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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.
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Background

The regulation of gene expression during embryogen-
esis is a cornerstone for the formation and evolution of
complex metazoan life [1]. Much of the genetic infor-
mation concerning gene regulation is encoded by cis-
regulatory DNA enhancers [2]. Enhancers are generally
defined as short non-coding DNA segments, typically
100-1,000 base-pair (bp) in length that govern target
gene transcription over short to long genomic distances
[2]. Expression of a typical eukaryotic gene is likely to
be regulated by multiple different enhancers that can be
reside in the 5" and 3" genomic regions, as well as within
intronic intervals of other genes [3]. Such modular organ-
ization of gene regulatory networks allows each enhancer
to govern a subset of the total gene expression pattern for
a particular gene. Furthermore, each enhancer usually
mediates expression within a specific tissue or cell type
or during specific developmental stage or domain [4].
Given the importance of enhancers during embryonic
development, the genetic alterations in these non-coding
sequences could result in phenotypic alterations [5].

In addition to their central roles in development and
disease, enhancers are fertile targets for evolutionary
modifications [6]. Key understanding of enhancer func-
tions during evolutionary divergence among animal
forms have come from Drosophila genetics [7]. Fueled by
the increasing availability of genome sequences, techno-
logical progress in the fields of genomics, genome edit-
ing and comparative genomics, recent years have seen
a renewed interest in elucidating roles of non-coding
enhancers in evolution of diverse species, including
humans [8]. We now know that the vast majority of all
genomic differences that happened since human and
chimpanzees diverged ~6 million years ago (Mya) are
in non-coding regions [9]. The challenge in the post-
genomic era has been to determine human-specific
non-coding regulatory variants that are responsible for
evolution of Homo sapiens biology [9]. The large size of
the non-coding genome makes identifying functionally-
relevant genetic variants challenging. To overcome this
hurdle, a number of comparative genomics based strat-
egies have been devised to identify non-coding DNA
sequences with dramatically increased substitution rates
in the human lineage when compared to our closest living
relatives, chimpanzees and bonobos or that arose after
divergence from archaic hominids [10, 11]. These loci
are termed as Human Accelerated Regions (HARs), are
short, ~260 bp in length, ~97% of them are non-coding

[12]. On the basis of sequence features and functional
data, a recent investigation predicted that at least one
third of non-coding HARs function as enhancers active
in many different embryonic tissues [13]. The fact that
HARs are significantly different between humans and
their closely related species with majority of them being
regulatory enhancers, suggests their potential associa-
tion to some human-specific traits [14]. Indeed, several
studies have associated HARs in regulatory regions with
diverse neurodevelopmental phenotypes such as Autism
Spectrum Disorders (ASDs), microcephaly, seizures and
impairments of language and speech development [15,
16]. These data highlight the significance of HARs in
human-specific neural evolution and diversification.

Using human-chimpanzee alignments, it has been
shown that human-specific nucleotides alter the tran-
scriptional regulatory potential of brain-specific reg-
ulatory HARs through gain and loss of important
transcription factors binding sites (TFBSs) [16, 17].
Therefore, the comparative analysis of HARs for gain and
loss of TF binding motifs can be used to identify can-
didate HARs and their specific nucleotides regulating
human-specific neural developmental processes such as
higher cognitive functions, synaptic complexity and the
overall brain size. In one such attempt computational
and statistical approaches were employed to shortlist
among the empirically confirmed brain exclusive enhanc-
ers the ones with an accelerated rate of sequence diver-
gence in the human lineage [18]. These were termed as
brain exclusive human accelerated enhancers (BE-HAEs).
In this set of human accelerated enhancers, derived
from comparisons with archaic hominins, three distinct
Homo sapiens unique SNVs were identified that poten-
tially altered the putative binding sites of transcription
factors SOX2, RUNX1/3, and FOS/JUND within BE-
HAEs hs1210 (forebrain), hs563 (hindbrain) and hs304
(midbrain/forebrain) respectively [18]. Furthermore, the
haplotype-based statistical analysis laid out evidence
of positive selection in extant human population on the
three SN'Vs with strongest results for haplotypes con-
taining Homo sapiens-specific A-allele within the SOX2
binding site. Therefore, a Homo sapiens-specific derived
binding site (TAGACA'ACAATGGAT) was evolved
within forebrain exclusive BE-HAEs hs1210 as compared
to the ancestrally conserved site (TAGACT ACAATG
GAT) (Fig. 1A).

To enhance understanding of the evolution-
ary changes controlling gene expression differences
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between Homo sapiens and archaic hominins, we have
investigated the structural impact of positively selected
TF binding nucleotide residues within regulatory
HARs. We used the SOX2 binding site within forebrain
exclusive HAE hs1210 which differ from the ortholo-
gous site in archaic hominins (Neanderthal/Deniso-
van) by a single nucleotide residue (Fig. 1A and B). This
region has the strongest signal of positive selection in
Homo sapiens [18]. We characterized the allelic vari-
ants of SOX2 binding site within HAEs hs1210 by using
the electrophoretic mobility shift assay—based meas-
urement of TF binding and by using molecular dock-
ing and simulation approaches. We showed that Homo
sapiens-specific nucleotide variants enhanced the
ability of the TF SOX2 to bind to its target DNA site,
indicating it might have modified its ability to drive
transcription in forebrain tissues. Our findings add
to the growing body of evidence suggesting that sin-
gle nucleotide changes within non-coding regulatory
HARs may be responsible for Homo sapiens brain phe-
notype and neural developmental processes.

Results

In vitro binding analysis of SOX2 to target DNA containing
ancestral and derived alleles

Electrophoretic mobility shift assays (EMSA) were per-
formed using the purified SOX2 protein and two de novo
pairs of complementary oligonucleotides, carrying the
ancestral T-allele (Neanderthal/Denisovan) and derived
A-allele (Homo sapiens) (Additional files 1 and 2. It
appeared that both ancestral and derived alleles contain-
ing oligonucleotides were capable of binding to the SOX2
protein and thus migrates through a polyacrylamide
gel more slowly than the corresponding free unbound
DNA (Fig. 1C and Additional file 3). Addition of anti-
bodies directed against SOX2 caused further retarda-
tion (EMSA super shift protocol) within the gel and thus
confirmed that the bound protein in these complexes is
SOX2 (Fig. 1C). Therefore, based on EMSA protocol it
can be suggested that SOX2 is capable of binding with
the derived (TAGACA*ACAATGGAT) as well as the
ancestral (TAGACT*ACAATGGAT) versions of its tar-
get DNA sites (Fig. 1A).

(See figure on next page.)
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Molecular docking characterization of the protein-DNA
complex

Comparative sequence analysis showed that the DNA
binding HMG box of SOX2 (SOX2 M%) js highly con-
served among Homo sapiens, archaic humans, non-
human primates and other mammals (Additional file 4).
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 (Homo
sapiens-specific) target sites (Fig. 1A). The molecular
docking results corroborates well with in vitro data and
revealed the binding of SOX2 MM with both target sites
carrying ancestral T-allele or derived A-allele (Figs. 2A
and 3A). However, careful analysis has revealed the nota-
ble conformational and energetic differences between the
two complexes (Figs. 2B and 3B, Table 1). For instance,
in corroboration with previously reported experimen-
tal data our molecular docking results indicate that the
HMG box of SOX2 protein (SOX2 HM9) grips directly
the minor groove of the double helix DNA structure
for both ancestral T-allele and derived A-allele contain-
ing target sites (Figs. 2A and 3A, Table 2) [20, 21]. How-
ever, nucleotides with which the SOX2 MMS jnteracts
directly are slightly different for ancestral T-allele con-
taining target DNA site (5-GACT AC-3/) and derived
A-allele (Homo sapiens-specific) containing target DNA
site (5’-ACAAT-3’) (Figs. 2C and 3C). Intriguingly, the
ancestral T-allele was involved in direct interaction with
SOX2 (HMG), however its mutant version in Homo sapi-
ens, i.e. derived A-allele did not interact directly with
SOx2 HME) (Figs, 2C and 3C). 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 2). It appears that Homo sapiens-specific nucleo-
tide substitution has changed the binding conformation
and location of target DNA site for HMG box. Ener-
getic profile evaluation revealed higher affinity of SOX2
(HMG) for the derived A-allele carrying target DNA site
(-281.6+4.2 kcal/mol), whereas relatively lower affin-
ity was noticed for the ancestral T-allele carrying target
DNA site (-270.3 £ 4.0 kcal/mol) (Table 1).

