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Abstract 
 

NMR study on the structure and interaction  

Of human HOXC9-homeodomain 

 

HOX genes are a family of transcription factors, which share a 

common 61 amino acid DNA-binding domain, the homeobox. This 

contains a helix-turn-helix motif for DNA-protein interaction. 

HOX genes are important regulators of embryogenesis and 

envelopment along the anterior–posterior axis. They are involved in 

formation of body patterns, organogenesis, cell and organ 

differentiation, cell adhesion, migration and cell cycle control. Some 

HOX genes can act as oncogenes, playing a role in tumor 

development. HOXC9 is also Known that associated with 

angiogenesis and neuroblastoma.  

The purpose of this study is to determine three dimensional 

structures of proteins from Homeodomain, and identify the function 

of the transcription factor by DNA-binding activity. To achieve the 

goal, Homeodomain of HOXC9 was selected and cloned through the 
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known genome sequence. They were expressed using E.coli 

expression system and codon optimization process was performed 

to obtain large quantities of proteins. The expressed proteins were 

carried out solubility test to optimize the best soluble condition of 

the proteins. After purification, the secondary structures of the 

proteins were predicted via Circular Dichroism (CD). The final 

samples were predicted their three dimensional structure through 

NMR spectroscopy, and the part of the structure was analyzed. S 

As the results, HOXC9 is consist of three α –helixes and it has 

monomer form. The secondary structure and 3D structure of 

HP0268 were predicted by TALOS+ and MODELLER programs 

respectively.  

From this study, we established technical purification methods, 

optimized conditions for NMR experiments. We complete 95% of the 

backbone assignments, determinate secondary structure of HOXC9 

and confirm HOXC9-DNA interaction by EMSA so we identify 

function as transcription factor of HOXC9. Additional experiment 

about binding of Smad4-MH1 with HOXC9 is on-going. This 

experiment provide the fundamental information for the drug 
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development target to human HOXC9 protein and help to search the 

lead compound for structure based drug design like high throughput 

screening. 

 

 Key words: SBDD (Structure-Based Drug Design), HOXC9, 

Homeodomain, NMR(Nuclear Magnetic Resonance), EMSA 

(Electrophoretic Mobility Shift Assay), CD(Circular Dichroism) 
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I. General introduction 

 

 

1.1 Characterization of HOXC9 

 

HOX genes are a family of transcription factors, which share a 

common 61 amino acid DNA-binding domain, the homeobox. This 

contains a helix-turn-helix motif for DNA-protein interaction 

(Cantile et al. 2008, Gorski and Walsh 2000). HOX genes and some 

other homeodomain containing genes are clustered. In vertebrates, 

four different HOX gene clusters exist, named HOXA, HOXB, HOXC 

and HOXD (Gorski and Walsh 2000). Genes organized in one cluster 

are named HOX1 through HOX13 and in combination with their 

cluster HOXA1 through HOXD13. Note that not every number is 

present in all four clusters and mammals possess only 39 HOX 

genes. Each number defines a homologous group. 

HOX genes are important regulators of embryogenesis and 

envelopment along the anterior–posterior axis. They are involved in 
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formation of body patterns, organogenesis, cell and organ 

differentiation, cell adhesion, migration and cell cycle control. Some 

HOX genes can act as oncogenes, playing a role in tumor 

development (Gorski and Walsh 2000, Sha and Sukumar 2010, 

Svingen and Tonissen 2006). HOX genes are regulators in various 

processes of physiological and pathologic angiogenesis (reviewed 

by Cantile et al. 2008). Thus, HOX transcription factors must be 

considered as an important group of proteins in the process of 

angiogenic transcriptional regulation. However, although their 

function is described frequently, only few studies identified the 

underlying mechanisms and direct targets of their pro- or anti-

angiogenic properties.  

 

 

1.2 Diseases involving HOXC9 

 

1.2.1 Angiogenic processes 
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Enhanced expression of HOXC9 resulted in an inhibition of 

major angiogenic processes, like migration, proliferation and tube 

formation. (Carrio et al. 2005, Myers et al. 2002). As described 

above for HOXA5 and HOXC9, antiangiogenic HOX genes are 

commonly silenced during tumor growth. A re-establishment of 

those genes in tumors may have the potency to stop tumor growth 

and may be used for anti-tumor therapy. Interestingly, basal as 

well as VEGF mediated endothelial cell migration was inhibited by 

HOXC9 in the same extent and HOXC9 overexpressing HUVEC 

were still responsive to VEGF stimulation. This suggested that the 

inhibitory effect of HOXC9 on endothelial cell activation is mediated 

separately from the VEGF pathway. The VEGF pathway is 

frequently targeted in anti-tumor therapy.  However, resistance 

exists to these therapies and an increasing number of studies deal 

with the search for VEGF independent targets (Ferrara 2009). The 

knowledge of HOXC9 as a VEGF independent inhibitor of 

angiogenesis could be beneficial in the future research in such 

therapies. (Sandra Jasmin, et al. 2011) 
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1.2.2 Prognostic marker in neuroblastoma 

 

HOXC9 is a prognostic marker in neuroblastoma. 

