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Abstract

Iroquois Homeobox 4 (IRX4) belongs to a family of homeobox TFs having roles in embryogenesis, cell specification and organ
development. Recently, Large scale Genome-Wide Association studies and epigenetic studies have highlighted the role of IRX/
and its associated variants in prostate cancer. No studies have investigated and characterized the structural aspect of the IRX4
homeodomain and its potential to bind to DNA. The current study uses sequence analysis, homology modelling and molecular
dynamics simulations to explore IRX4 homeodomain-DNA recognition mechanisms and the role of somatic mutations affecting
these interactions. Using publicly available databases, gene expression of IRX4 was found in different tissues, including prostate,
heart, skin, vagina, and the protein expression was found in cancer cell lines (HCT166, HEK293), B cells, ascitic fluid and brain.
Sequence conservation of the homeodomain shed light on the importance of N- and C-terminal residues involved in DNA binding.
The specificity of IRX4 homodimer bound to consensus human DNA sequence was confirmed by molecular dynamics simulations,
representing the role of conserved amino acids including R145, A194, N195, S190, R198 and R199 in binding to DNA. Additional
N-terminal residues like T'144 and G143 were also found to have specific interactions highlighting the importance of N-terminus
of the homeodomain in DNA recognition. Additionally, the effects of somatic mutations, including the conserved Arginine
(R145, R198 and R199) residues on DNA binding elucidated the importance of these residues in stabilizing the protein-DNA
complex. Secondary structure and hydrogen bonding analysis showed the roles of specific residues (R145, T191, A194, N195,
R198 and R199) in maintaining the homogeneity of the structure and its interaction with DNA. The differences in relative
binding free energies of all the mutants shed light on the structural modularity of this protein and the dynamics behind protein-
DNA interaction. We also have predicted that the C-terminal sequence of the IRX4 homeodomain could act as a potential

cell-penetrating peptide, emphasizing the role these small peptides could play in targeting homeobox TFs.

1. Introduction

Homeobox genes belong to a family of homeodomain-containing TFs (TFs), have been vastly studied for
their roles in development, physiology and tissue homeostasis !. Even though some members of the home-
odomain family, comprising of HOXs, Hepatocyte nuclear factors (HNFs) and NANOGs (NKX genes), are
well characterized for their role in various cancers, the mechanistic function of Iroquois (IRX) proteins in
tumorigenesis and their DNA binding sequence is still not fully explored?*. New studies on some HOX genes
have identified their roles in various cancers, but their functional mechanisms are still to be explored®”. For
instance, HOXA9 has been found to be a tumour suppressor/oncogene in breast cancer and leukemia . An-
other HOX gene, HOXB13, has been well studied in prostate development and tumorigenesis, with inherited
mutations having a genetic contribution to prostate cancer'. These classes of proteins usually function as
complexes (homo or hetero dimers) to exert their regulatory function, altering their binding preference®.
Limited diversity in eukaryotes has been observed in the recognition and binding of homeodomains to DNA
9. This could be due to a specific constraint in the specific amino acids associated with the homeodomain
architecture and its preference for specific DNA recognition sequences'®'!,

The IRXs are one of the newly added members of homeodomain TF family that have been found to play an



important role in developmental processes 2. IRX proteins contain the unique Iro-box motif, a conserved
motif of 13 amino acid residues in the carboxyl-terminal region. They also have an atypical homeodomain
with three extra amino acids between the first and second alpha helices, which groups them in the 3-amino-
acid-loop-extension (TALE) family of TF!3. These homeobox TFs play important roles in embryogenesis,
cell specification and differentiation and organ development. The human IRX complex is composed of six

genes, found in two clusters of three genes, each in chromosome 5 (IRX1, 2 and / ) and 16 (/IRX3 , 5and 6
) 1417,

Recently IRX TFs have been studied in different cancers, suggesting aberrant expression of these proteins
in contributing to tumorigenesis.JRX5 has been reported to be regulated by vitamin D3 in prostate cancer
involved in regulating cell cycle and apoptosis'®. Knockdown of/[RX5 was observed to reduce the cell
viability of androgen-sensitive LNCaP cells. TRX2 protein expression has been correlated with breast tumour
size, indicating its oncogenic function in breast cancer '°. Genome-Wide Association Studies (GWAS)
identified IRX/ as a causative gene in prostate cancer susceptibility??. Additionally, alternate splicing
of IRX4 has also been recently studied in prostate cancer, highlighting differential regulation in prostate
tumorigenesis and progression®!. Epigenetic studies in pancreatic cancer found the IRX/ promotor region
to be hypermethylated, influencing increased cell growth??. IRX/ has also been described as a tumour
suppressor in prostate cancer via vitamin D interactions®3. Other studies have also suggested the potential
oncogenic roles of IRX/ in breast cancer and non-small cell lung cancer (NSCLC )?425. Other differential
roles of IRXs have been reported linking it to multiple mechanisms associated with tumour progression6-28.

Although IRX gene clusters are now being identified as novel therapeutic targets in carcinogenesis?’, their
protein structure, which may help to understand their functions, has not been biophysically characterized
using techniques like Nuclear Magnetic Resonance (NMR) and X-radiation crystallography (X-ray). Various
studies have used homology modelling and molecular dynamics (MD) simulations to understand the molecular
mechanisms of TF binding to DNA. A recent study on HOXB13 used computationally modelled protein
structures to predict the effect of single nucleotide polymorphisms (SNPs) on the non-homeobox region
29 Additionally, this approach was also used to model HOXB13 protein and predict the functional role of
SNPs in prostate cancer, demonstrating genotype-phenotype effects and paving the way for further clinical
studies highlighting its theranostic applications??. Furthermore, a study on transcription regulator SoxR
(Sulphur Oxidation) predicted DNA binding residues of these proteins using homology modelled structures®°.
Structural construction using homology modelling of E2F1 TF revealed dimerization partner domains and the
efficiency to bind to DNA3!. The structure of a protein is linked to its stability, function and its interaction.
Although the Protein Data bank (PDB) has a good number of crystallographic structures, not enough
information is available regarding the human proteome. The use of computationally modelled structures
to understand the physical and chemical properties of TFs has great benefits. It is well established that
missense mutations play an important role in diseases affecting the core tertiary structure of a protein32:33,
One of the key benefits of these approaches is analyzing the effect of mutations on the protein structure
and its binding capacity. Interpretation of mutants and their association to diseases can be significantly
influenced using this technique®?. A recent modelling study in the zyxin family of proteins LIM1-3 domains
has indicated new insights into protein-protein interactions and potential nucleic acid binding platforms of
these proteins, highlighting opportunities for therapeutic development??.

We studied the sequence conservation of the amino acids present in the homeodomain in this work. We have
built a homology model of IRX4 homeodomain and used MD- simulations and free energy calculations to
provide insight into the mechanistic of protein-DNA binding. We also checked the mutations on the DNA
binding domain and its effect on homeodomain stability. A classical modelling approach has been used in
this work over Alphafold3® as the prediction of protein-DNA interactions using the Alphafold approach is
still in its infancy.

2. Computational Methods

2.1 Gene and Protein Expression analysis



Expression of the IRX/ gene has been well established and identified in different tissues at the RNA level
by RNA seq data. There is yet a gap in determining the expression of IRX4 at the protein level. To fill this
hole, we initially searched different databases to identify the presence of IRX4 protein in healthy tissues and
disease states. Proteomics database (ProteomicsDB) contains quantitative mass spectrometry data for most
human proteins®”. Next, we used PaxDb (Protein Abundances across organisms), a database to identify
protein abundance at the proteome-wide level®®. Protein quantification was reported as parts per million
(ppm), describing the protein quantification with reference to the entire proteome.

