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中文中文中文中文摘要摘要摘要摘要    

    Rrp46 原本是真核生物外切體(exosme)的組成蛋白之ㄧ；外切體複合物

(exosome complex) 是一參與核醣核酸分解的重要的核醣核酸外切酶

(exoribonuclease)，可從單股的核醣核酸之 3'端往 5'端逐一進行分解作用，同時調

控細胞內各種核醣核酸的生成與降解，此功能維繫了細胞活性的正常。因此，

Rrp46 也是組成外切體複合物及維持細胞正常生長所必需。 

在蛋白質分類上，Rrp46 屬於 RNase PH 外切酶家族。此類核醣核酸分解酵

素(RNase)，廣泛保留在從原核生物(prokaryotes)到真核生物(eukaryotes)的各類生

物體中，包括細菌、古代菌(archaea)、酵母菌，乃至於植物與人類。在線蟲(C. 

elegans)當中，CRN-5 是 Rrp46 的同源蛋白質(homologue)；被發現可能另外當作

細胞凋亡(apoptosis)時，參與分解染色體去氧核醣核酸(chromosomal DNA)的新功

能。本篇論文即結合了生化分析、生物物理及蛋白質晶體結構等方法，來探討

Rrp46 及 CRN-5 降解 DNA 及 RNA 時的生化特性及生理功能，為此類 RNase PH

外切酶的新功能提出更有利的佐証。 

在此篇論文中，我們提出了 CRN-5 以及稻米 Rrp46 (oRrp46)的蛋白質晶體結

構，它們的最高解析度分別是 3.9 Å 及 2.0 Å。經由分析三個不同物種(人類、稻

米及線蟲)的 Rrp46 重組蛋白質發現，它們以二具體(homodimer)的形式存在於體

外。除了已知與外切體複合物結合外，我們也首次觀察到此二具體形式的 Rrp46

亦同時存在人類與稻米細胞環境中。由生化生析的結果，發現稻米二具體 oRrp46

重組蛋白質除了具有磷酸分解(phosphorolysis)RNA 的活性外，更首次發現能水解

(hydrolysis)DNA 的生化活性；人類的 hRrp46 及線蟲的 CRN-5 蛋白則只具有結

合 DNA，而不具分解 DNA 的活性。藉由蛋白質晶體結構與突變技術，我們分析

稻米 oRrp46 活性區域以及受質結合區裡的重要胺基酸殘基所扮演的角色。發現

E160Q 的突變會明顯抑制稻米 oRrp46 的 DNA 水解活性，對分解 RNA 的影響則

有限；但是 K75E/Q76E 的突變，則同時抑制了稻米 oRrp46 對 DNA 及 RNA 的

結合與分解。CRN-5 本身雖沒有 DNA 分解活性，但經實驗確認，它能與另一個
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細胞凋亡核酸水解酶 (apoptotic nuclease) CRN-4 有直接的結合作用，並且增強

CRN-4 的 DNA 水解活性。推測了這兩個蛋白質可能在細胞凋亡時分解 DNA 有

協同作用。 

綜合以上強力的研究證據，我們推測 Rrp46 蛋白質會穩定形成外切體複合物

以外的二具體；此二具體可能依照不同的物種，或直接扮演有活性的組成份，或

扮演結構性組成份，參與細胞凋亡時分解 DNA 的重要生理機制。 

 

關鍵詞:核醣核酸之轉化，去氧核醣核酸之降解，晶體結構，去氧核醣核酸分解

酵素 PH，核醣核酸分解酵素，去氧核醣核酸分解酵素，細胞凋亡核酸水解酵素。 
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ABSTRACT 

Rrp46 was first identified as a protein component of the eukaryotic exosome, a 

protein complex involved in 3' processing of RNA during RNA turnover and 

surveillance. The C. elegans Rrp46 homologue, CRN-5, was subsequently characterized 

as a cell death-related nuclease, participating in DNA fragmentation during apoptosis. 

Rrp46/CRN-5 has a conserved RNase PH domain, usually identified in 3'-to-5' 

exoribonucleases. To determine how an RNase PH protein could bind and digest DNA 

during apoptosis, we combined biochemical, biophysical and crystal structural 

approaches to study Rrp46/CRN-5 from various specises, including human, rice and C. 

elegans. 

