard et al., 2006; Prabhakar et al., 2006). Another example is the cut-
like homeobox 1 (CUX1) gene, which is a transcriptional repressor. According to
Prabhakar and colleagues, this gene is associated to a HAR-containing enhancer that
gains an additional transcription factor binding site as a result of a G>A mutation
(Prabhakar et al., 2006). The overexpression of the gene and this enhancer substitution
together cause the onset of autism and other intellectual impairments (Doan et al.,
2016). A comprehensive study linking SNPs linked to diseases such as schizophrenia
through accelerated sections has been published, demonstrating the evidence that gene
variants or SNPs, which linked to the schizophrenia-specific disorder in Homo sapiens

also have a linked to accelerated portion which may also serve as a regulatory genomic
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segments (Britten & Davidson, 1969; Levchenko et al., 2017). Another interesting
study discovered a very high concentration of HARSs in the introns of the Neuronal PAS
domain-containing protein 3 (NPAS3) (Kamm, Pisciottano, Kliger, & Franchini, 2013).
In the earlier reported research, NPAS3's function in brain development and neuro-
signaling has been well established (Brunskill et al., 2005). Polypyrimidine tract
binding protein 2 (PTBP2) and glypican 4 (GPC4) are two other genes that have
reportedly been controlled by the accelerated regulatory areas and have a role in brain

development (Bird et al., 2007).

1.6. Human Brain Expansion and Evolution of Modern human and Archaic
hominin

Evolution is an ongoing process, today operating at a faster rate than in times
past in this human dominated world. One species on our planet developed the
intelligence to wonder about the past few billion years after life first appeared on Earth
and half a billion years after the evolution of the first animals (Pearce, Stringer, &
Dunbar, 2013). The human tale has elicited more powerful feelings than any other
aspect of the evolution story. Human genome is the home of millions of nucleotides
encapsulating the mysteries of human development. Understanding of this complex
catalog of protein coding and non-coding strings of DNA is a phenomenon of
continuous research in the world of genomics. The scientific community holds the
belief that the human brain is so highly advanced in comparison to the brains of other
primates that it must be in a class by itself. Many biologists hypothesized that over a
million-year transition period from ancestral primates to anatomically modern humans,
the size and complexity of brains gradually increased (Pearce, Stringer, & Dunbar,
2013; S. A. Williams, Middleton, Villamil, & Shattuck, 2016). This increase contains
numerous bursts and stability periods on a smaller timescale, although appearing
progressive over a long length of evolutionary time. During the first few million years
of hominid evolution, the most pronounced increase in brain size was observed
(McHenry, 1994). Given the history of increasing brain enlargement throughout the
lineage to humans, species that diverged from this lineage more recently, such as apes,
likely to have larger and more complex brains than species that diverged earlier, such

as Prosimians (Gilbert, Dobyns, & Lahn, 2005).

Elucidating the events of transcription factor binding in human brain enhancers 13



Chapter 1 Introduction

In last few decades, various efforts have been made to decipher the complex
genomic architecture of human (Karolchik et al., 2003). Completion of human genome
project has opened avenues to several other domains in order to understand the
mechanism of DNA. Comprehensive understanding of human genome requires robust
experimental and computational techniques to elucidate gene expression (Burley et al.,
1999; Clark et al., 2001). It has been a long way to scientifically probe the structure
and function of a developed vertebrate brain which has three major divisions: forebrain,
midbrain and hindbrain out of which forebrain is the major area of cognitive abilities
(Charvet & Striedter, 2011). These three divisions can be easily distinguished during
development by both their gross appearance and extent of cellular differentiation. The
more evolved a brain region is, the more differentiated its cells become during the
development process. The adult vertebrate forebrain embraced the products of
embryonic telencephalon and diencephalon, contains numerous other adult structures
is complex in both structure and function. This section of CNS is the most evolved and
complex of brain divisions, known for the regulation of several purposes which include
thought and emotion, vision and olfaction, behavior and homeostatic mechanisms such
as hunger and circadian rhythms and voluntary movements. The midbrain or
mesencephalon is the most rostral portion of the brainstem lying in the middle of three
primary cerebral vesicles of vertebrate brain. The primary role of the midbrain is to
support movement as well as the processing of auditory and visual information. The
developing vertebrate brain's hindbrain, also known as the rhombencephalon, is made
up of the pons, medulla oblongata, and cerebellum. The hindbrain performs activities
such as breathing, motor activity, rhythm, wakefulness, and sleep that are essential for
survival. It is a corridor between forebrain and midbrain on one side and the spinal cord
on the other.

1.6.1 Genetics bases between Modern human and Archaic hominins

The advent of comparative genomics and the success of Human Genome Project
has greatly escalate our ability to uncover the genetic characteristics that differentiate
humans from other primates and has helped us to begin to apprehend the genetic bases
of human phenotypic specializations (Hacia, 2001; Johnson et al., 2008). Human brain
is very large as compare to other vertebrates, weighing about 1400 g, which is roughly

three times larger than those of other great apes. Gene control is a crucial factor in
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optimizing the circuits of brain that differentiate extremely intellectual human brain
activity from comparably less developed adaptive non-human primates brain activity
(Caceres et al., 2003a). Necessitating enhancer’s role in regulating the spatial and
temporal gene expressions, sequential changes that rapidly assembled in human brain
enhancers were uncovered (Maston et al., 2006a). However, the recently reported brain
exclusive enhancers showing signatures of positive selection in human lineage were

validate in vitro (Zehra & Abbasi, 2018).

1.6.2 Genetic differences between Human and Chimpanzees

Humans and chimpanzees have evolved progressively from their common
ancestor of Pan and Homo (M. L. Wilson, 2021). Interestingly about 6.5-7.5 years
back; identifying the genetic components that encode traits of human physiological and
mental identity are still of great interest. Chimpanzees are genetically very similar to
humans about 98.6% of their DNA is actually shared by them. Which has transformed
over time. Based on protein content, 29% of genes encode similar amino acid
sequences, interestingly, since chimpanzees and humans are closely related, their
ancestry possessed advanced intelligence not found in many other mammals (M. L.

Wilson, 2021).

After divergence of their ancestor lineages, human and chimpanzee genomes
underwent multiple changes, including single nucleotide substitutions, deletions and
duplications of DNA fragments of different sizes, insertion of transposable
components, and rearranging of chromosomes (Suntsova & Buzdin, 2020). Humans
have 46 chromosomes, and chromosome 2 was created by the joining of two ancestral
chromosomes, hence there are chromosomal differences in the molecular genomic
differences between apes (chimpanzees) and humans (Suntsova & Buzdin, 2020).
Humans have large pericentric inversions on chrl and chrl8, and chimpanzees have
bulky pericentric inversions on Chr 4, Chr 5, Chr 9, Chr 12, Chr 15-Chr 17. In humans,
134 genes increased the copy number and 6 genes decreased the copy number. In
chimpanzees, 37 genes had increased copy number and 15 decreased(Suntsova &
Buzdin, 2020). Human Accelerated Regions (HAR) show that human substitution rates
have accelerated significantly since divergence. Genes associated with transcriptional

regulation and neurodevelopment were found to be significantly enriched alongside
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HAR. Therefore, rapid changes in human HAR1 may be related to the evolution of the
human brain (Kehrer-Sawatzki & Cooper, 2007).

From structure point of view, Chimpanzees have a cranium capacity between
400 and 600 cm3, but humans have a cranium capacity between 1400 and 1500 cm3.
Humans typically have a high forehead and an elevated nose, compared to chimpanzees'
slanted forehead and flat nose. Chimps have longer arms as compared to their legs
which can reach below knees, while humans in comparison to chimps have shorter
arms. Chimps have C shaped spine while humans have S shaped spine (Kehrer-

Sawatzki & Cooper, 2007).

Figure 5: Human and Chimpanzee structure
(A) Represents the Human skeleton. (B) Represents the Champenzee skeleton.
1.7. Human brain development and gene regulation

Gene regulation facilitates the fine-tuning of brain circuits that distinguish
profoundly different cognitive function from that of the protein through gene regulation
(Céceres et al., 2003b). Neocortex, the frontal lobe, and the overall brain size of primate
evolution exhibit disproportionate enlargement, which are features that support their
intelligence (Dunbar & Shultz, 2007). The human brain is three times as large as a great

apes, and it is better suited to performing extremely complex assessments using
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language and cognitive abilities (Geschwind & Rakic, 2013). Additionally, evidence
points to the fact that the human neocortex is larger and has distinct cell-cycle
characteristics that promote enhanced corticogenesis (J] Lomax Boyd et al., 2015). The
behavioral traits that distinguish chimpanzees, human closest living relative, into two
distinct cognitive strata, are thought to be influenced by changes in gene sequences, but
little evidence linking these two ideas has been uncovered. However, it has been
accepted that gene regulation and the spatiotemporal expression of genes play a crucial
part in determining the current structure of the remarkably adapted brain of modern
humans (Céceres et al., 2003a; W. Enard et al., 2002; W. J. C. B. Enard, 2015; J. Gu &
X. Gu, 2003;J. Gu & X. J. T. 1. G. Gu, 2003). It is hypothesized that the cerebral cortex
of chimpanzees and humans depends on particular gene expression patterns. This study
discovered that 169 genes express differently in humans and chimps. Using macaques
as an out-group, 91 of these genes indicated that they were expressed differentially only
in the human lineage (Céceres et al., 2003a). Around 90% of the genes in the human
lineage that revealed differential expression belonged to the brain, while nearly equal
numbers of genes showed up- and down-regulation between humans and chimpanzees
in the liver and heart (26a) (Caceres et al., 2003a). Another studies reported the results
of 54 pre-frontal cortex (PFC) genes having lineage-specific up regulation in the human

PFC gene after divergence from the other hominoids (Geschwind & Rakic, 2013).

1.8. Transcription Factors (TFs) and Transcription Factors Binding Sites
(TFBSs)

Although the human genome has the complete information on every gene, not
every gene is expressed in every cell. Different genes express differently in various
tissues and stages of development. To demonstrate that the right genes are regulated at
the right time, transcription factors are essential. In the broadest sense, "transcription
factor" refers to any protein that has the ability to regulate gene transcription in cells.
Typically, transcription factors change chromatin structure, recruit cofactors to the
target genes, or directly bind to specific DNA sequences known as "regulatory
elements" to control gene transcription (Lee et al., 2000).

Transcription factors usually recognize small degenerated DNA sequences of
6-12 bps in length. This short sequence specificity shows that more intricate principles

are present than just affinity of distinct transcription factors that are responsible for
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controlling the enhancer occupancy as well as their functional outcome. Normally there
are four to eight dissimilar TFs that can be bound within an enhancer and every factor
can usually bind to those enhancer regions that have clusters of multiple transcription
factor binding sites. Transcription factors can frequently occupy different sets of
enhancers depending upon the condition. Combined occupancy of TFs can produce
different types of transcriptional outputs, depending upon the interactions of TFs with
each other. In some cases, , cis-regulatory modules triggering is directly proportionate
to concentration of the single transcription factor. In addition, cooperative binding of
transcription factors has a non-linear connection between the intensity of concentration
and how much each site is occupied by a particular enhancer. The occupancy of TF is
affacted by the nucleosome location at enhancer, where histones marks and
transcription factors can make every effort for the contact of the DNA. Specific histone
modifications such as: Histone H3 mono-methylation on lysine 4 (H3K4mel) and
histone H3 acetylation of lysine 27 (H3K27ac) are highly associated with cis-regulatory
elements, where H3K27ac is strongly related to the activity of enhancer and the
expression of gene present in the nearest proximity (Spitz & Furlong, 2012).

There are two major properties of an enhancer: motif composition and motif
positioning. Motif configuration is the presence of binding sites for particular TFs
within an enhancer, which essential for regulating the expression of genes in a certain
cell type. Motif positioning is frequently specified as as motif grammar and is basically
the respective order, orientation and spacing of transcription factor binding motifs
inside an enhancer. Motif position makes sure that that protein-protein interactions are
aided by the proper positioning of the transcription factors and in that way promotes
cooperative binding along with the recruitment co-factors and transcriptional
machinery. This has led to three models of enhancers includes: enhanceosome,
billboard and TF collective as shown in Figure 5.

In the “enhanceosome’” model for enhancer activity, extremely ordered protein
interface is formed by recruited TFs that have a need for a strict and specific TFBSs
positioning relative to one another in the DNA. In such an ordered structure, recruitment
of cooperative TF cause a potent and switch-like activation (Senger et al., 2004). A
billboard model of enhancer activity enables more flexible location of TFBSs. In this
model, TFs cooperate, however there are some restrictions on where their binding

motifs can be positioned, as enhancers works by means of information display elements
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(Arnosti & Kulkarni, 2005). The third model TF collective proposes that a limit for a
determinant of enhancers that generates the overall output is extended considering

interactions between proteins in addition to a linear sequence-based coding (Spitz &

Furlong, 2012).

Figure 6. Existing models of enhancer activity

(@) In the model of enhancesosome, all transcription factors that binds within the enhancer that
are important for cooperative occupancy and enhancer activation. The motif configuration and
positioning may act as a scaffold for the recruitment of all TFs cooperatively and as a result,
highly ordered protein interface is produced that controls gene expression. b) Billboard or type
1 enhancer model that allows a flexible motif positioning, , organizational restraints or a loose
distance. The enhancer's binding sites can only be partially active at any given time C) Third
model is a TF collective that embodies a state in which a similar set of TFs binds to multiple
enhancers and can occupy each and every enhancer in a different way. In certain
circumstances, only a small subset of transcription factors has specific binding motifs, but
protein-protein interactions kept the remaining TFs connected to the enhancers. By using
variable motif conformation and adaptable motif grammar, collective binding of TFs onto
binding motifs occurs (Junion et al., 2012).

1.9. The SOX gene family

The family of SOX gene underwent breakthrough research following the
discovery of the mammalian testis-determining factor (Sry) (Gubbay et al., 1990;
Sinclair et al., 1990). The binding domain of SOX2 high-mobility group (HMG)

domain that Sry has is distinctive and binds DNA in a sequence-specific manner. SOX
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proteins are proteins with HMG domains that are 50—70% identical to the HMG domain
of Sry (Sry-related HMG box). Twenty distinct SOX genes have so far been identified
in mice and humans (Schepers, Teasdale, & Koopman, 2002). Two SOX-like genes
have been found in the unicellular choanoflagellate Monosiga brevicollis, indicating
that the Sox proteins were first produced before multicellularity or that they may have
served as a transitional marker between unicellular and multicellular organisms (Guth,
Wegner, & sciences, 2008; King et al., 2008). The SOX factors are classified into

several groups known as A through H with a sequence identity of more than 80%(Table

1))

S.NO Group SOX Member

1 SOX A Sry

2 SOX B1 SOX1, SOX2 SOX3

3 SOX B2 SOX14, SOX21

4 SOX C SOX4, SOX11, SOX12
5 SOX D SOXS5, SOX6, SOX13
6 SOX E SOX8, SOX9, SOX10
7 SOX F SOX7, SOX17, SOX18
8 SOX G SOX15

9 SOXH SOX30

Table 1. Mammalian SOX2 factors and their subgroups

HMG domain of SOX2 is composed of 79 amino acids and shows a preference
for binding to the variant linear DNA sequence (A/T A/T CAAA/TG) in major groove
(Laudet, Stehelin, & Clevers, 1993). The binding of L-shaped HMG domain of SOX2
forces the DNA to bend significantly (Lefebvre et al., 2007). The proteins of the SOX
family contain a noncanonical HMG domain, evolved from the canonical HMG domain

found in SRY (the sex determining gene on the Y chromosome). Although the identity

Elucidating the events of transcription factor binding in human brain enhancers 20



Chapter 1 Introduction

of the HMG domain of the SOX family and SRY can be as low as 50%, the ability to
alter DNA conformation is conserved (Murphy et al., 1999). Within the proteins of
SOX family, sequences are quite variable except within the HMG domain.