2.2 Sequence analysis

The protein sequence of Human Iroquois family members like IRX1 (P78414), IRX2 (Q9BZI1), IRX3
(P78415), IRX4 (P78413), IRX5 (P78411) and IRX6 (P78412) were retrieved from UniProt (accession num-
bers in brackets). TRX4 (P78413) is a 519 amino acid long protein with DNA binding region, in positions
143-204. The homeodomain consists of 62 amino acids in the IRX4 protein. Multiple sequence alignment
and phylogenetic tree analysis of IRX family members was performed using Clustal Omega 3°. The 62

amino acid homeodomain sequence was checked for mutations in the region using the Catalogue of Somatic
Mutations in Cancer (COSMIC) database 4°.

2.3 Secondary structure and conservation prediction

Secondary structure prediction of full-length IRX4 protein was performed using the PSIPRED server
(http://bioinf.cs.ucl.ac.uk /psipred/)*'. ConSurf server was used to estimate and visualize the evolutionary
conservation of residues in the homeobox region of IRX4 (https://consurfdb.tau.ac.il/)*2. The maximum
number of homologs for conservation analysis was kept at 150, and the E-value cut-off of 0.0001. The
phylogenetic tree was constructed using neighbour-joining algorithm.

2.4 Homology modelling of IRX4 homeodomain and DNA

PSI-BLAST was used to search specific templates for IRX4 homeobox. The crystal structure of TALE
homeodomain TF TGIF1 (PDB code: 6FQP), an X-RAY Diffraction structure with a resolution of 2.42
A, came up as the top hit in the BLAST search and therefore was selected as a template to mo-
del TRX4. Pairwise sequence alignment of the residues highlighted more than 60% of residues matching
with the template protein. Homology modelling of the IRX4 homeodomain was carried out using SWISS-
MODEL (https://swissmodel.expasy.org/)*3. The template structure is present as dimer bound to DNA
in PDB. Initially, using the protein structure template, the homeodomain of IRX4 was modelled. Next,
two copies of the protein structure were superimposed to the template (6FQP) using UCSF Chimera
(http://www.rbvi.ucsf.edu/chimera). The WT IRX4 homeodomain protein was bound to DNA as a ho-
modimer. It has been previously established IRX TFs form homodimers and heterodimers, contributing to
gene regulation®*. Individual mutagenesis was carried out in both protein chains using the Rotamer tool in
Chimera. The reliability of the models was verified using the Ramachandran plot using PROCHECK ser-
ver (https://servicesn.mbi.ucla.edu/PROCHECK/). The interactions between protein-DNA and secondary
structures involved were analyzed using DNAproDB 4% and PDBsum “6.

2.5 Physio-Chemical characterization

ExPASy’s ProtParam web server tool was used to characterize the physio-chemical properties of the WT
protein and the mutants*”. The server provides an in silico approach to determine the physical properties
of proteins based on their sequences.

2.6 Effects of mutations on IRX4 protein

[-mutant server was used to calculate the stability of the WT protein and mutants 8. Default parameters
of the server such as pH value of 7 and temperature 25 were used for this analysis. The stability of the WT
and mutant protein structures were calculated based on amino acid properties, relative solvent accessibility
surface, evolution and structural information of the protein 4°.

2.7 Molecular dynamics (MD) simulations of homeodomain and its interaction



The native and mutant protein structures were subjected to MD simulations using the PMEMD program in
AMBERI16 package®®. All the systems were solvated using an octahedral water box at an edge distance of 12
A using a 3-point water model (TIP3P)5!. Besides an ionic strength of 150mM, an appropriate number of
sodium and chloride counterions were added to neutralize the charge of each system. In this study, AMBER
ff14SB force field®? for protein and BSCO for DNA %3 were used to perform MD simulations. To remove
high energy contacts and steric clashes between atoms, each system was minimized by the steepest descent
minimization of 2500 steps followed by a conjugate gradient minimization of 4000 steps. Then, each system
was gradually heated from 0 to 298.15 K for 50 ps in NVT ensemble and equilibrated for another 600 ps with
the protein-DNA position restrained using a force constant of 10 kcal/ mol-A? and 2 keal / mol-A2, respectively.
Simulations employed periodic boundary conditions, and long-range electrostatic interactions were estimated
through Particle Mesh Ewald (PME) approaches. SHAKE was applied to bonds involving hydrogen, and
the cutoff value for direct-space nonbonded interactions was set to 12.0 A 4. The time step was set to 2 fs.
The Langevin thermostat with a collision frequency of 2.0 ps' was adopted to regulate the temperature of
the systems. The equilibration for 20 ns was carried out 298.15 K at 1 bar pressure without any restrictions
and followed by a production run for 200 ns at the same conditions were used to record conformations.
Root mean square fluctuation (RMSF) and hydrogen bonds were analyzed using the CPPTRAJ module of
AMBER Tools®. Hydrogen bond profiles of all the simulated structures were calculated to find the number
of hydrogen bonds associated with each structure. The schematic diagrams of the protein-DNA complex
were deduced using DNAproDB. UCSF Chimera 1.14 55 was used to visualize protein structures and MD
trajectories and prepare images. Fifteen systems including wild type-DNA and mutated IRX4-DNA systems
were simulated and the interactions analysed.

2.8 Calculation of free energy of Protein-DNA complex

The molecular mechanics generalized Born surface area (MM-GBSA) method has been applied to compute
the relative binding free energies for the protein-DNA complexes®”58.

AG’bind = AEbondcd + AEvdVV + AEclc ‘TAS + A(}cgb + AG’csurf (Equation ]-)

in which the first three terms represent binding free energy components in gas phase and the last two terms
denote solvation free energies. AEpondeq includes energetics for bond, angle, and dihedral terms. AEqw and
AEg)e are van der Waals, and electrostatic interactions between protein and DNA and these two components
were calculated using molecular mechanics force fields. AGegp, is polar solvation energy and can be calculated
with the GB model developed by Onufriev et al. (igh=5)%". The last term AGeguf is non-polar solvation
free energy, which is determined using the following equation.

AGegurr = ¥ X ASASA + B (Equation 2)

where the parameters y and ASASA respectively denote the surface tension and the difference in the solvent
accessible surface areas caused by ligand associations. For our current work, y and 3 were assigned as 0.0072
kcal-mol-A2 and 0 kcal*mol ™, respectively®. Due to the high cost in the calculation of TAS term, we
did not perform entropy calculations. Further, it is usually approximated that in comparing the relative
stabilities of different complexes, the entropic contributions are not significant, and they were not included
in this study. The other free energy components were calculated based on the snapshots extracted from
the last 150ns of the production MD trajectories. An ionic strength of 0.15M was also used during the GB
calculations.

The relative free energies calculated by MM-GBSA were further decomposed into residue contributions. It
is important to note that the interaction energies calculated in this manner are not directly comparable
to experimental results, nor will they sum to the total binding energy but can be compared relatively to
the mutants. This type of decomposition analysis is useful for identifying residues that have the most
considerable effects on the binding energy.

2.9 Cell-penetrating peptide identification
The homeodomain sequence of IRX4 was subjected to the CPPsite 2.0, a database of cell-penetrating



peptides®®. CPP site 2.0 contains experimentally validated cell-penetrating peptides and this server
was used to determine the efficacy of IRX4 sequence to be considered in that category. SkipCPP-
Pred was used to predict the sequence having the highest cell-penetrating potential®’. SkipCPP-Pred
(http://server.malab.cn/SkipCPP-Pred/Index.html) is a sequence-based computational predictor of cell-
penetrating peptides that uses an algorithm k-skip n-gram combined with a random forest classifier.