Neuroblastoma is a common childhood malignant tumor of the 

sympathetic nervous system. Histologically, neuroblastoma is a 

heterogeneous group of tumors, ranging from tumors with 

predominantly poorly differentiated neuroblasts to those largely 

consisting of fully differentiated sympathetic neurons. It has long 

been recognized that neuroblastoma differentiation states are of 

prognostic significance: Patientswith neuroblastomas of 

differentiating histology have significantly better survival than those 

with poorly differentiated neuroblastomas. HOXC9 is known as a 

regulator of neuroblastoma cell proliferation and differentiation and 

a prognostic marker for survival in patients with neuroblastoma. 

(Ling Mao, et al. 2011) 
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1.3 Interaction with SMAD4-MH1 

 

The transforming growth factor ß (TGF ß) superfamily consists 

of TGF ß, BMPs, activins and related proteins. These secreted 

proteins mediate diverse biological events including cell 

proliferation, differentiation and apoptosis during embryogenesis. 

The signaling is mainly mediate by direct phosphorylation of SMAD 

proteins. Upon ligand binding to a pair of transmembrane receptors, 

the serine/threonine kinase in the cytoplasmic domain of these 

receptors is activated. Pathway –specific Smads are phosphorylated 

by the activated receptors. Smad2 & Smad 3 are phosphorylated by 

the activated receptors, whereas the phosphorylation of Smad 1, 

Smad 5, Smad 8 is induced by BMPs. Subsequently, the receptor-

regulated Smad (Co-smad), Smad4 and translocate into the nucleus 

where the complexes mediate gene transcription by recruiting 

distinct transcription factors.  

 The R-smad and Co-smad proteins are around 5 amino acids 
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in length, containing two conserved structural domains, the N-

termanal MH-1 domain and the C-terminal MH2 domain. Both the 

MH1 and MH2 domains interact with a large number of proteins in 

the nucleus, exerting effect on transcription.  

 Although the interaction between Smad4-MH1 and HOXC9 

was found to regulate the transcription activity of Hox proteins, the 

molecular mechanism is not well characterized and direct contact 

residues remain to be elucidated. Some study suggest that Smad4-

Mh1 could occupy one of the DNA binding sites of HOXC9 and 

consequently inhibits its transcription activity. (Bo Zhou, et al. 2008) 

 

 

1.4 The need for structure base drug design 

 

Structure Based Drug Design (SBDD) is an effective technique 

to identify three dimensional structure of disease-related target 

protein using NMR spectroscopy or X-ray crystallography and to 

discover drug candidates through identification of hit compounds 
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and generation of lead compounds.  

 Drug targets are typically key molecules involved in a specific 

metabolic or cell signaling pathway. Drug targets are most often 

proteins and enzymes in these pathways. Drug compounds are 

designed to inhibit, restore or otherwise modify the structure and 

behavior of disease-related proteins and enzymes. SBDD uses the 

known 3D structure of proteins to assist in the development of new 

drug compounds. SBDD has many advantages compared to 

traditional drug design. It can shorten the periods of lead 

compounds development and optimization. It can also improve the 

success rate of drug discovery. 

There are several novel drugs, which have been developed by 

SBDD, such as drugs for cold, leukemia. For instance, through the 

identification of the structure of Nuraminidase whose function is to 

inhibit proliferation of influenza virus, Nuraminidase inhibitors 

including Oseltamivir(Tamiflu), Zanamivir(Aluviran) have been 

discovered Furthermore, Imatinib (Gleevec) which are anti-chronic 

myeloid leukemia (CML) agents as BCR-ABL kinase inhibitors, 

have little side effects and are known to be highly effective.  
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1.5 Purpose of this study 

 

The purpose of this study is to determine three dimensional 

structures of proteins from Homeodomain, and identify the function 

of the transcription factor by DNA-binding activity. To achieve the 

goal, Homeodomain of HOXC9 was selected and cloned through the 

known genome sequence. They were expressed using E.coli 

expression system and codon optimization process was performed 

to obtain large quantities of proteins. The expressed proteins were 

carried out solubility test to optimize the best soluble condition of 

the proteins. After purification the secondary structures of the 

proteins were predicted via Circular Dichroism (CD). To verify 

whether the proteins are monomer or multimer, the protein size was 

examined using Size Exclusion Chromatography (SEC). The final 

samples were predicted their three dimensional structure through 

NMR spectroscopy, and the part of the structure was analyzed. 
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II. Materials and Method 

 

 

2.1 Materials 

 

2.1.1 Reagents 

 