Many tissues and developmental processes have been shown to employ SOX
proteins. For instance, SOX9 has a function in sex determination during the
development of embryos by being expressed in the gonads of embryo(Kent, Wheatley,
Andrews, Sinclair, & Koopman, 1996). In addition, SOX2, together with Oct4, was
demonstrated to regulate FGF4 and osteopontin which play roles in early development
(Botquin et al., 1998; Yuan, Corbi, Basilico, Dailey, & development, 1995). As for
neural development, SOX2 has been defined as one of the earliest pan-neural markers
and is known to maintain the multipotency of neural stem cell (Bylund, Andersson,
Novitch, & Muhr, 2003; Uwanogho et al., 1995). On the other hand, SOX10 is
expressed in the neural crest and contributes to peripheral nervous system development
(Kuhlbrodt, Herbarth, Sock, Hermans-Borgmeyer, & Wegner, 1998). However, the
neural crest expresses SOX10, which plays a role in the development of the peripheral
nervous system (5). All members of SOXBI1 subgroup (SOX 1-3) were shown to
stimulate J-crystallin through binding to the DC5 enhancer (Kamachi, Uchikawa,
Tanouchi, Sekido, & Kondoh, 2001). The differentiation of optic cup progenitors is
also regulated by SOX2 and Pax6 (Matsushima, Heavner, & Pevny, 2011). In other
tissues, SOX9 mutations also cause defects of skeletal structure in human (Stidbeck,
Schmitz, Baeuerle, & Scherer, 1996). Finally, the B-cells of SOX4 knockout mice are
blocked in a pro-B-cell stage (Schilham et al., 1996b). The precise function of SOX2 is
critical in early embryonic development. Mutations in the SOX2 gene cause
anophthalmia, microphthalmia and anomalies in brain, pituitary, genitourinary
problems and gastresophageal (Reis, Tyler, Schneider, Bardakjian, & Semina, 2010).
Recently, SOX2 has been found to be related to several cancers as an oncogene, such
as lung squamous cell carcinomas, glioblastoma, gastric carcinomas and breast cancer
(Cui et al., 2018; Gangemi et al., 2009; Schaefer, Steiner, & Lengerke, 2020). These
examples demonstrate the importance and functions of the proteins of SOX family in

vertebrates.

1.9.1 SOX2 as a Transcription Factor
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Hallmark of protein of SOX family is the occurrence of a high-mobility group
(HMG) box which facilites DNA binding and thereby allows them to act as
transcription factors (Uchikawa, Kamachi, & Kondoh, 1999). One of the first regulatory
target genes for transcription factors involved in developmental processes was SOX2.
In 1995, significant discoveries were made. In their investigation of the activation of
fibroblast growth factor 4 (Fgf4) in teratocarcinoma (and later embryonic stem (ES))
cell lines, Lisa Dailey and colleagues discovered that SOX2 and OCT3, a synonym of
OCT4 that the Mouse Genome Informatics Consortium renamed as POUSF1,
collaborate to activate the Fgf4 enhancer bearing their juxtaposed binding sites. (Yuan
et al., 1995). It is clear that SOX2 is involved in lens formation because Kamach
identified SOX2 as the primary regulator of the 8- and y-crystallin genes that are
uniquely expressed in the lens (Kamachi et al., 2001).

A specific DNA binding domain is bound by HMG box of SOX2 in order to
activate the transcription of the target genes, which is how SOX proteins serve as
transcription factors (M. Wilson, Koopman, & development, 2002). Studies have made
various attempts to map the transcriptional control of the family SOXB1. According to
Kamachi et al., transcriptional activation activity in chicken SOX?2 is located at the C-

terminus (Kamachi, Cheah, Kondoh, & Biology, 1999).

1.9.2. Role of SOX2 in brain developemnt:

SOX2 plays a critical function in the development of the central nervous system
(CNS) and peripheral nervous system (PNS) by controlling the proliferation and
differentiation of foetal progenitor cells (Pevny, Nicolis, & biology, 2010). In the CNS,
the SOX2 expression copies the actions of the other SOXB1 components, namely SOX1
and SOX3 (Bylund et al., 2003; Graham, Khudyakov, Ellis, & Pevny, 2003; Wood &
Episkopou, 1999). The proliferation of CNS progenitor cells is generally boosted by
the overexpression of any of these SOXBI1 factors, whereas the onset of differentiation
is triggered by their reduction (Bylund et al., 2003; Cavallaro et al., 2008; Ferri et al.,
2004; Graham et al., 2003; Kishi et al., 2000).

Comparing an allelic series of SOX2 hypomorphic mice with conditional null
mice further showed that SOX2 influence on retinal progenitor cells (RPCs) is, like that
on ESCs, extremely dosage-dependent; RPCs without SOX2 expression lose the

competence to proliferate and differentiate, whereas reductions in SOX2 levels induce
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fluctuating micropthalmia. Surprisingly, SOX2 expression has been shown to be critical
for the differentiation of specific subsets of neurons, proving that the protein's role is
not necessarily limited to the maintenance of progenitors and stem cells. For instance,
adult olfactory bulb and neonatal cortical GABAergic interneurons in SOX2
hypomorphic or knockout mice are attenuated (Cavallaro et al., 2008). Generally, beta-
tubulin-positive, poorly arborized neuronal-like cells that lack markers for mature
neurons and GABAergic neurons are produced by SOX2 mutant Neuronal
stem/progenitor cell (NPC) cultures (Cavallaro et al., 2008; Ferri et al., 2004). SOX2
has been demonstrated to facilitate the development of migrating neural crest progenitor
cells into sensory ganglia in an independent in vitro differentiation paradigm.
(Cimadamore et al., 2012).

Furthermore, MEIS1gene and SPRED2 gene were designated as the target
genes of VISTA enhancer hs1210 due to the syntenic gene conservation in the enhancer
region. Recent research has linked the proliferation of cells at the site of damage for
neural healing to the downregulation of sproutly related protein 2 (SPRED2) in adult
zebrafish brain. The MEIS1 gene, along with other genes like the TALE genes, perform
diverse functions in the differentiation of cells and the organogenesis process in the
forebrain, are actively transcribed during the forebrain's developmental stages Thus, it
is conceivable that SOX2 controls MEIS1 and SPRED2 expression in the developing

and adult central nervous system.

1.10. Experimental approaches for Validation of Transcription Factor

Binding Sites:

Binding of TFs to DNA sequence has been identified by numerous experimental
approaches. In the beginning different experiments were geared to validate proximal
and core promoter elements by random cloning of respected region and the deletion
mapping by the cell based reporter assays. The identification of DNA sequences having
binding sites for transcription factors have been performed through EMSA
(electrophoretic mobility shift assay) and DNasel hypersensitivity method (Crawford
et al., 2004). For the validation of binding sites of transcription factors, to which
proteins bind, chromatin immune precipitation method is reliable. Another powerful

and accurate method to find TFBSs (transcription factor binding sites) is chip-chip
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approach (Visel et al., 2009). Below some experimental approaches are explained

briefly.

1.10.1. ChIP-chip

Chromatin immune precipitations ChIP-chip, a powerful experimental
approach, combining ChIP with DNA microarray. ChIP-chip method is used for the in-
vivo determination of proteins and DNA interactions. This method in particularly
permits the identification of binding sites for proteins interacting with DNA in the
whole genome. The primary objective of this method is to locate the binding sites for
various proteins, which may than be helpful in locating the functional regions in other
related genomes. ChIP-chip technique is subdivided into three steps. The 1% step is the
designing of proper array and probe type. The 2™ steps comprise of wet-lab
experimentation. The third step focuses on in-silico analysis of the obtained data. The
major limiting factors are the size of DNA fragments and antibodies used along with
the cost of DNA microarray (Buck & Lieb, 2004).

1.10.2. Chromatin Immunoprecipitation (ChIP-seq)

Chromatin immune-precipitation (ChIP), one of the main approaches to validate
the genome wide transcriptome and protein-DNA interactions (Pepke, Wold, &
Mortazavi, 2009). This method was testified in 2007, to in-vivo identify the binding
sites for various proteins interacting with DNA like nucleosomes, chaperones,
transcription factors, histones and DNA-binding enzymes (Bailey et al., 2013). The
whole machinery of biological processes like cell cycle, DNA replication, cell
differentiation, genes expression and chromosomes stability are dependent upon the
various interactions of proteins with DNA. To allow exact genomic functional attempt
ChIP and DNA sequencing technology are being used in combinatorial manner
(Mundade, Ozer, Wei, Prabhu, & Lu, 2014). ChIP (Chromatin immuno precipitation)
followed by DNA sequencing has one of the applications of Next Generation
Sequencing (NGS) to differentiate protein-DNA interaction processes from the
chemical modification of histone proteins. In this experiment, the proteins and DNA
are cross linked. Then the cross-linked DNA is fragmented. Then to isolate it from the
protein, a protein-specific antibody is used. The DNA sequence is then purified for
sequencing after reversing the cross-links (Furey, 2012).

1.10.3. DNase Hypersensitivity
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DNase hypersensitive (HS) sites, are specific regions in the nuclear chromatin,
being highly prone to cleavage in the presence of degrading enzymes like DNase-1.
Remodeling of chromatin structures is required to allow transcription of some silenced
genes, sometimes needed in various cellular processes like cell differentiation. In these
regions chromatins attain the less condensed state, making DNA accessible for
transcription. Modifications in the chromatin topology while responding to
transcriptional efficiency could be calculated as hyper-sensitivity of concerned
fragment of DNA to digested with the enzyme DNase-1. The vulnerability is also
known as the DNase-1 hypersensitivity (John et al., 2013). The identification of DNase-
1 hypersensitive sites in the whole genome is powerful technique to locate Cis-
regulatory elements or regions including enhancer, promoter, silencer, locus-control
region and insulators. Therefore, these regions are used as markers for DNA regulatory

regions (John et al., 2013).

1.10.4. EMSA

Electrophoretic Mobility Shift Assay is a widely used rapid approach to find
interactions between protein and DNA. EMSA can be used for the characterization of
various interactions including RNA/protein interaction and determination of
stoichiometry and binding affinities. The basis of this technique is on the fact that the
mobility of DNA-protein complexes is less than that of free oligonucleotides of nucleic
acid sequences. The mixture of protein and nucleic acid is subjected to PAGE or
agarose gel under required conditions and the gel is observed after electrophoresis.
EMSA super shift can further be used by adding an antibody against the protein. It is
a robust technique with broader binding conditions and compatibility for large range of
sizes and structures of nucleic acids. The sensitivity of assay can be modified either
high or low according to the requirement needed by using variants like
chemiluminescence, radioisotope and fluorescence (L. M. Hellman & M. G. J. N. p.

Fried, 2007).
1.10.5. CUT & RUN

The CUT & RUN (Cleavage Under Target & Release Using Nuclease) procedure is
one of several used to map nucleosomes and chromatin accessibility for transcription

regulatory factors (along with CHIP, ATAC, FAIRE etc.). This new approach has the
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benefit of working in situ, on whole cells or nuclei, avoiding the crosslinking and
fragmentation procedures that result in DNA pieces outside or far from the DNA-
protein interaction sites, causing a lot of background sequencing noise. CUT & RUN
enables targeting of histone modifications, transcriptional factors, and co-factors based

on the specificity of the antibody (Sken and S Henikoff, 2017).

1.11. Molecular modelling theory and methods
1.11.1. Molecular Docking

The atomic-level interaction between a small molecule and a protein can be
modelled using a computer method known as molecular docking. This technology
enables us to characterize how tiny compounds react at the binding sites of target
proteins and to comprehend fundamental biological processes (McConkey, Sobolev, &
Edelman, 2002). Predicting the ligand structure, as well as its location and orientation
inside these sites (known as pose), and determining the binding affinity are the two key
components of the docking technique. Although each docking program operates
slightly differently, they all share the same ligand and receptor, sampling, and scoring
methods. Sampling involves positioning the ligand within the confines of receptor-site
binding in terms of conformation and orientation. In order to rank the ligands, a scoring
function chooses the optimum poses for ligand conformation, orientation and
translation. Both the ligand structure (pose prediction) and its binding propensity must
be correctly predicted for a docking exercise to be successful (affinity prediction). The
main areas of variation among the docking program are the ligand placement in the
"combining" site, the exploration of conformational space, and the score or binding
estimate. Both the orientation of the side chains in the binding site and the fold of the
protein backbone in that area are necessary for the interaction with the ligand. One of
the main drawbacks of docking is that it is often conducted while the protein surface
remains rigid, preventing evaluation of the impact of induced-fit inside the binding

pocket.

1.11.2. ClusPro

ClusPro (https://cluspro.org) is an internet docking server that allows two

interacting proteins to dock directly. ClusPro first appeared in 2004 (Comeau, Gatchell,
Vajda, & Camacho, 2004). However, it has been significantly updated and expanded
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since then (Comeau et al., 2007; Kozakov et al., 2013). The server performs the
following three computing steps: (i) rigid-body docking using billions of conformations
as a sample; (ii)) RMSD-based grouping of the 1,000 lowest-energy structures to
identify the biggest clusters that represent the complex most likely models; and (iii)

energy minimization refinement of selected structures.

1.11.3. PatchDock

PatchDock is a geometry-based molecular docking technique. Finding docking
modifications that result in favorable complementarity in molecule shape is its main
objective. When these changes are applied, they cause both significant steric collisions
and sizable interface areas. A broad interface has the matched local features with
complementary qualities of the coupled molecules (Duhovny, Nussinov, & Wolfson,
2002) The PatchDock method partitions the Connolly dot surface depiction of the
molecules into concave, convex, and flat patches. In order to produce candidate
modifications, complementary patches are matched next (Connolly, 1983). A scoring
system that takes into account atomic desolvation energy and geometric fit is used to
further assess each possible change (Zhang, Vasmatzis, Cornette, & DeLisi, 1997).
After that, duplicated solutions are discarded by applying an RMSD (root mean square

deviation) clustering to the candidate solutions.