3. Results and Discussion
3.1 IRX4 expression from publicly available datasets

We initially checked the expression of IRX4 gene from the Genotype-Tissue Expression (GTEX) portal®?
and found expression in multiple tissues, including breast, oesophagus, heart, salivary gland, prostate, skin
and vagina (Figure S1). We found an increased expression of this gene in the prostate, skin, vagina and
oesophagus compared to other tissues. Furthermore, we checked if the expression at the transcript level
correlated with any cancer-specific RNA seq data. We used GeneVestigator to identify the top hits for
higher expression of [RX/ gene %3. Amongst the initial hits, the expression of IRX/ was found to be higher
in malignant prostate cancer cells and oesophagus squamous cell carcinoma (Figure S2).

The transcriptomic data also indicated the expression of this gene in breast, skin and brain tumours high-
lighting the importance of this gene in cancer study. Next, we went ahead to check the expression of IRX4
protein using multiple databases and datasets. This protein was found to be expressed only in the MCF7
breast cancer cell line according to the ProtemicsDB, which uses Mass Spectrometry (MS) data to quantify
protein (Figure S3). To further identify if the expression of IRX4 did correlate with any MS specific data,
we used PaxDB to identify proteins and proteome-wide levels (Figure 1). Interestingly, we found evidence
of the protein in multiple datasets, which are represented as ppm. HT727 cells, which are epithelial lung
bronchus cells, showed higher protein expression than its total proteome. Low expression of the gene was
observed in the lung tissue. The Global Proteome Machine (GPM) is a well-curated protein expression
database consisting of peptides from multiple species 4. According to this database, the expression of IRX4
was found in cell-lines HCT116, epithelial colorectal carcinoma cells, HEK293 and embryonic human kidney
cells. B cells and Ascitic fluid too showed expression of the protein, highlighting the vast range of expression
patterns for this protein.

IRX4 (ppm) |

F

0 2 4 6 8 10 12
m H.sapiens - Ascitic fluid, SC (Wilhelm,Nature,2014)
m H.sapiens - Brain, SC (PeptideAtlas,Aug,2013)
m H.sapiens - Cell line, H727, SC (Balbin,Nat_Commun,2013)
® H.sapiens - Cell line, HEK293, SC (Geiger,MCP,2012)
H.sapiens - Cell line, HCT116 (Koch,Proteomics,2014)
H.sapiens - Whole organism, SC (GPM,Aug,2014)
® Colon (Integrated)
m B cell (Kim,Nature,2014)

Figure 1: Protein expression analysis using PaxDB database. The expression of IRX4 was checked
with multiple mass spectrometry datasets. The highest expression was observed in H727 cells representing
the lung bronchus. Substantial expression was found in other tissues and cells, notably HCt116, Brian,
HEK293 and B cells.



3.2 Sequence analysis

The full-length IRX protein sequences were aligned using Clustal omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) to identify sequence similarities between the family members
(Figure 2). Interestingly, when the homeodomain region of the IRXs were aligned, there was a high sequence
similarity except for the N-terminal. The DNA binding domain of IRX4 is comprised of 62 highly conserved
residues.

The sequence similarity in the homeodomain of all IRX family members as depicted in Figure 3 shows the
conservation of specific residues. Phylogenetic analysis between IRX members indicates a divergence in the
N-terminal region of the homeodomain compared to the C-terminus, which has highly conserved amino acids.
This shows the evolution of IRX family homeodomain and the functional specificity associated with the N
and C terminal amino acid residues. The sequence has a relatively high hydrophobic residue count in the
N-terminus and central region compared to the C-terminus, which has a stretch of basic residues. Various
studies on homeodomain have highlighted the importance of the N-terminus, which has an essential role in
DNA recognition and binding as well as for its transcriptional regulation®. The N-terminus in HOX proteins
has also been observed to confer stable protein-protein interactions and also activate transcription and affect
DNA binding activities in HOX proteins®®. This could explain the specificity of IRX proteins in binding to
different sequences and thereby regulating a wide variety of specific genes.



be preliminar

reviewed. Data may

not been peer

preprint and has

1 his

10.22541 /au.164271893.36410349

org

dof

https:

without per

rved. No reuse

author/funder. All rights rese

opyright holder is the

20292

P

IRX4
IRX6

IRXS
IRX1
IRX3

IRX4
IRXE
IRX2
IRXS5
IRX1
IRX3

IRX4
IRX6
IRX2
IRXS5
IRX1
IRX3

IRX4

IRX2
IRX5
IRX1
IRX3

IRX4

IRX2
IRXS

IRX3

IRX4
IRX6
IRX2
IRXS

IRX3

IRX4
IRX®
IRX2
IRX5
IRX1
IRX3

IRX4
IRX6

IRXS
IRX1
IRX3

IRX4
IRX6
IRX2
IRXS
IRX1
IRX3

IRX4
IRX6
IRX2
IRXS
IRX1
IRX3

IRX4

R dedTd

MSYPQFGYPYSSAPQFLMATNSLSTCCESGGRTLADSGPAASAQAPVYCPYYESRLLATA
MSF PHF GHPYRGASQFLASASSS TTCCESTQRSVSDVASGSTPAPALCCAPYDSRLLGSA
MSYPQ-GYLYQAP-GSLALY- - - - ~SCPAYG==--=====--~-~ ASALAAPRSE---ELA
MSYPQ-GYLYQPS-ASLALY- - -~ -SCPAYS==---====--~-~ TSVISGPRTD---ELG
MSFPQLGYPQYLSAAGPGAY- - - - -GGERPGYL - - - AAAARAAAAASSGRPGAA - - -ELG
MSFPQLGYQYIRP- - - - -LY- - - - -PSERPGAA- - -GGSGESAGARGGLGAGAS - - - ELN

BEKs X

RHELNSAAALGVYGGPYGGS-------- QGYGNYVTYGSEAS----- AFYSLN--SFDSX
RPELG- -AALGIYGAPYAARA----- AAQSYPGYLPYSPEPP----- SLYGALNPQYEFK
RSASGSAF------ SPYPGSAAFTAQAATGFGSPLQYSADAA-AAAAGFPSYMGAPYDAH
RSSSGSAF------ SPYAGSTAFTAP - SPGYNSHLQYGADPAAAAAAAFSSYVGSPYD-H
GGA-GAAAVTSVL -GMYARAG- -PYAGAPNYSAFLPYAADLS - -- - - - LFSQUGSQYELK
ASGSLSNVLSSVYGAPYAAAA- -AAAAAQGYGAFLPYAAELP - -~ --- IFPQLGAQYELK

= . - . ® - - e .

DGSGSAHGGLAPAAAAYYPYEPALGQYPYDRYGTMOS- -GTRRKNATRETTSTLXANLQE
EAAGSFTSSL-AQPGAYYPYERTLGQYQYERYGAVELSGAGRRKNATRETTSTLKANLNE
T-TG--===~ MTGAISYHPYGSAAYPYQLND- - - - ---PAYRKNATRDATATLKAWLNE
T-PG-====~ MAGSLGYHPYAAPLGSYPYGD- - - - ---PAYRKNATRDATATLKAWLNE
DNPGVHPATF - --AAHTAPAYYPYGQFQYGD-- - -~ ---PGRPXNATRESTSTLXAKLNE

DSPGVQHPAAAAAFPHPHPAFYPYGQYQFGD-- - -4 -=--PSRPXNATRESTSTLKAWLNE
* % .