Codon-optimized synthetic genes of HOXC9, were purchased 

from BIONEER. PCR premix kits were purchased from INTRON 

Biotechnology, Inc. pET 28a(+) vector was purchased from 

Novagen, Inc. T4 DNA ligase, T4 DNA ligase buffer were 

purchased from TaKaRa Inc. BSA, Restriction endonucleases, and 4 

buffer were purchased from New England Biolabs(NEB). IPTG was 

purchased CALBIOCHEM. Kanamycin was purchased from 

Biosesang. Vitamins solution and other reagents to make buffer and 
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media were purchased from SIGMA (St. Louis, USA). All reagents 

and chemicals were purchased from certified vendors in analytical 

or biotechnical grade for the reliability of results. 15NH4Cl and 

13C-glucose were purchased from Cambridge Isotope (Andover, 

MA, USA).  

 

2.1.2 Apparatus 

 

PCR reaction was carried out by Perkin-Elmer PCR 

system9600 (Perkin-Elmer, U.S.A.). The sonic oscillator, for cell 

lysis, sonifer 450 designed by Branson Ultrasonic Corporation 

(Connecticut, U.S.A.).  J2-MC and the fraction collector were 

purchased from Bio-Rad Laboratories Inc. (California, U.S.A.). 

Centricon, CentriPrep were obtained by Millipore Corporation 

(Massachusetts, U.S.A.). Size exclusion chromatography was 

conducted by Superdex 75 10/300 column fast protein liquid 

chromatography (FPLC) (AFTA, GE Healthcare, U.S.A). CD 

measurements were made using computer-assisted JASCO J-715 
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spectropolarimeter (Victoria, British, and Columbia). NMR tubes 

were prepared from Shigemi Inc. (Tokyo, Japan). All NMR 

measurements were analyzed by Bruker NMR Systems 900 Mhz 

(California, U.S.A.). All NMR data were processed by NMRView and 

NIH NMRPipe from Silicon Graphic Ind. (California, U.S.A.) 

 

 

2.1.3 Chromatography Media (=column resin) 

 

Ni2+-affinity column (His-bind Resin) was purchased from 

Novagen Inc. (Darmstadt, Germany). DEAE-sepharose column 

from Amersham Pharmacia Biotech Inc. (Uppsala, Sweden) was 

used for protein purification by properties of protein.  

 

 

2.2 Methods 

 



22 

 

2.2.1 Cloning of target proteins 

 

To maximize protein expression yield, HOXC9 genes were 

synthesized through codon optimization process. Gene codon 

optimization enables unexpressed genes to be successfully 

expressed, by modifying target codons to fit the environments of 

the expression system. Recombinant plasmids were constructed 

using pET-28a vector system to obtain large quality of target 

proteins. Sequence of the sense primers used in PCR amplification 

contained Nco Ι cutting site, while antisense primers contained 

Xho Ι. When primer designed, one of the antisense primers 

contained stop codon. This yielded HOXC9 construct containing a 

His-tag at the N-terminus of the peptide, and a HOXC9 construct 

with no tag. The ligation product was transformed into competent E. 

coli BL21 (DE3) cells. Colonies with the recombinant plasmid were 

selected using small-scale expression tests and colony PCR. To 

evaluate whether the construction is correct, we carried out the 

overexpression test with IPTG, following SDS-PAGE test and the 
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analysis of amino acid sequences. Consecutive six histidine 

residues were tagged to N-terminus to protein to increase the 

purification efficiency. 

 

 

2.2.2 Over-expression and purification  

 

The BL21 (DE3) cells containing the plasmid encoding HOXC9 

which had been stored at -80℃ were cultivated overnight to 20ml 

of LB media to add kanamycin(30μg/ml)at 37℃. Then the cultured 

cells were inoculated into the new LB medium (500ml) and 

cultivated at the same condition. After the value of Optical density 

at 600nm was 0.5 to 0.7, the cells were induced by adding IPTG 

(final concentration: 0.5mM), and were post-induced at 37℃, 

180rpm for 4 hours.  The cells were harvested by centrifugation at 

8000rpm at 4℃ for 10min (Beckman J2-MC). 

The cell pellet was suspended in 50ml of the lysis buffer 

(50mM Tris, 500mM NaCl, 20mM Imidazole, 10% glycerol, pH 7.5) 
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when 1L of the LB medium were cultivated and disrupted by 

sonication (Amplitude 50%, pulse on 2 sec, pulse off 4 sec, total 

pulse on 20 min cooling ice) (Cole parmer ultrasonic homogenizer). 

The lysate was centrifuged at 18000rpm 4℃ for 1 hour, then the 

supernatant was filtered by syringe filter(0.45 μm) and collected 

for column loading. The regenerated column was washed with the 

same lysis buffer without glycerol, and the supernatant applied to 

His-bind resin column (2.5 x 20 cm). After loading process, the 

column was washed with the same composited buffer (final 

concentraion of imidazole: 60mM) at a gravity flow. Target proteins 

in the supernatant were eluted with linear imidazole concentration 

gradient (60mM to 500mM imidazole concentration for Ni2+ resin). 