1.11.4. FireDock

The first online server with an aside-chain optimization capability for refining
protein-protein docking solutions is called Firedock
(http://bioinfo3d.cs.tau.ac.il/FireDock/). It allows for the quick optimization of up to
1000 potential solutions. The approach tackles the flexibility issue while
simultaneously evaluating the results of rapid rigid-body docking techniques. A list of
refined complexes organized by binding energy function and a 3D visualization for
viewing and contrasting refined complexes are included in the outcome (Andrusier,

Nussinov, Wolfson, & Bioinformatics, 2007).

1.11.5. AutoDock
AutoDock is the first docking tool that model the ligand with full
conformational freedom. The package comprises of the programmes AutoGrid and

AutoDock, which are run in succession. In the beginning, AutoGrid is used to
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determine the noncovalent energy of contact between the stiff portion of the receptor
and a probe atom that is positioned at various grid positions of the matrix.
Additionally, AutoGrid creates a desolvation map and an electrostatic potential grid
map. AutoDock uses the flexible portion of the receptor and the whole set of grid
maps to direct the docking of the chosen ligands (Morris et al., 2009).

1.11.6. HADDOCK

HADDOCK, a web server, provides an integrative framework for modelling
biomolecular complexes (http://haddock.chem.uu.nl/Haddock). It supports a large
variety of input data and can deal multi-component assembles of proteins, peptide,
small molecules and nucleic acids. It accepts a wide range of input data and is capable
of handling multi-component assembles of proteins, peptides, tiny molecules, and
nucleic acids. It can handle a wide range of experimental data (Van Zundert et al.,
2016), supports nucleic acids and small compounds, and offers enhanced docking
methods in the 2.0 edition of HADDOCK. Numerous issues, including as protein-
protein, protein-nucleic acid, protein-oligonucleotides, and protein-small molecule
complexes, have been addressed using HADDOCK. HADDOCK, in contrast to many
other docking tools, permits conformational changes in both the side chains and the
backbone of the molecules during complex formation. The docking of NMR structures
and other Protein Data Bank (PDB) structures with different models is additionally
directly supported by HADDOCK.

1.12. Computer simulation

In addition to experimentation, computer simulation is a new technique for
tackling scientific problems. One of the goals of computer simulation is to mimic
experiments to light up the invisible microscopic details and thus explain the results. In
parallel, simulations can be a useful tool to predict experimental results. Monte Carlo
and molecular dynamics simulation are two frequently used techniques for simulating
molecular systems. Based on stochastic methods that depend on probabilities, the
Monte Carlo method is an easy-to-use methodology (Marcelli & Sadus, 1999). This
technique generates numerous microstates or topologies of equilibrated systems
moving from one microstate to the next in a specific statistical ensemble. Finally, the
quantities are averaged over all produced microstates. Each arrangement, as well as its

orientations and conformations, is subjected to random changes. There are multiple
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advantages to using Monte Carlo simulation, but three stand out: simplicity, sampling

flexibility, and the capacity to model various ensembles (Allen & Tildesley, 2012).

In order to determine the next configuration, molecular dynamics simulations
compute equations of motion based on the force between atoms in an initial
configuration (Allen & Tildesley, 2012). MD calculates atom migration by taking into
consideration new locations, velocities, and orientations with regard to time. MD
generates a set of configurations based on the starting setup and velocities. Several
numerical integration algorithms can be used to calculate the equations of motion.
There are two categories of MD simulations: one for non-equilibrium and the other one
for equilibrium systems. Most of systems are simulated in the equilibrium state which
is defined as an isolated system with a constant volume (V) and fixed number of
particles (N). Since the system is isolated, the total energy E is constant. Therefore, by
knowing E, V, and N values of an isolated system, we can easily define its
thermodynamic properties (Holian, 1995). The advantage of employing molecular
dynamics over Monte Carlo simulation is that molecular dynamics, by calculating the
ensemble average, analyses different qualities and values that the Monte Carlo
technique cannot generally achieve (Leonhard & Deiters, 2002). As a result, the entire
phase space is investigated. The molecular dynamics simulation has become essential
in chemical, biological, and biophysical research because it can calculate various
aspects of biomolecular systems that cannot be examined by experimentation. The
programme Amber20 and classical molecular dynamics simulation were used in this
study (Abbas Khan, Khan, et al., 2021). The FF14SB force field was used to mimic

biomolecular systems (Suleman et al., 2021).

1.12.1. Classical molecular dynamics simulation

Newton's second law is the foundation of the molecular dynamics simulation
approach. This technique assumes that every particle in the system operates like a
Newtonian particle and entirely ignores quantum phenomena. This means that
electronic motions are ignored, and electrons are supposed to stay in their ground state
and quickly modify their dynamics when atomic locations change (the Born-
Oppenheimer approximation). In fact, the motion of the particles is solely described by

classical mechanics. Therefore, the equation of motion F = ma, where F is the force, m
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represents mass, and a is the acceleration, applies to the particles. The state of the
system may be predicted and new locations and velocities can be determined once the
positions and velocities of each atom are known. It is possible to carry out the process

repeatedly until an atomic motion trajectory is produced.
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1.13. Aims and Objectives
The aim of this research is to have a better comprehension of evolutionary changes
controlling the expression of genes differences between humans (Modern human) and

archaic hominins (Neanderthals and denisovans). More specifically, we aim to:

* Characterize the allelic variants of SOX2 binding site within HAEs hs1210.
* Examine how structural analyses highlights significant conformational
modifications and important residual contributions upon DNA-Protein binding

at the atomic level.

The study's objectives, which can be emphasized for this purpose, are

1. Sequence acquisition of SOX2 Protein and DNA sequences of human, archaic
human, primates and non-primate mammals from Ensembl Genome Browser

2. Comparative analysis of SOX2 Protein and DNA sequences of human, archaic
human, primates and non-primate mammals through MSA.

3. Amplifaction of a gene encoding SOX2 by utilizing gene specific primers.

4. Molecular cloning and overexpression of identified SOX2 protein in bacterial
BL21(DE3) E.coli expression system.

5. Characterization of identified SOX2 protein by binding studies with DNA
probes (oligonucleotides, carrying the ancestral T-allele
(Neanderthal/Denisovan) and derived A-allele (fully modern Human)) using
Electrophoretic Mobility Shift Assay and Supper-shift Assay.

6. Insilico analysis for Protein-DNA interaction studies by Molecular Dockking

and Molecular dynamic simmulation.
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Figure 6. Schematic diagram of steps carried out in work design

SOX2 TF was selected from Zehra and Abbasi 2018 for evolutionary and functional studies. In
first strategy, evolutionary domain and motif was constructed then DNA-Protein docking was
performed. Molecular dynamic simulation was performed to evaluate the dynamic properties
of the protein-DNA complex. Second strategy includes Designing primers, PCR amplification
of SOX2 by PCR and cloning into PET-30a (+) vector. Protein was expressed in E. coli BL21
cells. For in vitro analysis of enhancer hs1210 with SOX2 interaction, EMSA was performed
and then conducted the super shift assay. Finally, results from both strategies were overlapped,
analyzed and concluded.
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2.1. DNA Protocols
2.1.1. Genomic DNA Extraction from Human Blood

Extraction of Human genomic DNA (gDNA) was carried out using phenol
chloroform method (Sanbrook, 1989). EDTA (ethylene-diamine-tetraacetic acid) tube
used to collect human blood sample. Homogenization was achieved by inverting 5-8
times. Then same volumes (0.5 ml each) of Solution A (Appendix 1) and whole blood
were added to labelled Eppendorf tube. To properly homogenize, the mixture was
inverted thoroughly and kept for 15 minutes at the room temperature. Centrifugation of
the mixture was carried out at 13000 revolutions per minute (rpm) for 01 minute.
Supernatant discarded carefully. 0.5 ml of the Solution A was re-added to pellet and
same centrifugation was carried out again. After discarding the supernatant, 0.4 ml of
Solution B (Appendix1), 10ul of chilled Proteinase K and 10-12ul of 20% of SDS
(sodium dodecyl sulphate) added to the eppendorf tube. Then proper vortexing, the tube
was kept overnight in Redline oven (Binder, Germany) for incubation at 37 °C. After
approximately 24 hours, 0.5 ml from fresh mixtures, having equal volumes of solution
C and D (Appendix 1), were added to the tube. Proper mixing by inverting and
centrifugation for 10 minutes at 13000 rpm. The supernatant was carefully collected in
another Eppendorf tube and was added 0.5 ml solution D. Same centrifugation was
done for 10 minutes. The supernatant containing DNA was carefully collected in a new
labelled tube. DNA precipitation was achieved by adding 55ul of 3M Sodium Acetate
and chilled 0.5 ml of absolute ethanol (100%). After inverting 4-5 times, the tube was
centrifuged to pellet down DNA. After discarding the supernatant, washing of the DNA
pellet with 70% ethanol was carried out to remove impurities. The DNA pellet was left
open to dry after centrifuging at 13000 rpm and carefully removing any alcohol residue.
To dissolve the DNA pellet, PCR water was added to the tube. DNA was quantified by
using Scientific NanoDrop 1000 spectrophotometer at 260 nm wavelength and

confirmed on 2% agarose gel.

2.2. PCR Protocols

2.2.1. Primer designing and dilution
SOX2 gene, located on chromosome 3, has one transcript with sequence length
of 2513 base pairs. Region from the start and end of coding sequences of SOX2 protein

(954 nucleotides, 317 amino acids) was retrieved from Ensembl genome browser for
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designing primers. Specific primers for SOX2 were designed manually by sequence
analysis and checked by use of PCR primer stat
(https://www.bioinformatics.org/sms2/pcr_primer_stats.html) and multiple primer
analyzer (Thermofisher Scientific). Specificity of the primers was confirmed by UCSC
in-silico PCR, BLAST/BLAT at UCSC (UCSC Genome Browser Home) and NCBI

(National Center for Biotechnology Information (nih.gov)) browser. Lipolised primers

were diluted in Molecular grade water. Primers are given as follows.
SOX2-Forward primer: CATGATGGAGACGGAGCTG
SOX2-Reverse Primer: TGTGTGAGAGGGGCAGTGT

2.2.2. PCR Amplification

Standard procedure was followed for amplifying SOX2 from human genomic DNA.
PCR reaction of 25ul was prepared containing 2.5ul 10X PCR Buffer, 2ul 25 mM
MgCl12, 2ul 10mM dNTPs, 1ul 10uM forward primer, 1ul 10uM reverse primer, 0.15ul
10units/pl Taq Polymerases, 1pul 90ng/pl human genomic DNA and finally the volume
was raised to 25ul by the addition of PCR grade water in 0.2 ml tubes. For thoroughly
mixing the reaction tube were centrifuge at 8000rpm for 30 second. PTC-200 DNA
Engine cycler (Bio Rad, USA) was used for amplification. Cycling conditions of
thermo cycler were programmed as initial denaturing for 5 minutes at the temperature
95°C then 37 cycles of amplification, each including three steps, denaturation for the
30 second at 95°C, while annealing of primers at temperature 60°C for 30 seconds,
extension at the 72°C for 1 minute and a final extension at 72°C for the 20 minutes. The
amplified PCR products were electrophoresed on 2% agarose gel and further purified
using Kit (Pure-Link PCR Purification kit, Life Technologies). Purified PCR products
of SOX2 were quantified by the NanoDrop 1000 Spectrophotometer (Thermo

Scientific) at 260nm wavelength and verified on agarose gel (2%).

2.2.3. Gel Electrophoresis

Gel agarose 0.6g was taken in the flask (250ml) containing 6ml 10X TBE
(Tris/Borate/Ethylene-di-amine-tetra-acetic-acid) (Appendix 2) and volume was raised
by addition of 54ml distilled water. To dissolve the components heated, it for 1 minute
and then allowed it to cool down at the room temperature (RT), 6ul (5 mg/ml) of the
substance ethidium bromide was added to the mixture after it had been heated for one

minute and kept to cool at room temperature (RT) in order to dissolve the components.
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The mixture was poured in tray and allowed to solidify. 3ul of 6X loading dye (Thermo
Scientific) was mixed with PCR amplified product (5ul) and loaded in the well of
agarose gel with micropipette. 2ul of 100 bp ladder (100ng/ul) (Thermo Scientific
GeneRulerTM 100bp DNA ladder) was run in parallel to measure the size. The gel run
was performed on 90 volts for 30 min in 1X buffer (TBE buffer). The gel was viewed
under Ultra Violet Transilluminator (UV Trans-illuminator). Gel images taken by

Dolphin gel documentation system (Wheeltech, USA).

2.2.4. Purification of PCR Product

PureLink PCR Purification Kit (Invitrogen, Germany) was used to purify the
PCR product. 1pul of the purified PCR product run on 2% agarose gel electrophoresis
and quantification done by the Thermo Scientific NanoDrop1000 Spectrophotometer

at 260 nm wavelength.

2.2.5. DNA Quantification
PCR product was quantified by NanoDrop at 260 nm wavelength. The PCR
product concentration was 346 ng/ul and 260/280 ratio was 1.82. The absorbance ratio

at 280 nm is used for measuring the purity of DNA (Teare et al., 1997).

2.3. Cloning

2.3.1. Preparation of Media and Agar plates

Lauria-Bertani (LB) broth prepared by adding 5g of the yeast extract, 10g of
bactotryptone and NaCl (10g) to 1 Litre of ddH20 and mixing until homogenized. 2ml
of 2N-NaCl was added to adjust the pH to 7.5 Appendix 3). Prepared LB plates by
adding 7.5g of agar to 500ml LB media and autoclaved (121 °C for 15 min). Media

stored at 4 °C temperature.

2.3.2. Preparation of the Competent Cells

Cells of the DHS strain of E. coli were cultured overnight at temperature 37°C
on a non-antibiotic LB on agar plate. Colony inoculated into 5 ml of LB broth, shaken
at 37 °C in shaking incubator for 18 hours at 250 rpm. The culture was added the
following day to 100 ml of LB media in a 500 ml flask with 200 pl culture while being
continuously shaken at 37 °C for 4 hours. After being placed into 50 ml falcon tubes,
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the turbid media was incubated on ice for 30 minutes. It underwent a 10-minute
centrifugation at 4 °C and 4000 rpm following the incubation period. After discarding
the supernatant, Sml of 0.1M CaCl2 were added, gently mixed, and then chilled for an
hour. It was then centrifuged at 4°C for 10 minutes at a speed of 4,000 rpm. 1.5 ml of
0.1M CaCl2 was added, the supernatant was discarded, and centrifugation was
performed as before. Gently mix two ml of 4:1, 0.1 mM CaCl2: 100% Glycerol after
adding. Aliquots of 30 ul were prepared and kept at -80°C. They were streaked on LB
agar plates containing 50mg/ul ampicillin antibiotic for the purpose of confirming the

formation of competent cells, and colonies were not seen.

