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Abbreviations  

A     Alanine 

AMH   anti-Müllerian hormone  

A-to-S     Alanine to Serine 

Avg    Average 

BSA   Bovine serum albumin 

C    Cysteine 

D    Aspartic Acid 

DiG        Digoxigenin 

DNA   Deoxyribonucleic acid 

DSD     disorders of sex development  

E    Glutamic Acid 

E. coli      Escherichia coli 

EDTA   Ethylenediaminetetraacetic acid 

EMSA      Electrophoretic Mobility Shift Assay 

Enh        Enhancer 

F    Phenylalanine 

FA         Fluorescent Anisotropy 

FAM   Fluorescein amidites 

Fmol   Femtomole 

G      Glycine 

H    Histidine 

H-bond    Hydrogen bond 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMG       high mobility group  

HPLC   High-performance liquid chromatography 

I    Isoleucine 

IPTG   isopropyl β-D-thiogalactopyranoside 

IUCN       International Union for Conservation of Nature 

K    Lysine 

Kb         Kilobase 

KCI    Potassium chloride  

Kd      dissociation constants 

kDa     Kilodalton 

L    Leucine 

M    Methionine  

ml         Millilitre  

mM        Milli Molar 

MgCl2    Magnesium chloride 

μM    Micro Molar 

MnCl2   Manganese (II) chloride 

N    Asparagine  

NaCl   Sodium Chloride 
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NaOH   Sodium hydroxide 

NCBI   National Center for Biotechnology Information 

OD    optical density 

P       Proline  

PAGE       Polyacrylamide Gel Electrophoresis  

PAR        pseudo-autosomal region 

PCR   Polymerase Chain Reaction 

PDB   Protein Data Bank 

pH    potential of hydrogen 

PurR   purine repressor protein  

Q    Glutamine 

R        arginine 

RMSD      Root Mean Square Deviation 

S           Serine 

SD    standard deviation 

SDS-PAGE   sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SOX9       SRY-Box Transcription Factor 9 (gene) 

Sry/SRY     sex-determining region Y (gene) 

SRY        sex-determining region Y (protein) 

T    Threonine  

TBP   TATA box-binding protein TBP 

TF         trigger factor 

TG         transgenic 

TMU    Tokudaia muenninki 

Tris-HCI  Tris (hydroxymethyl) aminomethane (THAM) hydrochloride 

V    Valine 

W    Tryptophan  

WT        Wide Type 

Y    Tyrosine  
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General Introduction 

Therian mammals (including marsupials and placental mammals) possess 

heteromorphic sex chromosomes, the X and Y chromosomes, which emerged 

approximately 181 to 175 million years ago (Cortez et al., 2014). Males are generally 

categorized by XY karyotyped configuration, whereas females show a representation 

of XX with one X inactivated to maintain the dosage compensation (Robert Finestra 

and Gribnau, 2017). This means at least one X is considered to be necessary for survive 

in both sexes. The X and Y chromosomes are believed to have originated from the same 

pair of autosomes, as the ancestral Y was once homologous to the ancestral X 

(Charlesworth, 2000). Over time, the progressive degradation of the Y chromosome led 

to a significant loss of homology between the two, resulting in major differences in 

their size and the number of genes they carry. For example, in humans, the Y 

chromosome is about three times smaller than the X chromosome (Wallis et al., 2008) 

and retains firstly discovered only around 45 protein-coding genes (Graves, 2004), or 

up to 106 coding genes reported by the recent Telomere-to-Telomere (T2T) consortium 

(Rhie et al., 2023) whereas the X chromosome contains up to 1,300 genes (Ross et al., 

2005).  Despite numerous proposed theories, the mechanisms driving Y chromosome 

degeneration remain unclear (Charlesworth, 2020). One of the most well-known 

explanations suggests that the suppression of recombination between the X and Y 

chromosomes caused the Y chromosome to lose its homologous partner, weakening 

natural selection against deleterious mutations (Muller, 1950). This suppression of 

recombination was primarily driven by inversions in the pseudo-autosomal region 
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(PAR), which occurred multiple times throughout evolution. As a result, the X-Y 

recombining region progressively diminished, accelerating the degeneration of the Y 

chromosome (Lahn and Page, 1999). 

To determine the sex of XY-possessing species, the process is divided into two 

stages called primary and secondary sex determination. While secondary sex 

determination focuses on the development of sexual phenotype characteristic regulated 

by hormones secreted from those differentiated gonads, the primary sex determination 

is contingent on the differential development of bipotential embryonic gonads into the 

testis or ovary. With that said, the promotion of bipotential gonads, testis differentiation 

is triggered by the activation of a sex-specific gene called sex-determining region Y 

(Sry/SRY), a transcription factor which is located on the Y chromosome (Berta et al., 

1990). The novel mechanisms of Sry/SRY are to encode SRY proteins, which bind to 

its specific target upstream of SRY-Box Transcription Factor 9 (SOX9) via the high 

mobility group (HMG) domain and promote testis differentiation (Kashimada and 

Koopman, 2010). In human, mutations or deletions of SRY could results in such 

dramatic effects as its potential to cause disorders of sex development (DSD) where an 

individual’s chromosomal sex (XY) might not align with their phenotypic sex.; for 

example, 20% of patients with Swyer syndrome (pure gonadal dysgenesis) harbor an 

SRY mutation and/or deletion (Culha et al., 2012). Most SRY mutations in DSD patients 

are found in the high-mobility group (HMG) domain, which is essential for DNA-

binding (Graves et al., 1999). Recent studies have identified single amino acid 

substitutions in this domain, such as N65H (Assumpção et al., 2002), R76S (Ambulkar 
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et al., 2021), and A66T (Wang et al., 2018), which result in a female phenotype in 

genetically male individuals (46, XY). Some of these mutations have been shown to 

disrupt HMG-DNA binding activity, impairing testis development (Werner et al., 1995). 

All these findings highlight the crucial role of the HMG domain in male sex 

determination and emphasize how even a single mutation can cause a complete shift in 

sexual differentiation. 

The importance of the Y chromosome and its fate-to-be degeneration has sparked 

the worrisome concern regarding the future of Y chromosome evolution, which is also 

lying ahead for humanity. However, despite the widespread degeneration of the Y 

chromosome in many species, certain exceptional mammals have managed to preserve 

their sex determination mechanisms by developing alternative systems independent of 

the Y chromosome. These systems involve the evolution of new sex-determining genes 

or chromosomal rearrangements that allow sex determination to function without 

reliance on the Y chromosome. Such adaptations highlight the dynamic nature of sex 

chromosome evolution and the potential for species to develop novel mechanisms to 

maintain reproductive viability. Among those exceptions, some native Japanese murine 

rodent species belonging to the genus Tokudaia exhibit unique characteristics in their 

sex chromosomes and sex determination mechanisms. The genus consists of three 

species that inhabit small regions of the Ryukyu Islands, Japan. All species which are 

now classified as endangered (or critically endangered), being protected by the 

Japanese government as natural monuments (Yamada et al., 2011) due to threats such 

as deforestation, logging, predation by domestic feral cats and dogs, and competition 
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with the common black rat. 

Two of the three species, the Tokunoshima spiny rat (Tokudaia tokunoshimensis) 

and the Amami spiny rat (Tokudaia osimensis), have already lost their Y chromosome 

(Honda et al., 1977). Males and females possess only a single X chromosome (XO/XO), 

resulting in an odd number of chromosomes which T. tokunoshimensis has 2n = 45, 

while T. osimensis has 2n = 25 (Honda et al., 1977; Kobayashi et al., 2007). Moreover, 

the SRY gene is also completely lost in these species, suggesting the evolution of a new 

sex-determining mechanism independent of SRY (Kuroiwa et al., 2010; Kimura et al., 

2014; Otake & Kuroiwa, 2016). The recent study shed some light for new sex 

determination key factor in T. osimensis as a 17-kb duplication located 430 kb upstream 

of Sox9 on an autosome, which might play some important role as substitution 

mechanisms in replacement of SRY-dependent system (Terao et al., 2023). 

On the other hand, the third species, the Okinawa spiny rat Tokudaia muenninki 

(TMU), is one only Tokudaia species that retains an XX/XY sex chromosome system 

(Tsuchiya et al., 1989). This species was once believed to be extinct in the wild, as there 

had been no recorded sightings in its natural habitat for 30 years until a habitat 

investigation in September 2008 (Yamada et al., 2011). A research team successfully 

rediscovered the species, capturing 24 individual animals. While all animals were 

released at the capture sites, small tissue samples were collected from the tips of their 

tails for fibroblast cell culture (Yamada et al., 2010; Murata et al., 2011). Cultured cells 

and their extracted DNA were then used for cytogenetic and molecular biological 

analysis, leading to the discovery of the species' unique sex-determining characteristics. 
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Unlike those Y chromosome-lacking Tokudaia species, TMU has exceptionally large 

sex chromosomes, formed by sex chromosome-autosome fusions (Murata et al., 2012). 

Furthermore, multiple copies of the SRY gene are located along the long arm of the Y 

chromosome (Murata et al., 2010). However, the function of the SRY gene in TMU 

remains unclear, as all SRY copies share a specific amino acid substitution, Alanine (A) 

to Serine (S) at position 21. This mutation is believed to be critical for SRY-DNA 

binding activity within the HMG domain, suggesting that the SRY gene in TMU may 

be dysfunctional (Murata et al., 2010). Thus, TMU could be a key species for studying 

mammalian SRY evolution and the potential future of sex determination mechanisms. 

In a previous study, transgenic (TG) mice carrying the TMU’s SRY gene were 

generated, but the function of sex determination could not be examined because the 

SRY protein was not stably expressed in transgenic mouse cells (Ogata et al., 2019). 

The mouse SRY gene contains a long polyglutamine (Q-rich) domain, a species-

specific structure (Bowles et al., 1999). By contrast, the Sry of TMU lacks the long Q-

rich domain and its protein is fragile in mouse cells, indicating the long Q-rich domain 

plays an essential role in protein stabilization in mice. Therefore, the function of sex 

determination in TMU’s Sry has remained unclear. Understanding the evolution and 

degeneration of the Y chromosome remains a crucial area of study in genetics, as it 

provides insight into broader mechanisms of chromosome evolution and genetic 

diversity among mammals, especially when some exceptional cases have been reported. 

In this study, I hereby to pursue and defining what lied within the secret of TMU’s SRY. 

I hypothesize that the mutation might decrease the function of SRY, however, might be 



10 

subsidized by multiple intact copies instead. 

In chapter one, I compared the HMG domain sequences of three intact SRY copies 

with the registered SRY available on NCBI database. I analysed the substitution-rate of 

amino acids within HMG structure of all NCBI’s SRY. I predict the three-dimensional 

structure of TMU’s HMG. I stimulated the HMG-DNA binding activity in silico, 

evaluated the changing in molecular properties, protein-DNA contacted compared to 

mouse. 

In chapter two, I cloned HMG-coding genes of TMU’s SRY along with the S to A 

substitution as well as mouse and its vice versa A-to-S. I analyzed the DNA-binding 

ability in vitro, using the recombinant protein produced by E.coli to perform the 

Electrophoretic Mobility Shift Assays and Fluorescence Anisotropy as the comparative 

methods. 

