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ABSTRACT 

Ribosomal proteins (RPs) are important ribosomal constituents in human ribosome. Despite of being 
responsible for protein biosynthesis, many RPs also play other and various cellular roles which are 
independent of protein biosynthesis, called extraribosomal functions. These roles include DNA repair, cell 
growth and proliferation, cell regulation and apoptosis, RNA splicing and modification, cellular 
transformation and others. Previous studies had shown that these RPs are associated with some cancer cells. 
Moreover, differential expression of some RPs had been observed in colorectal carcinoma (CRC) relative to 
normal cells. However, the true functions and physiological roles of these RPs in these cancers are still 
remained largely unclear. Hence, this study was conducted to analyze the three dimensional (3D) structural 
models of selected cancer-associated RPs by using bioinformatics resources to reveal possible molecular 
functions and physiological roles of these RPs in colorectal carcinogenesis and malignancy. 3D-naSAW 
server and I-TASSER server were employed to construct the 3D models of the selected RPs and VAST 
server was subsequently used to search for their structural neighbours. RPS 19 and RPS25 were suspected to 
consist of winged helix domain while RPS4X was predicted to consist of Sec 14 homology domain. We 
found that most of these RPs are possibly associated with nine categories of extraribosomal functions. They 
are transcriptional regulation, regulation of DNA repair, cell proliferation and apoptosis, signal transduction, 
RNA processing and others. All of these functions play important roles in carcinogenesis, tumorigenesis and 
malignancy. 

Keywords: Ribosomal proteins (RPs), extraribosomal functions, cancer-associated, three dimensional 
(3D) structural model, bioinformatics resources. 

ABSTRAK 

Protein-protein ribosomal (RPs) adalah komponen mustahak dalam ribosome manusia. Selain daripada 
beifungsi dalam penghasilan protein, RPs juga memainkan peranan-peranan lain, iaitu fungsi-fungsi 
extraribosomal. Peranan-peranan ini merangkumi pembaikan DNA, pertumbuhan sel, pengawalan dan 
apoptosis sel, perubahan dan splicing RNA dan lain-lain. Kajian-kajian dahulu menunjukkan RPs ini 
berhubungan beberapa kanser. Tambahan pula. pengekspresan RPs dalam tumor barah colorectal telah 
ditunjukkan berbeza daripada sel colorectal biasa. Namun, kebanyakan fungsi-fungsi fisiologi RPs dalam 
kanser-kanser ini yang sebenarnya belum diketahui. Jadi, kajian ini dijalankan untuk menganalisa model 
struktur tiga dimensi (3D) RPs berkaitan kanser yang terpilih dengan menggunakan sumber-sumber 
bioinformatik supaya fungsi-fungsi molekul dan peranan-perana fisiologi dalam carcinogenesis dan 
malignancy colorectal yang berkemungkinan didedahkan. 3D-JIGSAW dan I-TASSER digunakan untuk 
membina 3D model RPs tersebut. Selepasnya, VAST digunakan untuk mencarijiran struktur mereka. RPS19 
and RPS25 diragui mengandungi "winged helix: domain" manakala RPS4X diragui mengandungi "Sec 14 
homology domain". Kebanyakan RPs ini ditunjukkan berhubungkait rapat dengan funsi-fungsi 
extraribosomal secara pengawalan transcription, pengawalan pembaikan DNA, percambahan sel dan 
apoptosis sel, transduksi isyarat, pemprosesan RNA dan lain-lain. Fungsi-fungsi int memainkan peranan 
yang penting dalam carcinogenesis, tumorigenesis dan malignancy. 

Kata kunci: Protein-protein ribosomal (RPs), fungsi-fungsi extraribosomal, berkaitan kanser. model 
struktur 3 dimensi (3D), sumber-sumber bioinformatik. 

x 



CHAPTER 1 


INTRODUCTION 


Ribosomes or universal ribonucleoprotein particles are the essential cellular organelles 

which are responsible for protein synthesis. Human ribosomes are composed of four 

ribosomal RNAs (rRNAs) and about 80 ribosomal proteins (RPs) (Yoshihama et al., 2002; 

Wool, 1979). It translates the genetic code into proteins by using amino acid delivered by 

transfer RNA (tRNA). Human integrated ribosome has two subunit, large subunit (60S) 

and small subunit (40S). These two subunits accordingly are composed of different rRNA 

and RPs. Also, the accessory factors called proteins associated with ribosome (PAR) 

combine with two ribosomal subunits to regulate its synthesis and recycling, such as 

initiation factors, elongation factors. The catalytic activation of decoding mRNAs to 

proteins depends on the integrated compound of rRNAs, RPs and PARs (Lai and Xu, 

2007). 