2.3.3. Restriction Digestion

Vector pET-30a (+) was used for cloning and expression in DH5a and BL21
cells. Ndel and Xhol enzymes were used to cut the vector. Reaction mixture of total
15ul for digestion was prepared by adding reagents as 7ul PET-30a, 2 ul Buffer, 0.5ul
Ndel, 0.5ul Xhol and 5 pl water. It was incubated at temperature 37°C for 3 hrs. The
PCR product of SOX2 gene were digested by Ndel and Xhol enzymes. The resultant
digested mixture of vector and DNA (PCR products) run on agarose gel (2%) at 80
volts for 40 min. Ultra Violet Transilluminator (UV Transilluminator) was used to view
the gel. Gel images taken using Dolphin gel documentation system (Wheeltech, USA).
The corresponding bands were excised and purified using gel purification kit and the

concentration was measured by NanoDrop.

2.3.4. Ligation

Digested DNA (PCR product of SOX2) and vector were ligated in different
ratios (1:1, 1:2, 1:3). Total Reaction mixture of 10ul was prepared by adding DNA (1
ul), Vector (1 ul), Buffer O (1 ul), T4 DNA ligase Enzyme (0.5 pl) and water (6.5 pl).

After that, the mixture was incubated for an hour at 22°C.

2.3.5. Transformation

In chemically competent cells (E. coli DHS for propagation and E. coli BL21
for expression), the vector pET-30a (+) and DNA ligation mixture were transformed.
Competent cells were chilled on ice, 3 pl of ligate added into competent cells and was
chilled on ice for 30 minutes for incubation. After 30 min, Cells were given heat shock

for transformation at 42°C for 30 second in the water bath and then returned to the ice
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for 2 minutes. 250 ul of media (Appendix 3) was added in cells and incubated at the
37°C for one hour at 195 rpm in shaker (Innova 43). 70ul of transformation mixture
was streak in agar plate of LB containing 100png/ml kanamycin and incubated overnight
at 37°C in red Line oven (Binder, Germany). After 24 hours incubation, one colony
picked from the plate and added in a falcon tube containing LB media with 100ug/ml
kanamycin. The culture was incubated overnight at temperature 37°C with a continuous
shaking of 190rpm in shaking incubator. After the completion of the incubation period,
1.5ml culture from every culture tube was proceeded for isolation of the bacterial

plasmid.

2.3.6. Plasmid Extraction and purification

The Plasmid was extracted manually. The cultured colonies were centrifuged at
the 8000 rpm for 1 minute and the pellet was obtained. A pipette was used to entirely
remove the LB medium. Furthermore, the pellet was re-suspended in 300 pl of P-1
Buffer (Appendix 4). It was then given 300 pl of newly prepared P-2 Buffer (Appendix
4), gently mixed, and incubated for 5 minutes at room temperature. 300 pl of P-3 buffer
(Appendix 4) were pipetted out before 5 minutes had passed, and the mixture was gently
agitated. In the meanwhile, 1.5ml Eppendorf tubes containing 800 pl of isopropanol
were placed at -20°C. After centrifuging the bacterial lysate mixture at maximum speed
for 10 minutes, proteins and cell debris were collected as a pellet. The supernatant was
then transferred to cold isopropanol and spun at maximum speed for 15 minutes. To
completely eliminate all traces of isopropanol, the pellets were washed with 500 ul of
70% ethanol. After centrifugation, pellets were collected and dried. The elution was
made in 30 pl of pre-warmed TE Buffer. The purified plasmid was confirmed on
agarose gel and then quantified by use of Thermo Scientific NanoDrop 1000
Spectrophotometer (USA).

2.3.7. Restriction digestion

Plasmid was digested by Xhol and Ndel for the conformation of cloning by
preparing a total mixture of 15ul containing plasmid 2ul, Xhol 0.5ul, Ndel 0.5ul,
Buffer 1.5ul and water 10.5ul then was incubated at temperature 37°C for three hrs.

Mixture was run on agarose gel at 90 volts for 35 minutes. Gel was observed in Ultra
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Violet Trans-illuminator (UV trans-illuminator) and pictures were captured using

Dolphin gel documentation (Wheeltech, USA).

2.4. Protein Analysis

2.4.1. Protein expression

After cloning the gene of SOX2 into DHS5a cell, protein expression was done.
The recombinant proteins were expressed in chemically competent E. coli BL21 cell.
The cultures were prepared by adding a single colony of BI21 cells in LB-medium
containing antibiotic kanamycin and incubated at 20°C for 6 hours. 100mM IPTG
(Appendix 5) was added in to the culture after 6 hours and incubation done overnight
at 20°C on 190 rpm. After 24 hours, the culture was transferred to eppendrof tube and
centrifuge for six min at 6000 rpm. Supernatant discarded and protein pellet was
extracted. 200ul of Protein loading dye (Appendix 6) added to the pellet and dissolved
by incubating at 95°C for 10 min.

2.4.2. SDS PAGE Analysis

Denaturing Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out according to the Invitrogen NuPAGE® specifications
(Appendix 7). In brief, 32ml of Separating gel was made by adding water 6.7ml, 30%
acrylamide 12.8ml, 1M tris (PH 8.8) 12ml, 20% SDS 0.16ml, 10% APS 0.32ml and
TEMED 0.032ml. It was poured in a gel tray and allowed to solidify. After that 10ml
of stacking gel was prepared by adding water 6.59ml, 30% acrylamide 2ml, 1M tris
(PH 6.8) 1.25ml, 20% SDS 0.05ml, 10% APS 0.1ml and TEMED 0.01ml. It was poured
over solidified separating gel and the comb was placed over it to make wells. After
solidification the wells were filled with buffer and the samples were loaded along with
control sample. Protein ladder was loaded parallel to samples. The gel was run for three
hours at 120 volts. After that the gel was removed and fixed in fixative solution for 15
minutes. It was then placed in Coomassie dye solution, heated for 40 seconds and left
for 15 minutes. It was washed with water and left overnight in water to let the bands

appear.
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2.4.3. EMSA and Super-shift Assay

Following the oligonucleotides and their reverse complimentary strands

synthesized, labeled with biotin, annealed, and used as probes for EMSA analysis:

oligonucleotides (derived A-allele containing probe: 5'-
GCTTAGACAACAATGGATAAAGAG-3' and 5'-
CGAATCTGTTGTTACCTATTTCTC-3'; ancestral T-allele containing probe: 5'-
TAGCTTAGACTACAATGGATAAAG -3’ and 5'-

ATCGAATCTGATGTTACCTATTTC-3'), carrying the substitutions in enhancer
region of human and neanderthal respectively (L. M. Hellman & M. G. Fried, 2007).
EMSA carried out with Gel Shift Kit (Viagene). Briefly, the purified SOX2 was
incubated with the double-stranded probes (20 fmol) for 20 minutes at room
temperature in a reaction mixture contained 100 mM Tris (pH 7.5), 500 mM KCl, and
10 mM DTT. The same conditions were used for the competitive binding assay, but
100 times more unlabeled double-stranded oligonucleotides were added. To perform
the supershift experiment, 1.0 mg of anti-SOX2 antibody was added and incubated for
30 minutes on ice. DNA-protein complexes were resolved on 6.0% (wt/vol) native
polyacrylamide gels (Bio-Rad), transferred to Biodyne nylon membranes (Pierce),
viewed under a UV transilluminator, and their images were documented using Dolphin

gel documentation (Wheeltech, USA).

2.5. In Silico Analysis

2.5.1. Collection of sequences and comparative analysis

SOX2 Protein and DNA sequences of human (Homo sapiens), primates (Pan
troglodytes, Gorilla beringei, Pongo abelii, Mus musculus, Rattus norvegicus), non-
primate mammals (Loxodonta Africana, Oryctolagus cuniculus, Equus caballus,
Monodelphis domestica, Callithrix jacchus, Lama pacos, Canis lupus familiaris, Felis
catus, Ornithorhynchus anatinus, Galago) obtained from Ensemble genome browser
and the orthologous sequences of archaic human extracted from the Neanderthal
Ensembl Genome Browser (http://neandertal.ensemblgenomes.org/index.html) were

subjected to multiple sequence alignment (MSA) through ClustalW (Ferndndez &
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Birney, 2010; Larkin et al., 2007). The resultant MSA was analyzed to determine the

conserved segments.

2.5.2. DNA and Protein modelling

3D structural model of DNA was generated from enhancer sequence carrying
the derived A-allele (5TTAGACA*ACAATGGATA 3°) and ancestral T-allele (5’
TTAGACT*ACAATGGATA 3’) by use of 3D-DART (3DNA-Driven DNA Analysis
and Rebuilding Tool) provided by High Ambiguity Driven protein-protein DOCKing
(HADDOCK) webserver (http://haddock.science.uu.nl/services/3DDART/) followed
by energy minimization. In order to facilitate the structural analysis of DNA in
association with proteins, it gave the desired sequence's ideal B-DNA structure (van
Dijk & Bonvin, 2009). The crystal structures of the human HMG domain (39-121 AA)
of SOX2 (PDB ID: 104X) were retrieved through Protein data bank PDB (D. C.
Williams, Cai, & Clore, 2004). 3D structures were examined using UCSF Chimera
(Version 1.11.2) extendable molecular modeling system package (Version 1.11.2)

(Pettersen et al., 2004)

2.6. DNA-protein docking and Complexes refinement
2.6.1. HADDOCK

HADDOCK version 2.2, employs an extensible docking approach based on the
biophysical and biochemical association statistics from already predicated protein
interface. This data is used in form of Ambiguous Interaction Restraints (AIRs) that are
ambiguous distance between all the residues that are involved in interactions
(Dominguez, Boelens, & Bonvin, 2003). Before running the HADDOCK, the surface
residues were identified for CPROT analysis. CPROT is an algorithm for predicating
the surface residues of protein (de Vries & Bonvin, 2011). The CPROT predicated
active and passive residues were used in the HADDOCK using the easy or predication
interface. Generally, 1000 structures are docked using HADDOCK's rigid body
minimization (it0) mode, and the top 200 are refined using semiflexible refinement in
torsion angle space (itl) before being refined using an explicit solvent (most favorable

cluster is listed first) (Van Zundert et al., 2016).
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HADDOCK scores each model using Equation-1, where Eamr, Eeclec, Evaw and
Edesol are the AIR restraints, electrostatic, van der waals and desolvation energies,
respectively. BSA is buried surface area and Edam encompasses the energy of other

restricted data.
E: OolEvdw + l.oEelec + l.OEdesolv + 0.0lEair - 001 BSA + 01 Edata (1)

The selected models are subjected to Simi flexible refinement followed by the water
refinement step in the torsion angle space and explicit water shell, respectively and
scored by the Equation 2 and 3, respectively. RMSD values and cluster ranks are

rendered to the average score of the top 4 structures for each cluster.
E: 01 Evdw + 1.0 Ee]ec + 1.0 Edesolv + 01 Eair - 001 BSA + 01 Edata 2)
E: 002 Ee]ec + 0.1 Evdw + 1.0 Edeso]v + 0.01 Eair + 0.1 Edata 3)

To study interaction in between the amino acids in SOX2, Human and Neanderthal
DNA directly, DNA binding domain of SOX2 was docked onto either A allele or T
allele. The initial complex was further refined by the maximum likelihood method in

REFMACS (Murshudov et al., 2011).

2.6.2. UCSF Chimera

For visualization of docked complexes UCSF Chimera 1.11 was used
(http://www.cgl.uscf.edu/chimera/). 1t generates high resolution images for
comparative analysis. UCSF Chimera is an extremely extensible program and offer 3D
visualization of molecular structure and related data including density maps, super
molecular assembles, trajectories, energy minimization and conformational assemblies
(Pettersen et al., 2004)
2.6.3. Interaction Analysis

For interaction (hydrogen bonding and hydrophobic interactions) analysis of
SOX2 with derived DNA and SOX2 with ancestral DNA structures, PDBsum,
DNAproDB and PDBe-PISA were used.
2.6.3.1. PDBsum

PDBsum is a web-based server providing all the information of the structure

that is deposited in PDB. It includes the images of the structure, annotated plots of each
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protein and schematic diagram of the protein-protein, protein-ligand, and the protein
DNA interaction. PDBsum is reorganized whenever any new structure is out by the
PDB. In the larger protein-DNA complexes the LigPlus is unable to show the
interaction between protein and DNA, and then PDBsum is used. PDBsum homepage
include a generate link that is used for the analysis of user provided newly modeled

structure (Laskowski, Jabtonska, Pravda, Varekova, & Thornton, 2018).

2.6.3.2. DNAproDB

DNAproDB is a web-based visualization tool that makes structural analysis of
DNA-protein complexes easy (Sagendorf, Berman, & Rohs, 2017). Herein, we used
DNAproDB to visualize our docked complexes and understand the interaction pattern.
Hydrogen bond were analyse by PDBe-PISA via taking default criteria (Krissinel,
2010).

2.7. Molecular dynamics simulation

MD simulation is remarkably advantageous, though computationally expensive
tool for bimolecular and chemical systems analysis. The dynamic behavior of both the
complexes i.e. derived A-allele containing DNA (fully modern human)-SOX2 complex
and the ancestral T-allele containing DNA (Neanderthal/Denisovans)-SOX2 checked
by MD simulation performed on Amber20 using OL15 force field. (Salomon-Ferrer,
Case, & Walker, 2013). In a TIP3P water box, system solvation was conducted, and the
system was neutralized by the addition of counter ions. (Price & Brooks III, 2004). The
bad clashes were removed from the system using an energy-minimization process.
Steepest descent algorithm (Meza, 2010), and conjugate gradient algorithm used for
6000 and 3000 cycles (Watowich, Meyer, Hagstrom, & Josephs, 1988). After heating
to 300 K, the system cooled to equilibrium at 1 atm of constant pressure, with a weak
restraint, and without any restraint. The production phase ran for 100 ns. The long-
range electrostatic interaction treated with Particle Mesh Ewald (PME) algorithm
(Salomon-Ferrer et al., 2013), with cutoff distance of 10.0 A. The SHAKE algorithm
used to treat covalent bond (Kréutler, Van Gunsteren, & Hiinenberger, 2001). Finally,
production step of MD simulation executed on the PMEMD.CUDA and processing of
trajectories using the Amber20 CPPTRAJ package(Roe & Cheatham III, 2013).