ExkEE; X KRERRE %

HRKNPYPTHGEKIMLATITKMTLTQVSTVIFANARRRLKKENKMTWPPRNKCADEXRPYAE
HRKNPYPTHKGEKIMLAIITKMTLTQVSTWF ANARRRLKKENKMTWAPKNKGGEERKAE - -
HRKNPYPTHGEKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWAPRNK SEDEDEDEGD
HREKNPYPTKGEKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEEENT
HRENPYPTKGEKIMLAIITKMTLTQVSTVIFANARRRLKKEN

HRENPYPTKGEKIMLAIITKMTLTQVSTVIFANARRRLKKENKMTWAPRSRTDEEGNAYGS

FEIEEFERXATXEREFEIFEREFERITFENITEIFEF NS 1 &%

GEEEEGGEEEAREEPLKSSXNAEPVGKEEXELELSDLDDFDPLEAEPPACELKPPF -~~~
----- GGEEDSLG-CLTADTKEVTASQEARGLRLSDLEDLEEEEEEEEEAEDEEVVATAG
ATRSXDES-PDKAQE--GT----ETSAEDEGISLHVD------ SLTDHSCSAESD-----
DLEXNDEDEPQKPED-KGD-- - -PEGPEAGGAEQK ---------~ AASGCER--------
DTEGDPEKAEDD- --EEID----LESIDIDKIDEHDGDQ- - - -SNEDDEDKAEAR--- -~
EREEEDEEEDEEDGKRELE----LEEEELGGEEEDTGGE----GLADDDEDEEID-----

- - - HSLDGGLERVPAAPDGPVKEASGALRIS LAAGGGAALD- - - - - - EDLERARSCLRSA
DRLTEFRKGAQSLP - - -GPC- = === ========- AAARE---- -~ GRLER-RECGLAA
--------- GEXLPCRAGDPLCE- - - - - - - SGSECKDKYDDL EDDEDDDEEGER - GL-AP
------------ L----QGPPTP- - - - - - -AGKETEGSLSDSDFKEPP - SEGRLDALQGP
----------------- HAPAAP - -SALARDQGS - - -PLAAADVL - - -K - - - - - - -PQDS
--------- LENLDGAATEPELSLAGAARRDGDLGLGPISDSKNS - - -DSEDSSEGLEDR

--------------------- AA- - -~ --GPEPLPGA- - - - - - EGGPQVCEAKLGFVPAG
--------------------- PR------FSFNDPSG-- - - - -SEEADFLSAETGSPRLT
PKPVTSSPLTGLEA------ -~~~ PLLSPPPEAAPRGGRKTP-- - - ===~ QGSRTSP
PRTGGPSPAGPAAARLAEDPAPHYPAGAPAPGPHPAAGEVPPGPGGPSV - - - - IHSPPPP

ASAGLEAKPRIWSLAHTATAAAARATSL- -SQTEFPSCHLK - === ==--~ RQGPAAPAAY
MHYPCLEKPRIWSLAHTATASAYVEGAPPARPRPRSPECRMI -~~~ ----~ PGQPPASA--
GAPPPASKPKLUWSLAEIATSDLKQPSLGP--G-- - -~ CGP----=----- PGLPAARAP-
PPPAVLAKPKLWSLAEIATSSDXVKDGGG - -GNEGSPCPPCPGPIAGQALGGSRASPAP -
LQGAPHGKPKIWSLAETATSPDGAPKASP - - PPPAGHPGAHG- PSA- - === == === ==~
APASALQKPKIVSLAETATSPDNPRRSPP - - GAGGSPPGAAVAPSA- - -~ -===------

BE o RERE TE.
Y . B

SSAPATSPSVALPHSGALDRHQD- - SPV-TSLRNWVDGYFHDPIL - -RH--STLN----Q
------- RRLSVPRDSACDESS------------CIPKAFGNPKF--AL--QGLP-----
ASTGAPPGGSPYPASPLLGRPLYYTSPFYGNYTNYGNLNAALQGQGLLR-----~----~-~
APSRSPSAQCPFPGGTVLSRPLYYTAPFYPGYTNYGSFGHLHGHPGPGPGPTTGPG---5
-------- GAPLQHPAFLPSHGLYTCHI - GKFSNWTNSAF LAQG- -SLLNMRSFLGYGAP
-------- LQLSPAAAAAAAHRLVSAPL -GKFPAWTNRPFPGPPPGPRLHPLSLLGSAPP

AWATAKGALLDPGPLGRSLGAGANVLT; - === == ====~-==- APLAR--====-=== AFP
--------- LN-==-=========-Clomm=mm === APCPR----------RSE
- -~ -YNSAAAA- - -PGEALHTAPKAASDAG- - KAGAHPLESHYRSPG- - == === -~ GGYE
HFNGLNQTVLN- - -RADALAKDPKMLRSQS - -Q- - - - -LDL - - ~CKD - = ===~ - - SPYE
HAAPHGPHLPAPPPPQPPVAIAPGALNGDXASVRSSPTLPERDLVPRPDSPAQQLKSPFQ
HLLGLPGAAGH--PAAAAAFARPAEPEGGT -----=--==-~~ DRCSALEVEKKLLKTAFQ

PAV----PQDAPAAGAARELLALPKAGGKPFCA 519

MAF 2 ASAAAVERESsSAERARE™ A A~

37
37

185
188

89
99
96

163
167
135
134
148
148

223
225
195
194
208
208

279
279
237
231
252
255

496
389
360
380

382

455
421

437
397
433

490
432
451
475
457
479



Figure 2: Sequence alignment of full-length IRX proteins using Clustal omega. The highlighted
sequence is the homeodomain in the IRX proteins. Hydrophobic amino acids (A, V, F, P, M, I, L and W)
are coloured red. Acidic amino acids (D and E) are coloured blue. Basic amino acids (R, H and K)-magenta,
Others (S, T, Y, H, C, N, G and Q) are green.
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Figure 3: IRX homeodomain protein sequences and their conservation . A) Multiple sequence
alignment shows high conservation in the DNA binding domain of IRX protein sequences. The differ-
ence at the N-terminal can explain the recognition specificity of these proteins to target DNA sequence B)
Phylogenetic tree analysis highlighting highly conserved sequences. The tree shows evolution of the IRX
homeodomain and also the functional specificity of the members of the family. The tree was constructed us-
ing the maximum likelihood method and derived from multiple sequence alignments of all IRX homeodomain
region. The bootstrap values at the nodes of the branches indicate the maximum-likelihood of the sequence
conservation between IRX proteins.

3.3 Modelling of homeodomain using SWISS-MODEL

The three-dimensional structure of the homeodomain of human IRX4 is not yet characterized using any
biophysical methods like X-Ray or NMR. Secondary structure prediction using PSIPRED was carried out on
a full-length sequence to check the ratio of secondary structures in the sequence (Figure 4A). Homeodomain
from residues 143-204 showed the existence of 3 helices combined by the coiled region in between the helices.
The PSIPRED results matched with the modelling result from SWISS-MODEL of the homeodomain, which
correlated with the existence of 3 helices. The generated homology models were further subjected to an
overall model quality check. The models were subjected to backbone dihedral angles (phi and psi) of the
amino acid residues in the protein structure. Ramachandran plot (Figure S5) generated by PROCHECK
showed 98.2% of the residues in the most favoured regions, highlighting the suitability and accuracy of the
generated model®”. The homology model shared similar structural folds with the template, i.e., 4 a-helices,
3 helix-helix interactions, 2 B-turns, and 1 y-turn ( Figure S6). We further analyzed the conservation profile
of individual amino acids in the homeodomain structure. As expected, the most conserved amino acids were
exposed to the surface with direct contact with DNA (Figure 4B). These residues were classified as conserved
(N148, P168, W160, Y169, P170, K175, Q188, W192, F193, N195, R197, R198, R199) and semi-conserved
(R146, K147, A149, L157, K172, A194). Apart from A194, all the other residues were found to be exposed on
the surface, potentially contacting DNA, while all non-conserved residues are present on the distal surface.
Interestingly, there are no somatic mutations reported for this residue.
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Figure 4: Secondary structure prediction and homology model of IRX4 homeodomain A) Sec-
ondary structure of IRX4 as predicted by PSIPRED. B) 3D structure of IRX4 homeodomain as modelled by
SWISS-MODEL (figure generated using UCSF Chimera). The three conserved helices of the homeodomain
as highlighted in pink. The conservation map of the IRX4-DNA Binding Domain was calculated using the
ConSurf server. Ribbons are displayed based on conservation scores. C) The model of IRX4 dimer bound
to DNA. The ribbons displayed in rainbow colours are IRX4-DNA Binding Domain dimers bound to DNA
(coloured from blue to red representing N- to C-terminus of protein).