From most of the previous studies, the main function of RPs in the integrated 

ribosome is to stabilize specific rRNAs in mature nbosome subunits and to promote 

correct folding of rRNAs during ribosome assembly (Lai and Xu, 2007). In the past, it is 

believed that RPs are only involved in protein biosynthesis and any genetic defects in the 

ribosomal subunits will lead to early embryonic death (Uechi et al., 2001). However, 

recent studies had shown that these RPs are involved in extraribosomal functions such as 

DNA repair, DNA replication, transcription, RNA splicing, cell growth, proliferation, 

apoptosis and development regulation, cellular transformation and others (Wool, 1996). 
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Bortoluzzi et al. (2001) stated that under nonnal condition, ribosomal biogenesis is 

adjusted accurately to the cellular need for protein biosynthesis. Meanwhile, in contrary, 

differential expression of specific RPs genes has been reported recently in human diseases 

especially in genetic diseases and cancer. The expression patterns of RPs genes were 

reportedly different between colorectal carcinoma (eRe), colorectal adenoma, and nonnal 

mucosa, with some RPs being up-regulated while others are down-regulated. Hence, it is 

suggested that the different expression patterns are associated with different stages of eRe, 

such as differentiation, progression, and metastasis. This may be due to either the main 

function of the RPs to generate more protein for the use of tumour cells or the 

extraribosomal functions cause the RPs participate in tumorigenesis. 

Most of the investigations focused on the expression profiles of RPs. The exact 

physiological roles of RPs in tumorigenesis cannot be determined accurately from these 

studies. Very few researches had been done to investigate RPs structures and their function. 

These studies were restricted to specific RP but not a large subset ofthe 80 RPs due to time 

constraint and experimental limitation. In this study, a three dimensional (3D) structural 

model analysis of selected cancer-associated RPs using bioinformatics resources was 

conducted as large data could be generated and analyzed in a shorter period compared to 

experimental analysis. 

The function of a protein is tightly linked to its 3D structure rather than to its 

primary or secondary structure (Peitsch, 2002). Hence, in this study, through constructing 

and analyzing 3D structures of the selected RPs using bioinformatics resources, we aimed 

to understand and predict its molecular and physiological roles in order to reveal the 

mechanism in colorectal carcinogenesis and malignancy. 

2 
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CHAPTER 2 


LITERATURE REVIEW 


2.1 Colorectal carcinoma (CRC) 

Carcinoma is a cancer that arises in the epithelium. Colorectal carcinoma (CRC) can occur 

anywhere in the colon or rectum. Together, the colon and rectum form a long, muscular 

tube called the large intestine (also called the large bowel). The colon makes up the 

majority of the large intestine; the rectum makes up the last few inches. CRC has been 

used as human cancer models where the progressive histopathological stages correlate with 

gradual but sequential perturbation of specific genes (Sim et aI., 2006). Carcinomas are 

found in as many as 4% ofneoplastic polyps. Cells must accumulate 4-5 molecular defects, 

including activation of oncogenes and inactivation of tumor suppressor genes, to undergo 

malignant transformation (Cirincione and Cagir, 2007). In adenomas, initiation of tumour 

formation and clonal evolution ofthe tumorigenic cells can be started by inactivation ofthe 

adenomatous polyposis coli (APC) gene, allowing unchecked cellular replication at the 

crypt surface and thus with the increase in cell division, further mutations occur, resulting 

in activation of the K-ras oncogene in the early stages and p53 mutations in later stages 

(Sim et al., 2006). These cumulative losses in tumor suppressor gene function prevent 

apoptosis and give the cell etemallife. For sporadic CRC, as APC mutations have been 

verified in early stages ofsporadic CRC tumours (Powell et ai., 1992). 

2.2 Ribosome 

Ribosome is a cellular organelle which plays an important role in protein synthesis. It has 

been considered as the oldest molecular machine to have evolved in biological systems. It 
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was first observed by Romanian cell biologist George Palade by using an electron 

microscope in mid-1950s (Palade, 1955). 