2.7.1. Binding free energy calculations
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The MMGBSA approach was used to estimate the real binding energy
calculations for both complexes. Same method is the best methodology used by
different studies to estimate real binding energy of the different biological complexes,
like protein—protein, Spike protein—ligand and protein—-DNA/RNA (Abbas Khan et al.,
2021; M. T. Khan et al., 2020; ul Qamar et al., 2019). MMGBSA..py (Hou, Wang, Li,
& Wang, 2011), script used to estimate total binding free energy of the top ligand
complexes. Energy term like electrostatic, vdW, GB, and SA calculated as part of total

binding energy. For the free energy calculation, following equation used:

AG (bind) = AG (complex) — [AG (receptor) + AG (ligand)]

Every component of total free energy estimated by using following equation:

G = Gbond + Gele + GvdW + Gpol + Gnpol - TS

Where GvdW, Gbond and Gele, indicate van der Waals interactions, bonded,
electrostatic respectively. The G-pol and Gnpol are polar and nonpolar solvated free

energies. Gpol and Gnpol are calculated by generalized born (GB) implicit solvent

method with solvent accessible surface area SASA term.
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3. Results

3.1. Comparative sequence and functional analysis of human accelerated enhancer
hs1210 and domain organization of SOX2

Over the years, accelerated regions in the human genome have been known to
harbor hundreds of cis-regulatory elements. These cis-regulatory element, as enhancers,
have proven to perform a significant role in spatio-temporal expression of many
developmental genes. In our previous study, Zahra and Abbasi identified selection
signatures on transcription factor binding site (TFBS) modifying derived A-allele of
SOX2 TF in one such accelerated human brain enhancer (hs1210). The TFBS modifying
derived A-allele was also found to be Homo sapien-specific when compared to non-
human primates and archaic human (Neanderthals and Denisovans) data that carried
the ancestral T-allele in the TFBS of SOX2 (Figure 7A). Furthermore, Vesil et al., in
2007 reported the hs1210 expressed the reporter gene exclusively in the forebrain of
transgenic mice, more specifically in lateral ganglionic eminence (LGE), a transient
structure in the developing telencephalon (Figure 7C).

Domain annotation was performed for an insight into comparative domain
organization of SOX2. Annotation disseminates the distinguished architecture of SOX2
gene which is comprised of High Mobility Group domain (HMG) comprises 79 (amino
acid) residues and contains of 3 a helices and N-terminal f strand that were arranged in
twisted L-shape. Homeobox domain (DNA binding domain) bind DNA via highly
conserved helix-turn-helix (HTH) motif structure. Motif incorporate 2 alpha helices,
that make close contact with the DNA and joint by short turn. First helix of the motif
helps to stabilize the structure and second helix bind to the DNA by a number of
hydrogen bonds and the hydrophobic interactions, which occurs between the specific
side chain and the exposed bases and thymine methyl groups within major groove of
DNA. Comparative sequence analysis showed that the DNA binding HMG box of
SOX2 (SOX2 HMY)y is highly conserved among human, archaic human, non-human

primates and mammals (Figure 7B)
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Figure 7. Human accelerated enhancers with a transcription factor exclusive to Homo
sapiens

(A)The BE-HAE-hs1210 is located within the intron of MEISI gene on chromosome 2. The
alignment illustrates the Modern human-specific substitutions in the Non-coding HAR. The red
line indicates the position of the BE-HAE-hs1210 within the intron of MEIS1 gene. The red
rectangle within the alignment highlights the SOX2 binding motif. Conserved nucleotides are
depicted as dots. (B) Domain organization of SOX2 protein depicting highly conserved
Homeobox domain (HMG). Dots indicate amino acid residues identical to Human. al, a2 and
a3 show helices of the HMG domain. (C) BE-HAE-hs1210 induced LacZ expression in
transgenic Mouse embryo at day E11.5. Whole mount embryo at E11.5 depict LacZ expression
in the Mouse forebrain (black arrow-head). Cross section of mouse embryonic forebrain
revealed the BE-HAE-hs1210 enhancer activity in the sub-pallial region (LGE, lateral
ganglionic eminence) (black arrow-head). Whole mount and cross section data of Mouse is

obtained from (Visel et al., 2007).
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3.2. In vitro binding analysis of SOX2 to target DNA containing ancestral and

derived alleles

3.2.1. SOX2 Amplification

Genomic DNA isolated from fresh blood samples by phenol chloroform method
and concentration were determined with spectrophotometer readings. Concentration
was found to be 496 ng/ul and to check the integrity of DNA, Gel electrophoresis was
performed which showed intact high molecular DNA band. PCR amplification was
performed with genomic DNA. Results showed the presence of 954 nucleotides bands
of SOX2 along with 100bp DNA ladder. The PCR product were purified using PureLink
PCR Purification Kit (Invitrogen, Germany). Purified PCR product was confirmed and
analysed on agarose gel (2%). Figure 8.

Figure 8. Electropherogram of PCR products of SOX2

2% agarose gel stained by ethidium bromide shows PCR products of SOX2. M represents

100bp Molecular marker and S represents sample.

3.2.2. Cloning and conformation of SOX2
To clone the PCR amplified SOX2 DNA, gel bands were purified and also
ligated into predigested Pet-30a (+) vector for propagation followed by the
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transformation into the DH5a cells. Clone was screened for presence of the insert by
colony PCR and the positive clone selected. Plasmids were isolated from positive
clones by Miniprep plasmid extraction kit and subjected to restriction digestion by
Ndel and Xhol enzymes. Double bands shown in figure 9A, given below represents
successful isolation of plasmids. On restriction digestion linearized vector with PCR

fragments of SOX2 was obtained shown in figure 9B.

Figure 9. Electropherogram of circular and digested plasmid.

(A)Purified circular plasmids of SOX2 cloned in a vector. (B) PCR products of SOX2 obtained
by restriction digestion in SI and S2, S: sample; M: 100bp Molecular marker.

3.2.3. Expression, purification and conformation of SOX2 Protein

After successful cloning, proteins were expressed in Bl21 cells. After IPTG
induction in LB media, the verified clone was incubated, and cultures were sampled
both before and after induction. The samples were prepared, and in order to assess the
cellular proteins, SDS-PAGE was performed. In comparison to the uninduced sample,
it was observed that the recombinant protein of the predicted size was overexpressed.

After subjected to the SDS-PAGE, corresponding respective bands of the SOX2 protein
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was visualized along with marker at 35 kDa as shown in figure 10. Different treatment
parameters were employed to increase the SOX2 protein's presence in the soluble
fraction, including varying the temperature, IPTG concentration, and ethanol
concentration. The ideal conditions for this protein expression in the soluble fraction

were found to be 18 °C, 0.4 mM IPTG, and 3% ethanol.

Figure 10. Expression of SOX2 protein
SDS-PAGE of SOX2 protein. M: protein marker (KDa), control: BI21 cells; S: samples.

3.2.4. EMSA and Super shift

EMSA were performed using purified SOX2 protein and two de novo pairs of
complementary oligonucleotides, carrying the ancestral T-allele
(Neanderthal/Denisovan) and derived A-allele (fully modern Human). An EMSA
binding buffer was co-incubated with purified proteins and DNA probes in order to
promote the binding of purified proteins with DNA probes. The DNA-protein
complexes are loaded and run on a non-denaturing polyacrylamide gel. We found that
both ancestral and derived alleles containing oligonucleotides were capable of binding
to the purified SOX2 protein and as a result, it moves through a polyacrylamide gel
more slowly than the corresponding free, unbound DNA. Addition of antibodies
directed against SOX2 caused further retardation (EMSA supershift protocol) within
the gel and thus confirmed that the bound protein in these complexes is SOX2 (Figure
11). Therefore, based on EMSA protocol it can be suggested that SOX2 is capable of
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binding with the derived (TAGACA*ACAATGGAT) as well as the ancestral
(TAGACT*ACAATGGAT) versions of its target DNA sites.

Figure 11. EMSA/Gel shift assay

Electrophoretic mobility shift assay shows shift in the mobility of SOX2 protein-DNA
complexes as compared to the free probes (Modern Human and Archaic Hominin). Binding of
SOX2 protein hinders the mobility of DNA probe (shifted bands) and addition of antibody to
SOX2 bound DNA probe further reduced the mobility of complex in the gel (super shifted
bands).

3.3. Molecular docking characterization of the protein-DNA complex

Molecular docking was performed to obtain an atomic level understanding of
conformational alterations in protein-DNA complex upon the binding of HMG box to
ancestral (Neanderthal/Denisovans) and derived (fully modern human) target sites. The
molecular docking results corroborates well with in vitro data and revealed the binding
of SOX2 MG with both target sites carrying ancestral T-allele or derived A-allele. For
instance, in corroboration with previously reported experimental data our molecular
docking results indicate that the HMG box of SOX2 protein (SOX2 HMO) grips directly
the major groove of the double helix DNA structure for both ancestral T-allele and
derived A-allele containing target sites (Figures 12 & 13) (Reményi et al., 2003;
Scaffidi & Bianchi, 2001). ARG56 and ASN68 of SOX2 MY formed HBs with C10
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and G41 of the ancestral T-allele (Figure 12), while ARG43 of SOX2 ™9 made
contacts with A15 and T37 of derived A-allele (Figure 13). Thus, our docking results
showed that SOX2 M™% forms a reliable and energetically more favored contact with

the derived A-allele containing DNA than it does with the ancestral T-allele containing

DNA.

Figure 12. Structural analysis of Ancestral ™" DNA- SOX2 ®™® ¢omplex
Topological model for SOX2 ™ pinding to ancestral ™" DNA shown as semi-transparent
surface and ribbons. The zoomed image illustrates the interface between the residues of SOX2

HMG) and corresponding nucleotides. Black dotted lines with calculated distances in angstroms

(A) represent hydrogen bonding.
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Figure 13. Structural analysis of Derived 2! DNA- SOX2 ®M% ¢omplex
Topological model for SOX2 ™% pinding to derived **"“* DNA shown as semi transparent

surface and ribbons. The zoomed image illustrates the interface between the residues of SOX2

HMG) and corresponding nucleotides. Black dotted lines with calculated distances in angstroms

(A) represent hydrogen bonding.

HADDOCK score is measured by the integration of four terms: Van der Waals
energy (weight 0.1), electrostsic energy (weight 0.2), restraint violation energy (weight
0.1) and desolvation energy (weight 1.0) (De Vries, Van Dijk, & Bonvin, 2010). The
more negative HADDOCK and Z-scores indicates a reliable interaction. Z-score is the
quantitative measures of cluster standard from the average score. However, careful
analysis has revealed the notable conformational and energetic differences between the

two complexes Table 2.
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Table 2. Molecular docking based energetic profile evaluation through

HADDOCK

Docked HADDOCK | Z- Van Electrostatic Desolvation Restraints = Buried

complex | score score | der energy energy violation | surface
Waals energy area in
energy A?

Derived A- | -281.6+/-42 | 0 -97.7 -1061.0  +/- | 28.0+/-3.2 2.3+/-0.23 | 2622.1 +/-

allele +/-2.5 36.3 39.6

DNA-

SOX2

Ancestral | -2703+/-42 | 0 -110.6 -892.6 +/-21.5 | 18.7+/-3.7 1.7+/-0.31 | 2868.9 +/-

T-allele +/-2.7 27.4

DNA -

SOX2

All the energies are calculated as kcal/mol. The Haddock score is lower for derived 4-°"¢"* DNA- SOX2 complex
(-281.6 +/- 4.2kcal/mol) as compared to ancestral 7*"*'¢ DNA-SOX2 complex (-270.3 +/- 4.0kcal/mol).

3.3.1. Structure comparison between SOX2 DBDs bound to Human and
Neanderthal DNA sequences

Despite the high sequence homology of SOX2, their molecular structures were
distinct when they were bound to similar target DNA sites with a single nucleotide
change. Complexes' protein-DNA connections studied by DNAproDB revealed a
complicated pattern of interactions. However, nucleotides with which the SOX2 M%)
interacts directly are slightly different for ancestral T-allele containing target DNA site
(5'-GACT"AC-3") and derived A-allele (fully modern human-specific) containing
target DNA site (5'-ACAAT-3’) (Figures. 14 A and B). Intriguingly, the ancestral T-
allele was involved in direct interaction with SOX2 MY however its mutant version

in fully modern humans, i.e., derived A-allele did not interact directly with SOX2 M%),
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Figure 14. (A-B) Structural analysis of DNA in complex with Ancestral ™!"¢ SOX2
(HMS) and Derived A2 SOX2 M complexes

Schematic diagram shows interactions between the Ancestral ™" SOX2 ™% and Derived *
allele SOX2 MM DNA backbone as a nucleotide-residue interaction map for (4) Neanderathal
and (B) Human. Backbone contacts display considerable differences between both complexes.
Nucleotides (red) are interacting with amino acid residues (green) of SOX2 ™ through
hydrogen bonds (dotted lines) and Vander walls (solid lines). The DNA strands are displayed
as orange. Cyan color shows the position of nucleotide variant in SOX2 binding site. Images

were obtained from DNAproDB.

Furthermore, noticeably different types of amino acid residues and secondary
structural elements (SSEs) of HMG box were involved in interactions with ancestral
and derived target sites (Table 3). It appears that fully modern humans-specific
nucleotide substitution has changed the binding conformation and location of target

DNA site for HMG box.
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Table 3. DNA binding residues of SOX2 (HMG) reported previously

(experimentally determined) and in the present study

. Present stud Present stud
%;“x'}‘ly;,[eggéom’ A-allele DNA- HMG T-allele DNA- HMG
box box
Sr. No Interacting = SSEs Interacting | SSEs Interacting | SSEs
residues residues residues

1 ARG43 L1 ARG43 L1 ARG43 L1
2 ASN46 L2 ASN46 LI . _

3 ARGS53 HI - L1 - -

4 ASNG68 H2 ASNG68 H2 ASNG68 H2
5 SER69 H2 - - SER69 H2
6 SER72 H2 - - _ -

7 LYS73 H2 LYS73 H2 - -

8 TYRI110 L3 - - TYRI110 L3
9 ARGI111 L3 - - - -
10 ARG113 L3 ARG113 L3 - -
11 ARGI114 L3 ARG114 L3 ARGI114 L3
12 LYS115 L3 LYS115 L3 - -
13 - - ALA47 H1 - -
14 - - ARG56 HI ARG56 HI
15 - - - - PHE48 HI
16 - - - - MET49 H1

The table highlights the differential binding of HMG box of SOX2 with A-allele containing
DNA and T-allele containing DNA in terms of amino acid residues and SSEs involved in
docked complex. Experimentally determined amino acid residues and SSEs are also given for
the reference purpose (Remenyi et.al. 2003). SSEs, Secondary Structure Elements; L, Loop;
H, Helix

Hydrogen bonds (HBs) are known to determine the strength of intermolecular
interactions (D. C. Williams et al., 2004). Therefore, docked complexes of SOX2 (MO
with ancestral and derived alleles carrying DNA target sites were analyzed for HBs
pattern by employing PDBe-PISA (Krissinel, 2010). We empirically observed twelve
HBs when SOX2 M9 bind to the derived A-allele carrying DNA (Table 4). In contrast,
the ancestral T-allele DNA-SOX2 M9 complex involves only 7 HBs (Table 4). Thus,
our docking results showed that SOX2 MY forms a reliable and energetically more
favored contact with the derived A-allele containing DNA than it does with the

ancestral T-allele containing DNA.
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Table 4. Hydrogen bond interactions between DNA and HMG box of SOX2

protein determined through molecular docking experiments

Derived A-allele DNA Ancestral T-allele DNA
S.No. | Interacting D..A D-H...A Interacting | Interacting @ D..A D-H..A Interacting
residues of Distance @ Distance @ nucleotides | residues of | Distance | Distance | nucleotides
SOX2 A A SOX2 A A
1 ARG43NH1 3.02 2.64 DT3702 ARG43NH1 3.68 2.02 DT3902
2 ARG43NH1 2.95 2.09 DG3804 ARG43NH1 3.5 2.18 DT3904
3 ARG43NH2 3.07 1.94 DT1602 ARG43NH2 2.97 2.14 DA1403
4 ARG43NH2 2.95 2.32 DT1604 ARG56NH1 3.75 2.31 DT4204
5 ASN46ND2 3.8 2.13 DA1504 ASN68ND2 3 2.21 DC1002
6 ALA47N 3.68 2.34 DA1403 ASN68ND2 3.74 2.31 DC1004
7 ARG56NH1 2.88 2.07 DT4003 ASN680D1 2.43 2.05 DG41H21
8 ASN68ND2 2.97 2.47 DG4103 - - - -
9 LYS73HZ1 2.15 2.22 DA1103 - - - -
10 ARG113N 3.01 2.09 DT3703 - - - -
11 ARG114NH2 3 1.85 DG1803 - - - -
12 LYS115HZ2 2.26 1.76 DA905 -

Amino acid numbering is based on position of HMG box domain (39-115) within SOX2 protein. The
sequence of bases in one strand of DNA (chain b) are numbered from 1-25 and in the other strand
(chain a) are numbered as 26-50. D (A, C, T, G) denotes Deoxyribonucleotides, D...A, denotes
distances between donor atom and acceptor atom while D-H...A illustrates distance between the

hydrogen bonded to donor atom and acceptor atom.