In chapter three, in order to provide more details of TMU’s SRY as the sex 

determination factor, I analyzed the DNA-bending ability in vitro through gel 

permutation assays using Polyacrylamide Gel Electrophoresis (PAGE). 

Based on the results obtained through these experiments, I discussed the possibility of 

how TMU’s SRY might be able to retain its function in sex determination even if A-to-

S substitutions appeared in the HMG domain.  
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1.1 ABSTRACT 

The mammalian sex-determining gene SRY is highly conserved across species, with 

only a few exceptions. The Okinawa spiny rat, Tokudaia muenninki (TMU), acquired 

neo-sex chromosomes with multiple Sry copies by sex chromosome-autosome fusions. 

All SRY copies in TMU have a substitution from alanine (A) to serine (S) at position 

21 in the high-mobility group (HMG) box, a critical DNA-binding domain, suggesting 

that they are nonfunctional. However, the sex determination system in TMU remains 

unclear, in part because the species is endangered, and it is therefore extremely difficult 

to obtain experimental samples. In this study, I investigate the molecular properties and 

function of SRY in silico. A comparison of SRY sequences from 225 species showed 

that TMU is the only species with a substitution at the 21st position. This result 

highlights the rarity and specificity of this substitution, suggesting that the locus is 

critical for sex determination. Structural predictions and DNA docking simulations 

showed that DNA-binding ability was retained, at least in silico. 
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1.2 Introduction 

In mammalian species, the SRY gene located on the Y chromosome is a crucial genetic 

element responsible for initiating male sex determination. Its encoded SRY plays its 

pivotal role by activating SOX9, a key transcription factor, which drives testis 

development of embryonic bipotential gonads. The SRY protein consists of three 

important parts, the N-terminal, C-terminal, and high -mobility group (HMG) domain, 

which is an approximately 80 residues (Laudet et al., 1993), L-shaped transcriptional 

activation domain consist of N-terminal β-strand (consensus residues 1–11) and three 

α-helices (Weir et al., 1993). Packing of the β-strand against the C-terminal segment of 

α-3 defines the minor wing, whereas α-1, α-2, and the N-terminal portion of α-3 

comprise the major wing.   

Via HMG domain (Fig. 1), SRY binds to any DNA target contain A/T AACAA 

A/T/G core binding sequences (Harley et al., 1992; Dubin and Ostrer, 1994; Harley et 

al., 1994), with having the highest affinity for the (A/T) AACAA (T/A) sequence 

(Harley et al., 1994) which is believed to be directly activated by SOX9 (Bridgewater 

et al., 2003; Bhandari et al., 2012) that ensures the continued production of testosterone 

and anti-Müllerian hormone (AMH). Consequences as the promotion of male 

reproductive tract formation and suppress the development of female structures such as 

the Müllerian ducts. The structure of HMG-DNA binding complexes in SRY and their 

SOX-related proteins has been well determined, at least in humans. The novel structure 

of the complexes has been confirmed by multidimensional NMR spectroscopy (Murphy 

et al., 2001) and x-ray crystallography (Palasingam et al., 2009; Reményi et al., 2003). 
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Any mutation that changes the physical structure could be critical for the HMG–DNA 

binding complex, resulting in sex reversal. In individuals with an XY chromosome 

configuration, the patient may show a female phenotype, which might arise from the 

protein losing specificity in its DNA-binding domain due to changes in the folding 

structure.  

Naturally, proteins tend to fold into specific compact structures despite having 

a vast number of possible configurations (Chakrabarti and Bhattacharyya, 2007). 

Folding process of protein is actually solely rely on thermodynamic properties that 

proximal to intramolecular interactions (Shortle, 2009), with the burial of hydrophobic 

groups serves as the primary source of stabilization energy in the folded structure 

(Kauzmann, 1959; Dill, 1990). Physicochemical properties of each amino acid residue, 

including steric volume and hydrophobicity, are critical for maintaining proper folding 

and function in the “native” state, as they preserve protein structure and stability (Zhang 

and Kong, 2020). This phenomenon, known as enthalpy-entropy compensation, 

highlights the crucial role of intramolecular hydrogen (H)-bonds in stabilizing protein 

structures, which could be described by using the Gibbs free energy equation (Li et al., 

2021). Substitution of amino acids, even if single, but occurs at the right position, might 

lead to dramatic changes in protein folding structure. By eliminating favorable 

intramolecular contacts and increasing the enthalpy of the native state, the stability and 

abundance of protein would also decrease (Predki et al., 1996; Buric et al., 2025). For 

the protein function, because of the changes in structure, amino acid substitutions can 

alter the physicochemical properties of DNA-binding domains. Depending on the 

https://www.sciencedirect.com/science/article/pii/S0079610707000442?via%3Dihub#bib132
https://www.sciencedirect.com/science/article/pii/S0079610707000442?via%3Dihub#bib68
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substituted position and the properties of the substituted residues, changes in electric 

charge and molecular bonding can affect the interaction with DNA. This has been 

observed in well-known human DSD studies, where loss of SRY function led to 

complete gonadal dysgenesis, as described by Harley et al., 1992 and Werner et al., 

1995. The other notable study is that the inherited mutation compatible with either male 

or female somatic phenotypes have been observed in both an XY father and individuals 

with XY Swyer syndrome. One such example is the substitution of F109S in the HMG 

domain (corresponding to consensus box position 54), which leads to weaker HMG–

DNA binding complexes. This results in an ambiguous developmental stage, where 

some patients exhibit a male phenotype while others develop a female phenotype. The 

phenotypic outcome may depend on the availability of environmental free hydrogen 

atoms (free water), which can assist the mutated SRY protein in forming its bond with 

DNA (Racca et al., 2016).  

Even though the amino acid sequences of the HMG domain in SRY are highly 

conserved among most mammalian species (Pontiggia et al., 1995) and are thought to 

carry out a similar function in all mammals in which it is present (Ross et al., 2008), 

compared to humans, there appear to be only a few studies on HMG–DNA complexes 

in other species. Especially in TMU, the endangered and protected species status makes 

it impossible to obtain NMR-crystallized structure of SRY or HMG-DNA complexes. 

To compensate for the lacking of specimens, the first chapter of my study regarding the 

SRY-DNA complexes in TMU has been performing with in silico analysis, which 

recently plays an important role in protein-DNA binding studies, as bioinformatic tools 
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provide considerably cheaper, reliable, and faster results when compared to the 

conservative in vitro or in vivo experimental methods. In this study, I compare three 

intact TMU’s SRY copies with all mammalian intact SRY with completely cover the 

HMG domain registered on NCBI database. This analysis showed the conservation of 

amino acid sequences, which showed the characteristic of these multiple SRY copies 

and might provide a glimpse of its function. Next, I modelled the SRY2, which shares 

most similarity to mouse SRY, rendered it from the amino acid sequences along with 

its sequence editing version (StoA), Mouse WT, and Mouse A-to-S. I tried docking the 

3D structure of modelled HMG with the enhancer 13 (Enh13) upstream region of Sox9 

gene locus, the DNA binding target common in mouse (Gonen et al., 2018), rat, and 

TMU’s SRY. 
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1.3 Materials and Methods 

The sequence comparison study between each SRY copy of TMU and the novel 

mammalian species has been reported by our laboratory before in the past. However, 

this is the first time in several years that using all available identical sequences on the 

updated NCBI database in order to confirm and prove the significance of A-to-S 

substitution that might be unique to TMU.   

 

HMG sequence analysis  

All SRY sequences from mammalian species in the NCBI database were downloaded 

as of September 2023, trimmed to obtain the HMG domain, and filtered to remove 

duplicates. An alignment was generated using AliView (Larsson, 2014), an alignment 

viewer released under the Open-Source Software License GNU General Public License, 

version 3.0 (GPLv3); the source code is available at GitHub 

(https://github.com/AliView/AliView). MEGA X (Kumar et al., 2018) was used for 

statistical model prediction and to generate a substitution matrix of the HMG domain 

via maximum likelihood methods based on the JTT model and gamma-distributed rates 

with 1000 bootstrap replicates (Jones et al., 1992) 

 

Three dimensional structure prediction of HMG domain  

Previously reported TMU Sry sequences, SRY2 (BAJ08420) (Murata et al., 2010), were 

used for structure prediction based on the highest alignment score for HMG sequences 
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compared with mouse, the model, and species with structural annotations. Along with 

TMU, mouse SRY (NP_035694) was saved as a FASTA file and the amino acid 

sequence was trimmed to retain the HMG domain. A-to-S substituted sequences were 

generated and then submitted to Robetta, a protein structure prediction server developed 

by the Baker lab at the University of Washington (Kim et al., 2004). Three-dimensional 

(3D) structures were predicted using a deep learning-based method, RoseTTAFold 

(Baek et al., 2021).  

 

DNA-binding complex simulation and structure comparison  

The predicted structure of the HMG domain protein together with the SRY-binding 

DNA sequences were subsequently analyzed using pyDockDNA, a web server for 

predicting protein-DNA interactions based on pyDock and FTDOCK algorithms 

(Rodríguez-Lumbreras et al., 2022). We selected a 30-bp DNA sequence from the testis-

specific enhancer of Sox9, Enh13 (706 bp), which is conserved among rodent species, 

including rat and mouse, as the HMG-binding DNA (Gonen et al., 2018). The PDB files 

were downloaded and the model with highest prediction score was visualized. The 

molecular structures were compared between each sample using UCSF Chimera and 

Chimera X (Petterson et al., 2004). Protein-DNA contact maps were generated by using 

Mapiya (Badaczewska-Dawid et al., 2022) with default parameters. 
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1.4 Results  

A-to-S substitution is unique in TMU SRY 

We evaluated the A-to-S substitution at the 21st position of HMG domain in the TMU 

Sry gene through a comparative sequence analysis. We obtained 537 SRY sequences 

from various mammalian species available in the National Center for Biotechnology 

Information (NCBI) database. We trimmed these sequences to retain only the first 76 

amino acids of the HMG domain, which is highly conserved across mammalian species. 

To screen for intra-specific variation, 228 sequences from 225 species were finally 

retained (Fig.1). This dataset included three previously identified TMU SRY sequences: 

SRY1, SRY2, and SRY3 (Murata et al., 2010). A multiple sequence alignment of the 

HMG domain was generated using the ClustalW algorithm, revealing strict 

conservation at position 21 of the HMG domain across mammalian species, with the 

exception of TMU (showing an A-to-S substitution in Fig.1 and Fig. 3). We also 

employed the Maximum Likelihood Estimate of Substitution Matrix to further elucidate 

the nature of amino acid substitutions in the HMG domain. A matrix was generated with 

1,000 bootstrap iterations. Substitution patterns and rates were estimated under the 

Jones-Taylor-Thornton (1992) model (+G). A discrete gamma distribution was used to 

model evolutionary rate differences among sites (5 categories, (+G), parameter = 

1.1882), with relative values of instantaneous rates (r values) simplified by setting the 

sum of r values to 100. The amino acid frequencies were 7.69% (A), 5.11% (R), 4.25% 

(N), 5.13% (D), 2.03% (C), 4.11% (Q), 6.18% (E), 7.47% (G), 2.30% (H), 5.26% (I), 

9.11% (L), 5.95% (K), 2.34% (M), 4.05% (F), 5.05% (P), 6.82% (S), 5.85% (T), 1.43% 
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(W), 3.23% (Y), and 6.64% (V), and A was most likely to be replaced with threonine 

(T) (r = 1.82), followed by serine (r = 1.55) and valine (r = 1.16) (Fig. 4). These results 

suggest that although A can be easily replaced with S, the residue is highly conserved 

across mammals other than TMU. These results indicate that the 21st amino acid in the 

HMG domain is functionally important. 