2.2.1 Structure of ribosome 

Ribosome consists of four ribosomal RNAs and about 80 RPs in human cells (Yoshihama 

et al., 2002~ Wool, 1979). According to Warner and Nierras (1998), ribosome has 

maintained its function and nearly unchanged in its structure since the separation of the 

eubacterial, achaebacterial and eukaryotic kingdoms. Human ribosome is made up of two 

subunits, large (608) and small (408) subunit. Each of these subunits is composed of 

different rRNAs species and RPs accordingly. Besides, there are also accessory factors 

which are known as protein associated with ribosome (PAR) combine with ribosome to 

regulate its synthesis and recycling, such as initiation factors and elongation factors. The 

catalytic activation ofdecoding genetic codes held within mRNAs to polypeptide chains by 

using amino acid residues delivered by tRNA depends on the integrated compound of 

rRNAs, RPs and PARs (Lai and Xu, 2007). This translational apparatus active sites are 

made ofRNA, so it is classified as "ribozymes" now (Rodnina et al., 2007). 

2.2.2 Ribosome biogenesis and recycling 

Ribosome biogenesis is a highly coordinated and complex process that requires over 200 

non-ribosomal proteins and many small nucleolar RNAs (snoRNAs) (Bernstein et al., 

2007). It is a unique process because once ribosome is assembled, it persist (Warner and 

Nierras, 1998). All of the components ofribosome exist as a single unit in ribosome except 

two prot ems (Y oshihama et ai., 2002). Without one of these components, the entire ,. 

ribosome is lost. Moreover, the mal-assembled ribosome may cause congestion in the 

nucleolus or release its ribosomal proteins to cause mischief elsewhere in the nucleus 
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(Warner and Nierras, 1998). The assembly of the ribosomal subunit occurs in the nucleolus 

after transcription and modification of pre-rRNA and RPs genes. The RPs are synthesized 

in cytoplasm before imported into nucleolus. This is followed by the exports of ribosomal 

subunit to the cytoplasm where they integrate into a mature ribosome for protein synthesis 

and detach after completing their task (Lai and Xu, 2007; Bernstein et al., 2007). This 

process is known as "Ribosome Recycling" (Lai and Xu, 2007) (figure 2.1). 

- [3 

Figure 2.1 The ribosome biogenesis and recycling (modified from Lai and Xu, 2007). 

2.3 Ribosomal Proteins 

Ribosomal proteins (RPs) are the major components of ribosome which catalyze the 

synthesis of protein. Like ribosome, most of the RPs are notably conserved, their amino 

acid sequences are almost identical among mammals, which suggests their important roles 

in organisms (Lai and Xu, 2007). It binds to the core stmcture of ribosome, rRNA to form 

ribosome. Under normal growth conditions, ribosomal proteins are synthesized 

stoichiometrically, in coordination with ribosomal RNA, to produce equimolar supply of 

ribosomal components (Mager, 1988). There are 80 RPs in male and 79 RPs in female of 

human (human RPS4 is encoded on both chromosome X and Y, hence there is two RPS4X 
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in male and one RPS4Y in female). These RPs had been identified and characterized at the 

molecular level and some RPs expression profile have been documented in some studies 

(Ishii et aI., 2006; Kasai et al., 2003; Bortoluzzi et al., 2001; Warner and Nierras, 1998; 

Wool et al., 1996). However, their precise functions have not been fully understood. 

2.3.1 Ribosomal proteins extraribosomal functions 

In the past, integrated RPs are generally accepted as the chaperon that stabilize the specific 

rRNA structures in mature ribosomal subunits and promote correct folding of rRNAs 

during ribosome assembly (Lai and Xu, 2007). Most researchers believed that RPs only 

function as translation apparatus and any genetic defects in the ribosomal subunits will 

lead to early embryonic death (Uechi et ai., 2001). However, recent studies showed that 

these RPs are involved in cellular processes that are independent of protein biosynthesis, 

called extraribosomal functions such as DNA repair, DNA replication, transcription, RNA 
f
11 

splicing, cell growth, proliferation, apoptosis and development regulation, cellular I 
" t' 

transformation and others (Woo~ 1996). Wool, 1996 also hypothesized that these RPs may 

have been pre-existed as proteins that originally possessed and may have retained other 

functions before being recruited. Alternatively, RPs may have been designed exclusively 

for ribosome and recruited for extraribosomal functions under certain circumstances 

(N aora and N aora, 1999). Furthermore, some studies discovered that most 0 f the RPs just 

enhance but not prerequisite in protein biosynthesis (Vaarala et al., 1998). The Minute 

drosophila with RP genes mutation demonstrated strongly that a quantitative deficiency of 

RPs could yield abnormal but viable phenotypes (Saeboe-Larssen and Lambertsson, 1996). 