The eluted samples were observed in SDS-PAGE electrophoresis, 

and the second His-tag affinity column was performed if the target 

protein purity was low. The protein was passed over the superdex 

75 column of size exclusion chromatography not only remove 

impurities but also change final buffer (20mM Tris, 50mM NaCl, 

50mM Arg& Glu, 1mM  DTT, pH 6.5). Proteins with final buffer 

condition were concentrated by the centrifuge with centriprep and 



25 

 

centricon (Amicon Inc., Berverly, MA, U.S.A.). As a result, the 

highly purified target protein was acquired. 

For NMR measurements, 15N-labeled and both 15N- and 13C-

labeled proteins were cultivated in M9 medium that contains 15N -

NH4Cl and 13C-glocuse. The BL21 (DE3) cells containing the 

plasmid encoding HOXC9 which had been stored at -70℃ was 

inoculated into the 5ml of M9 medium contains kanamycin 

(30μg/ml), which was not labeled by 15N and 13C, and then 

cultivated at 37℃ for overnight. The new cultured cells were 

inoculated into the fresh medium containing 15N -NH4Cl and 13C-

glocuse (500ml). The subsequent step was the same as mentioned 

above.  

 

 

2.2.3 DNA synthesis and preparation 

 

The DNA complementary single strands with the sequences 5-

ACTCTATGATTTACGACGCT-3 and 5- GAGATACTAAATGCT 
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GCGAT-3 were synthesized by cosmogenetech for DNA binding 

test. 

The purified single DNA strands were dialyzed against 10 mM 

Tris buffer (pH 7.5), mixed in an equimolar ratio, heated to 95°C 

for 10 min, and annealed 4hr at room temperature to produce a 

double stranded DNA fragment. 

 

 

2.2.4 DNA binding test (EMSA) 

 

DNA and purified HOXC9 homeodomain mixed up and cultivated 

during 30min in 37℃ oven. After cultivated DNA-HOXC9, results 

were observed in 2% agarose gel electrophoresis. 

 

 

2.2.5 Structural studies by CD spectroscopy 

 

To characterize the secondary structure of target protein, 
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circular dichroism (CD) analysis was performed using a 2mm path 

length cuvette in Jasco J-715 spectropolarimeter at 20℃. Circular 

dichroism (CD) is observed when optically active material absorbs a 

little differently left- and right- handed circular polarized light.  

CD measurements were carried out in a wavelength range between 

190 nm and 240 nm. CD experiments for the information to 

investigate the protein’s secondary structures, proper pH value 

and salt concentration for NMR spectroscopy by Jasco J-715 

spectropolarimeter. To estimate the pH-dependent stability, the 

measurement of CD spectrum was conducted in pH 5, pH 6, pH 6.5, 

pH 7, pH 8, separately. To estimate the salt-dependent stability, 

the measurement of CD spectrum was conducted in salt 100, 200, 

300, 400, 500, separately.  

 

 

2.3. Structural studies by NMR spectroscopy    

 

2.3.1 NMR spectroscopy 
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NMR spectra were measured by Bruker 900 MHz 

spectrometers equipped with triple resonance probes and xyz-

pulsed field gradient unit. The experimental temperature throughout 

the experiments was maintained at 303K. The experiments 

recorded on 15N-labeled sample were 2D-15N HSQC. The 

experiments recorded on 15N, 13C-labeled HOXC9 were HNCA, 

HN(CO)CA, CBCA(CO)NH, HNCACB, HN(CA)CO, HNCO. Proton 

chemical shift was externally referenced to 2, 2-

dimethylsilapentane-sulfonic acid (DSS), and 15N and 13C chemical 

shifts were referenced to DSS indirectly. All NMR data were 

analyzed by NMRPipe / NMRDraw (Delaglio et al., 1995), and were 

analyzed using the program NMRView(Johnson and Blevins, 1994). 

 

 

2.3.2 Peak assignment 

 

The number of peaks in the HSQC sptectra should correspond 
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to the number of residues in protein. All peaks in HSQC spectrum of 

proteins were identified to each amino acid in the sequence of the 

proteins. 

1H chemical shifts were referenced to DSS and 15N chemical 

shifts were referenced indirectly by multiplying the 1H carrier 

frequency. 

 

 

2.3.3 Secondary structure and Modeling structure 

 

The secondary structure of HOXC9 was predicted by two 

independent methods: 1) Chemical shift index (CSI) 2) Torsion 

angle likelihood obtained from shift and sequence similarity 

(TALOS). 