Fig. 1 Comparative sequence and functional analysis of human accelerated enhancer hs1210. A The BE-HAE-hs1210 is located within the intron

of MEIST gene on chromosome 2. The alignment illustrates the Homo sapiens-specific substitution in the non-coding HAR. The red line indicates
the position of the BE-HAE-hs1210 within the intron of MEIST gene. The red rectangle within the alignment highlights the SOX2 binding motif, and
the red highlighted nucleotides are the core motif of SOX2. Conserved nucleotides are depicted as dots. B 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 [19]. C Electrophoretic mobility shift assay (EMSA) or Gel shift
assay shows shift in the mobility of SOX2 protein-DNA complexes as compared to the free probes (Homo sapien 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). Full size uncropped version of Fig. 1C is provided as Additional file 3
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Fig. 2 Structural analysis of Ancestral "=2€'¢ DNA- SOX2 "% complex. A Topological model for SOX2 9 binding to ancestral "='** DNA shown

as semi-transparent surface and ribbons. B The zoomed image illustrates the interface between the residues of SOX2 ¢

MO and corresponding

nucleotides. Hydrogen bonds are shown by black dotted lines with calculated distances in angstrom (A). C Schematic diagram depicts interactions

between Ancestral T=21€"¢ DNA- SOX2 ™% complex. Nucleotides (red) are interacting with amino acid residues (green) of SOX2 ¢

AMS) 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

Hydrogen bonds (HBs) determine the strength of inter-
molecular interactions [22]. Therefore, docked complexes
of SOX2 MG ywith ancestral and derived alleles carrying
DNA target sites were analyzed for HBs pattern [23]. In
total twelve HBs were noticed for SOX2 "™ and derived
A-allele carrying DNA complex (Table 3), whereas ances-
tral T-allele DNA-SOX2 M5 complex involves only 7 HBs
(Table 3). ARG56 and ASN68 of SOX2 ™S formed HBs
with C10 and G41 of the ancestral T-allele (Fig. 2B), while
ARG43 of SOX2 M5 made contacts with A15 and T37 of
derived A-allele (Fig. 3B). Thus, our docking results showed
that SOX2 MM9 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.

Evaluation of dynamic properties of the protein-DNA
complexes

To get a deeper insight into the dynamic behavior and
binding differences induced by the Homo sapiens-specific

evolutionary substitution (T >A), structural stability and
flexibility of DNA-protein complexes and the corre-
sponding binding free energies were measured at 100 ns
(ns: nanosecond, that is one billionth of a second) trajec-
tories through molecular dynamics (MD) simulation.
MD simulation-based results suggest that both the
complexes, i.e. derived A-allele containing DNA (Homo
sapiens)-SOX2 complex and the ancestral T-allele con-
taining DNA (Neanderthal/Denisovans)-SOX2 complex
exhibit almost similar average root-mean-square devia-
tions (RMSD) (Fig. 4A and B). However, compared to
the ancestral T-allele containing DNA (Neanderthal/
Denisovans)-SOX2 complex, derived A-allele contain-
ing DNA (Homo sapiens)-SOX2 complex possesses more
dynamic stability (Fig. 4A). For instance, the average
RMSD for the derived A-allele containing complex was
1.8 A and the structure did not deviate significantly over
the simulation time, but a minor level of conformational
deviations from the original static complex structure
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Fig. 3 Structural analysis of Derived A~2"¢'¢ DNA- SOX2 ™% complex. A Topological model for SOX2 "™ binding to derived A~2"¢'¢ DNA shown

as semi-transparent surface and ribbons. B The zoomed image illustrates the interface between the residues of SOX2 ¢

HNMG) and corresponding

nucleotides. Hydrogen bonds are shown by black dotted lines with calculated distances in A. C Schematic diagram depicts interactions between
derived”—2ele DNA- SOx2 MO complex. Nucleotides (red) are interacting with amino acid residue (green) through hydrogen bonds (dotted lines)
and Vander walls (solid lines). The DNA strands are displayed as orange. Cyan color shows the nucleotide variant in the Derived DNA binding site.

Images were obtained from DNAproDB

Table 1 Molecular docking based energetic profile evaluation through HADDOCK

Docked complex HADDOCK score Z-score Van derWaals energy Electrostatic energy Desolvation energy Restraints Buried
violation suroface area
energy in A2

Derived A-allele -2816+4.2 0 977+£25 -1061.0£36.3 280432 23+£023 262214396

DNA-SOX2

Ancestral T-allele  -2703+4.2 0 -110642.7 -89264215 18.7+3.7 1.7+£0.31 286894274

DNA -SOX2

All the energies are calculated as kcal/mol. The Haddock score is lower for derived* =2 DNA- SOX2complex (-281.6 & 4.2 kcal/mol) as compared to ancestral -2

DNA-SOX2 complex (-270.3 + 4.0 kcal/mol)

were observed between 70-80 ns (Fig. 4A). The aver-
age RMSD for the ancestral T-allele containing DNA
(Neanderthal/Denisovans)-SOX2 complex was compa-
rable with the derived A-allele containing DNA (Homo
sapiens)-SOX2 complex (Fig. 4B). However, over the sim-
ulation time of 0.00 ns to 100.00 ns the ancestral T-allele
containing DNA (Neanderthal/Denisovans)-SOX2 com-
plex revealed abrupt conformational fluctuations in

RMSD values which is suggestive of extreme structural
perturbation and relatively weaker and unstable inter-
molecular interactions (Fig. 4B). These data suggest that
Homo sapiens-specific single nucleotide substitution
within brain exclusive human accelerated enhancer (BE-
HAE) hs1210 might have evolved conformationally more
stable and efficient interaction between SOX2 "M% and
target DNA binding site.
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Table 2 DNA binding residues of SOX2-HMG box reported previously (experimentally determined) and in the present study

Remenyi et.al. 2003 Present study Present study

DNA-HMG box A-allele DNA- HMG box T-allele DNA- HMG box
Sr.No Interacting residues SSEs Interacting residues SSEs Interacting residues SSEs
1 ARG43 L1 ARG43 L1 ARG43 L1
2 ASN46 L2 ASN46 L1 - -
3 ARG53 H1 - - - -
4 ASN68 H2 ASN68 H2 ASN68 H2
5 SERE9 H2 - - SER69 H2
[§ SER72 H2 - - - -
7 LYS73 H2 LYS73 H2 - -
8 TYR110 L3 - - TYR110 L3
9 ARG111 L3 - - - -
10 ARG113 L3 ARG113 L3 - -
1 ARG114 L3 ARG114 L3 ARG114 L3
12 LYS115 L3 LYS115 L3 - -
13 - - ALA47 H1 - -
14 - - ARG56 H1 ARG56 H1
15 - - - - PHE48 H1
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