 

A-to-S substitution does not have a major impact on the HMG domain structure 

To understand the potential functional implications of the A-to-S substitution, we 

analyzed the 3D structure of the HMG domain. Four models with the highest prediction 

scores, corresponding to wild-type mouse HMG, mouse HMG with an A-to-S 

substitution, wild-type TMU HMG, and TMU HMG with a S-to-A substitution, were 

generated using the Robetta computational platform. An alignment of these 3D models 

revealed structural similarities across all samples, regardless of whether A or S was 

present at the 21st position (Fig. 5-1A and B, Fig. 5-2). Remarkably, angstrom error 

estimates were low for all of the predicted models (Fig. 6). For residues just after A or 

S at position 21 of HMG, specifically beginning from glutamine (Q) at position 23, the 

error exceeded 1.0 angstroms, peaking at 3.4 angstroms around S 26th and decreasing 

to less than 1.0 angstroms by Q 31st. Subsequent significant angstrom error estimates 

were observed after tyrosine (Y) at position 71, reaching over 18 angstroms at position 

80 of the HMG domain, indicating that the lack of the Q-rich domains in the C-terminus 

region of the SRY protein may contribute to the difficulties in model prediction. 

However, the Q-rich domain varies considerably among species and is not highly 
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conserved, even within the rodent family; its inclusion in the structural model could 

interfere with the interpretation of the A-to-S substitution in the HMG-DNA complex. 

Therefore, we focused exclusively on the HMG domain, which is the critical DNA-

binding domain of the SRY protein.  

 

DNA-HMG domain interaction remains intact in A and S variants 

To assess the impact of the A-to-S substitution on the DNA-HMG domain interaction, 

we performed in silico DNA-binding predictions using the pyDockDNA platform. The 

selected HMG models in PDB format were used as receptors, while the conserved 

rodent Enh13 nucleotide sequence (5′-TCCACTTCTAAACAAACAGCTGAGGGGA 

GT-3′) was used as the ligand. The docking analyses revealed that the DNA-binding 

patterns of the TMU HMG were similar to those of mouse HMG, regardless of whether 

A or S was present at the 21st position (Fig. 5-1, Fig. 5-2). The A-to-S substitution was 

positioned near the protein surface; however, it did not exhibit direct contact with the 

Enh13 DNA model in the docking results when the interaction bond length was set at 4 

angstroms. This suggests that the substitution does not impact the DNA-HMG domain 

interaction substantially. Of note, the hydroxyl group in S resulted in the formation of 

an additional hydrogen bond within the protein-protein folding structure between S at 

position 21 and arginine (R) at position 17. The molecular distance of this hydrogen 

bond was 2.767 angstroms in TMU HMG and 2.773 angstroms in the mouse homolog 

(Fig. 5-1 A and B). These subtle structural differences suggest that the A-to-S 

substitution influences intramolecular stability, although the effect is weak and unlikely 
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to alter or disrupt the DNA-HMG domain interaction, as evidenced by the lack of 

significant change between the A/S and S/A transitions. The protein contact map results 

retrieved from Mapiya revealed that rather than A/S at position 21 of the HMG domain, 

in TMU the nearby area R17 exhibited obviously strong interactions with the nucleotide 

molecules (Fig. 7) in alignment with the structural change in the surface area of R17 

(Fig. 8). Notably, the bonds were weaker and some contact was lost in TMU HMG 

compared with that of mouse, suggesting that the additional hydrogen bond between S 

at position 21 and R at position 17 might detach R17 or widen the area of contact with 

DNA. 
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1.5 DISCUSSION 

The number of known protein sequences has increased rapidly in recent years, 

improving such databases is important, as it confirms the significance of our studies. 

The more NMR structures that are submitted to the database, the more accurately the 

native state of protein structures and protein–nucleic acid interactions can be predicted. 

The one only A-to-S substitution in TMU once again confirms its significance as 

species-specific characteristic. The A at this (21st) position is highly conserved across 

mammals and was detected in 228 SRY sequences from 225 species evaluated in this 

study; this high conservation suggests that the site is critical in sex determination. The 

discovery of the substitution in TMU raises important questions about the evolutionary 

forces driving this unique substitution in the species. Given that the A-to-S substitution 

was not observed in any other mammalian species, even if A is easily substituted to S, 

it likely represents an isolated evolutionary event specific to TMU, occurring before 

SRY duplication events.  

However, except for I10, which was M in rodent species, and R4, which was C 

in TMU SRY1 (BAJ08419) and H in TMU SRY3 (BAJ08421), other amino acids 

involved in binding to the minor groove of DNA were strictly conserved. The predicted 

structure also indicated that the HMG of TMU might be able to fold closely similar to 

those native stage in mouse, meaning there are not so much difference in Gibbs free 

energy between these samples.  

The docking simulation results apparently could bind to the Enh13, resembling 

to those in mouse, and vice versa, to the substitution edited version, regardless of A or 
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S. Moreover, the additional hydrogen bonds between S21 and R17 have been confirmed 

between HMG molecules. This bond is likely to be responses why the bond between 

DNA and R17 could be considered as relatively weak when compare to mouse showed 

in the protein contact map.  

This in silico results indicated that the SRY of TMU retains its DNA-binding ability, 

at least via the HMG domain. There was a slight reduction, but not complete loss, of 

the DNA-binding activity of SRY. However, since there is limited information 

regarding DNA-binding ability that could be archive from in silico prediction, I would 

like to validate and confirm this hypothesize using in vitro experiments as the next 

chapter. 
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1.6 Figures 

 

 

 

Fig. 1 The 3D structure of the HMG domain was generated from the obtained mouse 

SRY sequence. Folded amino acids are shown as a ribbon, while the molecular 

surface is represented as a mesh. The 21st alanine residue is labeled in pink. 
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Fig. 2 The completed 228 individual HMG sequences alignment retrieved from 225 

mammalian species showed that the Okinawa spiny rat is the only one with an alanine-

to-serine substitution at the 21st position of the HMG domain (Red box). 
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Fig. 2 The completed 228 individual HMG sequences alignment retrieved from 225 

mammalian species showed that the Okinawa spiny rat is the only one with an 

alanine-to-serine substitution at the 21st position of the HMG domain. 
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Fig. 2 The completed 228 individual HMG sequences alignment retrieved from 225 

mammalian species showed that the Okinawa spiny rat is the only one with an 

alanine-to-serine substitution at the 21st position of the HMG domain. 
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Fig. 3 Representative sequence alignment of the HMG domain in various mammalian 

species. The Okinawa spiny rat is the only species with the A-to-S substitution at 

position 21 of the HMG domain (red box). 
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Fig. 4 HMG substitution matrix analysis conducted in MEGA X showed the amino acid 

substitution probability within the HMG domain among mammalian species. Gradient 

scales of which amino acid (row), is likely to be substituted to (column) range from 

lowest chance to be substituted (blue) until highest chance to be substituted (red). For 

estimating ML values, a tree topology was automatically computed. The maximum Log 

likelihood for this computation was -2580.654. A total of 83 positions in the final 

dataset. 
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Fig. 5-1 3D docking results showing the similarity in HMG-DNA binding between 

TMU (A) and mouse (B). The magnified positions are indicated by red boxes. 

Molecular properties of the S variant (green) indicate more hydrogen bonds within the 

protein-protein folding structure compared with those for the A variant (pink) in both 

TMU (C) and mouse (D). 
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Fig. 5-2 The 3D docking results 

showed similarity of the HMG-

DNA binding complexed 

between TMU WT (S), TMU S 

to A (B), mouse (C), and mouse 

A-to-S (D). The position of the 

substitution (red box) is 

proximally close to the surface 

of the HMG protein, but does 

not make direct contact with the 

DNA. 
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Fig. 6 Angstrom error, per residue local error estimates as predicted distances in 

angstrom (Å) between the Cα positions of the model compared to the native structure 

in mouse WT (A), mouse A-to-S (B), TMU WT (C), and TMU S to A (D). All models 

showed average errors between 1-5 Å at 1st to 75th positions of HMG domain, which 

are very conserved across species. 
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Fig. 7 The protein contact maps with default cutoff at 8 Angstrom showed HMG-DNA 

binding complexed between TMU (A) and mouse (B) to the Enh13 core binding 

sequence of SRY. A-to-S substitution might reduce the binding affinity of R17 and R18 

(red boxes) to the DNA.  
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Fig. 8 The 3D HMG-domain structures of TMU (A) and Mouse (B) show changes in 

the surface area around residue R17 (yellow), caused by an A-to-S substitution. In TMU, 

the presence of S21 (green) brings R17 closer through additional hydrogen bonds, 

compared to A21 (pink) in the mouse. 
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2.1 Abstract 

One of the most well-known functions of the SRY is its transcriptional activity. As the 

transcription factor, in order to upregulate its relative, SOX9 activities, SRY needs to 

precisely bind to its DNA target, Enh13. In the last chapter, I identified the molecular 

properties of TMU, the multi SRY copies of critically endangered species using in silico 

methods. The results showed that it might possibly be bound to the Enh13 DNA. 

However, the amount of SRY required to be bound to the DNA (DNA binding affinity) 

is yet to be confirmed. In this chapter, in vitro experiments included western blotting, 

electrophoretic mobility shift assays, and fluorescence anisotropy, which were 

conducted using recombinant protein from E. coli. The results showed that although the 

affinity was slightly lower than that of the mouse homolog, DNA-binding ability was 

retained. These findings provide insight into the effects of the A-to-S substitution in 

SRY on sex determination. 
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2.2 Introduction 

To activate a gene, a transcription factor generally interacts with DNA through a 

combination of direct and indirect readout mechanisms (Vonderfecht et al., 2008). 

Direct readout consists of specific chemical interactions between protein and nucleic-

acid bases (Pabo and Sauer, 1992) primarily around two-thirds to hydrogen bonds, 

similar with van der Waals forces, and one-sixth each of hydrogen and water-mediated 

bonds (Luscombe et al., 2001). On the other hand, Indirect Readout, protein senses the 

overall conformation of the DNA helix by perturbing to the recognition of DNA 

structure, included shape, intrinsic curvature, topology, ordered water structures, local 

geometry of backbone phosphates, and flexibility, influenced by the nucleotide 

sequence (Aeling et al., 2006). In addition, Hydrophobic interactions from aromatic 

residues like phenylalanine and tyrosine can also engage in stacking interactions with 

nucleotide bases, as have been reported (Anjana et al., 2012; Chakrabarti and 

Bhattacharyya, 2007), as well as provide significant stability to DNA-protein 

complexes (Wilson et al., 2014). These interactions are indicated to be heavily 

influenced by amino acid substitutions. For example, amino acids with ionizable side 

chains positively charged residues like arginine and lysine (Zhou et al., 2018) often 

interact with the negatively charged phosphate backbone of DNA (Martin et al., 2022). 