3.4. Evaluation of dynamical properties of the protein-DNA complex

To get a deeper insight into the dynamic behavior and binding differences
induced by the fully modern human-specific evolutionary substitution (T>A), structural
stability and flexibility of DNA-protein complexes and the corresponding binding free
energies were measured at 100 ns trajectories through molecular dynamics (MD)
simulation methods. After the completion of simulation, PDB files at different intervals
were generate to observe the conformational changes in DNA upon binding to SOX2
HMG. Resulting trajectories were analyzed intensely to determine stability,

convergence and structural changes during simulation.

The atom positional root-mean-square deviation (RMSD) is a standard method
for comparing the similarity/difference of two molecular structures. It is primarily
practiced for quantifying the variance between the backbone of a protein from static

structure to living protein over the simulation time (0, t) (Cohen & Sternberg, 1980).
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Smaller deviation means the structure is more stable and may not exhibit the significant
deviation from original static structure. Herein, thermodynamics based conformational
stability of each complex was evaluated via RMSD calculations. Trajectories from
simulation were used to calculate the structural-dynamics features. Overall it can be
seen that both the complexes i.e. derived A-allele containing DNA (fully modern
human)-SOX2 complex and the ancestral T-allele containing DNA
(Neanderthal/Denisovans)-SOX2 complex exhibit almost similar average RMSD

values.

However, compared to the ancestral T-allele containing DNA
(Neanderthal/Denisovans)-SOX2 complex, derived A-allele containing DNA (fully
modern human)-SOX2 complex possesses more dynamic stability. For instance, the
average RMSD for the derived A-allele containing SOX2 complex was 1.8A and the
structure did not deviate significantly over the simulation time, but a minor level of
conformational deviations from the original static complex structure were observed
between 70-80 ns (ns: nanosecond, that is one billionth of a second). The average
RMSD for the ancestral T-allele containing DNA (Neanderthal/Denisovans)-SOX2
complex was comparable with the derived A-allele containing DNA (fully modern
human)-SOX2 complex. However, over the simulation time of 0.00 ns to 100.00 ns the
ancestral T-allele containing DNA (Neanderthal/Denisovans)-SOX2 complex revealed
abrupt conformational fluctuations in RMSD values which is suggestive of extreme
structural perturbation and relatively weaker and unstable intermolecular interactions
(Figure 15). These data suggest that fully modern human-specific single nucleotide
substitution within brain exclusive human accelerated enhancer (BE-HAE) hs1210
might have evolved conformationally more stable and efficient interaction between

SOX2 MY and target DNA binding site.
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Figure 15. Dynamic stability of DNA-protein complexes along the course of 100 ns
Simulation

(A-B) The RMSD graphs of both complexes throughout the simulation explaining their stability
and equilibration nature. In comparison with Ancestral T-allele DNA-SOX2 (violet) complex
(B), Derived A-allele DNA-SOX2 (blue) complex (A) appears to be well stabilized. The x-axis
shows time in nanoseconds while y-axis show RMSD in A. Violet color depict ancestral T-allele

DNA-SOX2 complex whereas blue color depict derived A-allele DNA-SOX2 complex.

To obtain information on local flexibility and thermal stability of the protein,
root mean-square fluctuations (RMSF) are often calculated from molecular dynamics
simulations (Cooper, 1976). In context of the macromolecular interactions, the higher
RMSF value indicates a more flexible and thus unstable interactions (Joshi, Joshi,
Sharma, Chandra, & Pande, 2021). In contrast, the smaller RMSF values correspond
to minimal atomic movements about their average positions during the simulation and
hence depict the stable macromolecular interactions. RMSF plot in figure 16 exhibits
almost a similar trend of residue fluctuation profile for both ancestral and derived alleles
based DNA-protein complexes with an average RMSF of 2.5 A. However, closer
inspection revealed that the amino acid residues 65-95 of SOX2 MY are more stable
in complex with fully modern human DNA target site (carrying derived A-allele) when
compared to SOX2 complex with DNA target site carrying ancestral T-allele (Figure
16A). Here, we also measured the RMSF with respect to Ca atom of each interacting
residue of HMG box and a plot of RMSF was employed to depict the fluctuations for
both ancestral and derived alleles carrying protein-DNA complexes. Figure 16B shows
that each interacting amino acid residue of HMG box in derived A-allele containing

complex is more stabilized.
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Figure 16. Residual flexibility of DNA-protein complexes along the course of 100 ns
Simulation

(4) RMSF plots for each trajectory file. The x-axis shows total number of residues while y-axis
show RMSF in A. (B) RMSF plots for interacting residues of both complexes. x-axis shows the
interacting residues while y-axis show RMSF in A. Violet color depict ancestral T-allele DNA-
SOX2 complex whereas blue color depict derived A-allele DNA-SOX2 complex.

The molecular spatial packing of amino acid residues is an important
determinant of protein stability. From the analysis of different protein types, it has been
shown that variations in protein compactness is determined by an intricate combination
of the size, secondary structure of proteins, and relative composition of interacting
macromolecules (Lobanov, Bogatyreva, & Galzitskaya, 2008; Tsai, Taylor, Chothia, &
Gerstein, 1999). A compact packing of amino acid residues is known to affect the
stability of macromolecular assemblies (Seeliger & De Groot, 2010). Therefore, we
have used the MD simulations to calculate the Radius of gyration (Rg) as function of
simulation time, which is a measure to estimate the protein structure compactness
(Lobanov et al., 2008). Ancestral T-allele containing DNA (Neanderthal/Denisovans)-
SOX2 and derived A-allele containing DNA (fully modern human)-SOX2 complexes
possess substantial differences in the pattern of Rg (Figure 17A and Figure 17B). For
instance, the average Rg value for derived A-allele based complex was 22.0A, whereas
the average Rg value for ancestral T-allele based complex was observed to be 23.0A.
The lower Rg value suggests the tightest and most stable packing of derived A-allele
based DNA-SOX2 complex compared to ancestral T-allele based DNA-protein
complex (Figure 17A and Figure 17B).
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Temporal aspects of structural stability of protein-DNA complex were
investigated by alignment of PDB structures at different time points. These data
revealed that at simulation time of 60ns the HMG box physically moved inside the
major grove and thereby favored tightly packed binding with derived A-allele
containing DNA target site, whereas at the simulation time of 0 ns and 100 ns the loose
interaction was observed between HMG box and derived DNA (Figure 17C). However,
at all set time points (0 ns, 60 ns and 100 ns), HMG box failed to tightly intercalate into

the major groove of ancestral T-allele containing DNA (Figure 17D).

Figure 17. Radius of gyration (RoG) Analysis

A-B RoG plot calculated for derived A-allele DNA-SOX2 (blue) and ancestral T-allele DNA-
SOX2 (violet) complexes during the 100 ns simulation. x-axis shows total number of the frames
while y-axis show Rg in A. C-D Structural superposition of derived A-allele DNA-SOX2 and
ancestral T-allele DNA-SOX2 PDBs at different time points. Grey, blue and magenta colors

represent Ons, 60ns and 100 ns.

To provide further insights into the binding affinities of HMG box for ancestral
and derived alleles containing target sites, hydrogen bonding (HB) differences between
the two complexes were evaluated through CPPTRAJ module in Amber simulation

package by using 5000 structural frames obtained from MD simulation during the 0.00
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ns to 100.00 ns. An average PDB from each trajectory was obtained and checked for
total number of HBs in each complex, that include both inter- and intramolecular HBs.
During the simulation time, significant rearrangements in intermolecular HBs were
observed between the two complexes (Table 5). In case of derived A-allele containing
DNA, 12 hydrogen bonds were observed between HMG box and target DNA site before
the MD simulation (0.00 ns) whereas during the MD simulation the HB network
readjustments were seen with formation of three extra bonds with the DNA molecule
through Arg40, Lys42 and Arg98 residues of HMG box. It can be seen that in terms of
intermolecular HB networks Arginine residues of HMG box are major contributors in
making links with derived A-allele containing DNA. Only 7 intermolecular HBs were
observed between HMG box and ancestral T-allele containing DNA
(Neanderthal/Denisovans) before the MD simulation while during the MD simulation
hydrogen bonds number was increased to 12, with extra contributions from Arg98 and
Argl13 residues of the HMG box (Table 5). These differences in intermolecular HB
patterns clearly shows that HMG box of SOX2 interacts more robustly with derived A-

allele containing DNA complex than to ancestral T-allele containing DNA.
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Table 5. Hydrogen bonds between the SOX2 protein and DNA before and after

MD simulation.

Before simulation After simulation
Complex name inde SOX2 &?t Human DNA SOX2 E{?t Human DNA
1 ARG43 3.02 | DT ARG40 1.81 DG
2 ARG43 295 | DG LYS42 1.81 DT
3 ARG43 295 | DT ARG43 1.93 DT
4 ARG43 3.07 | DT ARG43 1.76 DT
5 ASN46 3.8 DA ARG43 2.03 DG
6 ALA47 3.68 | DA ASN46 2.98 DA
Derived 7 ARG56 2.88 | DT ARG56 1.73 DG
A-allele 8 ASN68 2.97 | DG ASNG68 2.2 DT
DNA-SOX?2 9 LYS73 2.15 | DA LYS73 1.83 DC
10 ARGI13 3.01 | DT LYS80 1.75 DC
11 ARG14 3 DG ARG98 2.11 DT
12 LYS115 2.26 | DA ARG98 1.69 DT
13 - - - ARGI113 | 2.28 DT
14 - - - ARGI113 | 2.32 DG
15 - - - ARGI113 | 1.76 DT
Before simulation After simulation
Inde Dist. | Neanderthal Dist. Neanderthal
X READ [A] DNA B [A] DNA
1 ARG43 35 DT ARG40 1.93 DT
2 ARG43 3.68 | DT LYS42 1.9 DG
3 ARG43 297 | DA ARG43 2.06 DT
4 ARG56 375 | DT ASNG68 1.73 DT
Ancestral 5 ASNG68 3.74 | DC LYS73 2.3 DC
T-allele 6 ASN68 3 DC LYS73 1.93 DT
DNA -SOX2 7 ASN68 243 | DG LYS87 1.83 DC
8 - - - ARG98 1.75 DA
9 - - - ARG98 1.63 DA
10 - - - ARGI113 | 2.26 DG
11 - - - ARGI113 | 2.09 DT
12 - - - ARGI13 | 1.82 DT

The table depict inter-molecular hydrogen bonding differences between the two complexes based on
5000 structural frames obtained from molecular dynamics (MD) simulation during the 0.00 ns to 100.00
ns. Dist. A (angstrom) illustrates distance between the hydrogen bonded donor atom and acceptor atom
or length of hydrogen bond. D (A, C, T, G) denotes Deoxyribonucleotides.

To further evaluate the overall strength of protein-DNA interaction, the total
number of HBs (both inter- and intramolecular hydrogen bonds) within each complex
were evaluated during the 0.00 ns to 100.00 ns simulation (Figure 18 A and Figure 18B).
In total 85 HBs were detected for derived A-allele containing DNA-HMG complex,
whereas 75 hydrogen bonds were detected for ancestral T-allele containing DNA-HMG
complex (Figure 18A and Figure 18B). These results further validate the enhanced
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interaction of HMG box of SOX2 with fully modern human-specific substitution
carrying target DNA site through conformational changes in protein-DNA complex.

Derived A-allele DNA-SOX2 Ancestral T-allele DNA-SOX2
100 T T T T T T T T I T . T

50 I L | L | L L L L L 50 1 ] 1 ] 1 ] 1 | 1
0 1000 2000 3000 4000 5000 O 1000 2000 3000 4000 5000

Total Frames Total Frames

Figure 18. MD simulation based Inter- and Intramolecular hydrogen bonds Analysis.
A-B Hydrogen bond plots for derived A-allele DNA-SOX2 (blue) and ancestral T-allele DNA-
SOX2 (violet) complexes during the simulation (100 ns). X-axis shows total number of the

frames while Y-axis show H-bonds count.

For each complex (ancestral and derived) binding free energy was evaluated by using
5000 structural frames obtained from MD simulation. For this purpose Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) method was employed that
combines molecular mechanics calculations and continuum salvation models (Hou et
al., 2011). Detailed comparisons of the energetic profiles of two complexes is given in
Table 6. Taken together, the total free energy of binding for the derived A-allele
containing DNA (fully modern human)-SOX2 M9 complex is more favorable (-
140.20 kcal/mol) than the total free energy for the ancestral T-allele containing DNA
(Neanderthal/Denisovans)-SOX2 complex (-100.38 kcal/mol) (Table 6). These
energetic profiles based on Molecular dynamics simulation analysis are consistent with
the protein-DNA docking results which also suggest the tighter binding of SOX2 with
the fully modern human specific derived A-allele containing DNA (Table 2).
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Table 6. Free energy estimates based on Molecular Mechanics/Generalized Born

Surface Area (MM/GBSA).