Table 3 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 SOX2 Distance A  Distance A nucleotides residues of SOX2 Distance A  Distance A nucleotides

1 ARG43NH1 3.02 264 DT13702 ARG43NH1 3.68 2.02 DT3902

2 ARG43NH1 295 2.09 DG3804 ARG43NH1 35 218 DT3904

3 ARG43NH2 3.07 1.94 DT1602 ARG43NH2 297 214 DA1403

4 ARG43NH2 2.95 2.32 DT1604 ARG56NH1 3.75 231 DT4204

5 ASN46ND2 38 213 DA1504 ASN68ND2 3 221 DC1002

6 ALA47N 3.68 234 DA1403 ASN6BND2 374 231 DC1004

7 ARG56NH1 2.88 2.07 DT4003 ASN680OD1 243 2.05 DG41H21

8 ASN68ND2 297 247 DG4103 - - - -

9 LYS73HZ1 2.15 2.22 DA1103 - - - -

10 ARG113N 3.01 2.09 DT13703 - - - -

1 ARG114NH2 3 1.85 DG1803 - - - -

12 LYS115HZ2 226 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

To obtain information on local flexibility and thermal flexible and thus unstable interactions [25]. In contrast,
stability of the protein, root mean-square fluctuations the smaller RMSF values correspond to minimal atomic
(RMSEF) are often calculated from molecular dynam- movements about their average positions during the
ics simulations [24]. In context of the macromolecular  simulation and hence depict the stable macromolecular
interactions, the higher RMSF value indicates a more interactions [26]. RMSF plot in Fig. 4C exhibits almost
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Fig. 4 Dynamic stability and residual flexibility 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. € RMSF plots for each trajectory file. The x-axis shows total number of residues while y-axis show RMSF in A. D RMSF plots for interacting
residues of both complexes. The 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

a similar trend of residue fluctuation profile for both
ancestral and derived alleles based DNA-protein com-
plexes with an average RMSF of 2.5 A. However, care-
ful analysis revealed that the amino acid residues 65-95
of SOX2 MY are more stable in complex with Homo
sapiens-DNA target site (carrying derived A-allele) when
compared to SOX2 complex with DNA target site carry-
ing ancestral T-allele (Fig. 4C). 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 4D
shows that each interacting amino acid residue of HMG
box in derived A-allele containing complex is more
stabilized.

A compact packing of amino acid residues is known
to affect the stability of macromolecular assemblies [27].
Therefore, we have used the MD simulations to calcu-
late the Radius of gyration (Rg) as function of simulation
time, which is a measure to estimate the protein structure

compactness [28]. Ancestral T-allele containing DNA
(Neanderthal/Denisovans)-SOX2 and derived A-allele
containing DNA (Homo sapiens)-SOX2 complexes pos-
sess substantial differences in the pattern of Rg (Fig. 5A
and B). For instance, the average Rg value for derived
A-allele based complex was 22.0 A, whereas the aver-
age Rg value for ancestral T-allele based complex was
observed to be 23.0 A. 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 (Fig. 5A and B).

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 60 ns 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 (Fig. 5C). However, at all set time
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Fig. 5 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. The x-axis shows total number of frames while y-axis shows 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 0 ns, 60 ns and

100 ns

points (0 ns, 60 ns and 100 ns), HMG box failed to tightly
intercalate into the major groove of ancestral T-allele
containing DNA (Fig. 5D).

To provide further insights into the binding affinities
of HMG box for ancestral and derived alleles contain-
ing target sites, hydrogen bonding (HB) differences
between the two complexes were evaluated by using
5000 structural frames obtained from MD simulation
during the 0.00 ns to 100.00 ns. During the simulation
time, significant rearrangements in intermolecular HBs
were observed between the two complexes (Table 4). 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 readjust-
ments were seen with formation of three extra bonds
with the DNA molecule through Arg40, Lys42 and
Arg98 residues of HMG box (Table 4). It can be seen
that in terms of intermolecular HB networks Argi-
nine residues of HMG box are major contributors in
making links with derived A-allele containing DNA
(Table 4). Only 7 intermolecular HBs were observed
between HMG box and ancestral T-allele contain-
ing DNA (Neanderthal/Denisovans) before the MD
simulation while during the MD simulation hydrogen

bonds number was increased to 12, with extra con-
tributions from Arg 98 and Argll3 residues of the
HMG box (Table 4). These differences in intermolecu-
lar HB patterns clearly shows that HMG box of SOX2
interacts more robustly with derived A-allele contain-
ing DNA complex than to ancestral T-allele contain-
ing DNA (Table 4). To further evaluate the overall
strength of protein-DNA interaction, the total num-
ber of HBs (both inter- and intramolecular hydrogen
bonds) within each complex were evaluated during the
0.00 ns to 100.00 ns simulation (Fig. 6A and B). 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 (Fig. 6A and B). These results further validate
the enhanced interaction of HMG box of SOX2 with
Homo sapiens-specific substitution carrying target
DNA site through conformational changes in protein-
DNA complex.

For each complex (ancestral and derived) binding free
energy was evaluated by using 5000 structural frames
obtained from MD simulation. Detailed comparison of
the energetic profiles of two complexes is given in Table 5.
Taken together, the total free energy of binding for the
derived A-allele containing DNA (Homo sapiens)-SOX2
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Table 4 Hydrogen bonds between the SOX2 protein and DNA before and after MD simulation

Complex name Before simulation After simulation
Index SOX2 Dist. [A] Human DNA SOX2 Dist. [A] Human DNA

Derived A-allele 1 ARG43 3.02 DoT ARG40 1.81 DG

DNA-SOX2 2 ARGA3 2.95 DG LYS42 181 T
3 ARG43 295 DT ARG43 1.93 DT
4 ARG43 3.07 DT ARG43 1.76 DT
5 ASN46 38 DA ARG43 2.03 DG
6 ALA47 3.68 DA ASN46 298 DA
7 ARG56 2.88 DT ARG56 1.73 DG
8 ASN68 297 DG ASN68 22 DT
9 LYS73 215 DA LYS73 1.83 DC
10 ARG113 3.01 DT LYS80 1.75 DC
M ARG114 3 DG ARG98 211 DT
12 LYS115 226 DA ARG98 1.69 DT
13 - - - ARG113 228 DT
14 - - - ARG113 232 DG
15 - - - ARG113 1.76 DT
Before simulation After simulation

Ancestral T-allele Index SOX2 Dist. [A] Neanderthal DNA SOX2 Dist. [A] Neanderthal DNA

DNA -50X2 1 ARGA3 35 DT ARGA0 193 DT
2 ARG43 3.68 o7 LYS42 19 DG
3 ARG43 297 DA ARG43 2.06 DT
4 ARG56 3.75 DT ASN68 1.73 DT
5 ASN68 3.74 DC LYS73 23 DC
6 ASN68 3 DC LYS73 193 DT
7 ASN68 243 DG LYS87 1.83 DC
8 - - - ARG98 1.75 DA
9 - - - ARG98 1.63 DA
10 - - - ARG113 226 DG
1 - - - ARG113 2.09 DT
12 - - - ARG113 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
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(HMG) complex is more favorable (-140.20 kcal/mol) than

the total free energy for the ancestral T-allele contain-
ing DNA (Neanderthal/Denisovans)-SOX2 complex
(-100.38 kcal/mol) (Table 5). 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 Homo
sapiens-specific derived A-allele containing DNA
(Table 1).