Substituting these residues with neutral or negatively charged amino acids can weaken 

the interactions, reducing binding affinity. In similar terms, alterations in residues 

included glutamine and asparagine responses for hydrogen bonds forming with DNA 

bases will disrupt the born formation, weakening both specificity and affinity (Corona 
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and Guo, 2016). 

SRY, as a transcription factor, recognizes DNA through its HMG domain by 

partially intercalating into the minor groove of the DNA helix (King and Weiss, 1993), 

using an α-helix at the 3′ end of the binding site and a flexible, cationic C-terminal tail 

at the 5′ end, which contains four lysines and three arginines in close proximity to the 

DNA (Etheve et al., 2016). Therefore, the topological mechanism of sequence 

specificity of SRY could also be drastically changed when some amino acid residues 

are replaced by others, which can significantly alter its DNA-binding activity, 

impacting its role in male sex determination. In humans, the Y129N mutation, in which 

Tyrosine is replaced by Asparagine, is associated with partial gonadal dysgenesis, has 

been shown to reduce DNA-binding affinity and alter the salt dependence of the SRY-

DNA interaction (Baud et al., 2002). Similarly, the A66T (Alanine to Threonine) 

mutation with 46 XY-pure gonadal dysgenesis from a G to A transition within the HMG 

domain, results of this substitution have been reported as it significantly reduces SRY’s 

DNA-binding capacity and impairs its nuclear import. Indicated that the 66th alanine 

of the HMG domain is important for both DNA interaction and proper intracellular 

localization (Wang et al., 2018). These findings remind us of the critical influence of 

specific amino acid residues on the structural and functional integrity of SRY, with 

mutations especially in the HMG binding domain leading to significant disruption in 

DNA binding and, consequently, male sexual development. 

In this chapter, to determine the effect of amino acid substitution on TMU’s SRY 

in HMG-DNA binding activity, I have employed two techniques, the electrophoretic 
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mobility shift assay (EMSA) and the fluorescence anisotropy (FA), which could 

provide qualitative and quantitative data, respectively. For EMSA, it has long been 

recognized as one of the most prominent cornerstone methods for analyzing protein–

nucleic acid interactions (Moxley et al., 2003). This method utilizes the principle that 

protein–DNA or protein–RNA complexes migrate more slowly through a non-

denaturing gel during electrophoresis compared to free nucleic acids, due to the 

increased size and altered charge of the complexes (Hellman and Fried, 2007). In 

addition, FA, also known as fluorescence polarization, is a powerful and sensitive 

technique to assess molecular complex formation by measuring the degree of 

polarization of emitted light after excitation (Lacowicz, 2006).  To study DNA–protein 

interactions, this method leverages the principle that when a fluorescently labeled DNA 

molecule binds to a protein, the resulting complex exhibits altered rotational motion, 

leading to changes in fluorescence anisotropy that can be quantitatively analyzed to 

determine binding affinities (Weaver and Whelan, 2021).  
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2.3 Materials and Methods 

Ethical consideration 

The Okinawa spiny rat (Tokudaia muenninki, 2n=46, XX/XY) is endangered (The 

IUCN Red List of Threatened Species, DOI: e.T21972A22409515), and has been 

protected by the Japanese government as a natural monument and national endangered 

species of wild fauna and flora since 1972 and 2016, respectively. No animal samples 

were used in this study. 

 

Preparation of the plasmid carrying the HMG sequence   

For HMG domain recombinant protein constructs, primers were designed to 

specifically amplify the HMG region. (F- AAA CTCGAG CAT GTC AAG CGC /R- 

GGG AAGCTT TGA CAC TTT AGC CC for mouse, and F- AAA CTCGAG CAT 

GTC AAG CGC / R- GGG AAGCTT TGG CAC TTT AGC TC for TMU). All products 

were double digested with restriction enzymes (TaKaRa, Kusatsu, Japan) and ligated 

into the XhoI/HindIII restriction site of pCold TF, a fusion cold shock expression vector 

(TaKaRa). Ligation products were electrophoresed using 1% agarose gels stained with 

MIDORI Green (Nippon Genetics, Tokyo, Japan) and purified using the NucleoSpin 

Gel and PCR Clean-up Kit (MACHEREY-NAGEL GmbH & Co, KG, Düren, 

Germany). The products were confirmed by DNA sequencing using the Hitachi 

Applied Biosystems ABI 3100 Avant DNA Sequencer (HITACHI, Tokyo, Japan) after 

transformation into the JM109 Escherichia coli strain (Nippon Gene Ecos) according 

to the manufacturer’s instructions. After colony selection using antibiotics (50 µg/ml 
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ampicillin in 1.5% LB agarose media) and plasmid extraction using the FastGene DNA 

Extraction Kit (Nippon Genetics), inserted DNA was confirmed again using the Colony 

PCR using SimpliAmp Thermal Cycler (Thermo Fisher, Japan) and KAPA Taq PCR 

Kit (Nippon Genetics). 

 

Recombinant HMG domain protein production 

To produce the recombinant protein, recombinant plasmid vectors, pCold.TF carrying 

the HMG sequence were transformed into E. coli BL21 (Nippon Gene ECOS), a 

bacterial recombinant protein expression system, using the heat shock method. The 

transfected BL21 E. coli was precultured overnight in 10 ml of 2× Yeast Extract 

Tryptone liquid medium containing 50 µg/ml ampicillin, incubated at 37°C, and shaken 

at 200 rpm in a shaking chamber. On the following day, large-scale recombinant protein 

production was performed by transferring the precultured E. coli into a flask with 2× 

YT medium (Yeast extract 20 g, Tryptone 20 g, NaCl 10 g, 2 M NaOH 3.2 ml). 

Additional incubation was performed until the cell concentrations measured by the 

optical density at 600 nm (OD600) reached 0.6 and samples were immediately cooled 

with ice water for 15 minutes. After cold shock, the cultures were shaken at 15°C for 

30 minutes before the addition of 1 mM isopropyl β-D-thiogalactopyranoside (IPTG), 

incubation for another 24 hours, and collection by centrifugation (10,000 g, 4°C, 5 

minutes per 500 ml of culture). Cell lysis was performed by mixing the collected 

suspension with 35 ml of lysis buffer (50 mM Tris-HCI pH.8.0, 0.5 M NaCl, 0.1% NP-

40), 0.05 g of lysozyme, 200 μl of 1 M MgCl2, 20 μl of 1 M MnCl2, and 200 μl of 1 
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mg/ml DNase I, with mixing using a magnetic stirrer at 4°C for 30 minutes. The lysed 

samples then were sonicated using the Branson SONIFIER 250 for 10 minutes and 

centrifuged at 18,000 rpm for 30 minutes to remove the cell debris. The HMG-TF 

recombinant proteins were purified using the ÄKTA™ prime plus HPLC system on a 

HisTrap HP column (Cytiva, Uppsala, Sweden) following the instructions provided. 

The fusion tag (trigger factor [TF] chaperone) was removed from the HMG-TF 

recombinant protein by incubating the column-purified HMG-TF proteins overnight at 

4°C with the HRV 3C protease expressed and purified from E. coli BL21 (DE3). The 

mixture was purified again using the Nickel resin column (TakaRa) according to the 

manufacturer’s instructions. The expression of purified recombinant proteins was 

confirmed through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and western blotting. 

 

EMSA 

Specific double-stranded DNA sequences (CACTTCTAAACAAACAGCTGA) for 

SRY-binding activity were designed, stepwise annealed, and labeled with Digoxigenin 

(DIG) according to the DIG Gel Shift Kit, 2nd generation protocol (Roche, Mannheim, 

Germany). HMG-DNA binding reactions were performed according to the kit 

instructions. Briefly, for 10 μl reaction, 16 fmol of the labeled DNA and 0.5 μl purified 

HMG proteins were mixed with EMSA binding buffer, Poly [d(I-C)] as a non-specific 

competitor, and Poly L-lysine and incubated for 15 minutes at 25°C. Samples were then 

immediately cooled on ice to stop the reaction. The DNA-protein complex mixture was 
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separated on an 8% polyacrylamide gel for 80 minutes at 70 V in 5% TBE buffer. 

Samples were electro-transferred to a 5% TBE presoaked Amersham Hybond™-N+ 

nylon membrane (GE Healthcare UK Limited, United Kingdom). The membrane was 

then baked at 120°C for 15 minutes before treated with filter papers presoaked with 2× 

SSC solution. DNA fixation was performed following the crosslinking method using a 

UV transilluminator (Vilber Lourmat, France). Then, the membrane was incubated in 

blocking solution provided in the EMSA kit for 30 minutes at room temperature and 

further incubated with a 1/20,000-diluted DIG-POD (150 U Anti-Digoxigenin-POD 

Fab fragments) (Roche) antibody for 2 hours. Chemiluminescent detection was 

performed using the LAS-3000 Imager (Fujifilm, Tokyo, Japan) using a 

chemiluminescent agent, following the instrument’s protocol.  

 

FA 

HPLC-grade fluorescent label oligonucleotides (CACTTCTAAACAAACAGCTGA) 

were synthesized to resemble those used in EMSAs with an additional fluorescent 

group, 6-carboxyfluorescein (6-FAM) bound to the 5′ end (Fasmac, Kanagawa, Japan), 

and dissolved in TEN buffer (10 mM Tris, 0.1 M NaCl, and 1 mM EDTA (pH 8.0)). 

Together with the complementary strand, the oligomers were annealed at 95°C for 5 

minutes and cooled at room temperature. The DNA-protein complexes were obtained 

using premixed 50 nM annealed oligomers with HEPES binding buffer (40 mM HEPES, 

40 mM KCI, 20% glycerol, 100 mg/ml BSA, pH 7.5) incubated at 37°C for 15 minutes, 

and the HMG protein was titrated from 10 μM with the total volume of the reaction at 
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1 ml at 25°C. To avoid non-specific binding, 10 μg/ml sheared salmon sperm DNA 

(BioDynamics Laboratory, Plainview, NY, USA) was added. Fluorescence anisotropy 

of serial titrations of HMG-DNA complexes (0.002 to 10 μM HMG) was performed 

after incubation using an FP-8500 fluorometer (JASCO, Tokyo, Japan). The 

measurements were taken at excitation and emission wavelengths of 495 and 515 nm, 

respectively, with spinning at 250 rpm. The average values from three replications were 

calculated using the anisotropy equation (Equation 1) (Nam et al., 2020). Kd values 

were compared among samples. 