Complex Name | VAW Electrostatics GB ESURF Total binding
energy energy

Derived

A-allele DNA- | -143.98 | -9817.95 9840.11 -18.36 -140.20

SOX2

Ancestral  T-

allele DNA- | -94.68 -9022.54 9030.37 -13.52 -100.38

SO0X2

All the energies are calculated as kcal/mol. vdW; van der Waals, GB; Generalized Born
model, ESURF; non-polar contribution to solvation energy using SASA (solvent accessible
surface area) for GB.
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4. Discussion
An evolutionary analysis of gene regulation is vital to understanding the molecular
basis of organismal phenotypic diversity (Abbasi, 2011; Koshikawa,
2020). Transcription of bilaterian protein-coding gene bodies is governed by non-
coding DNA sequences known as enhancers (also referred as cis-regulatory elements)
that are typically located upstream or downstream of the coding sequence, but may be
within an intron or at distal position (Anwar et al., 2015). Transcription factors (TFs)
bind with enhancers to set out the timing, level, and spatial expression of genes (Ali et
al., 2021). Mutations in enhancers regions have been shown to produce an altered
pattern of gene transcription (Kvon, Waymack, Gad, & Wunderlich, 2021). Therefore,
divergence in enhancer sequence and functionality is considered to be an important
determinant of inter- and intra-species phenotypic diversity (Long, Prescott, &
Wysocka, 2016). For example, reporter assays in transgenic model animals have been
used to validate the roles of human-specific mutations in altered enhancer activity and
expression pattern differences between chimpanzee versus human (Glinsky & Barakat,
2019). Furthermore, polymorphisms within non—coding putative enhancer regions
have been associated with phenotypic variability among living human populations
(Doan et al., 2016). A key challenge in the post-genomic era has been to determine the
contribution of single-nucleotide variations in the enhancer regions to unique aspects
of human biology (Yousaf, Sohail Raza, & Ali Abbasi, 2015). This is a difficult
problem, as non-coding portion of our genome is vast and contains millions of human-
specific sequence variations, making it hard to prioritize the mutations for follow-up
functional studies in model organisms and cell lines (Franchini & Pollard, 2017).
Human accelerated regions (HARs) represent short, evolutionarily conserved
DNA sequences in mammals/vertebrates with elevated substitution rate than expected
in the modern human lineage (Marais, 2003). Accelerated evolutionary rate of HARs
could reflect potential mechanisms such as positive selection, gene-conversion events
and neutral substitutions (Doan et al., 2016). It has been shown that many HARs
(~50%) are evolving under adaptive evolution (Kostka, Hubisz, Siepel, & Pollard,
2012). Population genetics tests further suggest that while many sequence changes in
HARs predate diversification of modern human populations, some HARs do show

evidence for recent population-specific selection trends (Kanginakudru, Metta, Jakati,
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& Nagaraju, 2008; Pollard et al., 2006). Thereby,
single- nucleotide variations in HARs have been implicated in human trait evolution,
such as cognitive status and other physiological adaptabilities (Kanginakudru et al.,
2008; Prabhakar et al., 2006).

Recently reported data has shown accelerated sequence evolution of empirically
confirmed brain-specific human enhancers on comparison with closer non-humans
primate (Zehra & Abbasi, 2018). These enhancers were termed as brain exclusive
human accelerated enhancers (BE-HAEs). These assorted set of BE-HAEs possessed
single nucleotide variants (SNVs) that made them unique to fully modern humans in
comparisons with Neanderthals and Denisovans (archaic humans) orthologous
sequences. These SNVs were shown to have modified the binding sites of
transcriptional factors SOX2, RUNX, and FOS/JUND and were further substantiated as
single nucleotide polymorphisms (SNPs) in present-day human populations (Zehra &
Abbasi, 2018). Long range haplotype (LRH) analysis has revealed that derived allele
in BE-HAEs hs1210, inhabiting modern human specific binding motifs of SOX2 is
under positive selection in modern human population (Zehra & Abbasi, 2018).

From mammals to birds to insects SOX transcription factor plays an active role
in the embryonic nervous system from the earliest stages of development, largely in the
proliferating, undifferentiated neural cell precursors (Pevny & Nicolis, 2010; Schilham
et al., 1996a). Functions of SOX2 protein in CNS development are dose-dependent and
cellular-context dependent and are known to have diverged among closely related
species such as mice and humans (Fantes et al., 2003; Sisodiya et al., 2006). These
observations point to evolutionary conserved and divergent roles of the SOX2 in CNS
development. These previously known critical functions of SOX2 in developing
nervous system of bilaterians points to evolutionary developmental relevance of its
putative binding motif that carries the fully modern human specific SNV within BE-
HAEs hs1210 (Figure 7). Therefore, understanding how a nucleotide difference
between archaic humans/non-humans primates/non-primate mammals
(TAGACT*ACAATGGAT) and fully modern humans (TAGACA*ACAATGGAT)
modifies the interaction of SOX2 protein with its predicted DNA binding site may
provide an important insight into the potential gene regulatory molecular mechanisms

by which human-specific neurodevelopment patterns have originated.
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The present study evaluates the putative functional impact of
positively selected modern human- specific nucleotide variation within functionally
confirmed brain exclusive human accelerated enhancer hs1210 (BE-HAEs hs1210)
(Zehra & Abbasi, 2018). In this respect, the DNA binding properties of the SOX2
protein to ancestral (TAGACT*ACAATGGAT) and modern human specific derived
(TAGACA*ACAATGGADT) alleles within BE-HAEs hs1210 were inspected (Figure 8
and Figure 9).

SOX2 is SRY-related HMG (high mobility group) box transcriptional factor
protein. HMG box of SOX2 recognizes the sequence A/TAACAAA/T, it binds to the
major grove and dramatically alter the DNA geometry and thereby regulate cell fate in
developmental stage and tissue specific manner (Pevny & Lovell-Badge, 1997). In the
present study we performed an electrophoretic mobility shift assay (EMSA) to
determine if substitutions at SOX2 binding site within BE-HAEs hs1210 have any effect
on protein binding. We found that despite of single nucleotide variation among
respective binding sites, SOX2 protein binds to both the human and archaic hominins
(Neanderthal/Denisovan) based DNA probes (Figure 11).

However, rigid docking and molecular dynamics simulations based
bioinformatics data suggests that there are
significant geometric and energetic differences in the binding of HMG box of SOX2
with its cognate DNA target sites differed by single residue between archaic hominins
and modern human versions of BE-HAEs hs1210 (Figure 7). For instance, rigid
molecular docking revealed that SOX2 HMG box grips major groove and makes
specific contact with cognate target site (5'-TACAATG-3") containing ancestral T-
allele in  Neanderthal/Denisovan DNA (Figure 15A and Table 3).
In contrast, intriguingly, SOX2 HMG box binds to slightly different residues within
the target site (5’ACAAT 3') carrying derived A-allele in modern human DNA
sequence involving major groove (Figure 15B and Table 3).

Evaluation of DNA-protein interactions based on rigid molecular docking and
MD simulation revealed that the derived A-allele carrying DNA-SOX2 complex
involved an increased number of hydrogen bonds than the ancestral T-allele carrying
DNA-SOX2 complex (Table 4 and Table 5). Prediction of protein—DNA binding free

energy interactions using MD simulations revealed an energetically favorable

Elucidating the events of transcription factor binding in human brain enhancers 66



Chapter 4 Discussion

interaction between derived A-allele DNA-SOX2 complex than that for the ancestral
T-allele carrying DNA-SOX2 complex (Table 6).

Taken together, EMSA-based in vitro experiments, molecular docking,
molecular dynamics simulations and free energy calculations suggest that the modern
human specific SNV (T>A) within DNA target site of SOX2 HMG box did not abolish
the DNA-Protein interactions but instead significantly enhanced the affinity of SOX2
protein for its target DNA site by altering three-dimensional geometry and energetics
of nucleoprotein complexes. These results fit well with the previously published work
showing that SOX2 HMG box can alter gene transcription patterns based on its ability
to manipulate DNA geometry (Scaffidi & Bianchi, 2001).

Several lines of evidence suggest that the nucleotide substitution (at position
Chr 2; 66535938) within SOX2 binding site of functionally confirmed brain exclusive
enhancer, which differs between fully modern humans and Neanderthals/Denisovans,
alters the regulatory activity of BE-HAEs hs1210. First, it is located in the non-coding
region that has already been characterized as forebrain exclusive enhancer via
transgenic mice assay (Visel et al., 2013). Second, the DNA region where the
substitution occurs is conserved over mammalian evolution and has previously been
characterized as human accelerated enhancers (HAEs) that are likely to regulate human-
specific traits (Zehra & Abbasi, 2018). Third, it falls at the 6th position within the 15-
bp sequence motif identified as a target site for the transcription factor SOX2
(TAGACA*ACAATGGAT), known to play a vital role in neural development. Fourth,
using extant human population genetic data it has been shown that the derived allele
inhabiting modern human-specific binding motifs of SOX2 is under positive selection
in modern human populations, implicating further the role of this region in evolution of
modern human-specific traits (Zehra & Abbasi, 2018). Fifth, in the present study we
showed that the DNA sequence where the substitution occurs binds SOX2 in vitro.
Sixth, comparison of the DNA-binding energetic reveals that there is a difference in the
mechanism of binding of SOX2 with ancestral and derived alleles, potentially creating
transcriptional activity differences between variant alleles in forebrain tissues. Previous
studies have shown that single-nucleotide substitutions within DNA binding site of
SOX2 results in a different level of transcription through changes in correct three-

dimensional geometry of nucleoprotein complexes (Scaffidi & Bianchi, 2001).
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Furthermore, higher affinity of SOX2 with its target binding sites has been
associated with long-lived binding that contributes to more pluripotent progeny in
developing mouse embryo whereas the weaker DNA-SOX2 interaction is known to
decrease long-lived binding, SOX2 target genes expression, and pluripotent cell
numbers (White et al., 2016). According to the results of these studies, the SOX2-DNA
binding affinity governs the fate of mammalian cells as early as the four-cell stage.
(White et al., 2016). Therefore, it is conceivable to suggest that evolution of higher
affinity of SOX2 for its target binding site within BE-HAEs hs1210 might have
resulted in more robust transactivation of respective target genes in the forebrain tissues
of fully modern humans after they diverged from archaic humans (Neanderthals and

Denisovans) some 450,000 years ago (Vernot & Akey, 2015).

Conceivably, such small-scale changes in TFBSs of master developmental
regulators such as SOX2 might have been instrumental in evolving differences
in brain physiology and anatomy between anatomically modern humans and archaic
hominins (Neanderthals and Denisovans) and between hominins and great apes.
However, a fuller understanding of how different binding affinity of SOX2 at the
ancestral site (Neanderthals /Denisovans) and at the derived position on the human Chr
2; 66535938 (GRCh38/hg38) affects transcription awaits further studies in model

systems.

Gains and losses of TFBSs are widespread and are known to have profound
effects on organismal development. Early work documenting this principle include the
changes in the regulation of Shh in the loss of limbs in snakes (Padhi, Mehinovic,
Sams, Ng, & Turner, 2021), changes in Tbx5 regulation in the evolution of fish fins
(Adachi, Robinson, Goolsbee, & Shubin, 2016), changes in PAX3/PAX7 regulation in
craniofacial evolution in humans (Prescott et al., 2015), changes in GDF6 regulation in
the evolution of the human foot (Indjeian et al., 2016), and changes in GADD45G and
FZD8 regulation and evolution of mammalian brain size (Boyd et al., 2015a; McLean
et al., 2011). It is noticeable that evolutionary rewiring of transcription circuitry does
not require only gains and losses of TFBSs but can also entails differences in binding
affinities of existing TFs with their target sites through changes in three-dimensional

geometry of nucleoproteins complexes and binding energetics. In one such example,
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positions in the human genome sequence that are different from the orthologous
positions in archaic hominins (Neanderthals and Denisovans) have been associated with
differential TF binding affinity and consequently the evolution of traits unique to

modern humans such as modern language (Maricic et al., 2013).

The present study demonstrates that positively selected modern human-specific
nucleotide variant within the non-coding intergenic regulatory HAR hs1210 has
increased the DNA binding affinity of SOX2 through changes in the three-dimensional
geometry and binding energetics of the nucleoproteins complex. Because the hs1210
expressed the reporter gene exclusively in the forebrain of transgenic mice, more
specifically in lateral ganglionic eminence (LGE), a transient structures in the
developing telencephalon, it is tempting to speculate that the substitution at position
Chr 2; 66535938 (GRCh38/hg38) in intergenic region of chromosome 2 might have
involve in the evolution of forebrain (Figure 7C). It is noteworthy that this derived
nucleotide variant in modern humans is not present in Neanderthals and Denisovans
(Figure 7A). Thus, it is possible that this increase in affinity of SOX2 for its target DNA
site might have altered the forebrain specific expression of concerned gene bodies in
modern humans, after their split from archaic hominins about 550,000-750,000 years
ago (Pervaiz, Kang, Bao, & Abbasi, 2021; Prifer et al, 2014),
These findings are in line with previous studies, which demonstrate that the certain sub-
anatomical regions of the forebrain evolved after split of the Neanderthals and
anatomically modern human, most conspicuously parieto-temporal lobe of neocortex
has increased and orbitofrontal cortex is wider in modern human as compared to

Neanderthal (Bastir et al., 2011; Florio, Borrell, & Huttner, 2017).

One of the crucial issues concerning the human evolutionary biology is related
to genetic mechanisms through which anatomical, morphological and behavioral
differences arose between closely diverged archaic and modern humans. Several recent
reports have now associated cis-acting regulatory variants with the divergence of
various morphological traits between populations or closely diverged species (Enattah
etal., 2002; Jeong et al., 2008; Takahashi, Takahashi, Ueda, & Takano-Shimizu, 2007).
Given these examples from other species, it has been proposed that non-coding gene

regulatory regions should be considered serious candidates through which to investigate
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divergence between modern humans and their closest evolutionary relatives, the
Neanderthals and Denisovans (Yan & McCoy, 2020). However, because of the
degradation of ancient RNA, archaic gene expression cannot be measured through
experimental studies. Therefore, technical and conceptual advancements are required
in the field of ancient genomics and functional genomics to investigate the hominin

gene expression evolution by indirect means (Yan & McCoy, 2020).