Discussion

We performed an electrophoretic mobility shift assay
(EMSA) to determine if substitutions at the SOX2 binding
site within BE-HAEs hs1210 have any effect on protein
binding (Fig. 1C). We found that despite of single nucleo-
tide variation among respective binding sites, SOX2 pro-
tein binds to both Homo sapiens and archaic hominins
(Neanderthal/Denisovan) based DNA probes (Fig. 1C).
However, rigid docking and molecular dynamics simu-
lations based computational data suggests that there are
significant geometric and energetic differences in the
binding of HMG box of SOX2 with its cognate DNA tar-
get sites differed by single residue between archaic homi-
nins and Homo sapiens versions of BE-HAEs hs1210
(Fig. 1A). For instance, rigid molecular docking revealed
that SOX2 HMG box grips minor groove and makes spe-
cific contact with cognate target site (5'-TACAATG-3')
containing ancestral T-allele in Neanderthal/Denisovan
DNA (Fig. 2C and Table 2). In contrast, SOX2 HMG box
binds to slightly different residues within the target site
(5’ACAAT 3') carrying derived A-allele in Homo sapi-
ens DNA sequence involving minor groove (Fig. 3C and
Table 2). 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
(Tables 3 and 4). Prediction of protein —DNA binding
free energy interactions using MD simulations revealed
an energetically favorable interaction between derived
A-allele DNA-SOX2 complex than that for the ancestral
T-allele carrying DNA-SOX2 complex (Table 5). Taken
together, EMSA-based in vitro experiments, molecular
docking, molecular dynamics simulations and free energy
calculations suggest that the Homo sapiens-specific SNV
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(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 [20].
Several lines of evidence suggest that the nucleotide
substitution (at position Chr 2; 66,535,938, GRCh38/
hg38) within SOX2 binding site of functionally confirmed
brain exclusive enhancer, which differs between Homo
sapiens and Neanderthals/Denisovans, can alter the reg-
ulatory activity of BE-HAEs hs1210. First, it is located
in the non-coding region that has already been charac-
terized as forebrain exclusive enhancer via transgenic
mice assay [19, 29] (Fig. 1B). Second, the DNA region
where the substitution occurs is conserved over mam-
malian evolution and has previously been characterized
as human accelerated enhancers (HAEs) that are likely to
regulate human-specific traits [18]. Third, it falls at the
6th position within the 15-bp sequence motif identified
as a target site for the transcription factor SOX2 (TAG
ACA’ACAATGGAT), known to play a vital role in neu-
ral development (Fig. 1A). Fourth, using human popu-
lation genetic data it has been shown that the derived
allele inhabiting Homo sapiens-specific binding motifs
of SOX2 is under positive selection in human popula-
tions, implicating further the role of this region in evo-
lution of Homo sapiens-specific traits [18]. Fifth, in the
present study we showed that the DNA sequence where
the substitution occurs binds SOX2 in vitro. Sixth, com-
parison 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 tran-
scriptional activity differences between variant alleles
in forebrain tissues. Previous studies have shown that
single-nucleotide substitutions within the DNA binding
site of SOX2 results in a different level of transcription
through changes in correct three-dimensional geometry
of nucleoprotein complexes [20]. 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

Table 5 Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) based free energy calculations

Complex name vdW Electrostatics energy GB ESURF Total
binding
energy

Derived A-allele DNA- SOX2 -143.98 -9817.95 9840.11 -18.36 -140.20

Ancestral T-allele DNA-SOX2 -94.68 -9022.54 9030.37 -13.52 -100.38
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decrease long-lived binding, SOX2 target genes expres-
sion, and pluripotent cell numbers [30]. These investi-
gations concluded that the SOX2-DNA binding affinity
determines the mammalian cell fate as early as the four-
cell stage [30]. Therefore, it is conceivable to suggest that
evolution of higher affinity of SOX2 for its target bind-
ing site within BE-HAEs hs1210 might have resulted in
more robust transactivation of respective target genes
in the forebrain tissues of Homo sapiens after they
diverged from archaic humans (Neanderthals and Den-
isovans) some 450,000 years ago [31]. Conceivably, such
small scale changes in TFBSs of master developmental
regulators such as SOX2 might have been instrumen-
tal in evolving differences in brain physiology and anat-
omy between Homo sapiens lineage 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; 66,535,938 (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 devel-
opment. Exemplars documenting this mode of change
include changes in the regulation of Sonic hedgehog
(Shh) gene in the loss of limbs in snakes [32], changes in
TBX5 regulation in evolution of fish fins [33], changes
in PAX3/PAX7 regulation in craniofacial evolution in
humans [34], changes in GDF6 regulation in the evolu-
tion of the human foot [35] and changes in GADD45G
and FZDS8 regulation and evolution of mammalian brain
size [36, 37]. 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 nucleopro-
teins complexes and binding energetics. In one such
example, 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 con-
sequently the evolution of traits unique to Homo sapiens
lineage such as modern language [15]. The present study
demonstrates that positively selected Homo sapiens-spe-
cific nucleotide variant within the non-coding intragenic
regulatory HAR hs1210 has increased the DNA binding
affinity of SOX2 through changes in the three-dimen-
sional geometry and binding energetics of the nucleopro-
teins 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
(Fig. 1B), it is tempting to speculate that the substitution
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at position Chr 2; 66,535,938 (GRCh38/hg38) in intra-
genic region of chromosome 2 might have been involved
in the evolution of forebrain. It is noteworthy that this
derived nucleotide variant in Homo sapiens is not pre-
sent in Neanderthals and Denisovans (Fig. 1A). Thus, it
is possible that this increase in affinity of SOX2 for its
target DNA site might have altered the forebrain specific
expression in Homo sapiens lineage, after their split from
archaic hominins approximately 550,000—750,000 years
ago [10, 38]. These findings are in line with previous
studies, that demonstrate that the certain sub-anatom-
ical regions of the forebrain have evolved after the split
of Neanderthals and Homo sapiens, most prominently
parieto-temporal lobe of the neocortex has increased and
orbitofrontal cortex is wider in Homo sapiens as com-
pared to Neanderthals [39, 40].

We deployed a combination of in vitro and compu-
tational approaches to show precisely how the SOX2
protein binds more efficiently to its putative binding
site containing a positively selected nucleotide position
derived in Homo sapiens than does the ancestral allele
in Neanderthals and Denisovans. Based on these results,
one may speculate that these non-coding single nucleo-
tide changes in regulatory regions that are unique to
Homo sapiens lineage could potentially be involved in the
evolution of gene expression differences between archaic
hominins and Homo sapiens. In this case, evolution
of Homo sapiens-specific traits might not entail major
transformations 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 hominins and Homo sapiens 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-reg-
ulatory regions through changes in TFs binding affinities
contributes to evolutionary novelty and the origin of dif-
ferences between the two sibling species such as archaic
hominins and Homo sapiens.

Conclusions

In this work we investigated the evolutionary significance
of non-coding regulatory HAR, i.e. BE-HAE hs1210 [18].
This HAR functions as a forebrain exclusive enhancer
and contains positively selected human-specific nucleo-
tide change that has arisen after the split between Homo
sapiens and archaic human lineages [19]. Here we used
the combinations of in vitro and bioinformatics analy-
sis to comparatively characterize the evolutionary sig-
nificance of positively selected Homo sapiens-specific
substitution (T >A) within BE-HAEs hs1210. Our com-
parative molecular structural analysis showed that
Homo sapiens-specific single nucleotide substitution has
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increased the affinity of a SOX2 transcriptional factor
for its target binding site within BE-HAE 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 Homo sapi-
ens compared with the archaic humans or alternatively
within novel territories in the forebrain of Homo sapiens.
However, further experimental studies will be necessary
to confirm whether in fact these changes in transcrip-
tional factor binding affinity translate into functional
modifications of gene expression.