 

                           𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 (𝑟) =
𝐼VV − 𝐺𝐼VH

𝐼VV − 2𝐺𝐼VH
                                                              (1) 

 

where I is the fluorescence intensity, the first character of the subscript is the 

polarization direction of the excitation light, and the second character is the direction 

of the emission. V and H indicate the vertical and horizontal directions, respectively, 

and G is an instrument correction factor determined by excitation of the protein solution 

with horizontally polarized light. Kd for the HMG-DNA complex was determined by 

using the Hill equation and the nonlinear least-squares method (IGOR Pro, 

Wavemetrics, Lake Oswego, OR, USA):  

 

                            𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦(𝑟) = 𝑏𝑎𝑠𝑒 +
𝑚𝑎𝑥 − 𝑏𝑎𝑠𝑒

1 + (
𝐾d

[Pt]
)

𝑛                                                (2) 
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where base is the baseline fluorescence anisotropy in the absence of binding, max is the 

maximum fluorescence anisotropy, [Pt] is the total protein concentration, and n is the 

Hill coefficient. 
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2.4 Results  

HMG with both S and A exhibited DNA-binding ability  

To validate the presence and expression of recombinant SRY proteins of mouse and 

TMU, we performed sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and western blotting. The expression of recombinant proteins corresponding to 

the HMG proteins with the A-to-S or S-to-A substitution in a bacterial system was 

confirmed by Coomassie Blue staining after SDS-PAGE. The electrophoresis results 

showed clear bands between the 10 kDa and 15 kDa molecular weight markers at the 

predicted size of the HMG protein, which is approximately 12.9 kDa (Fig. 10A). 

Western blotting using an anti-SRY antibody showed single bands at positions 

consistent with those observed in the Coomassie Blue-stained gels (Fig. 10B). Together, 

these findings confirmed the validity of the recombinant HMG proteins for in vitro 

HMG-DNA binding analyses. 

To explore the binding ability of the DNA-HMG domain with the A-to-S 

substitution, we employed electrophoretic mobility shift assays (EMSA) using 

digoxigenin (Dig) labeled oligonucleotide probes. We designed DNA probes to 

simulate the HMG-binding region on Enh13, a testis-specific Sox9 enhancer sequence 

in the mouse genome (Gonen et al., 2018); this region contains the essential SRY/SOX9 

binding motif (5′-A/T AACAA A/T-3′) (Ferrari et al., 1992; King and Weiss, 1993; 

Giese et al., 1994; Murphy et al., 2001; Phillips et al., 2004). We confirmed the binding 

motif sequence was conserved in the upstream region of Sox9 in TMU (Fig. 9).  

As shown in Fig. 11, the EMSA results revealed shifted bands corresponding to 
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the formation of DNA-protein complexes in all HMG samples derived from both mouse 

and TMU. The presence of these shifted bands in all Enh13 BS(+) binding complexes 

indicated that both A- and S-containing HMG domains were capable of binding to the 

DNA probes. Importantly, no bands were observed in the negative control lanes, Enh13 

BS(-) with deletion of the SRY core binding motif, confirming the specificity of the 

interactions. The HMG-DNA binding intensity was comparable for the A or S variant 

within both mouse and TMU, suggesting that this specific amino acid substitution did 

not critically impair the HMG-DNA interaction. This finding aligned with 

computational predictions, which indicated that the A-to-S substitution might not play 

a critical role in modulating the DNA-binding activity of TMU SRY, at least when 

considering the HMG domain in isolation. The HMG-DNA complexes formed by TMU 

proteins, for both the A and S variants seems to exhibited weaker shifted-band intensity 

than those of the corresponding mouse HMG-DNA complexes by observation. 

However, to precisely confirm the change in binding affinity, an alternative 

measurement has been adopted and will be described later. This suggested that while 

TMU SRY retained the ability to bind DNA through its HMG domain, its binding 

affinity was lower than that of the mouse SRY protein. 

 

A-to-S substitution exhibited a slight reduction in DNA-binding affinity 

To complement the qualitative EMSA results, we performed fluorescence anisotropy 

assays to quantify the effects of the A-to-S substitution on DNA-binding affinity. By 

diluting the HMG proteins over a range of concentrations, we traced the extent of 
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complex formation from the anisotropy values. The highest anisotropy values observed 

at 10 µM HMG were 0.178 for the S-substituted mouse variant, 0.179 for both the S 

and A variants of TMU, and 0.181 for the wild-type mouse SRY, which indicates that 

all HMGs form a similar DNA complex at a certain DNA concentration. 

As the dilution progressed and protein concentrations decreased, the anisotropy 

values declined gradually, until reaching approximately 0.067 at 0.0019 µM protein 

(Tables 1 and 2). An anisotropy plot revealed notable differences in binding affinity 

patterns between species and variants. For concentrations ranging between 0.01 µM 

and 1 µM, the reduction in fluorescence anisotropy initiates at higher concentration 

levels in the S mutants of mice and TMU, compared to the wild-type mouse SRY, 

indicating a decreased affinity for the target DNA. This trend was more pronounced in 

the S variant of TMU, suggesting a weaker interaction with DNA than that for the A 

variant (Fig. 12).  

To quantify the binding affinities further, we calculated the dissociation 

constants (Kd) for each HMG-DNA complex. The calculated Kd values revealed a 

gradient in binding affinity across the different variants. The lowest Kd value, indicating 

the highest affinity, was observed for the wild-type mouse HMG-DNA complex (Kd = 

0.12 ± 0.02 µM) followed by the serine-substituted mouse HMG protein with a slightly 

higher Kd of 0.14 ± 0.03 µM. For TMU HMG, both variants displayed higher Kd values, 

with the A variant showing a Kd of 0.16 ± 0.02 µM and the S variant exhibiting the 

weakest binding affinity with a Kd of 0.22 ± 0.03 µM (Table 3). These findings 

supported the conclusion that in TMU the A-to-S substitution resulted in a slight 
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reduction in DNA-binding affinity, particularly in the TMU HMG protein. However, 

the A-to-S-substituted mouse HMG showed slightly different affinity within the margin 

of error compared to wild-type, which both still exhibited a higher binding affinity than 

the wild-type of TMU (S-variant). This observation suggests that the differences in 

binding complexes and affinities may be species-specific, influenced by other residues 

within the HMG domain and their interactions with neighboring amino acids. 
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2.5 Discussion  

In this chapter, I investigated the DNA-binding properties of recombinant HMG 

proteins from mouse and TMU with the substituted versions of both. In addition to the 

in silico experiment validated in the Chapter I, the results provided more insights into 

the structural and functional characteristics of these proteins. 

As a continuation to in silico results, we confirm the possibility that the protein 

could bind to the DNA, and further verified that the additional hydrogen bond in 

protein-protein folding structure found in HMG domain might actually give some effect 

to the DNA binding affinity. The binding patterns have been conserved in both mouse 

and TMU, with a slight difference in Kd value. The result aligned with the concept that 

the changes in a number of bonds result in changes in the pattern of hydrogen bond 

donors and acceptors presented by the DNA bases and the complementary groups in 

the protein (Luscombe et al., 2001), which largely determines the binding affinity 

through direct readout mechanisms.  

Serine has been known as one of the popular amino acids compatible with 

phosphorylation. When the phosphate group of the phosphoprotein reacts with serine, 

threonine, or tyrosine, it results in the -OH group of their sidechain in an esterification 

reaction (Ghosh and Adams, 2011; Kalantari et al., 2015). The reversible 

phosphorylation of serine is well recognized as a switche for DNA-binding, playing a 

vital role in transcriptional activity. Because of that, substitutions to serine can have 

diverse effects on DNA-binding affinity, depending on the specific protein context and 

the nature of the substitution. The comparative study conducted by Lin and Guo (2019), 
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where substitution with serine or threonine residues possessing hydroxyl groups can 

strengthen protein-DNA interactions when appropriately positioned. In my study, on 

the other hand, the fluorescent anisotropy results show that the serine variant of both 

species exhibits slightly lower DNA binding affinity. I hypothesize that if SRY could 

be expressed normally, the binding activity and the target DNA recognition should not 

be a critical problem in A21S. Unfortunately, the expression patterns of TMU’s SRY 

have yet to be confirmed in embryonic gonads, but at least both in silico and in vitro 

results align with or reflect the same concept as the previously mentioned study on the 

F109S mutation in SRY. In that study, almost no differences in DNA-binding activity 

were observed, though the mutation may have slightly altered in vivo activity. The 

resulting sex phenotype appeared to depend on genetic background or environmental 

factors (Jäger et al., 1992; Racca et al., 2016).  

Nevertheless, this is the first documentation of the HMG-DNA binding activity 

in TMU that against the “supposed to be dysfunction due to A-to-S substitution in all 

SRY copies”. To properly confirm this hypothesis, it is necessary to investigate the other 

function as a transcription factor of HMG-domain, the DNA bending activity, which 

would be validated on Chapter III.    
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2.6 Tables  

Table 1 Anisotropy ( r ) value observed in Mouse HMG-DNA complexes in HEPES 

buffer at each different concentration with Average binding affinity and standard 

deviation compared to Mouse with A-to-S substitution. 

 

Mouse wt Mouse A-to-S 

Protein(µM) Anisotropy (r) Avg SD Anisotropy (r) Avg SD 

10 0.1788 0.1832 0.1821 0.18137 0.00187 0.1757 0.1788 0.1795 0.178 0.00165 

5 0.1838 0.1836 0.1844 0.18393 0.00034 0.1766 0.1812 0.1804 0.1794 0.00201 

2.5 0.1804 0.1803 0.1819 0.18087 0.00073 0.1737 0.1788 0.1778 0.17677 0.00221 

1.25 0.1734 0.1753 0.1765 0.17507 0.00128 0.1712 0.174 0.1719 0.17237 0.00119 

0.625 0.167 0.1679 0.169 0.16797 0.00082 0.1653 0.1681 0.1652 0.1662 0.00134 

0.3125 0.1602 0.1624 0.1635 0.16203 0.00137 0.1524 0.1635 0.1612 0.15903 0.00478 

0.1562 0.1208 0.142 0.1462 0.13633 0.01112 0.1103 0.1427 0.1229 0.1253 0.01334 

0.078 0.0967 0.1127 0.1121 0.10717 0.00741 0.0886 0.1091 0.0991 0.09893 0.00837 

0.039 0.0791 0.0905 0.091 0.08687 0.0055 0.0773 0.0891 0.0818 0.08273 0.00486 

0.019 0.0719 0.0803 0.0776 0.0766 0.0035 0.0722 0.0788 0.0734 0.0748 0.00287 

0.0019 0.0666 0.0697 0.0682 0.06817 0.00127 0.068 0.0686 0.0685 0.06837 0.00026 
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Table 2 Anisotropy ( r ) value observed in TMU HMG-DNA complexes in HEPES 

buffer at each different concentration with Average binding affinity and standard 

deviation compared to TMU with S to A substitution. 