3.4 Identification of amino acid residues bound to DNA

We next modelled our homeodomain structure as a dimer to DNA based on the template 6FQP and iden-
tified specific amino acid residues interacting with DNA. As previously reported, homeodomain proteins in
eukaryotes have similar DNA sequence binding preferences®®, we went ahead with the binding of IRX4 to
DNA consensus binding site (ATTGACAGCTGTCAAT)%. DNAproDB was used for analysing interactions
of protein-DNA complexes™. Before modelling the structure of IRX4 homodimer onto the DNA, TGIF1
PDB structure was analysed for its binding amino acids. As depicted in Figure S6, Arginine, Isoleucine
and Asparagine on chains A and B of the dimer constitute the majority of interactions between DNA and
protein. However, upon analyzing the binding of the IRX4 protein to DNA, specific amino acid residues,
notably R145, T191, A194, N196, R198, and R199, were found to be interacting with DNA molecule (Figure
5). These interactions correlated with the high conservation of the residues bound to DNA based on Consurf.
The evolutionarily conserved amino acid residues have been found to have well-defined structures involved
in bound and unbound states”!. Previous studies have also found conserved positions of amino acids to
be structurally aligned and similar, providing key insights into the sequence-structure relationship 72. MD
simulations were carried out on this protein-DNA complex on the Wild Type (WT) and the mutant protein
complexes to check the effect of mutations on the binding. The free energies of binding were calculated for
the systems using Molecular Mechanics/Generalized Born Surface Area ( MM/GBSA).



Figure 5: Representation of the energy minimized models of IRX4 homeodomain bound to
DNA generated using UCSF Chimera . Arginine on the N-terminal of the homeodomain on both
the monomers binds to the minor grove of DNA, highlighting the importance of arginines in this complex.
Additional residues in the helix, including T191, A194, N196, R198, R199 bound to DNA. Red and yellow
are the two strands of DNA. The dotted lines represent the interactions between amino acids and DNA
bases. (coloured from blue to red represents N- to C-terminus of protein)

3.5 MD simulations of the WT protein-DNA complex

The protein-DNA system was subjected to 200 ns long MD simulations to examine the stability and inter-
actions within the complex. The WT protein-DNA complex attained showed strong interactions with DNA
at both N- and C-terminal of the homeodomain. Additional interactions of residues G143, T144, N148 and
S190 were observed resulting in a more compact and stable protein-DNA complex (Figure 6). The interac-
tions from the pre-MD model represents a snapshot from the MD-simulations after the minimisation step
whereas the post-MD model snapshots represents an image of the interactions after 200ns. When comparing
it to the template 6FQP, a vast array of amino acids have been found to be interacting on the both chains
of the protein to DNA. This highlights the importance of strong and stable molecular interactions arginine,
asparagine, threonine and alanine in stabilizing the IRX4 protein-DNA complex.

10



Post-MD

I — W.C. BP
(3]

N — Hoog. BH
Major Groove = = Other BP)
Minor Groove Stacking

I Base Linkage
Sugar @ helix
Phosphate A strand

| loop

Figure 6: The interaction profile of WT IRX4 homeodomain-DNA complex before and after
MD simulation . The amino acid residues from the ahelix of the protein is shown to have interactions in
the pre-MD model of the complex. In contrast, the amino acids in the loop region of the protein structure
seem to play an important role in stabilizing the complex post simulations. The pre-MD snapshot were
taken after minimisation and post-MD snapshot after 200ns of simulations.

3.6 Retrieval of IRX4 mutations (Dataset)

The human IRX4 protein contained 253 somatic mutations retrieved from COSMIC database. The database
consists of 163 missense, 11 nonsense, 72 coding silent, 3 each insertions and deletion mutations (Figure
7) wherein the DNA binding domain consists of 33 missense mutations, 1 nonsense and 15 coding silent
mutations. High number of missense mutations are present in genes that are relevant to a disease phenotype.
These mutations generate protein variants with a single amino acid change and are of particular interest in
biomedicine™. Given that these single amino acid substitutions have an adverse effect on protein stability
and may cause structural changes leading to aberrant binding surfaces and impairing protein function, their
functional importance need to be studied using computational approaches before addressing their functional
effects. The missense mutations in the homeodomain regions were selected for further predictive analysis.
To examine the effect of substitutions on these residues, we performed an extensive comparative analysis of
physicochemical properties such as theoretical Isoelectric point (PI), Instability Index (II), Aliphatic Index
(AI) for the WT as well as mutant variants using Protparam as detailed in Table 1. The properties primarily
PI, molecular weight, Al and extinction coefficient, showed minimal or no change due to the point mutations.
However, the Grand Average of Hydropathicity (GRAVY) calculated based on the hydropathy values of each
amino acid to the full length of the sequence, indicated a change in hydrophobicity™. Increasing positive
scores for some of the mutants showed a greater hydrophobicity of those mutants compared to the native
protein. Additionally, IT of the protein predicts the stability of the protein in a solution state in a test tube.
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Out of all the mutants, 15 showed an II of less than 40. The more hydrophobic protein mutants would be

75

difficult to solubilize and are less likely to be resolve on a 2D gel electrophoresis’.

IRX4

1.19% 1.19%

IRX4-homeodomain

B Missense
B Coding silent
B Nonsense
B Insertions
O Deletions

Figure 7: A statistical representation of the distribution of somatic mutations in the IRX4
full-length protein and the homeobox region . The profile indicates a higher percentage of missense
mutations in both the full-length protein and the homeobox region.

Table 1: Physicochemical parameters computed using ProtParam tool

Protein

CDS Mutation

COSMIC ID MWt pl EC 1II Al GRAVY

WT-homeodomain
G143S
T144R
R145W
R145L
R146H
A149V
R151C
R151H
E152K
T156M
E163K
H164R
Y169F
T1711
K172N
1176V
1180T
1181V
M1841
T185S
Q188E
N195S
A196T
R197S

¢.427_428delinsTC

c.431C>G
c.433C>T
c.434G>T
c.437G>A
c.446C>T
c.451C>T
c.452G>A
c.454G>A
c.467C>T
c.487G>A
c.491A>G
¢.506A>T
c.512C>T
¢.516G>T
¢.526A>G
¢.539T>C
c.541A>G
¢.552G>A
¢.554C>G
c.562C>G
c.584A>G
¢.586G>A
¢.589C>A