Materials and methods

SOX2 expression and verification

A gene encoding SOX2 was amplified using gene spe-
cific primers (forward primer: 5 CATGATGGAGAC
GGAGCTG 3’; reverse primer: 5 TGTGTGAGAGGG
GCAGTGT 3’) and cloned into the pET30a vector as an
N-terminal hexa-histidine fusion, using standard molec-
ular biological approaches (Additional file 1). The result-
ant vector sequence was verified for the presence of any
point mutations generated. This recombinant reporter
expression construct was transformed into BL21(DE3) E.
coli cells for expression. A saturated overnight cul-
ture was inoculated into 5 ml of LB medium supple-
mented with 50 pg/mL kanamycin at a 1:100 dilution
and grown at 37 °C with continuous shaking until the
OD600 reached 0.6 ~ 0.8. Protein expression was induced
at 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
at 37 °C for 4 h. The cells were pelleted at 2400 x g, re-sus-
pended in lysis buffer (50 mMTris, pH 7.5, 300 mMNaCl,
0.5 mg/mL lysozyme), and lysed by flash freezing in liq-
uid nitrogen and thawing at 37 °C three times prior to
incubation for 1 h with 20U/mL DNase I. The resulting
lysate was pelleted at 22,500 x g and the supernatant dis-
carded. The pelleted inclusion bodies containing SOX2
were washed three times with wash buffer (50 mMTris,
pH 7.5, 300 mMNacCl, 0.5% Triton X-100) prior to resus-
pension in denaturing and loading buffer (4% SDS, 10%
2-mercaptoethanol, 20% glycerol, 0.004% bromophenol
blue and 0.125 M TrisHCI). This mixture was heated at
95 °C for 5 min and then load directly to the gel (Addi-
tional file 2).

Electrophoretic mobility shift assay

The following oligonucleotides and their reverse compli-
mentary strands were synthesized, labeled with biotin,
annealed, and used as probes for EMSA analysis: oligo-
nucleotides (derived A-allele containing probe: 5-GCT
TAGACAACAATGGATAAAGAG-3' and 5-CGAATC
TGTTGTTACCTATTTCTC-3/; ancestral T-allele con-
taining probe: 5- TAGCTTAGACTACAATGGATAAA
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G -3’ and 5-ATCGAATCTGATGTTACCTATTTC-3'),
carrying the substitutions in enhancer region of human
and neanderthal respectively [41]. EMSA was carried
out with the Gel Shift Kit (Viagene). In brief, the double-
stranded probes (20 fmol) were incubated with purified
SOX2 at room temperature for 20 min in the presence
of 100 mMTris (pH 7.5), 500 mMKC], and 10 mM DTT
in a 20 mL reaction. A competitive binding test was per-
formed under the same condition with the addition of
a 100-fold excess of unlabeled double-stranded oligo-
nucleotides. For the supershift assay, 1.0 mg anti-SOX2
antibody was added and incubated on ice for 30 min.
DNA -protein complexes were resolved on 6.0% (wt/vol)
native polyacrylamide gels (Bio-Rad), transferred to Bio-
dyne nylon membranes (Pierce), viewed under Ultraviolet
transilluminator (UV transilluminator), and photographs
of the gel were taken using Dolphin gel documentation
system (Wheeltech, USA) (Fig. 1C and Additional file 3).

Sequence acquisition and comparative analysis

Protein and DNA sequences of human (Homo sapi-
ens), primates (Pan troglodytes, Gorilla beringei, Pongo
abelii, and Galago), non-primate mammals (Mus
musculus, Rattus norvegicus, Loxodonta Africana,
Oryctolagus cuniculus, Equus caballus, Monodelphis
domestica, Callithrix jacchus, Lama pacos, Canis lupus
familiaris, Felis catus and Ornithorhynchus anati-
nus) obtained from Ensembl genome browser and the
orthologous sequences of archaic human extracted
from Neanderthal Genome Browser (http://neandertal.
ensemblgenomes.org/index.html) were subjected to
multiple sequence alignment (MSA) through Clustal W
[42, 43]. The resultant MSA was analyzed to determine
the conserved segments (Fig. 1A and Additional file 4).

DNA and protein modeling

We generated 3D structural models of DNA from the
enhancer sequence carrying the derived A-allele (5TTA
GACA*ACAATGGATA 3’) and ancestral T-allele (5" TTA
GACT*ACAATGGATA 3’) using 3D-DART provided
by the High Ambiguity Driven protein—protein DOCK-
ing (HADDOCK) web-server (http://haddock.science.
uu.nl/services/3DDART/) followed by energy minimiza-
tion. It provided a perfect B-DNA structure of the desired
sequence, which was convenient for the structural study
of DNA in complex with proteins [44]. The crystal struc-
tures of the human HMG domain (amino-acids; 39-121)
of SOX2 (PDB ID: 104X) were retrieved through Protein
data bank PDB [22]. 3D structures were analyzed using
the University of California, San Francisco (UCSF) Chi-
mera extensible molecular modeling system package
(Version 1.11.2) [45].
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DNA-protein docking and refinement

HADDOCK (version 2.2), an online web server, was used
for protein-DNA docking [46, 47]. HADDOCK docks
1000 structures in a rigid body minimization (it0) mode
and refines the top 200 in a semi-flexible refinement in
the torsion angle space (itl) followed by explicit sol-
vent refinement (water) (the most favorable cluster was
listed first) [46]. The HADDOCK approach required
near-native complexes for satisfactory results, such as
the active and passive sites of the DNA and protein were
predicted using the CPORT tool [48]. To study the inter-
actions between amino acids of SOX2, human and Nean-
derthal DNA directly, the DNA binding domain of SOX2
was docked onto either the A-allele or the T-allele. The
initial complex was further refined by the maximum like-
lihood method in REFMACS5 [49].

Protein-DNA interaction analysis

DNAproDB is a web-based visualization tool for
structural analysis of DNA—protein complexes [50].
Herein, we used DNAproDB to visualize our docked
complexes and to understand the interaction pattern.
PDBe-PISA server (www.ebi.ac.uk/pdbe/pisa/) was
used to analyze interface of the docked complexes
under default criteria [23].