 

TMU Wt TMU S to A 

Protein (µM) Anisotropy (r) Avg SD Anisotropy (r) Avg SD 

10 0.1811 0.1776 0.1792 0.1793 0.00143 0.1778 0.1794 0.1808 0.17933 0.00123 

5 0.1805 0.1794 0.1797 0.17987 0.00046 0.1774 0.1806 0.1808 0.1796 0.00156 

2.5 0.1793 0.1785 0.1786 0.1788 0.00036 0.1764 0.1791 0.1798 0.17843 0.00147 

1.25 0.1781 0.1774 0.1774 0.17763 0.00033 0.1742 0.1765 0.1776 0.1761 0.00142 

0.625 0.1723 0.1766 0.1743 0.1744 0.00176 0.1748 0.1755 0.1763 0.17553 0.00061 

0.3125 0.1397 0.1535 0.1345 0.14257 0.00802 0.1602 0.1662 0.1551 0.1605 0.00454 

0.1562 0.1028 0.113 0.0991 0.10497 0.00588 0.1182 0.1282 0.1116 0.11933 0.00682 

0.078 0.0822 0.0873 0.0789 0.0828 0.00346 0.0913 0.0987 0.0873 0.09243 0.00472 

0.039 0.0734 0.0746 0.0707 0.0729 0.00163 0.0771 0.0828 0.0741 0.078 0.00361 

0.019 0.0708 0.0706 0.0686 0.07 0.00099 0.0711 0.0752 0.071 0.07243 0.00196 

0.0019 0.0659 0.0667 0.0672 0.0666 0.00054 0.0648 0.0681 0.0673 0.06673 0.00141 
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Table 3 Kd value for HMG-DNA complexes in Mouse WT, Mouse A-to-S, TMU WT, 

and TMU with S to A substitution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein Kd (µM) 

Mouse WT (A) 0.12 ± 0.02 

Mouse A-to-S 0.14 ± 0.03 

TMU WT (S)   0.22 ± 0.03* 

TMU S to A 0.16 ± 0.02 
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 2.7 Figures  

 

 

 

 

Fig. 9 Sequence alignment of Enh13 shows strictly conservation of SRY DNA-binding 

site “AAACAAA” (red box) among rodent species including mouse, rat, and TMU.  
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Fig. 10 SDS-PAGE (A) and western blotting (B) results for recombinant HMG, the 

prediction size for recombinant protein is 12.9, which appeared between 10 and 15 

kDa bands in the ladder (left). 
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Fig. 11 EMSA results for mouse WT (A), mouse A-to-S, TMU WT (S), and TMU S to 

A. The negative control, Enh13 BS (-), showed no band, unlike the HMG-Enh13 

binding complex Enh13 BS (+). 
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Fig. 12 Fluorescence anisotropy results on a log scale for comparisons of binding 

affinity among mouse WT (A), mouse A-to-S, TMU WT (S), and TMU S to A with the 

reaction solution contained 0-10 µM of HMG protein. The fluorescence anisotropy was 

measured after exactly 15 minutes of incubation with excitation and emission at 495 

and 515 nm, respectively. Error bars represent the standard deviation of three 

independent experiments. The solid lines represent fit to the Hill equation.   
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Chapter III 

 

Analysis of the DNA-bending activity in the 

SRY 
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3.1 Abstract 

DNA bending could be critical for functional proteins. The changes in protein 

structure due to some amino acid substitution proximal to those specific residues of 

the DNA-binding domain might not only affect the DNA binding ability, but also 

concomitantly reduce the transcriptional activity. In the last chapter, I discovered that 

the HMG domain of TMU’s SRY, which employed an A-to-S substitution, still 

maintained the DNA binding ability, although with slightly reduced binding affinity. 

In this chapter, I performed Permutation Gel Electrophoresis (PGE) with the 

recombinant HMG protein from mouse and TMU and five labeled DNA to measure 

the DNA bending capacity. The results showed that both mouse and TMU exhibit 

similar DNA bending angles, 86.3° in Mouse, and 79.3° in TMU, indicating that 

TMU’s SRY should work as sex determination properly if it could be expressed in the 

animals. 
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3.2 Introduction 

The naked DNA’s intrinsic bending reflects the natural flexibility or rigidity of the 

double helix strand. However, the pronounced bending induced by specific DNA-

binding proteins, especially transcription factors, is the one that holds particular 

biological significance in the processing of genetic information (Privalov et al., 2009). 

Since many genes are regulated by enhancers, which could be located thousands of 

base pairs away from the promoter (the site where transcription begins), DNA 

bending by proteins or transcription factors brings these distant regions into close 

proximity. As a protein bends DNA, it causes looping that allows enhancers to contact 

the promoter, resulting in the spatial organization that facilitates recruitment of RNA 

polymerase II and other co-activators to the transcription start site, thereby initiating 

transcription (Van der Vliet and Verrijzer, 1993). 

DNA bending, alongside DNA binding, is widely recognized as a critical feature 

of transcription factors (TFs) necessary for gene activation. This complex process 

involves a structural alteration of the DNA double helix from its standard linear 

conformation into a bent or kinked structure upon protein interaction. Such 

conformational changes can either promote or hinder the assembly of transcriptional 

machinery, thereby directly affecting the efficiency and outcome of gene expression 

(Van der Vliet and Verrijzer, 1993). DNA bending facilitates the spatial arrangement 

of regulatory elements, aiding in the formation of higher-order nucleoprotein 

complexes required for transcription initiation. Mechanistically, DNA bending 

primarily occurs through two well-characterized methods, which are the asymmetric 
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neutralization of DNA phosphate groups and the insertion of protein side chains 

between base pairs, commonly referred to as side chain intercalation (Privalov et al., 

2009). These two modes represent fundamental strategies by which proteins 

physically deform the DNA double helix to achieve regulatory effects. 

For asymmetric phosphate neutralization, proteins with positively charged 

surfaces could neutralize the phosphates on one face of the DNA helix and reduce the 

repulsive forces on that side, causing an unbalanced compression force that deforms 

the DNA toward the protein (Strauss and Maher, 1994). This hypothesis has later been 

tested with the studies on nucleosomal DNA, where histone atoms asymmetrically 

shield phosphate groups along the DNA helix, leaving one side of the DNA more 

negatively charged and bent toward the histone-occupied side due to a change in 

electrostatic repulsion (Mirzabekov and Rich,1997). Additional proof is that when the 

catabolite activator protein (CAP) in Escherichia coli was chemically neutralized 

using methyl-phosphonate substitution, the results showed a relative increase in DNA 

curvature of about 23% compared to the unmodified CAP–DNA half-site complexes 

(Hardwidge et al., 2002). Along with these experimental confirmations, computational 

simulations have also provided additional insights into this phenomenon. By all atom 

energy simulations of DNA dodecamers with selectively neutralized phosphate 

groups, DNA structure induced by the binding of positively charged proteins and 

other tightly associated cationic species, demonstrated significant bending toward the 

neutralized face (Kosikov et al., 2002). A key aspect of DNA binding and bending via 

asymmetric neutralization of phosphate charges valid by the entropy-driven, 
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neutralizing the phosphates displaces bound counterions, and their release into the 

surrounding solution increases entropy, providing a favorable thermodynamic 

contribution to the interaction (Manning, 1978; Manning, 2003).  

The other prevalent mechanism, where proteins achieve DNA deformation, is 

through the side chain intercalation (Werner et al., 1996). The insertion of specific 

amino acid side chains between DNA base pairs has been observed in the structure 

studies of protein-DNA complexes (Kim et al., 1993; Schumacher et al., 1994; Werner 

et al., 1995; Love et al., 1995). The insertion of protein side chains into the DNA helix 

primarily targets the major groove (sometimes minor), disrupting the standard base 

stacking interactions when the protein is bound to the DNA (Chakraborty et al., 2017), 

often combined with hydrogen and covalent bonding (Reha et al., 2002). Completed 

intercalation refers to a case where the side chain is fully stacked over a base pair, 

penetrating to the helix axis similar to what is found in DNA-binding drugs (Roh et 

al., 2009). Partial intercalation refers to the situation in which the intruding side chain 

unstacks two adjacent base pairs but does not itself stack over them (Das et al., 2020). 

In gene regulation, intercalation of one or more amino acids to the minor groove of 

DNA has been observed for several proteins involved with transcriptional activities. 

For example, Escherichia coli purine repressor protein PurR induces DNA bending 

via the intercalation of two L56 residues (Nagadoi et al., 1993), The TATA box-

binding protein TBP in Arabidopsis thaliana, where molecular dynamics simulations 

of the TBP–DNA complex showed cohesion in partial intercalation of two Phe 

residues which seems to stabilize the kinked and opened-up DNA conformation 
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(Mondal et al., 2014), or in human oncogene product ETS1, where true intercalation 

of the side chain of Trp-28 exhibited approximately 60 degrees, widening of the minor 

of the DNA (Werner et al., 1995). The studies all indicated how important 

intercalation is to protein-DNA bending, as the bending angle is critical, as each 

protein exhibits a unique topology, with distinct structural regions engaging in DNA 

interactions (Werner et al., 1996). For example, basic leucine zipper (bZIP) domains 

of the Fos and Jun proteins demonstrated that exchanging single amino acid residues 

near the basic regions influenced DNA bending in direct proportion to the change in 

net charge for all heterodimeric combinations between these proteins (Leonard et al., 

1997). Studies have shown the impact of amino acid mutations on DNA bending and 

the function of genes that are regulated. However, the relationship between induced 

bent angles and the energetic characteristics of protein-DNA complex remains 

unclear. Fortunately, for the HMG domain, the thermodynamic and enthalpy energy 

information are currently available as almost complete dataset, make it easier for 

interpretation (Privalov et al., 2009). 

In SRY, the functional HMG domain consists of three α-helices that form an L-

shaped structure, recognizes the minor-groove of DNA binding site (King and Weiss, 

1993) in contrast to many other TF families like zinc fingers (McBryant et al., 1996), 

and Basic Helix-Loop-Helix (bHLH) Proteins (Slattery et al., 2014). By partial 

intercalation of a nonpolar side chain (isoleucine) upon binding, HMG disrupts base 

stacking but not base pairing of the insertion site (King and Weiss, 1993). Structural 

studies of the Drosophila HMG-D protein reveal the DNA bending angles of ~111°, 
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which are critical for enabling the formation of nucleoprotein complexes (Murphy et 

al., 1999). On the other hand, validation by permutation gel electrophoresis (PGE), 

the HMG-protein complexed typically bent the DNA, employed sharp twist with 

angles >70° (Pontiggia et al., 1994). The alternative method where the binding 

complexes observed by using NMR of SRY- MIS, showed that MIS promoter DNA 

(synergistically activated by the WT1, SRY box protein 9 (SOX9), and steroidogenic 

factor 1 (SF1) (Hossain and Saunders, 2003) has changed it profound structure. These 

included an inter-base helical twist of approximately 26° ± 6°, resulting in an overall 

DNA bending angle of about 70° to 80° in the HMG–DNA complex (Bewley et al., 

1998).  