7301.51 11.38 12490 40.09 63.06 -1.037
COSM387516  7331.54 11.38 12490 41.46 63.06 -1.044
COSMS8703091 7356.59 11.59 12490 50.7  63.06 -1.098
COSM8591278  7331.54 11.1 17990 28.43 63.06 -0.979
COSM4802014 7258.48 11.1 12490 33.96 69.35 -0.903
COSMS8557474  7282.46 11.1 12490 37.78 63.06 -1.016
COSM9103754  7329.56 11.38 12490 38.72 66.13 -0.998
COSM3381062 7248.46 10.77 12490 40.09 63.06 -0.924
COSM245062  7282.46 11.1 12490 40.09 63.06 -1.016
COSM3013209 7300.57 11.66 12490 40.09 63.06 -1.044
COSM1254958 7331.6  11.38 12490 40.09 63.06 -0.995
COSM5868355 7300.57 11.66 12490 38.2  63.06 -1.044
COSM1066962 7320.56 11.59 12490 50.55 63.06 -1.058
COSM4141745 7285.51 11.69 11000 44.32 63.06 -0.971
COSM3615067 7313.57 11.38 12490 38.72 69.35 -0.953
COSM1254959 7287.44 11.37 12490 36.61 63.06 -1.031
COSM8374433 7287.48 11.38 12490 40.09 61.45 -1.042
COSM7350603 7289.46 11.38 12490 40.09 56.77 -1.121
COSMS8210484 7287.48 11.38 12490 37.35 61.45 -1.042
COSM8467851 7283.48 11.38 12490 33.93 69.35 -0.995
COSM4788359 7287.48 11.38 12490 47.65 63.06 -1.039
COSM5952047  7302.5  11.06 12490 45.63 63.06 -1.037
COSM1210929 7274.49 11.38 12490 40.09 63.06 -0.994
COSM6687514 7331.54 11.38 12490 38.72 61.45 -1.077
COSM354476 72324  11.1 12490 33.96 63.06 -0.977
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Protein CDS Mutation COSMIC ID MWt pl EC II Al GRAVY

R197C ¢.589C>T COSM3013206 7248.46 10.77 12490 37.94 63.06 -0.924
R197H ¢.590G>A COSM1066958 7282.46 11.1 12490 2949 63.06 -1.016
R198W ¢.592C>T COSM4838791  7331.54 11.1 17990 30.85 63.06 -0.979
R199C ¢.595C>T COSM6451720 7248.46 10.77 12490 33.96 63.06 -0.924
R199H c.596G>A COSM8480424 7282.46 11.1 12490 33.96 63.06 -1.016
K201M c.602A>T COSM3941284 7304.53 11.37 12490 41.46 63.06 -0.944
K202M ¢.605A>T COSM4159835 7304.53 11.37 12490 45.35 63.06 -0.944
E203K c.607G>A COSM1695357 7300.57 11.66 12490 40.09 63.06 -1.044
N204S c.611A>G COSM3827909 7274.49 11.38 12490 43.2 63.06 -0.944

EC- Extinction coefficients, II- Instability index, AI-Aliphatic index, GRAVY- Grand average of hydro-
pathicity

3.7 Screening for destabilizing mutants by I-Mutant Server and MD simulations

As reported in COSMIC, the mutations were mapped onto the 3D IRX4 homeodomain structure. These
mutants were further checked for a change in protein stability using I-mutant server. AAG value predicted
by I-mutant server is prediction of the protein stability changes upon single point mutations in the protein.
In contrast, the Reliability Index (RI) is a neural network predictor to check the overall accuracy of the
function to the mutations to increase or decrease protein stability. Among the 33 mutations submitted,
I-mutant predicted an increase in stability of 8 mutant proteins, namely R145L, A149V, R151C, Y169F,
1180T, Q188E, K201M and E203K. All the conserved residues barring Y169F and A149V showed a decrease
in protein stability, further highlighting the role of these mutants in DNA binding efficiency. Consurf (Figure
S4) predicted most of the conserved residues and associated mutants showed a higher RI, which showed a
decrease in stability of the IRX4 protein (Table 2).

Table 2: Predicting the stability of mutant proteins by I-Mutant Server

Protein RI AAT oAve (Kgar/pmol) I mutant score

WT Nil Nil Nil
G143S 9 -1.12 Decrease
T144R 6 -0.28 Decrease
R145W 1 -0.41 Decrease
R145L 1 0.29 Increase
R146H 2 0.1 Decrease
A149V 1 0.06 Increase
R151C 3 -0.44 Increase
R151H 3 0.17 Decrease
E152K 9 -1.37 Decrease
T156M 4 -0.52 Decrease
E163K 8 -1.44 Decrease
H164R 5 -0.78 Decrease
Y169F 3 0.52 Increase
T1711 6 -1.17 Decrease
K172N 7 -1.07 Decrease
1176V 7 -0.04 Decrease
1180T 1 1.17 Increase
1181V 6 0.5 Decrease
M1841 3 0.04 Decrease
T185S 4 0.03 Decrease
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Protein RI AAT oive (KgaA/wor) I mutant score

QI88E 4 0.3 Increase

N195S 6 -0.24 Decrease
A196T 8 -1.26 Decrease
R197S 9 -2.36 Decrease
R197C 4 -0.73 Decrease
R197H 9 -1.32 Decrease
R198W 7 -0.96 Decrease
R199C 3 -0.83 Decrease
R199H 8 -0.89 Decrease
K201M 3 0.06 Increase

K202M 2 0.19 Increase

E203K 9 -1.14 Decrease
N204S 2 0.04 Decrease

Moreover, the energy minimised structures of the mutant protein-DNA complex showed weak interactions
throughout the complex. (Figure S7). For example, when R145 was replaced with W and L amino acids,
weak interactions between these amino acids and DNA resulted in compensation by other amino acids of
the protein to stabilize the protein. Furthermore, to highlight the effects of the mutations, energy, stability,
hydrogen bond and secondary structure analysis were carried out.

3.8 Binding Mechanisms
3.8.1 MM /GBSA free energy calculations

To understand the thermodynamics behind the protein-DNA complexes, MM-GBSA was calculated to de-
termine the binding mechanisms. The calculations were performed to calculate the binding energies of WT
protein comparing it to mutant protein in the DNA-protein complex. Based on the 200ns MD trajectories of
WT and variants the energy analysis and its corresponding component as calculated and reported in Table 3.
The results indicated high binding energy (-216.33 Kcal/mol) compared to most other variants. The point
mutations decreased the positive polar term resulting in overall increase of the negative term promoting
DNA-protein complex formation. The energy components included here are Van der Waals, electrostatic
interaction, non-polar and polar energies contributing to the total binding energy and favouring complex
formation. Primarily, the stability of the complex was majorly due to the electrostatic interaction energy
whereas other energy terms contributed very less to the total energy of the complex. The spontaneity of
this interactions is highlighted by the high negative value of the electrostatic interactions, whilst polar solva-
tion energies hinders the interactions between DNA and protein. Interestingly, some of the residues showed
higher binding stability when mutated resulting in higher negative values in T144R, A149V and Q188E.
N-terminal R (arginine) showed a loss in interaction energy (-188.74 Kcal/mol) when mutated to lysine.
However, when mutated to tryptophan, it showed considerable increase in binding energy (-224.41) of the
mutant. Studies have highlighted the role of tryptophan in DNA binding domain to be important, which
might be the case in this mutant also”®. The same effect was observed on the C-terminal R when mutated to
tryptophan (R198W= -224.43 Kcal/mol). But when mutated to cysteine (-186.36 Kcal/mol) and histidine
(-185.16 Kcal/mol) there was a loss of interaction energy of the mutant. These residues were also found to
be highly conserved in the Consurf analysis. Furthermore, this also implies about the role of these conserved
residues to predominantly be the fundamental residues driving a compact interaction with DNA.