Molecular dynamics simulation

To explore the dynamic binding features for wild type
and mutant alleles based complexes all-atoms biomo-
lecular simulation was performed for the solvated sys-
tems using FF19SB force-field in AMBER20 [51]. For
DNA OLI15 force field was used. To neutralize the effect
of any charge on the system counter ions were added.
Gentle energy minimization protocol was carried out at
12,000 and 6000 steps to correct any unfavorable bond
lengths and angles, and to eliminate unacceptable steric
clashes, followed by heating of each system at 300 K for
200 ps (ps: picosecond, that is one trillionth of a sec-
ond). Weak restraint was used for density equilibration
for 2 ns, while the whole system was kept at a constant
pressure for 2 ns. A 100 ns MD under constant pressure
was performed. For the temperature control, Langevin
thermostat (1 atm, 300 K) was used [52]. Particle Mesh
Ewald (PME) algorithm was used to compute long-range
interactions [53, 54]. The cut-off distances for the differ-
ent bonds were set at 10 A. Covalent bond parameteriza-
tion was performed with the SHAKE algorithm [55]. GPU
accelerated simulation using PMEMD. CUDA was used
for all the processes. Post-MD trajectories were subjected
to thermodynamic stability evaluation, residual flexibility,
structural compactness and hydrogen bonding analysis
using CPPTRAJ and PTRA]J modules of Amber [56].
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Binding free energy estimation

To determine the impact of evolutionary substitu-
tion in the system in terms of binding energy, we used
MMPBSA.PY script to reveal the binding differences of
HMG box to ancestral (Neanderthal/Denisovans) and
derived (Homo sapiens) DNA target sites [26]. A 100 ns
trajectory having 5000 structures were used to calculate
the BFE using the following equation:

AGping = AGconflplex - [AGreceptor + AGliga;«uz,’]
Each term in the binding free energy was estimated
using the following equation:

G = Gpond + Gele + Guaw + Gpol + anol

The aforementioned equation represents the non-
polar, electrostatic, polar, solvent-accessible surface area
(SASA), and van der Waals interactions (vdW), respec-
tively .
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HARs Human Accelerated Regions
SOX2 SRY (sex determining region Y)-box 2
HMG High Mobility Group

TF Transcription Factor

TFBSs Transcription Factor Binding Sites
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Additional file 1. Electropherogram of PCR products of SOX2. 1% agarose
gel stained by ethidium bromide shows PCR products of SOX2.M repre-
sents Molecular Marker (100 bp) and S represents samples.

Additional file 2. Expression of SOX2 protein.

Additional file 3. Full-size image of EMSA/Gel shift assay. Electrophoretic
mobility shift assay shows shift in the mobility of SOX2 protein-DNA com-
plexes as compared to the free probes. Modern Human (MH) and Archaic
Hominin (AH). Ab indicates Antibody. This image is full-size, uncropped
version of Figure 1C.

Additional file 4. Evolutionary Conservation of SOX2 Protein. Domain
organization of SOX2 protein depicting highly conserved Homeobox
domain (HMG). Dots indicate amino acid residues identical to human. at,
a2 and a3 show helices of the HMG domain.



http://www.ebi.ac.uk/pdbe/pisa/
https://doi.org/10.1186/s12860-023-00474-5
https://doi.org/10.1186/s12860-023-00474-5

Khatoon et al. BMC Molecular and Cell Biology (2023) 24:13

Acknowledgements

The authors thank Yasir Mahmood Abbasi (Quaid-i-Azam University; computer
programmer) and Dr. Abbas Khan (Shanghai Jiao Tong University, Shanghai)
for technical support and useful discussions.

Authors’ contributions

AAA. designed the project. AAA.and N.H.S,, conceived the project. Compu-
tational analyses were performed by AAA, HK, RZR, and S.S. Wet lab experi-
ments were designed and performed by HK, LH, FB,SA, MA, and SS.AAA,
N.H.S, RZR, IH.,and HK, analyzed the data. AAA, NHS, HK, IH,and RZR,
wrote the paper. All authors have read and approved the final manuscript.

Funding
N.H.S was supported by The Brinson Foundation and the Division of Biological
Sciences of the University of Chicago.

Availability of data and materials

The datasets analyzed during the current study are available in the Ensembl
genome browser(http://www.ensembl.org), NCBI database (https.//www.ncbi.
nlm.nih.gov/), VISTA Enhancer Browser (https://enhancer.lbl.gov/) and Protein
data bank (PDB) (http://www.rcsb.org/pdb).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Center for Bioinformatics, Program of Comparative and Evolutionary
Genomics, Faculty of Biological Sciences, Quaid-I-Azam University, Islama-
bad 45320, Pakistan. 2Department of Biological Sciences, National University
of Medical Sciences, Rawalpindi 46000, Pakistan. 3Departmem of Organismal
Biology and Anatomy, The University of Chicago, Chicago, IL, USA.

Received: 6 February 2022 Accepted: 13 March 2023
Published online: 29 March 2023

References

1. Levine M. Transcriptional enhancers in animal development and evolu-
tion. Curr Biol. 2010;20(17):R754-63. https://doi.org/10.1016/j.cub.2010.
06.070.

2. Pennacchio LA, Bickmore W, Dean A, Nobrega MA, Bejerano G. Enhancers:

five essential questions. Nat Rev Genet. 2013;14(4):288-95. https://doi.
0rg/10.1038/nrg3458.

3. Parveen N, Masood A, Iftikhar N, Minhas BF, Minhas R, Nawaz U, et al.
Comparative genomics using teleost fish helps to systematically identify
target gene bodies of functionally defined human enhancers. BMC
Genom. 2013;14(1):1-14. https://doi.org/10.1186/1471-2164-14-122.

4. Anwar S, Minhas R, Ali S, Lambert N, Kawakami Y, Elgar G, et al. Identifica-
tion and functional characterization of novel transcriptional enhancers
involved in regulating human GLI 3 expression during early development.
Dev Growth Differ. 2015;57(8):570-80. https://doi.org/10.1111/dgd.12239.

5. Kleinjan DA, van Heyningen V. Long-range control of gene expression:
emerging mechanisms and disruption in disease. Am J Hum Genet.
2005;76(1):8-32. https://doi.org/10.1086/426833.

6. Long HK, Prescott SL, Wysocka J. Ever-changing landscapes: transcrip-
tional enhancers in development and evolution. Cell. 2016;167(5):1170-
87. https://doi.org/10.1016/j.cell.2016.09.018.

7. Jeong S, Rebeiz M, Andolfatto P, Werner T, True J, Carroll SB. The evolution
of gene regulation underlies a morphological difference between two
Drosophila sister species. Cell. 2008;132(5):783-93. https://doi.org/10.
1016/j.cell.2008.01.014.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 150f 16

Simonti CN, Capra JA. The evolution of the human genome. Curr Opin
Genet Dev. 2015;35:9-15. https://doi.org/10.1016/j.gde.2015.08.005.
Waterson RH, Lander ES, Wilson RK. Initial sequence of the chim-

panzee genome and comparison with the human genome. Nature.
2005;437(7055):69. https://doi.org/10.1038/nature04072.

Prufer K, Racimo F, Patterson N, Jay F, Sankararaman S, Sawyer S, et al. The
complete genome sequence of a Neanderthal from the Altai Mountains.
Nature. 2014;505(7481):43-9. https://doi.org/10.1038/nature12886.

. Meyer M, Kircher M, Gansauge M-T, Li H, Racimo F, Mallick S, et al. A

high-coverage genome sequence from an archaic Denisovan individual.
Science. 2012;338(6104):222-6. https://doi.org/10.1126/science.1224344.
Hubisz MJ, Pollard KS. Exploring the genesis and functions of Human
Accelerated Regions sheds light on their role in human evolution. Curr
Opin Genet Dev. 2014;29:15-21. https://doi.org/10.1016/j.gde.2014.07.005.

. Oksenberg N, Stevison L, Wall JD, Ahituv N. Function and regulation of

AUTS2, a gene implicated in autism and human evolution. PLoS Genet.
2013;9(1):1003221. https://doi.org/10.1371/journal.pgen.1003221.
Levchenko A, Kanapin A, Samsonova A, Gainetdinov RR. Human acceler-
ated regions and other human-specific sequence variations in the
context of evolution and their relevance for brain development. Genome
Biol Evol. 2018;10(1):166-88. https://doi.org/10.1093/gbe/evx240.
Maricic T, Glinther V, Georgiev O, Gehre S, Curlin M, Schreiweis C, et al. A
recent evolutionary change affects a regulatory element in the human
FOXP2 gene. Mol Biol Evol. 2013;30(4):844-52. https://doi.org/10.1093/
molbev/mss271.