A recent study provided deeper insights into how specific amino acid 

substitutions within the HMG domain affect DNA bending angles. For instance, 

mutations such as N32, S36, and Y74 substituted with alanine did not significantly 

alter DNA bending, maintaining angles around 70–73°, which are comparable to the 

wild-type value of approximately 79°. In contrast, substitutions at R7, N10, or R20 

resulted in a substantial reduction in DNA bending angles, ranging from 53° to 65°, 

indicating a marked loss in bending efficiency (Racca et al., 2024). These changes are 

particularly important because the DNA bending angle plays a critical role in 

transcriptional activation. A sharp bend is thought to provide kinetic stability to the 

SRY–DNA complex, facilitating effective transcription initiation. Therefore, even 

moderate alterations in bending angle may lead to significant changes in 

transcriptional activity, which might be able to alter overall transcriptional activity 
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dramatically (by several fold) (Ukiyama et al., 2001; Li et al., 2006), which may 

contribute to developmental disorders such as de novo sex reversal (Pontiggia et al., 

1994). 

In this chapter, I performed DNA-bending ability assay of TMU’s HMG protein 

in vitro through gel permutation assays using Polyacrylamide Gel Electrophoresis 

(PAGE). By using different locations of the SRY core binding site on the set of 

labeled DNA probes, the DNA bending properties of each complex could be 

determined. By comparing with the bending angle between mouse WT and TMU WT, 

it is possible to investigate my hypothesis that SRY of TMU might still retain its sex 

determining function or not. The results as well provided more information and 

interpret the effects of the amino acid substitution from A-to-S to DNA bending 

ability of this critically endangered rodent species.  
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3.3 Materials and Methods 

Plasmid design 

For PGE analysis, the plasmid was designed by using template from pbendAT, a DNA 

segment containing five pairs of restriction endonuclease recognition sites which can 

produce five DNA fragments of identical length, either through cleavage by restriction 

enzymes or via PCR (Leng, 2013). A 239 bp DNA segment containing the SRY core 

binding site 'TAAACAAA' inserted in the middle was synthesized (Fig. 13) and 

obtained from Fasmac (Kanagawa, Japan) in conjugation with the plasmid, mutated 

pUC19 with Amp resistance. The plasmid then amplified by transformation into the 

JM109 Escherichia coli strain (Nippon Gene Ecos) according to the manufacturer’s 

instructions. After colony selection using antibiotics (50 µg/ml ampicillin in 1.5% LB 

agar media) and plasmid extraction using the FastGene DNA Extraction Kit (Nippon 

Genetics), inserted DNA was confirmed again using the Colony PCR using 

SimpliAmp™ Thermal Cycler (Thermo Fisher, Japan) and KAPA Taq PCR Kit 

(Nippon Genetics). 

 

DNA labeling 

To obtain five pairs of nucleotide probes with identical lengths but different binding 

positions, PCR was performed on the synthesized plasmid using five pairs of specific 

primers included 1F (5’-TCGTCGTCCTGGCGGTAC-3’), 1R (5’-

GCGGCCGGTCGACGTTTG-3’), 2F(5’-ACCACGCTATCTGTGCAA-3’), 2R(5’-
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TGCCTGTTGACCTGGTGC-3’), 3F(5’-AGCCACCGGACACGTGCT-3’), 3R(5’-

AGGTCGCATGAAGAGGCC-3’), 4F(5’-TCCGAGTGTCCACCACCG-3’), 4R(5’-

TCTGCGATGCTGAAGGTC-3), 5F(5’-ACCGAGGTGAAGGAGCTC-3’), 5R(5’-

TCCAGAGGGACAGATCTG-3’) (Fasmac, Kanagawa, Japan) by using SimpliAmp™ 

Thermal Cycler (Thermo Fisher, Japan) and KAPA Taq PCR Kit (Nippon Genetics). 

Around 120 bps, 5 identical length PCR products were electrophoresed using 2% 

agarose gels stained with MIDORI Green (Nippon Genetics, Tokyo, Japan), and 

purified using the NucleoSpin® Gel and PCR Clean-up Kit (MACHEREY-NAGEL 

GmbH & Co, KG, Düren, Germany). The DNA concentration have been measured, and 

titrated using nanodrop 8000 spectrophotometer (Thermo Scientific, Germany). The 

products were then labeled with Digoxigenin (DIG) according to the DIG Gel Shift Kit, 

2nd Generation protocol (Roche, Mannheim, Germany), and stored at –30 °C until 

further used.  

 

Permutation Gel Electrophoresis (PGE)  

DIG Gel Shift Kit, 2nd generation protocol (Roche, Mannheim, Germany), was again 

used in this analysis. HMG-DNA binding reactions were performed according to the 

kit instructions. Five labeled DNA probes and purified HMG proteins, similar to those 

used in the previous chapter, were individually mixed with EMSA binding buffer, Poly 

[d(I-C)] as a non-specific competitor, and Poly L-lysine and incubated for 15 minutes 

at 25°C. Samples were then immediately cooled on ice to stop the reaction. The DNA-

protein complex mixture was separated on an 8% polyacrylamide gel for 120 minutes 
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at 70 V in 5% TBE buffer. Samples were electro-transferred to a 5% TBE presoaked 

Amersham Hybond™-N+ nylon membrane (GE Healthcare UK Limited, United 

Kingdom). The membrane was then baked at 120°C for 15 minutes before treated with 

filter papers presoaked with 2× SSC solution. DNA fixation was performed following 

the crosslinking method using a UV transilluminator (Vilber Lourmat, France). Then, 

the membrane was incubated in blocking solution provided in the EMSA kit for 30 

minutes at room temperature and further incubated with a 1/20,000-diluted DIG-POD 

(150 U Anti-Digoxigenin-POD Fab fragments) (Roche) antibody for 2 hours. 

Chemiluminescent detection was performed using the LAS-3000 Imager (Fujifilm, 

Tokyo, Japan) using a chemiluminescent agent, following the instrument’s protocol.  

 

HMG-DNA bending angles calculation  

Claude 3.7 Sonnet, the upgraded version of Claude 3.5 Sonnet (released on 

October 22, 2024), was used to visualize and analyze the relative distance migration 

of the shifted bands. This model had undergone a joint pre-deployment evaluation by 

the UK Artificial Intelligence Safety Institute (UK AISI) and the U.S. Artificial 

Intelligence Safety Institute (US AISI). The relative mobility has been calculated by 

applied Identified Minimum and Maximum Mobility Values with the equation 3 

described by Thompson and Landy (1988), and Kim et al. (1989): 

 

                           𝐑𝐋 =
µ𝐌

𝐄
                                                              (𝟑) 
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where RL is the relative mobility values in the binding complexes, µM is the minimum 

mobility, and μE as the Maximum mobility. 

 The bending angle then has been calculated by equation 4 described by Thompson 

and Landy (1988), and Kim et al. (1989), which could be reconstructed as equation 5: 

 

                           𝐑𝐋 = 𝒄𝒐𝒔
𝒂

𝟐
                                                              (𝟒) 

 

 

                           𝒂 = 𝟐𝒂𝒓𝒄𝒄𝒐𝒔(𝐑𝐋)                                                  (𝟓) 

 

Where a is the DNA bending angles in the binding complexes, and RL is the relative 

mobility values. The simplified image showing changes in the DNA bending angle was 

generated using Python programming in JupyterLab. The original code used is 

described in Fig. 13. 
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3.4 Results  

Both mouse and TMU show “functionable” bending angles.  

To further validate the bending ability of the DNA-HMG domain with the A-to-S 

substitution, we did the permutation gel assay by again employing electrophoretic 

mobility shift assays (EMSA) using digoxigenin (Dig) labeled oligonucleotide probes. 

Five pairs of probes, each approximately 120 base pairs in length but differing in the 

location of the core binding sequence, were generated (Fig. 14) by PCR amplification 

of the synthesized plasmid using specifically designed primers  

As shown in (Fig. 15A-B), the PGE results revealed shifted bands 

corresponding to the formation of DNA-protein complexes with different migration of 

the shifted bands, indicating that the location of core binding sequences mattered to the 

migration speed of HMG-DNA in both mouse and TMU. The shifted pattern and the 

bands migratory formation as the multiple-shifted bands appeared only in Mouse 

HMG-DNA complex but not in TMU, indicating that the binding affinity of mouse 

SRY to the core DNA binding sequence is by far higher than TMU, as suggested in the 

Chapter II. With the assistance of bar-marks draw at the bottom line of each band (Fig. 

15C-D), the observed migration bands and bending pattern in both samples are 

resemble each other, where the visualize detected mobility of mouse shifted bands are 

84, 73, 62, 74, 85 (arbitrary units) respectively, while in TMU are 87, 76, 66, 75, and 

86 by using Claude 3.7 Sonnet. The calculated relative mobility by applied equation 3 

to the mobility shifted band revealed that Mouse have 0.7176 RL, which is slightly 

lower when compared to TMU as 0.7586 RL (Table 4). The calculated DNA bending 
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angles of HMG-DNA complexed by apply equation 4 and 5 indicated that the DNA 

bending angle in mouse is 88.3°, which is considerably higher than TMU which showed 

as 81.3° (Table 4). The results reveal that mouse HMG domain retained more sharp-

bending angle than TMU (Fig. 16). 

This is the first report to demonstrate that both Mouse and TMU HMG proteins 

retain their DNA sharp-bending ability. Although some interspecies differences are 

present, both proteins maintain bending angles above 70°, as expected for functional 

SRY. These findings suggest that if SRY is properly expressed in the embryonic gonads 

of TMU, it may be capable of determining sex in this multiple-SRY rodent species.  
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3.5 Discussion  

In Chapter II, we have known that the A-to-S substitution might not actually give a 

critical impact on SRY function on TMU, since it at least maintains the DNA binding 

ability to some extent. The substitution of an amino acid from A-to-S at the 21st 

position of the HMG domain slightly reduced the DNA binding affinity, but has been 

proven to be insignificant in both in silico and in vitro experiments. In this chapter, I 

confirmed this theory as the results suggested that the DNA bending angle of both 

mouse and TMU’s HMG domain still maintained its sharp >70° bent angles, which is 

necessary for SRY to activate its downstream gene as described by Bewley et al. 

(1998).  

Actually, the bending angle reported by the previous PGE assay could be vary 

from times to times depending on gel system, labeling methods, and the length of 

probes they used, which could be somewhat lower from 78.8° ± 2.1 (Racca et al., 

2024) to 86° ± 2 (Chen et al., 2022) or more in WT of human HMG domain. In this 

chapter, the approximate bending angle of the Mouse WT HMG is 88.3°, and 81.3° in 

TMU, both of which fall within the acceptable “bending-capable” range. A 

comparable decrease of approximately 13° (or 15° as visualized by NMR) associated 

with XY gonadal dysgenesis were reported before in human (Pontiggia et al., 1994; 

Phillips et al., 2004). However, in this study, less than 10° is shown in the difference 

between mouse and TMU WT bending angle, suggesting that there’s merely some 

difference between species traits.  
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It is important to note that determining whether differences in DNA bending 

angles between two species are statistically or biologically significant remains 

challenging, especially when experiments are performed using different gel systems. 