Table 3: Decomposition of calculated binding energies using MM /GBSA

System Energy Components (Kcal/mol) Energy Components (Kcal/mol) Energy Components (Kcal/n
ABQ AEEA AT, (30 +EEA)
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System Energy Components (Kcal/mol)

Energy Components (Kcal/mol)

Energy Components (Kcal/n

WT
T144R
R145L
R145W
A149V
Y169F
K172N
Q188E
N195S
R197C
R197H
R197S
R198W
R199C
R199H

-179.58
-200.83
-154.25
-176.69
-199.55
-191.86
-177.34
-191.04
-175.27
-175.22
-183.60
-197.59
-193.84
-164.24
-172.79

-12741.14
-13973.14
-11330.80
-11768.18
-12685.84
-12220.75
-11831.65
-11901.53
-12576.62
-10911.09
-11180.89
-11790.22
-11505.21
-11674.88
-11847.76

-12920.73
-14173.97
-11485.05
-11944.88
-12885.39
-12412.62
-12008.99
-12092.57
-12751.90
-11086.32
-11364.50
-11987.81
-11699.05
-11839.13
-12020.56

3.8.2 Stability of IRX4 homeodomain-DNA complex

The protein-DNA complex was subjected to long MD simulations of 200ns time period. We calculated root
mean square fluctutation (RMSF) for homeodomain-DNA complex. From the RMSF plot (Figure 8), it was
observed that the residues directly bound to DNA experienced slightly high fluctuations in all the protein
structures. The residues on the C-terminal of the homeodomain were found to have slightly higher RMSF
values indicating flexibility of this region of the homedomain. The residues 155-165 had lower RMSF values
reflecting these residues to have a good potential to be bound to DNA. Important residues, primarily the one
which were found to have binding to DNA showed less flexibility in their conformational state. The mutants
K172N and Y169F showed higher fluctuations when the original amino acid were mutated compared to the
other mutants. Subsequent energy analysis of these residues and mutants were done to confirm the effect of
the mutations on binding to DNA.

RMSF(nm)

RMSF A

RMSF(nm)

RMSF B

RARRARIR SRR SRS q?q'

Position
-WT — T144R — R145L
= Y169F —K172N - Q188E -
— R197H R197S R198W

— R145W

N195S

R199C

Position

A149V
- R197C

R199H

Figure 8: The representative RMSF values of native IRX4 homeodomain protein structure
and the mutants. RMSF-A and RMSF-B represents the fluctuations in amino acid residues in Monomer

A and B.
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3.8.3 Hydrogen bond analysis of protein-DNA complex

Hydrogen bonds were analyzed between the IRX4 homeodomain-DNA complex to find important residues
involved in hydrogen bonding. The key criteria for this analysis were as previously reported””. A total of 7
hydrogen bonds were observed at the protein-DNA interface for the WT IRX4 protein as reported in Table 4.
The hydrogen bonds are illustrated as donor-acceptor bonds between DNA and protein. The atoms represent
the side chain and backbone of the DNA and protein. The residues K145, A149, Y169, S190, R197 and R199
were involved in forming multiple hydrogen bonds and stabilizing the interactions. Hydrogen bonds having
fractions of more than 0.5 were considered as having interaction between DNA and amino acids. There was
a loss of hydrogen bonds in the arginine mutant variants which highlighted the conservation of these residues
in DNA recognition. There was loss of hydrogen bonds in all the mutants. Weak hydrogen bonds were
formed between residues compared to WT protein which showed change in flexibility of the residues binding
to DNA. The Arginines on the C-terminal side of the homedomain when mutated affected hydrogen bonding
shown in Table 5. The N-terminal Arginines showed hydrogen compensation when mutated resulting in
formation of weak hydrogen bonds to maintain the stability of protein-DNA complex.

Table 4: The hydrogen bonds between WT IRX4 homeodomain and DNA

Donor Acceptor
R-145-NH1 DT3-N3
A-149-N DT3-0P2
Y-169-OH DC9-OP1

ARG-197-NH2 DC9-OP2
R-199-NH2 DT19-OP2
R-197-NE DC9-OP2
S-190-0G DGS8-OP2

Table 5: Hydrogen bonds in the homeodomain mutants

Mutants Hydrogen Bonds

T144R R197-DC9 S190-DGS8 Y169-DC9 T154-DG20
R199-DG20 W192-DG20

R145L Y169-DC9 R197-DC9 T154-DG20 S190-DG8
R199-DG20 Q188-DA21 R198-DG11 R197-DC9

R145W Y169-DC9 R197-DC9 T154-DG20 N148-DT3
S190-DG8 R151-DT3

A149V R145-DT19 R199-DG20 Y169-DC9 R146-DA21
R197-DC9 R198-DG11

Y169F R199-DG20 R198-DG11 R197-DC9 K147-DT3
N195-DA21

K172N Y169-DC9 R197-DC9 R198-DG11 T144-DA15
S190-DG8

QI88E R197-DC9 Y169-DC9 R199-DT19 R145-DA14
S190-DG8

R197C R199-DG20 R145-DT19 R146-DA21 N195-DA21
R198-DG11

R197H R199-DG20 A149-DG20 R145-DT19 N195-DA21
R146-DA21

R197S T144-DG20 R199-DG20 R198-DG11 Q188-DA21
R151-DT18
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Mutants Hydrogen Bonds

R198W Y169-DC9 R197-DC9 T144-DG20 S190-DGS8
R146-DC22

R199C Y169-DC9 R197-DC9 S190-DGS8 R198-DG11

R199H Y169-DC9 R197-DC9 R145-DT19

3.8.4 Secondary structure changes during simulation

The average secondary structure transitions in each of the simulations were monitored using Define Secondary
Structure of Proteins (DSSP) program 8. Simulations started from residues in contact with the interface
(DNA); these residues include both the N- and C-termini of both the monomers of IRX4. A scan be seen in
Fig S8 and S9, the N-terminal region of the homeodomain have attained quite a distinct secondary structure
compare to the mutants. Secondary structure analysis was used to identify the extent of changes which helps
in promoting the structural integrity of the binding. Compared to the native structure, A149V after initial
50 ns showed a robust helical propensity compared to other mutants. The helical conformation amongst
the other mutants were consistently altered throughout the 200ns simulations involving turn structures.
Interestingly the smallest helix consisting of 9 amino acid (174-182) didn’t show any major differences
along the different mutants. Examination of individual residue energy difference highlights the fact there is
reorientation of the protein from its initial orientation in the mutants, highlighting the effect of the variants
on DNA binding. The final orientation and secondary structure in all the variants is different, exhibiting
loss of loss or gain in bending of the helix.

3.9 Residue-wise energy decomposition analysis
3.9.1 Energy landscape changes in nucleotides

The simulated complex of the IRX4-DNA was subjected to energy calculation difference amongst the different
nucleotide residues in the DNA (Figure 11). When compared to the native protein, all the variants showed
a decrease in energy profiles amongst the nucleotide. This highlights the fact that there was a decrease
in binding potential of the residues to DNA nucleotides. The maximum fluctuations were seen at the
DNA binding residues pronouncing the role of these residues in binding. Consequently, all the variants
were rigid in nature with changes in the amino acid sequence resulting in decrease in the interaction of
the molecules. Importantly the residue R197, R198 and R199 showed the most fluctuations in the energy
landscape of the DNA molecule, showing the importance of the C-terminal Arginines in stabilizing the
DNA fluctuations. Previous results on arginine mutants in the DNA binding domain of STAT3 have shown
changes in intracellular shuttling and phosphorylation”. This also confirms that point mutations at the DNA
binding residues causes a destabilizing effect leading to protein compactness and change in binding potential.
Additionally, these mutations can also generate neomorphic functions resulting in disease phenotype.
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Figure 9: Average free energy of binding per nucleotide in the DNA for all variants. Graph
showing energy difference amongst the native and mutant proteins with respect the DNA nucleotide sequence.