 

The chemical shift deviations between the assigned chemical 

shift value and the random coil chemical shift value give rise to the 

information of the secondary structure of protein. The consecutive 
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positive values for Cα and CO, and the corresponding negative Cβ 

value indicate the evidence of the existence of the existence α-

helix. 

TALOS is database system which conducts to predict torsion 

angles using information of the value of chemical shift for given 

protein sequence. The TALOS approach is an extension of the well 

known shift observation that many kind of secondary chemical 

shifts are highly correlated with aspects of protein secondary 

structure. (Cornilescu, Delaglio and Bax,1999)  

The three dimensional structure of HOXC9 was predicted by 

MODELLER (ver. 9.11) program. MODELLER is used for homology 

or comparative modeling of protein three-dimensional structures. 

The user provides an alignment of a sequence to be modeled with 

known related structures and MODELLER automatically calculates a 

model containing all non-hydrogen atoms. MODELLER implements 

comparative protein structure modeling by satisfaction of spatial 

restraints and can perform many additional tasks, including de novo 

modeling of loops in protein structures, optimization of various 

models of protein structure with respect to a flexibly defined 
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objective function, multiple alignment of protein sequences and/or 

structures, clustering, searching of sequence databases, comparison 

of protein structures, etc. 

 

 

III. Result 

 

3.1 Over-expression and purification 

 

HOXC9 is a protein with 85 amino acids and the molecular 

weight of 10570Da. The theoretical pI value of HOXC9 is 10.05. 

HOXC9 was successfully cloned in pET28a, which contains 

Novagen His-Tag with six histidines. These additional hexa-his 

tag made the purification of protein easier and reliable. In addition, 

hexa-his tag was not removed in the interst of saving time and 

maximizing protein yield because this did not remarkably affect the 

spectral properties of the protein. 
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Unlabeled LB media sample and 15N and 13C, 15N labeled HOXC9 

are prepared from the overproducing E.Coli strain 

BL21(DE3)containing the plasmid HOXC9 in pET28a vector. To 

optimize of protein production was necessary because of isotope-

labeled nutrients are expensive. The T7 RNA polymerase system is 

widely used for bacterially expressed proteins. 

Since the T7 RNA polymerase elongates chains about 5 times 

faster than E.Coli RNA polymerase, the proteins preceded by the 

T7 promoter are expressed at high levels. Therefore, we used a 

plasmid containing the T7 promoter to express HOXC9. 

After cloning, expression test and solubility test were 

conducted. HOXC9 was highly expressed in E.coli BL21 (DE3) (Fig. 

1), and sixty percent of the protein was in soluble fraction in LB 

and M9 minimal media. Recombinant protein in the supernatant was 

purified by two chromatography steps; His-Bind Resin column (fig. 

2) and Size exclusion chromatography. The result was sufficient for 

NMR measurements. The final concentration of HOXC9 was about 

0.7mM. 
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Figure 1. Expression result of HOXC9 on SDS_PAGE 

electrophoresis. 

 

 

 

 

 

 

Figure 2. Purification result of HOXC9 by His-Bind Resin 

column chromatography. 

 

 

Marker  IPTG-  IPTG+ 
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3.2 CD studies of HOXC9 

 

Before NMR experiments, the purified proteins were measured 

by CD spectroscopy to predict their secondary structure and to 

optimize the NMR buffer condition.  For evaluation of pH and salt 

effect, the spectra were recorded over the wavelength range 

190nm~260nm. 

 

 

3.2.1 The pH dependent stability of HOXC9 

 

At first, we measured CD spectra at various pH such as Na 

phosphate at pH 5, pH 6 and pH 6.5, Tris at pH 7, HEPES at pH 8 at 

25℃. The CD spectra of HOXC9 showed a well-ordered secondary 

structure as α-helix. HOXC9 did not show pH-dependent 

conformational exchange. The figure shown below is representative 

experiments. 
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Figure 3.  Effect of pH on HOXC9 

 

 

3.2.2 The salt dependent stability of HOXC9 

 

We measured CD spectra at various salts such as 100mM, 

200mM, 300mM, 400mM, and 500mM at pH 6.5 buffer. The CD 

spectra of FOXC9 showed a well ordered secondary structure as 

α-helix. HOXC9 did not show salt-dependent conformational 
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exchange. So HOXC9 had stability under any salt concentration. 

The figure shown below is representative experiments. 

 

 

Figure 4.  Effect of salt on HOXC9 

 

 

3.3 NMR studies of 15N-13C labeled proteins 

 

3.3.1 Measurement of 1H-15N HSQC 
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HOXC9 was successfully purified. To find optimum pH condition 

of measured, 1H-15N HSQC spectra of HOXC9 at different pH were 

measured. The final buffer condition for NMR experiment is 20mM 

MES, 50mM salts at pH 6.5. In this buffer condition, best spectrum 

of HOXC9 was gained.  