Here we used the combination of in vitro and computational approaches to show
precisely how the SOX2 protein binds more efficiently to its putative binding site
containing a positively selected nucleotide position derived in modern humans than
does the ancestral allele in Neanderthals and Denisovans. Based on these results, one
may speculate that these non-coding single nucleotide changes in regulatory regions
that are unique to modern humans could be involved in evolution of gene expression
differences between archaic and modern humans. In this case, evolution of modern
human- specific traits might not entail major sacrifices in regulatory architecture in
terms of gain and loss of TFBSs. Instead, major differences in gene expression patterns
and consequently the trait differences between archaic and modern humans might have
involved the evolution of the affinity differences of TFs for their target DNA sites.
Thus, our data offers general insights into how the functional diversification of cis-
regulatory regions through changes in TFs binding affinities contributes to evolutionary
novelty and the origin of differences between the two sibling species such as archaic

and modern humans
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5. Conclusions

We now know that the large majority of all genomic changes that happened since the
divergence of human— chimpanzee ancestor or human-archaic hominin ancestor are in
non-coding regions. The challenge in the post-genomic era has been to identify modern
human- specific non-coding substitutions that are responsible for unique aspects of our
biology such as language, civilization and human specific neurodevelopmental
mechanisms (Almécija et al., 2021). This is a hard task, because the non-coding genome
is vast, requiring approaches to prioritize the non-coding mutations that are relevant to
evolution (Scacheri & Scacheri, 2015). To this aim comparative genomics-based
approaches have been employed to identify the human accelerated regions (HARs) and
other human-specific genome sequences. HARs are mostly non-coding regions,
conserved across vertebrates but carry human-specific substitutions and thus
considered as promising candidates to hunt for variations explaining some of the
modern human-specific traits (Marais, 2003). Indeed, recently reported experimental
data has implicated specific HARs for the essential cis-regulatory functions in the
human brain that are potentially important targets of recent human brain evolution
(Doan et al., 2016). In this work we investigated the evolutionary significance of
previously identified non-coding regulatory HAR, i.e. BE-HAEs hs1210 (Zehra &
Abbasi, 2018). This particular HAR was previously shown to act as forebrain exclusive
enhancer and is known to contain positively selected human-specific nucleotide change
that has arisen after the split between modern and archaic human lineages (Visel et al.,
2013). Here we used the combinations of in vitro and bioinformatics analysis to
comparatively characterize the evolutionary significance of positively selected modern
human specific substitution (T>A) within BE-HAEs hs1210. Our comparative
molecular structural analysis showed that modern human-specific single nucleotide
substitution has increased the affinity of SOX2 transcriptional factor for its target
binding site within BE-HAEs hs1210. These findings suggest that this predicted
enhanced affinity of SOX2 towards its target site could drive the target gene expression
more robustly within forebrain of modern humans compared with the archaic humans
or alternatively within novel territories in the forebrain of modern humans. However,

further experimental studies in model systems will be necessary to confirm whether in
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fact these changes in transcriptional factor binding affinity translate into functional

modifications of gene expression.

In a more general view, results presented in this study are relevant to general
understandings of genetic architecture underlying in the human evolution, Furthermore,
molecular mechanisms driving the evolution of the gene regulation, and role of cis-

regulatory variants in origin of species modifications.
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Appendices

Appendices
Appendix 1

Solutions Composition
Solution A 0.32M sucrose
10Mm Tris-HCL (PH7.5)
1% (v/v) Triton X-100
Solution B 10Mm Tris (PH 7.5)
400Mm NaCl
2mM EDTA (PH 8.0)
Solution C 400ul Phenol
Solution D Isoamyl alcohol 1 volume

Chloroform 24 volumes

Appendix 2

10X TBE Buffer Composition

Reagent Quantity

Tris Base 54 grams
Boric Acid 27.5 grams
EDTA 3.65 grams

Distilled water up to 500 ml
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Appendix 3

LB media composition

Reagent Quantity

Bactotryphton 5 grams

Yeast Extract 2.5 grams

Sodium Chloride 5 grams

PH 7.5 (with the help of 2N NaOH)

Total Volume 500 ml (with autoclaved distilled water).

Appendix-4
Buffer Composition

P-1 Buffer  15Mm Tris Chloride 10Mm EDTA 10pg/ml RNase 200ml distilled

water
P-2 Buffer 0.2% NaOH 1ml 1%SDS 1ml

P-3 Buffer =~ 3M Potassium acetate (PH 5.5)

Appendix 5

IPTG Composition

IPTG (100mM) 2.5ul
Kanamycin 2 ul
Media 2ml

Incubate at 37°C for 10 minutes.

Appendix 6

Protein Extracting Dye Composition.
20% SDS 2 ml

IM Tris HCI (6.8) 2 ml
Glycerol 1.2 ml
Water up to 10 ml.
Bromophenol Blue 10ul
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Appendix 7

SDS-PAGE Composition

Separating Gel 12%

Total Volume 32 ml
Water 6.7 ml
30% Acrylamide 12.8 ml
IM Tris (PH 8.8) 12 ml
20% SDS 0.16 ml
10% APS 0.32 ml
TEMED 0.32 ml
Stacking Gel 6%

Total Volume 10 ml
Water 6.6 ml
30% Acrylamide 2 ml
IM tris (PH 6.8) 1.25 ml
20% SDS 0.05ml
10% APS 0.1 ml
TEMED 10 ul
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Appendix 8

>PCR_SOX2_CCSD

ATGTACAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAA
CTTCGGGGGGCGGCGGCGGCAACTCCACCGCGGCGGECGEGELCCGGCGGCAA
CCAGAAAAACAGCCCGGACCGCGTCAAGCGGCCCATGAATGCCTTCATGG
TGTGGTCCCGCGGGCAGCGGCGCAAGATGGCCCAGGAGAACCCCAAGAT
GCACAACTCGGAGATCAGCAAGCGCCTGGGCGCCGAGTGGAAACTTTTGT
CGGAGACGGAGAAGCGGCCGTTCATCGACGAGGCTAAGCGGCTGCGAGC
GCTGCACATGAAGGAGCACCCGGATTATAAATACCGGCCCCGGCGGAAA
ACCAAGACGCTCATGAAGAAGGATAAGTACACGCTGCCCGGCGGGCTGCT
GGCCCCCGGCGGCAATAGCATGGCGAGCGGGGTCGGGGTGGGCGCCGGC
CTGGGCGCGGGCGTGAACCAGCGCATGGACAGTTACGCGCACATGAACG
GCTGGAGCAACGGCAGCTACAGCATGATGCAGGACCAGCTGGGCTACCC
GCAGCACCCGGGCCTCAATGCGCACGGCGCAGCGCAGATGCAGCCCATGC
ACCGCTACGACGTGAGCGCCCTGCAGTACAACTCCATGACCAGCTCGCAG
ACCTACATGAACGGCTCGCCCACCTACAGCATGTCCTACTCGCAGCAGGG
CACCCCTGGCATGGCTCTTGGCTCCATGGGTTCGGTGGTCAAGTCCGAGGC
CAGCTCCAGCCCCCCTGTGGTTACCTCTTCCTCCCACTCCAGGGCGCCCTG
CCAGGCCGGGGACCTCCGGGACATGATCAGCATGTATCTCCCCGGCGCCG
AGGTGCCGGAACCCGCCGCCCCCAGCAGACTTCACATGTCCCAGCACTAC
CAGAGCGGCCCGGTGCCCGGCACGGCCATTAACGGCACACTGCCCCTCTC
ACACATGT
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Appendix 9

Circular Map of Pet-30a (+) Vector
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Appendix 10
Sequence of pET-30 a (+)

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAG
AGGCCCCAAGGGGTTATGCTAGTTATTGC

TCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCC
GGATCTCAGTGGTGGTGGTGGTGGTGCTC

GAGTGCGGCCGCAAGCTTGTCGACGGAGCTCGAATTCGGATCCGATATCA
GCCATGGCCTTGTCGTCGTCGTCGGTACCC

AGATCTGGGCTGTCCATGTGCTGGCGTTCGAATTTAGCAGCAGCGGTTTCT
TTCATACCAGAACCGCGTGGCACCAGACC

AGAAGAATGATGATGATGATGGTGCATATGTATATCTCCTTCTTAAAGTTA
AACAAAATTATTTCTAGAGGGGAATTGTT

ATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTCGCGGGATCGAG
ATCGATCTCGATCCTCTACGCCGGACGCA

TCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATC
GCCGACATCACCGATGGGGAAGATCGGGCT

CGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGG
CCCCGTGGCCGGGGGACTGTTGGGCGCCAT

CTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCT
ACTACTGGGCTGCTTCCTAATGCAGGAGT

CGCATAAGGGAGAGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAA
CCTTTCGCGGTATGGCATGATAGCGCCCGGA

AGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATG
TCGCAGAGTATGCCGGTGTCTCTTATCAGA

CCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGG
GAAAAAGTGGAAGCGGCGATGGCGGAGCTG
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AATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTT
GCTGATTGGCGTTGCCACCTCCAGTCTGGC

CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATC
AACTGGGTGCCAGCGTGGTGGTGTCGATGG

TAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTC
GCGCAACGCGTCAGTGGGCTGATCATTAAC

TATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAA
TGTTCCGGCGTTATTTCTTGATGTCTCTGA

CCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACT
GGGCGTGGAGCATCTGGTCGCATTGGGTC

ACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTC
TGCGTCTGGCTGGCTGGCATAAATATCTC

ACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTG
CCATGTCCGGTTTTCAACAAACCATGCAAAT

GCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGA
TGGCGCTGGGCGCAATGCGCGCCATTACCG

AGTCCGGGCTGCGCGTTGGTGCGGACATCTCGGTAGTGGGATACGACGAT
ACCGAAGACAGCTCATGTTATATCCCGCCG

TTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGA
CCGCTTGCTGCAACTCTCTCAGGGCCAGGC

GGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCA
CCCTGGCGCCCAATACGCAAACCGCCTCTC

CCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAAT

TAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCGACCGATGCCCTT
GAGAGCCTTCAACCCAGTCAGCTCCTTCC

GGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTA
TCATGCAACTCGTAGGACAGGTGCCGGCA
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GCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGAT
GATCGGCCTGTCGCTTGCGGTATTCGGAAT

CTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTT
CGGCGAGAAGCAGGCCATTATCGCCGGCA

TGGCGGCCCCACGGGTGCGCATGATCGTGCTCCTGTCGTTGAGGACCCGG
CTAGGCTGGCGGGGTTGCCTTACTGGTTAG

CAGAATGAATCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAA
AACGTCTGCGACCTGAGCAACAACATGAAT

GGTCTTCGGTTTCCGTGTTTCGTAAAGTCTGGAAACGCGGAAGTCAGCGCC
CTGCACCATTATGTTCCGGATCTGCATCG

CAGGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTAACGAAG
CGCTGGCATTGACCCTGAGTGATTTTTCTC

TGGTCCCGCCGCATCCATACCGCCAGTTGTTTACCCTCACAACGTTCCAGT
AACCGGGCATGTTCATCATCAGTAACCCG

TATCGTGAGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAG
AAATCCCCCTTACACGGAGGCATCAGTGA

CCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTTTATCAGAAGCCAG
ACATTAACGCTTCTGGAGAAACTCAACGAG

CTGGACGCGGATGAACAGGCAGACATCTGTGAATCGCTTCACGACCACGC
TGATGAGCTTTACCGCAGCTGCCTCGCGCG

TTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGG
TCACAGCTTGTCTGTAAGCGGATGCCGGGA

GCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGC
GCAGCCATGACCCAGTCACGTAGCGATAGC

GGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGA
GTGCACCATATATGCGGTGTGAAATACCGC

ACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTCTTCCGCTTCCTCG
CTCACTGACTCGCTGCGCTCGGTCGTTCGG
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CTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC
AGAATCAGGGGATAACGCAGGAAAGAACAT

GTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTG
CTGGCGTTTTTCCATAGGCTCCGCCCCCCTG

ACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGAC
AGGACTATAAAGATACCAGGCGTTTCCCCCT

GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATAC
CTGTCCGCCTTTCTCCCTTCGGGAAGCGT

GGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGT
TCGCTCCAAGCTGGGCTGTGTGCACGAAC

CCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGT
CCAACCCGGTAAGACACGACTTATCGCCA

CTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCG
GTGCTACAGAGTTCTTGAAGTGGTGGCCTAA

CTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGC
CAGTTACCTTCGGAAAAAGAGTTGGTAGCT

CTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCA
AGCAGCAGATTACGCGCAGAAAAAAAGGA

TCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAAC
GAAAACTCACGTTAAGGGATTTTGGTCAT

GAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATG
AGCCATATTCAACGGGAAACGTCTTGCTCT

AGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATG
GGCTCGCGATAATGTCGGGCAATCAGGTGC

GACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGA
AACATGGCAAAGGTAGCGTTGCCAATGATG

TTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTC
CGACCATCAAGCATTTTATCCGTACTCCT
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GATGATGCATGGTTACTCACCACTGCGATCCCCGGGAAAACAGCATTCCA
GGTATTAGAAGAATATCCTGATTCAGGTGA

AAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCC
TGTTTGTAATTGTCCTTTTAACAGCGATC

GCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTG
ATGCGAGTGATTTTGATGACGAGCGTAAT

GGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATT
CTCACCGGATTCAGTCGTCACTCATGGTGA

TTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTAT
TGATGTTGGACGAGTCGGAATCGCAGACC

GATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTT
CATTACAGAAACGGCTTTTTCAAAAATAT

GGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGAT
GAGTTTTTCTAAGAATTAATTCATGAGCG

GATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGC
ACATTTCCCCGAAAAGTGCCACCTGAAATT

GTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGC
TCATTTTTTAACCAATAGGCCGAAATCGG

CAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTG
TTCCAGTTTGGAACAAGAGTCCACTATTAA

AGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGA
TGGCCCACTACGTGAACCATCACCCTAATCA

AGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGG
GAGCCCCCGATTTAGAGCTTGACGGGGAAA

GCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGG
CGCTAGGGCGCTGGCAAGTGTAGCGGTCACGC

TGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCG
TCCCATTCGCCA
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Abstract

Background Human accelerated regions (HARs) are short conserved genomic sequences that have acquired
significantly more nucleotide substitutions than expected in the human lineage after divergence from chimpanzees.
The fast evolution of HARs may reflect their roles in the origin of human-specific traits. A recent study has reported
positively-selected single nucleotide variants (SNVs) within brain-exclusive human accelerated enhancers (BE-HAEs)
hs1210 (forebrain), hs563 (hindbrain) and hs304 (midbrain/forebrain). By including data from archaic hominins, these
SNVs were shown to be Homo sapiens-specific, residing within transcriptional factors binding sites (TFBSs) for SOX2
(hs1210), RUNX1/3 (hs563), and FOS/JUND (hs304). Although these findings suggest that the predicted modifica-
tions in TFBSs may have some role in present-day brain structure, work is required to verify the extent to which these
changes translate into functional variation.

Results To start to fill this gap, we investigate the SOX2 SNV, with both forebrain expression and strong signal of
positive selection in humans. We demonstrate that the HMG box of SOX2 binds in vitro with Homo sapiens-specific
derived A-allele and ancestral T-allele carrying DNA sites in BE-HAE hs1210. Molecular docking and simulation analysis
indicated highly favourable binding of HMG box with derived A-allele containing DNA site when compared to site
carrying ancestral T-allele.

Conclusion These results suggest that adoptive changes in TF affinity within BE-HAE hs1210 and other HAR enhanc-
ers in the evolutionary history of Homo sapiens might have brought about changes in gene expression patterns and
have functional consequences on forebrain formation and evolution.

Methods The present study employ electrophoretic mobility shift assays (EMSA) and molecular docking and molecu-
lar dynamics simulations approaches.

Keywords Evolution, Enhancers, Human accelerated regions, Forebrain, Archaic hominins, TFBS, SNVs, SOX2, HMG
box, EMSA
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