Doan RN, Bae B-I, Cubelos B, Chang C, Hossain AA, Al-Saad S, et al. Muta-
tions in human accelerated regions disrupt cognition and social behavior.
Cell. 2016;167(2):341-354. €312. https://doi.org/10.1016/j.cell.2016.08.071.
Visel A, Prabhakar S, Akiyama JA, Shoukry M, Lewis KD, Holt A, et al.
Ultraconservation identifies a small subset of extremely constrained
developmental enhancers. Nat Genet. 2008;40(2):158-60. https://doi.org/
10.1038/ng.2007.55.

. Zehra R, Abbasi AA. Homo sapiens-specific binding site variants within

brain exclusive enhancers are subject to accelerated divergence across
human population. Genome Biol Evol. 2018;10(3):956-66. https://doi.org/
10.1093/gbe/evy052.

Visel A, Taher L, Girgis H, May D, Golonzhka O, Hoch RV, et al. A high-
resolution enhancer atlas of the developing telencephalon. Cell.
2013;152(4):895-908. https://doi.org/10.1016/j.cell.2012.12.041.

Scaffidi P, Bianchi ME. Spatially precise DNA bending is an essential activ-
ity of the SOX2 transcription factor. J Biol Chem. 2001,276(50):47296-302.
https://doi.org/10.1074/jbc.m107619200.

Reményi A, Lins K, Nissen LJ, Reinbold R, Schéler HR, Wilmanns M.

Crystal structure of a POU/HMG/DNA ternary complex suggests dif-
ferential assembly of OCT4 and SOX2 on two enhancers. Genes Dev.
2003;17(16):2048-59. https://doi.org/10.1101/gad.269303.

Williams DC, Cai M, Clore GM. Molecular basis for synergistic transcriptional
activation by OCT1 and SOX2 revealed from the solution structure of the
42-kDa OCT1- SOX2- HOXB1-DNA ternary transcription factor complex. J
Biol Chem. 2004;279(2):1449-57. https://doi.org/10.1074/jbc.M309790200.
Krissinel E. Crystal contacts as nature’s docking solutions. J Comput
Chem. 2010;31(1):133-43. https://doi.org/10.1002/jcc.21303.

Cooper A. Thermodynamic fluctuations in protein molecules. Proc Natl
Acad Sci U S A. 1976;73(8):2740-1. https://doi.org/10.1073/pnas.73.8.2740.
JoshiT, JoshiT, Sharma P, Chandra S, Pande V. Molecular docking and
molecular dynamics simulation approach to screen natural compounds
for inhibition of Xanthomonas oryzae pv. Oryzae by targeting peptide
deformylase. J Biomol Struct Dyn. 2021,39(3):823-40. https://doi.org/10.
1080/07391102.2020.1719200.

Khan A, Khan M, Saleem S, Babar Z, Ali A, Khan AA, et al. Phylogenetic
analysis and structural perspectives of RNA-dependent RNA-polymerase
inhibition from SARs-CoV-2 with natural products. Interdiscip Sci.
2020;12(3):335-48. https://doi.org/10.1007/512539-020-00381-9.

Seeliger D, De Groot BL. Conformational transitions upon ligand binding:
holo-structure prediction from apo conformations. PLoS Comp Biol.
2010;6(1):1000634. https://doi.org/10.1371/journal.pcbi.1000634.
Lobanov MY, Bogatyreva N, Galzitskaya O. Radius of gyration as an indica-
tor of protein structure compactness. Mol Biol. 2008;42(4):623-8. https://
doi.org/10.1134/50026893308040195.


http://www.ensembl.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://enhancer.lbl.gov/
http://www.rcsb.org/pdb
https://doi.org/10.1016/j.cub.2010.06.070
https://doi.org/10.1016/j.cub.2010.06.070
https://doi.org/10.1038/nrg3458
https://doi.org/10.1038/nrg3458
https://doi.org/10.1186/1471-2164-14-122
https://doi.org/10.1111/dgd.12239
https://doi.org/10.1086/426833
https://doi.org/10.1016/j.cell.2016.09.018
https://doi.org/10.1016/j.cell.2008.01.014
https://doi.org/10.1016/j.cell.2008.01.014
https://doi.org/10.1016/j.gde.2015.08.005
https://doi.org/10.1038/nature04072
https://doi.org/10.1038/nature12886
https://doi.org/10.1126/science.1224344
https://doi.org/10.1016/j.gde.2014.07.005
https://doi.org/10.1371/journal.pgen.1003221
https://doi.org/10.1093/gbe/evx240
https://doi.org/10.1093/molbev/mss271
https://doi.org/10.1093/molbev/mss271
https://doi.org/10.1016/j.cell.2016.08.071
https://doi.org/10.1038/ng.2007.55
https://doi.org/10.1038/ng.2007.55
https://doi.org/10.1093/gbe/evy052
https://doi.org/10.1093/gbe/evy052
https://doi.org/10.1016/j.cell.2012.12.041
https://doi.org/10.1074/jbc.m107619200
https://doi.org/10.1101/gad.269303
https://doi.org/10.1074/jbc.M309790200
https://doi.org/10.1002/jcc.21303
https://doi.org/10.1073/pnas.73.8.2740
https://doi.org/10.1080/07391102.2020.1719200
https://doi.org/10.1080/07391102.2020.1719200
https://doi.org/10.1007/s12539-020-00381-9
https://doi.org/10.1371/journal.pcbi.1000634
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.1134/S0026893308040195

Khatoon et al. BMC Molecular and Cell Biology

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 24:13

Visel A, Minovitsky S, Dubchak I, Pennacchio LA. VISTA Enhancer
Browser—a database of tissue-specific human enhancers. Nucleic Acids
Res. 2007;35(suppl_1):D88-92. https://doi.org/10.1093/nar/gkl822.
White MD, Angiolini JF, Alvarez YD, Kaur G, Zhao ZW, Mocskos E, et al.
Long-lived binding of SOX2 to DNA predicts cell fate in the four-cell
mouse embryo. Cell. 2016;165(1):75-87. https://doi.org/10.1016/j.cell.
2016.02.032.

Vernot B, Akey JM. Complex history of admixture between modern
humans and Neandertals. Am J Hum Genet. 2015;96(3):448-53. https://
doi.org/10.1016/}.ajhg.2015.01.006.

Kvon EZ, Kamneva OK, Melo US, Barozzi |, Osterwalder M, Mannion BJ,

et al. Progressive loss of function in a limb enhancer during snake evolu-
tion. Cell. 2016;167(3):633-642. e611. https://doi.org/10.1016/j.cell.2016.
09.028.

Adachi N, Robinson M, Goolsbee A, Shubin NH. Regulatory evolution

of TBX5 and the origin of paired appendages. Proc Natl Acad Sci U S A.
2016;113(36):10115-20. https://doi.org/10.1073/pnas.1609997113.
Prescott SL, Srinivasan R, Marchetto MC, Grishina |, Narvaiza |, Selleri L,

et al. Enhancer divergence and cis-regulatory evolution in the human
and chimp neural crest. Cell. 2015;163(1):68-83. https://doi.org/10.1016/].
cell.2015.08.036.

Indjeian VB, Kingman GA, Jones FC, Guenther CA, Grimwood J, Schmutz
J, et al. Evolving new skeletal traits by cis-regulatory changes in bone
morphogenetic proteins. Cell. 2016;164(1-2):45-56. https://doi.org/10.
1016/j.cell.2015.12.007.