 

 

3.3.2 Sequential assignment 

 

For the backbone assignments of HOXC9, seven NMR spectra 

of the 15N-labeled and 15N, 13C-labeled HOXC9 were measured; 

HNCA, HN(CO)CA, HNCACB, CACB(CO)NH, HN(CA)CO, HNCO 

and 1H-15N HSQC. The HN(CO)CA, CACB(CO)NH and HNCO 

correlate inter-residue chemical shift while HNCA, HNCACB, 

HN(CA)CO correlate inter and intra residue. Sequential backbone 

assignment of HOXC9 could be analyzed by the sequential linking of 

the peak cluster identified. In case of HOXC9, there are two broken 
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sites: Pro (7), Tyr (24). In case of proline, the sequential 

assignments are broken because of lacking the amino proton. In the 

result, the backbone amide (1HN, 15Nα) assignments were obtained 

for 83 of the 85 possible amide resonances. Figure shows that 1H-

15N HSQC spectrum with assigned peaks of HOXC9 at the optimum 

pH. Assignment table of HOXC9 is shown below. 

 

 

Figure 5. 1H-15N HSQC spectrum on HOXC9 
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Residue 

met 

 

1 

HN 

8.410 

N 

114.871 

CO 

175.368 

CA 

63.704 

CB 

32.147 

asp 2 7.348 116.057 176.582 56.461 40.372 

leu 3 ND ND 177.695 52.526 41.236 

asp 4 8.798 117.379 174.712 53.351 38.723 

pro 5 
  

175.737 57.098 29.457 

ser 6 7.761 122.557 175.314 61.041 60.258 

asn 7 8.101 122.887 173.361 55.206 38.746 

pro 8 
  

177.185 63.705 32.076 

val 9 7.968 118.942 176.153 62.573 32.265 

ala 10 8.053 125.856 177.694 52.844 18.971 

asn 11 8.206 117.067 175.394 53.682 38.723 

trp 12 7.909 120.783 176.594 57.770 29.251 

ile 13 7.715 121.251 176.357 62.223 38.326 

his 14 7.895 121.442 175.592 56.516 30.474 

ala 15 8.077 124.098 177.971 53.020 19.100 

arg 16 8.278 119.372 176.705 56.574 30.550 

ser 17 8.201 115.896 174.946 58.557 63.830 

thr 18 8.140 115.617 174.662 62.051 69.766 

arg 19 8.207 123.161 176.228 56.355 30.721 

lys 20 8.282 122.535 176.426 56.298 33.089 

lys 21 8.270 122.770 176.359 54.865 33.175 

arg 22 8.363 122.458 175.844 56.072 31.113 

cys 23 8.380 123.434 176.348 56.221 33.152 

pro 24 
  

173.944 57.297 30.432 

tyr 25 ND ND 177.368 63.116 31.359 

thr 26 7.964 118.199 176.339 56.515 62.643 
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Residue 
 

HN N CO CA  CB 

lys 27 7.988 118.554 178.900 60.058 31.211 

tyr 28 8.346 118.395 177.006 55.633 38.671 

gln 29 7.763 115.933 177.526 59.241 27.786 

thr 30 8.454 112.922 177.518 59.239 27.746 

leu 31 8.055 121.577 180.486 58.130 30.365 

glu 32 7.713 118.485 179.792 58.370 30.365 

leu 33 8.339 124.197 177.589 58.316 37.378 

glu 34 7.908 119.237 178.983 59.211 28.895 

lys 35 7.484 118.529 179.359 59.881 32.509 

glu 36 7.833 120.017 178.176 59.081 28.791 

phe 37 8.891 122.081 176.107 60.926 39.389 

leu 38 7.907 115.582 179.309 56.684 41.577 

phe 39 7.570 119.295 176.406 59.922 39.572 

asn 40 8.368 116.442 173.344 53.284 40.278 

met 41 8.197 121.325 174.152 57.514 33.221 

tyr 42 7.748 115.309 174.978 56.714 40.351 

leu 43 8.288 122.301 178.278 53.493 43.835 

thr 44 7.719  113.118  175.096  60.619  70.837  

arg 45 8.964  122.113  178.536  60.297  29.532  

asp 46 8.456  116.465  178.551  57.123  40.224  

arg 47 7.784  121.097  177.749  57.522  29.787  

arg 48 8.649  119.689  177.394  60.515  30.098  

tyr 49 7.873  116.972  177.601  61.772  38.196  

glu 50 7.679  120.321  178.282  59.032  29.905  

val 51 8.667  120.080  177.215  66.117  30.897  

ala 52 8.019  119.918  179.024  56.023  17.421  



41 

 

Residue 

arg 

 