Naora and Naora, (1999) suggested the role of RPS3a in apoptosis and regulating cell 

growth. Kasai et ai., (2003) also found that RPL7 are detected in secretary granules of the 

enterochromaffin cells in the colorectal mucosa and CRC cells expressing chromagranin A, 
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suggesting neuroendocrine function of L7. These statements suggested that RPs are 

involved in extraribosomal functions. Some known extraribosomal functions of RPs are 

summarized in Table 2.1. Some RPs still have unknown extraribosomal functions and need 

to be studied to figure out the existence and identity of extraribosomal functions. 

Table 2 1 Some known extraribosomal functions of RPs of human 
Extraribosomalfunctions I Ribosomal proteins 
RNA splicing and modification RPS12, RPL26 

DNA topoisomerase activation RPL41 

DNA repair RPS3, RPLPO 

• Developement regulation RPS4X, RPS4Yl 

Cell growth or proliferation regulation RPS2, RPS6, RPS13, RPL7, RPL18, 
RPS27A, RPL31 

• Cell apoptosis regulation RPS3, RPS3A, RPS20, RPL35A, RPL7, 
RPL7A, RPL13A 

i Tumor suppressor gene regulation RPS29, RPL5, RPLll, RPL23 

Proto-oncogene regulation RPL7A 

Tumor progression, mvaslOn, metastasis, 
differentiation 

RPS19,RPLPO,RPL31 

I Cell malignant transfonnation RPL5, RPS27 A, RPL31 

I 

I 

! 

(Adapted from Lai and Xu, 2007) 

2.4 Ribosomal protein and tumorigenesis 

Dysregulated expressions of ribosomal proteins (RPs) seem to be always associated with 

I 
tumorigenesis. Many RPs are differentially expressed in cancer cell lines (Ruggero and 1, 

I 
! 

Pandolfi, 2003), such as nasopharyngeal carcinoma (Sim et ai., 2008), colorectal 

I 
! 

carcinoma (Sim et aI., 2006), and others. RPs are markers for general cellular 
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2.4.1 

r 

I 

I


transfonnation, as single and multiple groups of RP are overexpressed by solid tumours 

and by leukaemia cells (Ruggero and Pandolfi, 2003; Bassoe et ai., 1998). 

Depletion of a single RP have been shown by gene-targeting experiments in yeast 

that the depletion ofLl6, results in a decrease of the 60S ribosomal subunit, and that this is 

associated with a reduction in polyribosomes and a detect in cellular growth (Rotenberg et 

at., 1998). In this case, down-regulated expression of only one RP can thus shut down the 

whole ribosome production. 

Overexpression of the RPS3a induced the fonnation of tumours in nude mice has 

been shown in the studies of Naora et ai., (1998). The ability of S3a to induce 

transfonnation is dependent on its role in suppressing programmed cell death, and 

therefore S3a might cause an up-regulation of anti-apoptotic proteins. However, it is 

difficult to envision how S3a could specifically induce translation of anti-apoptotic 

proteins, so extra-ribosomal functions have been attributed to S3a by default (N aora et ai., 

1998). The advent of proteomics will help to identity proteins that are affected by RP 

overexpression (Ruggero and Pandolfi, 2003). 

Ribosomal protein and colorectal carcinoma (CRC) 

Under normal conditions, the expression of RPs is sufficiently occurred for the needs of 

cells. However, many RPs gene of human are reported to be differential expressed in 

several human diseases, especially genetic diseases and cancers. For example, Diamond-

Blackfan anemia syndrome, Turner syndrome, Noonan syndrome (Yang and Liu, 2005), 

carcinoma of breast (Henry et at., 1993), prostate (Varalla et al., 1998), uterine cervix 
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(Cheng et aI., 2002), esophagus (Wang et ai., 2001), liver (Kim et aI., 2004), and 

glioblastoma and multiforme brain tumours (Lopez et ai., 2002). 