The calibration of PGE results is not absolute and is heavily dependent on the model 

and experimental parameters used, which can sometimes lead to overestimation or 

underestimation of the bending angle. For example, some studies have observed that 

the mouse SRY–DNA complex exhibits sharper bending than the human SRY–DNA 

complex, with differences reported at approximately 25–30° (Giese et al., 1994). 

Contrarily, other studies suggest the opposite, indicating that the human complex 

bends more acutely by about 6–10° (Phillips et al., 2004). Nonetheless, both results 

fall within the novelty expected range of significant DNA bending, which is 

considered to be typically around 70° or more as a certain degree required to facilitate 

transcriptional regulation through DNA looping. 

Previous research involving transgenic mice has provided further insight into the 

functional relevance of interspecies differences in DNA bending. In these studies, 

some attempts aimed to replace the entire HMG domain of mouse SRY with that of 

other HMG-box proteins such as SOX3, SOX9, or human SRY, each containing 

multiple amino acid differences and producing distinct DNA bending angle profiles. 

Surprisingly, the results showed that these replacements did not disrupt SRY-mediated 

male sex determination (Bergstrom et al., 2000; Lovell-Badge et al., 2002), 

suggesting a degree of functional flexibility. The observed 9° difference in DNA 

bending between the Mouse and TMU HMG domains showed in the context proved 
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that both HMG domain might be replaceable and still be functionally tolerated. This 

aligns with the findings of Ogata et al. (2019), who proposed that male developmental 

failure in TMU may be attributed more to the absence of a long glutamine-rich (Q-

rich) domain compared to that in mouse, which results in impaired protein stability, 

rather than DNA bending capacity alone. 

To more precisely assess the impact of DNA bending, future experiments should 

include additional controls, such as performing the DNA-bending assay using 

recombinant mouse HMG protein carrying the A-to-S amino acid substitution. 

Validating the DNA bending angle within the same species might offer a more 

accurate measure of how a single amino acid change affects the DNA-bending 

activity of SRY. In contrast, cross-species comparisons introduce variability from 

multiple sequence differences, making it difficult to isolate the effect of a single 

substitution. By using an intra-species control, the influence of the A-to-S substitution 

can be examined without confounding factors, allowing for a clearer interpretation of 

its structural and functional significance in SRY-mediated gene regulation. 

Nevertheless, the currently validated experimental results gave confidence to the 

previous study in both Chapters I and II where the results suggested that for TMU, if 

in any case SRY could be expressed properly, the A-to-S substitution might not 

actually be critical for its SRY protein as a transcriptional factor in determining sex. 

This left the fact behind the reason for the availability of multiple SRY copies in 

TMU, which would become an interesting topic for further investigation in the future.  
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3.6 Table  

 

Table 4 Band migrations (arbitrary units), Relative mobility, and calculated DNA 

bending angles of HMG-DNA complexes in Mouse WT in compared with TMU WT. 

 

  Bands migration (lane) 
Relative mobility  DNA-bending angles 

  1 2 3 4 5 

Mouse WT 85 72 61 73 86 0.7176 88.3° 

TMU WT 87 76 66 75 86 0.7586 81.3° 
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3.7 Figures   

 

 

 

 

 

Fig. 13 Original code used to create a 3D image showing the changes in DNA bending 

angle. With X, Y, and Z axis, the proper 3D rotatable figure has been generated. 
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Fig. 14 Upper, the construction of pBendAT-SRY core, the SRY core binding 

sequence has been inserted between Xbal and Sall restriction enzyme sites (red box) 

in the original insertion sequences of pBendAT plasmid designed by Leng (2013). 

Lower, the amplified double strand DNA for PGE assay which included 5 identical 

length of DNA, but different core binding position (red boxes) for SRY. 
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Fig. 15 The PGE results for mouse WT (A and C), and TMU WT (B and D), The 

assist bands for image analysis have been showed in blue and red box (C and D), the 

migrated bands appear not that much difference between both sample with the 

adjustment of the free probes (E). 
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Fig. 16 The simplified image shows the estimated differences in DNA bending angles 

between the Mouse (pink) and TMU (green) HMG proteins. Both variants still exhibit 

a sharp bend of more than 80°. 
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General discussion  

This study explores a compelling and important question in the field of molecular 

genetics, biochemistry, and evolutionary biology about how resilient the sex-

determining gene, SRY, is to mutations in its highly conserved HMG domain. It is 

well known that alterations or changes in the HMG region of SRY typically affect its 

central role in sex determination, often resulting in profound phenotypic 

consequences such as sex reversal, infertility (Kellermayer et al., 2005), and high risk 

of developing gonadoblastoma (Shahid et al., 2004). The study focused on A-to-S 

substitution in the SRY gene of TMU, a species already recognized for its unique XY 

sex determination system and evolutionary divergence from other Tokudaia species. It 

is truly remarkable that all male TMU are known to carry the A-to-S substitution, yet 

the population with normal fertile individuals exist. Our study, step by step, 

investigated a suspected species-specific mutation in a vital HMG domain.  

SRY typically functions via two mechanisms, DNA-binding and DNA bending, 

both of which are critical for Sox9 activation and lead to the promotion of testis 

development from bipotential gonads (Weiss, 2005). As a transcription factor, SRY 

binds to the target DNA via the HMG domain and recognizes the minor groove 

containing AACAA (Murphy et al., 2001). In human SRY, 10 hydrogen bonds between 

the DNA and amino acid have been confirmed in R7, N10, T74 on one side with I13 as 

an axle, and the other side with R20, N32, and S36, corresponding to R4, N7, T71, I10, 

R17, N29, and S33, respectively (Racca et al., 2024), in the HMG domain. All of these 

positions are highly conserved among mammalian species (Fig. 1-1, 1-2, 1-3).  
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In Chapter I, results confirmed the A-to-S substitution at the 21st position of the 

HMG domain only in TMU. The A at this position is highly conserved across mammals 

and was detected in 228 SRY sequences from 225 species evaluated in this study; this 

high conservation is, however, by exception, a species-specific characteristic in TMU. 

Computational insights evaluation of the mutated SRY protein reveals that the A-to-S 

mutation does not significantly distort the tertiary structure of the protein by homology 

modeling. This is crucial because the HMG domain relies on specific folding patterns 

to insert into the minor groove of DNA and facilitate bending (Racca et al., 2024). With 

molecular docking, and dynamic contact map simulations, key residues responsible for 

DNA contact were conserved in their spatial orientation, although the additional 

hydrogen bonds were found between protein-protein molecules at R17, one of the 

important DNA binding molecules described by Racca et al. (2024). However, the 

docking results suggest that the mutation does not obstruct the ability of SRY to 

recognize its DNA target sequence. The ability to retain DNA-binding potential, even 

with an altered amino acid residue, suggests that the HMG domain might possess 

structural plasticity. This opens up fascinating implications for evolutionary biology, as 

such plasticity could permit species to adapt their sex-determination mechanisms in 

response to chromosomal changes or environmental pressures. 

To validate the computational findings, Chapter II transitions into biochemical 

experimentation using recombinant protein techniques. In addition to the in silico 

results, the bacterial-expressed recombinant HMG of TMU retained its DNA-binding 

ability. A shifted band of the HMG–DNA complex and a clear binding affinity curve 
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were observed in TMU wild-type (WT), although it showed the weakest binding 

among the tested groups compared to modified TMU (S-to-A), mouse A-to-S, and 

mouse WT. This indicates that if TMU can properly express its multiple SRY copies, 

the expressed SRY proteins are still capable of binding to the DNA target.  

In Chapter III, the results additionally confirmed that the bending of DNA, a core 

requirement for transcription factor integral to the initiation of transcriptional events, 

was effectively preserved. The HMG domain induces the sharp bending of DNA, 

facilitating chromatin remodeling for gene regulation through the hydrophobic 

intercalation of amino acid residues into the DNA (Racca et al., 2024). This sharp 

bend may provide kinetic stability for SRY-DNA transcriptional activation, and a 

change in the angle caused by an amino acid substitution is expected to alter overall 

transcriptional activity dramatically (by several fold) (Ukiyama et al., 2001; Li et al., 

2006), potentially leading to de novo sex reversal (Pontiggia et al., 1994). In this 

finding, with less than 10° bending angles different, almost similar to those previously 

reported “switchable” mouse and human SRY (Bergstrom et al., 2000; Lovell-Badge 

et al., 2002) define that A-to-S is more like a species’s specific character than a vital 

mutation. These findings are the first to collectively support the idea that the A-to-S 

mutation is functionally neutral, at least under laboratory conditions, against the 

previous studies that suggested that A-to-S might cause the SRY gene in TMU to be 

dysfunctional (Murata et al., 2010). 

The Okinawa spiny rat represents a unique model organism for studying the 

fluidity of sex-determination systems. Prior studies have noted that other Tokudaia 
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species, like the Tokunoshima spiny rat (T. tokunoshimensis) and the Amami spiny rat 

(T. osimensis) have lost their Y chromosome entirely, and might instead rely on 

autosomal mechanisms for determining sex. The retention of SRY functionality in a 

species that still carries a Y chromosome but harbors a point mutation within the 

HMG domain suggests a transitional phase in evolutionary adaptation. One possibility 

is that this mutation is part of a larger genomic reorganization aimed at phasing out 

dependency on SRY, like that Y and W chromosome losses foreshadow events 

(Charlesworth and Charlesworth, 2020; Lenormand et al., 2020). Alternatively, it 

might be a benign mutation that reflects natural variability within a small population. 

The ability of a critical gene to tolerate mutations without losing functionality 

indicates a potential mechanism for evolutionary resilience. I hypothesize that the 

reduction in binding affinity of TMU might actually subsidize the effect by their 

multiple intact SRY copies to balance the dosage compensation (Birchler et al., 2022). 

In this finding, a key strength lies in its dual approach, integrating computational 

predictions with empirical validation, which enhances the reliability of the 

conclusions of the studies as it demonstrates a comprehensive understanding of both 

bioinformatics and molecular biology techniques. However, the study is not without 

limitations. The in silico assay is surely dependent on the size of the database (Mirdita 

et al., 2022). On the other hand, the use of recombinant protein assays, while 

informative, may not fully replicate the in vivo cellular environment. Factors such as 

chromatin accessibility, co-factor availability, and post-translational modifications 

could influence the actual functionality of the recombinant protein (Hingorani and 
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Gierasch, 2014). For future direction, I personally suggest that it is worth to carry this 

work for further investigation by in vivo experiment. By testing switches, replacing 

the HMG domain of TMU into mouse SRY with Q-rich domain intact would help 

solidify this finding, as it is currently impossible to obtain the living specimen of 

TMU to observe the SRY expression in embryonic gonads. 

In conclusion, this finding provides a first report, in detail demonstrating that the 

SRY gene can tolerate an A-to-S substitution in its HMG domain without losing its 

DNA-binding and bending capabilities. The study challenges previous assumptions 

about the fragility of sex-determination pathways, resulting in the loss of SRY 

dependence properties. It invites further inquiry into the molecular and evolutionary 

flexibility of these systems and stands as a valuable contribution to our understanding 

of genetic regulation, development, and adaptation. 
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