53 

HN 

7.760  

N 

116.175  

CO 

180.249  

CA 

59.209 

CB 

30.162  

val 54 8.239  118.299  177.964  65.636  31.988  

leu 55 7.891  115.973  176.656  54.484  42.343  

asn 56 7.980  117.926  173.742  54.462  36.967  

leu 57 8.506  119.137  176.488  52.735  17.925  

thr 58 8.637  109.049  176.664  60.421  71.028  

glu 59 9.193  121.343  178.546  61.110  29.207  

arg 60 8.241  119.223  177.976  59.423  29.948  

gln 61 8.020  177.545  180.702  59.321  29.539  

val 62 8.021  121.714  176.612  67.759  32.019  

lys 63 8.522  121.293  179.925  60.168  33.267  

ile 64 8.742  119.360  177.662  64.349  38.297  

trp 65 8.039  122.594  179.775  63.332  29.264  

phe 66 8.861  119.433  177.829  63.502  39.813  

gln 67 8.276  118.563  178.927  59.461  28.377  

asn 68 8.186  118.161  177.177  56.055  38.307  

arg 69 8.142  122.770  179.263  56.526  28.444  

arg 70 7.988  118.411  178.876  60.122  31.146  

met 71 7.568  118.412  177.928  57.864  31.801  

lys 72 7.540  119.049  177.493  57.817  32.414  

met 73 7.554  118.191  176.827  56.989  32.960  

lys 74 7.952  120.301  177.284  57.545  32.852  

lys 75 8.076  120.901  177.087  57.151  32.737  

met 76 8.227  120.192  176.445  56.119  32.866  

asn 77 8.326  119.567  185.413  53.642  38.888  

lys 78 8.243  121.805  176.607  56.914  32.873  
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Residue 

glu 

 

79 

HN 

8.349  

N 

121.143  

CO 

176.818  

CA 

56.958  

CB 

30.125  

lys 80 8.267  121.628  177.007  56.884  33.060  

thr 81 8.211  114.668  174.679  62.186  70.050  

asp 82 8.417  122.614  176.805  54.966  40.953  

lys 83 8.186  121.028  177.157  56.971  32.835  

glu 84 8.305  120.982  177.029  57.147  29.934  

gln 85 8.312  120.543  176.247  56.258  29.513  

ser 86 8.273  116.454  174.661  58.630  63.729  
 

 

Table 1. Assignment table of HOXC9 

 

 

3.3.3 Secondary and 3D structure prediction 

 

To predict secondary structure, CSI & TALOS programs were 

used. The CSI and TALOS approaches were developed to provide a 

NOE-independent method for structure determinations. The CSI 

protocol is fundamentally a statistical technique. Generally, the 

mark‘1’or ‘blue’ represents the β-strand tendency of the atom of 

the residue, and the mark‘–1’or ‘red’ indicates the α-helix 
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tendency. The chemical shift within the reference value range was 

marked as a ‘0’. The consensus CSI for each residue was derived by 

a simple ‘majority rule’ from the individual CSI of each atom. The 

goal of TALOS is to use secondary shift and sequence information 

in order to make quantitative predictions for the protein backbone 

angles phi and psi. The TALOS output for the phi and psi angles of 

the center residue in each strings in the database with the highest 

degree of similarity. Based on these results, there are continuous 3 

of α-helix in HOXC9. In case of TALOS result, this is an error 

even though there are short β-sheet for 2-residue. The CSI and 

TALOS result were shown below. 

 

 

 

Figure 6.  CSI Result of HOXC9 
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Figure 7.  TALOS+ Result of HOXC9 

 

The 3D structure was predicted by MODELLER program (ver. 

9.11). MODELLER is used for homology or comparative modeling of 

protein three-dimensional structures. The user provides an 

alignment of a sequence to be modeled with known related 

structures and MODELLER automatically calculates a model 

containing all non-hydrogen atoms. 
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Figure 8.  Modeling of HOXC9 

 

As the results of 3D structure prediction, HOXC9 consists of 

three α-helixes and these results was same structure by CSI and 

TALOS prediction result. 

 

 

3.4 DNA binding test 
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As protein concentration higher, DNA-HOXC9 binding fraction 

was higher. The result was seen below. Binding with DNA means 

activate or inhibit of target gene. Because HOXC9-DNA binding is 

identified, we know that function of HOXC9 as transcription factor. 

 

 

 

Figure 9.  EMSA result of HOXC9 
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IV. Discussion 

 

For the structural studies on selected protein from 

Homeodomain which have 85 amino acids were selected. This 

protein was successfully cloned in pET28a (+) vector and over-

expressed. After purification by Ni2+ affinity column, the protein 

was soluble to be measured by Size exclusion chromatography and 

CD spectrometer. This protein had structural stability at various pH 

and salt conditions.  

1H-15N HSQC spectra of HOXC9 was measured by 900MHz 

NMR spectrometer and obtained good HSQC spectra. So the 

structural analysis using NMR would be possible.  