From 1988, the first RP was isolated form eDNA libraries of CRC representing 

mRNA associated tumour progression and metastasis (Elvin et ai., 1988). In the work of 

Pogue-Geile et al. (1991), Northern blot analysis showed that RPS3, S6, S8, S12, L5, and 

PO increased in CRC and adenomatous polyps except RPL26 and RPL35. Increased 

mRNA levels of these RPs existed in one tumor sample, indicating those RPs were 

coordinately controlled. These phenomena cannot be simply due to the presence of a 

higher percentage of dividing cells in tumor since the proliferative indices ofCRC was not 

significantly different from that of normal colonic mucosa in every case, however, these 

results suggested that increased synthesis of ribosomes was an early event in colon 

, I 
neoplasia (Pogue-Geile et al., 1991). Kasai et al. (2003) also showed the different 

i'',',I 
expression profile of 12 RPs in normal mucosa and CRC for the first time by using ~':, ! 

i' 
i, 

immunohistochemistry, 10 of 12 were up-regulated and the other two were down-regulated J 

,l 
i.

in CRC compared to normal colorectal mucosa. Sim et al. (2006) reported that 22 RP •r. 
1 
1 
,genes are differentially expressed in all tumours of CRC relative to normal cells 

persistently via DNA micro array system. From this study, RPL26 and RPL35 which were 

failed to be detected up-regulation in Pogue-Geile et ai. (1991) work were shown up-

regulation in tumour cells. 

I
There are many studies showed differential expression profile ofRPs gene in CRe. 

Is the increased mRNA level of these RPs genes a cause to carcinogenesis? What are the 

exact physiological roles and functions of these RPs in CRC? 
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2.4.2 

I . I . .T bi 22Examples 0 f other se ectively Increase expreSSIOn 0fRP genes In CRCa e . d 
Name References 
S3, 86, S8,812,PO,L5 Pogue-Geile et ai., 1991 

86, PO, L18, L37 Barnard et ai., 1993 

• S19 Kondoh et ai. 1992 

L31 Chester et ai. 1989 

(modified from Naora and Naora, 1999) 

Protein biosynthesis function of RPs in cancer 

As stated above, the intact ribosome is composed of rRNAs, RPs and PAR and the intact 

ribosome is important in functioning and translation. Ribosome biogenesis and translation 

are governed at multiple levels including transcriptional, translational and post-

translational and associated with accurate cell growth and proliferation (Lai and Xu, 2007). 

According to Ruggero and Pandolfi (2003), several tumour suppressor and proto-oncogene 

can affect the RPs biogenesis and subsequently the formation of mature ribosome and 

translation. One of the proto-oncogene products, MYC has been shown to regulate the 

ribosome biogenesis through transcription of RPs and modifY the genes of necessary 

factors in ribosome assembly (Ruggero and Pandolfi, 2003). Overexpression of MYC in 

tumour cells increases the expression of RPs and activity of ribosomal components or 

protein synthesis machinery. Thus, an increase in the protein synthesis by up-regulation of 

RPs which is caused by overexpression ofMYC can lead to cell growth and tumorigenesis. 

A tumour suppressor, phosphatase and tensin homolog (PTEN) has also been 

shown to regulate cell size in association with its ability to regulate ribosome biogenesis 

and especially the RPS6 through suppressing 86 kinase (86K) activity in 

phosphotidylinositol 3-kinase (PI3K) signaling pathway (Backman et ai., 2002). An 
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important kinase in PI3K-dependent oncogenesis, mammalian target ofrapamycin (mTOR) 

acts on its downstream target, S6K and causes phosphorylation of RPS6 which can lead to 

up-regulation of protein synthesis including RPs biosynthesis and subsequently 

oncogenesis (Aoki et al., 2001). The PTEN acts upstream of mTOR and has a negative 

effect on RPS6 phosphorylation (Ruggero and Pandolfi, 2003). Hence, this negative effect 

results in dysregulation of RPs expression quantitatively and/or qualitatively so the 

ribosome can hardly function exactly or produce normal protein. Consequently, 

oncogenesis can be suppressed. These examples lead to one conclusion that the protein 

biosynthesis function ofRPs is involved in carcinogenesis. 

2.4.3 Extraribosomal functions of RPs in cancer 

Lai and Xu (2007) stated that proliferation rate of tumour cells is always higher than that of 

normal cells and this active proliferation always involve a common feature that is the 

overall increase in ribosome biogenesis undoubtedly. However, self-regulating, non- ,',' 

. 
coordinate changes in expression of individual RP gene or a subset ofRP genes can occur ! . 

, . 
under various cellular conditions, and have no direct correlation or association with 

'. 