Boyd JL, Skove SL, Rouanet JP, Pilaz L-J, Bepler T, Gordan R, et al. Human-
chimpanzee differences in a FZD8 enhancer alter cell-cycle dynamics in
the developing neocortex. Curr Biol. 2015;25(6):772-9. https://doi.org/10.
1016/j.cub.2015.01.041.

McLean CY, Reno PL, Pollen AA, Bassan Al, Capellini TD, Guenther C, et al.
Human-specific loss of regulatory DNA and the evolution of human-
specific traits. Nature. 2011;471(7337):216-9. https://doi.org/10.1038/
nature09774.

Pervaiz N, Kang H, Bao'Y, Abbasi AA. Molecular evolutionary analysis

of human primary microcephaly genes. BMC Ecol Biol. 2021;21(1):1-9.
https://doi.org/10.1186/512862-021-01801-0.

Florio M, Borrell V, Huttner WB. Human-specific genomic signatures of
neocortical expansion. Curr Opin Neurobiol. 2017;42:33-44. https://doi.
0rg/10.1016/j.conb.2016.11.004.

Bastir M, Rosas A, Gunz P, Penia-Melian A, Manzi G, Harvati K, et al. Evolu-
tion of the base of the brain in highly encephalized human species. Nat
Commun. 2011;2(1):1-8. https://doi.org/10.1038/ncomms1593.

Hellman LM, Fried MG. Electrophoretic mobility shift assay (EMSA) for
detecting protein—nucleic acid interactions. Nat Protoc. 2007;2(8):1849.
https://doi.org/10.1038/nprot.2007.249.

Atanur SS, Birol |, Guryev V, Hirst M, Hummel O, Morrissey C, et al. The
genome sequence of the spontaneously hypertensive rat: Analysis and
functional significance. Genome Res. 2010;20(6):791-803 (http://www.
genome.org/cgi/doi/10.1101/gr.103499.109.).

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, et al. Clustal W and Clustal X version 2.0. Bioinformatics.
2007;23(21):2947-8. https://doi.org/10.1093/bioinformatics/btm404.
van Dijk M, Bonvin AM. 3D-DART: a DNA structure modelling server.
Nucleic Acids Res. 2009;37(suppl_2):W235-9. https://doi.org/10.1093/nar/
gkp287.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,
et al. UCSF Chimera—a visualization system for exploratory research and
analysis. J Comput Chem. 2004;25(13):1605-12. https://doi.org/10.1002/
jcc.20084.

Van Zundert G, Rodrigues J, Trellet M, Schmitz C, Kastritis P, Karaca E, et al.
The HADDOCK?2. 2 web server: user-friendly integrative modeling of
biomolecular complexes. J Mol Biol. 2016;428(4):720-5. https://doi.org/
10.1016/j,jmb.2015.09.014.

Wassenaar TA, Van Dijk M, Loureiro-Ferreira N, Van Der Schot G, De Vries
SJ, Schmitz C, et al. WeNMR: structural biology on the grid. J Grid Comput.
2012;10(4):743-67. https://doi.org/10.1007/5s10723-012-9246-z.

de Vries SJ, Bonvin AM. CPORT: a consensus interface predictor and its
performance in prediction-driven docking with HADDOCK. PLoS One.
2011,6(3):17695. https://doi.org/10.1371/journal.pone.0017695.
Murshudov GN, Skubdk P Lebedev AA, Pannu NS, Steiner RA, Nicholls RA,
et al. REFMACS for the refinement of macromolecular crystal structures.

50.

51

52.

53.

54.

55.

56.

Page 16 of 16

Acta Crystallogr Sect D Biol Crystallogr. 2011;67(4):355-67. https://doi.
org/10.1107/50907444911001314.

Sagendorf JM, Berman HM, Rohs R. DNAproDB: an interactive tool

for structural analysis of DNA-protein complexes. Nucleic Acids Res.
2017;45(W1):W89-97. https://doi.org/10.1093/nar/gkx272.
Salomon-Ferrer R, Case DA, Walker RC. An overview of the Amber
biomolecular simulation package. Wiley Interdiscip Rev Comput Mol Sci.
2013;3(2):198-210. https://doi.org/10.1002/wcms. 1121.

Izvekov S, Voth GA. Modeling real dynamics in the coarse-grained
representation of condensed phase systems. J Chem Phys.
2006;125(15):151101. https://doi.org/10.1063/1.2360580.

DardenT, York D, Pedersen L. Particle mesh Ewald: An N- log (N) method
for Ewald sums in large systems. J Chem Phys. 1993;98(12):10089-92.
https://doi.org/10.1063/1.464397.

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A
smooth particle mesh Ewald method. J Chem Phys. 1995;103(19):8577-
93. https://doi.org/10.1063/1.470117.

Ryckaert J, Ciccotti G, Berendsen H. Numerical integration of a System
with Constraints: of the Cartesian Equations of Motion Molecular Dynam-
ics of n-Alkanes. J Comput Phys. 1977,23:327-41. https://doi.org/10.1016/
0021-9991(77)90098-5.

Roe DR, Cheatham TE Ill. PTRAJ and CPPTRAJ: software for processing and
analysis of molecular dynamics trajectory data. J Chem Theory Comput.
2013;9(7):3084-95. https://doi.org/10.1021/ct400341p.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/nar/gkl822
https://doi.org/10.1016/j.cell.2016.02.032
https://doi.org/10.1016/j.cell.2016.02.032
https://doi.org/10.1016/j.ajhg.2015.01.006
https://doi.org/10.1016/j.ajhg.2015.01.006
https://doi.org/10.1016/j.cell.2016.09.028
https://doi.org/10.1016/j.cell.2016.09.028
https://doi.org/10.1073/pnas.1609997113
https://doi.org/10.1016/j.cell.2015.08.036
https://doi.org/10.1016/j.cell.2015.08.036
https://doi.org/10.1016/j.cell.2015.12.007
https://doi.org/10.1016/j.cell.2015.12.007
https://doi.org/10.1016/j.cub.2015.01.041
https://doi.org/10.1016/j.cub.2015.01.041
https://doi.org/10.1038/nature09774
https://doi.org/10.1038/nature09774
https://doi.org/10.1186/s12862-021-01801-0
https://doi.org/10.1016/j.conb.2016.11.004
https://doi.org/10.1016/j.conb.2016.11.004
https://doi.org/10.1038/ncomms1593
https://doi.org/10.1038/nprot.2007.249
http://www.genome.org/cgi/doi/10.1101/gr.103499.109.
http://www.genome.org/cgi/doi/10.1101/gr.103499.109.
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/nar/gkp287
https://doi.org/10.1093/nar/gkp287
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1007/s10723-012-9246-z
https://doi.org/10.1371/journal.pone.0017695
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1093/nar/gkx272
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1063/1.2360580
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.470117
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1021/ct400341p

	Evolutionary relevance of single nucleotide variants within the forebrain exclusive human accelerated enhancer regions
	Abstract 
	Background 
	Results 
	Conclusion 
	Methods 

	Background
	Results
	In vitro binding analysis of SOX2 to target DNA containing ancestral and derived alleles
	Molecular docking characterization of the protein-DNA complex
	Evaluation of dynamic properties of the protein-DNA complexes

	Discussion
	Conclusions
	Materials and methods
	SOX2 expression and verification
	Electrophoretic mobility shift assay
	Sequence acquisition and comparative analysis
	DNA and protein modeling
	DNA–protein docking and refinement
	Protein-DNA interaction analysis
	Molecular dynamics simulation
	Binding free energy estimation

	Anchor 23
	Acknowledgements
	References