3.9.2 Energy landscape per amino acid in the homeodomain

Multi-dimensional energy plots, attributed to each amino acid in the homeodomain were generated to analyze
the change in energy landscape across the sequence. As depicted in Fig S10 and S11, energy plots for both
monomers show a variation in the energy dynamics of the protein structure after simulations. The changes
in the C-terminal domain of the protein can be seen in all the variants compared to the WT protein.
Interestingly, the amino acid residues interacting with DNA showed a decreased in binding potential in all
the mutants. The N- terminal residues K147, N148, A149 and Y169 showed a decrease in binding energy in
the variants. The highlight were the C-terminal residue mutants which changed the overall binding potential
of the protein, affecting the flexibility of the helix and decreasing the potential of IRX4 to bind DNA.

3.10 Cell-penetrating peptide sequence in IRX4 homeodomain

TFs were considered as undruggable targets. Several approaches to target these TFs, such as inhibiting
the protein-protein interactions and TF-DNA binding have been demonstrated in recent years®. DNA
has been the target for various antiviral, anti-cancer and antimicrobial drugs wherein ligands bind to the
major groove for inhibiting DNA-protein interactions ®'. Interactions of short peptides with DNA and
their effectiveness as anti-tumour, antibacterial or anti-inflammatory have recently been gaining attention.
These peptides despite being an attractive entity, need work for improving their stability and their ability to
penetrate the cells 82. Cell penetrating peptides (CPPs) have shown to be a potential therapeutic delivery
agent entering cells via endocytosis. These CPPs have been found to be positively charged due to presence of
several Arginine/lysine residues®®. To check the efficacy of the homeodomain penetrating the cell membrane,
we used different tools and databases including CPP site2.03¢, a database of cell-penetrating peptides and
SkipCPP-Pred®!. Using the CPP site2.0, we found more than 50% similarities in the C-terminal sequence,
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residues from 184-204 (MTLTQVSTWFANARRRLKKEN) of IRX4. The presence of positively charged
amino acids in the C-terminal region highlights the potential of this region to be effective in cell penetration.

Additionally, this sequence from C-terminal homeodomain was subjected to SkipCPP-Pred to predict the
effectiveness of this sequence (Table 6). The full-length 62 amino acid homeodomain had a low prediction
confidence of 0.57 compared to the C-terminal residues, highlighting their potential to be in the class of
cell penetrating peptides. The C-terminal sequence of IRX4 shares similarity with other IRXs. However,
N-terminal of the homeodomain in all the IRX proteins offer specificity to these peptides.

Table 6: Prediction of the cell-penetrating ability of homeodomain sequence

Residue numbers  Sequence Prediction Confidence
143-204 TRX4-homeodomain 0.57
184-204 MTLTQVSTWFANARRRLKKEN  0.59
185-204 TLTQVSTWFANARRRLKKEN 0.71
186-204 LTQVSTWFANARRRLKKEN 0.67
187-204 TQVSTWFANARRRLKKEN 0.62
188-204 QVSTWFANARRRLKKEN 0.61
189-204 VSTWFANARRRLKKEN 0.68
190-204 STWFANARRRLKKEN 0.73
191-204 TWFANARRRLKKEN 0.75
192-204 WFANARRRLKKEN 0.75
193-204 FANARRRLKKEN 0.80
194-204 ANARRRLKKEN 0.84
195-204 NARRRLKKEN 0.84

Additionally, we also checked the ability of the mutant protein to be a cell-penetrating peptide sequence.
As depicted in Table 7, the mutation of Arginines on the C- and N-terminal of the homeodomain leads to a
decrease in confidence of the peptide to cell penetrating. As previously mentioned, cellular uptake peptides
is increased due to multiple arginines by attaching fatty acid to N-terminal of the peptide®. It has also
been mentioned that the presence of more than six arginine residues is critical for efficient cell-penetrating
functions®®. The ability of these peptides for convenient cellular uptake needs to be studied in detail to find
their efficacy as therapeutic agents targeting IRX homeodomain family in different cancers.

Table 7: Prediction of the cell-penetrating ability of mutant homeodomain

Mutants Prediction confidence

T144R 0.60
R145L 0.52
R145W  0.51
A149V 0.55
Y169F 0.59
K172N 0.50
Q188E 0.52
N195S 0.59
R197C 0.54
R197H 0.53
R197S 0.56
R198W  0.53
R199C 0.54
R199H 0.53
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4. Conclusion

The three-dimensional structure of the DNA binding domain of IRX4 is central to the protein being bound
to DNA culminating in context-specific transcriptional programs. To better understand the structural basis
of DNA binding and the effect of mutations, we integrated homology modelling and MD simulations. Our
results suggest that the amino acid residues that are in contact with DNA be highly conserved across
protein families. These residues provide a platform for stable DNA-protein interactions. Upon analyzing
the IRX4 homeodomain sequence, we tried to investigate if the amino acid residues bound to DNA have
high levels of conservation. Unhighly specific proteins like the Iroquois family, base contacting residues are
highly conserved, allowing member proteins to recognize the same target sequence. Here, we found strong
interactions of R145, T191, A194, N195, R198 and R199 to the DNA molecule, which also showed higher
confidence in the conservation scale. Post-MD simulations additional residues including N- terminal residues
were found to interact to DNA nucleotides. The mutations on residues interacting with DNA may disable to
protein to recognize the target sequences and bind to DNA.

Hydrogen bonds and hydrophobic interactions play a significant role in stabilizing protein: DNA interaction.
MD simulations of 200ns were used to check the behaviour of the interaction profile. The residues that
were found to interact with DNA bases G143, T144, R145, N148 formed part of the protein loop region.
Additionally, amino acids in the helix, S190, A194, N195, R198 and R199 formed strong interaction with
the DNA post MD simulations. Mutations affecting the binding amino acids were also screened for affecting
the interaction. RMSF showed greater fluctuations in the mutants which were directly interacting with the
DNA. Alternatively, the interaction energy profile showed similar trends as the total energy of the interaction
complex decreased compared to WT. The mutants at R145 (R145L), Y169 (Y169F). R197 (R197C and
R197H) and R199 (R199C and R199H) showed a decrease in total energy and stability of the complex.
Protein-DNA recognition is a critical component of gene regulation and several amino acid residues play
important roles in this process. The Arginine at the N-terminal of the homeodomain has been found to serve
as core element in recognizing DNA and mutations at this positions have markedly reduced DNA binding
activity as per previous reports. Additional, Arginine at the C-terminal region of homeodomains is essential
for conformational stability of the recognition helix for optimal DNA recognitions. Our data correlates with
previous findings wherein mutations at important residues have resulted in a decrease in protein stability as
predicted by I-mutant as well as reduced DNA binding. These hotspots seem to be very important in the
IRX4 homeodomain region which might cause severe change in the phenotype of diseases.

Interestingly, the Arginine at the C-terminal sequence is part of the peptide that is highly confident of
being cell-penetrating. The C-terminal arginine-rich sequence provides an interesting side to the use of
these peptides to knockdown representative binding of oncogenic homeodomain TFs. Taken together, we
examined the distinct role of IRX4 homeodomain, accentuating the mechanism of DNA recognition and the
stability of the complex. Our outcome delivers fundamental insights into the structural and thermodynamic
stability of IRX4-DNA binding which could have implications in various cancers. These mutations if validated
experimentally could have a significant effect in the regulation of downstream genes affected by IRX4. This
work offer insight into the role of these mutations in thermodynamic genesis during the development of
tumorigenesis and having specific phenotypic effects.
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