~ ,
proliferative and/or protein biosynthetic activities in tumour cells (Lai and Xu, 2007). " 

i 
" 

Through this, we can suggest that RPs have no necessary relationship with ribosome 

biosynthesis and exhibit extraribosomal functions and these functions play important role 

in cancer based on a few reasons below. Firstly, the protein biosynthesis did not increase at 

the same time with overexpression of specific RPs (Naora et al., 1998). RP shows different 

expression pattern that not all the RPs increase in the same tumour or cancer cells and the 

same RP may expressed differentially in different tumours or in different stages ofdiseases. 

Moreover, some RP are only well differentiated in neoplastic cells (Kasai et ai., 2003), 

some increase in senescent cells (Seshadri et ai., 1993) and some in quiescent cells but 

11 




some are decrease in metastatic cells of CRC. Furthermore, Loging and Reisman (1999) 

stated that the p53 mutation which is cornmon in CRC and being a key factor in 

carcinogenesis of colorectal cancer can only up-regulate a few RPs but not all ofthem. All 

of these contribute to the belief that extraribosomal functions of RPs exist and play 

important role in cancer. 

The involvements of extraribosomal functions of RPs in cancer were studied in 

some researches. RPS6 being a cell growth regulator, was regulated precisely by 

extracellular signal which was always disordered in tumours (Jefferies et. ai., 1997). RPS6 

kinase significantly up-regulated in tumors of PTEN mutation, and inhibition of their 

activity would slowdown the growth of tumors by anti-cancer medicine (Shima et. aI., 

1998). According to Lai and Xu (2007) these studies support the idea that RPs directly 

regulate the expression of oncogene and tumour suppressors on DNA replication, 

transcription and translation. This idea was once again supported when Coppock et al. 

(2000) found that RPS29 which expression was much higher in quiescent cells than that in 

actively growth phase of endothelial cells, had tumour suppressor ability for Ras 

.transformed NIH3T3 cells. Besides, the human trk proto-oncogene was proven to bind to 
,i 

RPL 7a and activate its oncogenic activity (Ziemiecki et al., 1990). Other than that, RPs 

were also proven that to combine with "survival/protective" factors to cause or suppress 

carcinogenesis. For instance, RPL5, RPLl] and RPL23 were shown to bind and form a 

complex with murine double minute 2 (MDM2) which consequently inhibit or reduce the 

MDM2-mediated p53 ubiquitination and also activate p53 to cause repair of damaged 

DNA and Gl arrest (cell growth arrest) (Dai and Lu, 2004; Dai et al., 2004; Lohrum et al., 

2003). RPS3 was shown to be involved in and lead to tumorigenesis by inducing DNA 

repair and cell apoptosis (Jang et al., 2004). The overexpression ofRPS3a gene caused cell 
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malignant transformation and tumorigenesis of nude mouse and was predicted to promote 

cell transformation since it induced the production of anti-apoptotic proteins (Naora et al., 

1998). Many extraribosomal functions of RPs that contribute to involvement of RPs in 

carcinogenesis and tumorigenesis are still remain unknown and many researches are on

going in order to fmd out their functions and association with cancer. 

The application of protein structural model 

According to Peitsch, (2002) the protein models can be of great assistance in functional 

genomics as they provide structural insights to understand protein functions. Protein 

determination used in functional analysis, both experimental and theoretical made a lot of 

progress and are complementing each others. For example, 3D crystal structure of human 

FK506-binding protein 52 analysis by Wu et ai., (2004); The 3D structure analysis of 

SARS-CoV Sl protein by Zhang and Yap, (2004) by using comparative modeling method 
I, ' 

revealed a link to influenza virus neuraminidase and implications for drug and antibody 

discovery; and many others. As we know that a protein's functions are tightly linked to its 

3D structure. Folding of the primary sequence can bring amino acid residues which are far 

apart very close in 3D structure, and only a few residues are generally important in 

protein's functions such as active site of tertiary structure (Peitsch, 2002). Therefore, 3D 

structure can bring insights to protein functions and assigns specific roles to specific 

residues. However, the experimental approaches like NMR and X-ray crystallography are 

always hampered by technical problems. Therefore, only the protein with highly 

interesting will be elucidated experimentally. Then, by using bioinformatics approaches, 

these resulting structures can be used to predict the other protein structures. Consequently, 

these 3D structures can be useful for rational mutagenesis experiment design, molecular 

replacement in crystallography and assist in ligand-binding studies (Sanchez et ai., 2000). 
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