After each HOXC9 peaks were assigned using seven-NMR 

spectra, CBCA(CO)NH, HNCACB, HN(CA)CO, HNCO, HNCA, 

HN(CO)CA and 1H-15N HSQC, the secondary structure and three 

dimensional structure of HOXC9 were characterized by TALOS+ 

and CSI program respectively. The predicted secondary structure 

of HOXC9 is predicted to compose of 3 α-helixes and Modeling 
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results also same by MODELLER.  

These 3 α-helixes is DNA biniding domain that can 

transcription factor by regulating important developmental 

processes. Also HOXC9-Nterminal arm bind with SMAD4-MH1. 

The interaction between HOXC9-proteins and the DNA double 

helix is weaker than HOXC9-Smad4-MH1. So Smad4 could inhibit 

HOXC9 proteins from their binding to DNA. One of the explanations 

for the competition between Smad4 and DNA for the binding of 

Hoxc is that the MH1 domain of Smad4 could occupy one of the 

DNA binding sites at the N-terminal arm of HOXC9-homeodomain, 

consequently influencing the interaction between the homeodomain 

and DNA. The explanation about this, additional experiment will be 

done. The results of these efforts will help to further explain how 

the conformation changes of the flexible N-terminus of HOXC9 

influences its binding to the regulators. 

From this study, we established technical purification methods, 

optimized conditions for NMR experiments. We complete 95% of the 

backbone assignments, determinate secondary structure of HOXC9 
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and confirm HOXC9-DNA interaction by EMSA so we identify 

function as transcription factor of HOXC9. Additional experiment 

about binding of Smad4-MH1 with HOXC9 is on-going. This 

experiment provide the fundamental information for the drug 

development target to human HOXC9 protein and help to search the 

lead compound for structure based drug design like high throughput 

screening. 
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국  

 

Homeodomain  HOX 자라고 알 진 180개  염   

이루어진 잘 보존  DNA 열에  사  단 질  3개  a-helix  

이루어 있다.  번째   번째 helix는 helix-turn-helix구조를 

하고,  개  helix사이  major groove에 DNA가 결합하면  

사인자  특징  가지고 있다. HOX 사인자는  태학  

개 과 후  포 분 에 요하며 모든 진핵 생 에  견 다. 또한 

HOX gene  종종 악  종양에  과 는 암 자  알  있 며 

근에는 어른  병리학  과  조 하는 사 인자  인식 고 있다. 

사람  HOX gene   염색체에 라 A, B, C, D 4가지  

분 는데 이번 논 에  는 HOXC9에 한 구조  DNA  

상 작용  연구하 다. 

우  human HOXC9 gene  합 하 다. 이 gene  pET28a 

vector에 cloning하여 BL21(DE3)  질 (Transformation)한 후 

과 (Overexpression)하 다. 이 게 시킨 단 질  Affinity 

column  이용하여 하 고, 85개  아미노산  이루어진 

Soluble하고 도가 높  HOXC9(약 10KDa)  단 질  조하 다. 
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이 sample  CD(Circular Dichroism)  HPLC(High Performance 

Liquid Chromatography), NMR(Nuclear Magnetic Resonance)  

통해 단 질  구조  DNA  상 작용에 해 연구하 다. 

CD 측  통해 a-helical property가 강한 2차 구조를 갖는다는 

사실  측하 다. 또한 안 에 미치는 pH  salt  향도 

알아보았다. 그리고 HPLC를 이용한 Gel permeation chromatography 

실험 결과 HOXC9  단량체  존재하는 것  인하 다. 

또한 13C  15N  동 원소  label한 sample  여러 종  

heteronuclear multidimensional NMR spectrum  측 하 다. 

HNCA  HN(CO)CA, HNCACB  CBCA(CO)NH, 그리고 HNCO  

HNCACO spectrum  통해 Backbone assignment를 하 다. 이 

protein  2차 구조는 CSI  TALOS+ prediction 등  분  통해 

알  있었는데, 3개  a-helix를 인할  있었다.  

HOXC9 homeodomain이 DNA  결합하는지 알아보  하여 

EMSA(Electrophoretic Mobility Shift Assay)를 진행하 다. 그 결과 

DNA가 단 질과 상 작용하여 band가 이동함  인하 다. 

재 HOXC9과  여러 질병에 한 연구가 진행 고 있다. 

HOXC9  구조를 힘 써 구조  능 계규명이 가능하게  

것이다. 특히 HOXC9이 다양한 종  암과  자라는 , 
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단 질이 DNA  상 작용하면  후  포 분  시 병리학  과 과 

연  사인자  역할  한다는  볼  이 에 한 이해는 

이것  이상  인한 암 등  난치  질  생 에 한 이해를 

공할 것  한다. 

 

Key words: SBDD (Structure-Based Drug Design), HOXC9, 

Homeodomain, NMR(Nuclear Magnetic Resonance), EMSA 

(Electrophoretic Mobility Shift Assay), CD(Circular Dichroism) 
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