We have determined the crystal structures of CRN-5 and rice Rrp46 (oRrp46) at a 

resolution of 3.9 Å and 2.0 Å, respectively. We found that recombinant human Rrp46 

(hRrp46), oRrp46, and CRN-5 are homodimers, and that endogenous hRrp46 and 

oRrp46 also form homodimers in a cellular environment, in addition to their association 

with a protein complex. Dimeric oRrp46 had both phosphorolytic RNase and hydrolytic 

DNase activities, whereas hRrp46 and CRN-5 bound to DNA without detectable 

nuclease activity. Site-directed mutagenesis in oRrp46 abolished either its DNase 

(E160Q) or RNase (K75E/Q76E) activities, confirming the critical importance of these 

residues in catalysis or substrate binding. Moreover, CRN-5 directly interacted with the 

apoptotic nuclease CRN-4, and enhanced the DNase activity of CRN-4, suggesting that 

CRN-5 cooperates with CRN-4 in apoptotic DNA degradation. Taken together all these 

results strongly suggest that Rrp46 forms a homodimer separately from exosome 

complexes and, depending on species, is either a structural or catalytic component of the 

machinery that cleaves DNA during apoptosis. 
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Keywords: RNA turnover, DNA degradation, Crystal Structure, RNase PH, RNase, 

DNase, apoptotic nuclease. 
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1. INTRODUCTION 

RNA turnover and DNA degradation are traditional viewed as two independent 

cellular events, regulated and executed by different sets of proteins. In this thesis we 

provide lines of evidence to show that a protein, named Rrp46, participates and links 

between the two events of RNA and DNA degradation. The overview of the two groups 

of proteins involved in apoptotic DNA fragmentation and RNA turnover are described 

below in this chapter. 

 

1.1 Apoptotic DNA fragmentation by nucleases 

 Apoptosis, or programmed cell death, is an evolutionary conserved and highly 

regulated process that is essential for development, homeostasis and self-defense against 

virus infection. Improper regulation of apoptosis can lead to diseases including cellular 

transformation, degenerative disorders and autoimmune diseases.   

One of the hallmarks of apoptosis is the fragmentation of chrosomal DNA, a point 

of no return to eliminate the ability of a cell to replicate its genome and to transcribe its 

genes. The chrosomal DNA in apoptotic cell is condensed and then degraded into 

fragments of multiplies of ~180-bp DNA ladders (Figure 1-1) (Wyllie, 1980). The 

ladder is a consequence of the cleavage of chromatin by endonucleases that target the 

linker DNA between the nucleosomes. Further digestion of these long DNA ladders into 

nucleotides recycles these biomolecular materials for healthy cells. Multiple of 

deoxyribonucleases (DNase) have been implicated in executing apoptotic DNA 

fragmentation and degradation, including 40-kD DNA fragmentation factor (DFF40, 

also known as caspase activated DNase (CAD)), Endobuclease G (EndoG), and 

deoxyribonuclease II (DNase II)(Parrish and Xue, 2006; Samejima and Earnshaw, 

2005). 
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1.2 DFF40/CAD and Dicer are caspase-activated DNases in mammals and C. elegans, 

respectively  

Human DFF40/CAD is the best-characterized apoptotic nuclease and functions 

exclusively during apoptosis (Enari et al., 1998; Halenbeck et al., 1998; Liu et al., 1998; 

Liu et al., 1997). It functions as an endonuclease in excuting the first cut of chrosomal 

DNA during apoptosis. DFF40/CAD and its inhibitory chaperone DFF45 (also known 

as ICAD : inhibitor of CAD) form a stoichiometric 1:1 inactive complex in living cells 

(Figure 1-2). Following induction of apoptosis, caspase 3, caspase 7 and/or granzyme B 

cleave DFF45/ICAD to release and activate DFF40/CAD (Liu et al., 1997; Sakahira et 

al., 1998; Thomas et al., 2000; Wolf et al., 1999). DFF40/CAD then associates with 

chromosomal proteins such as histone H1, HMG (high mobility group) proteins, and 

topoisomerase II to promote cleavage of internucleosomal DNA and generate 3′ 

hydroxyl DNA breaks that can be detected by the TUNEL (Terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling) assay (Figure 1-1) (Durrieu et al., 2000; 

Liu et al., 2003b; Liu et al., 1999; Toh et al., 1998). The chromosomal DNA are 

digested into 50- to 300-kb cleavage products and subsequently to internucleosomal 

DNA fragments (Widlak et al., 2000). Further degradation of chromosomal DNA 

fragments is likely achieved by other apoptotic nucleases that resolve the 

TUNEL-reactive DNA breaks or by DNase II from phagocytes once apoptotic cells are 

engulfed. In mice deficient in DFF40/CAD or DFF45/ICAD, and mice expressing a 

caspase-resistant DFF45/ICAD mutant, cells show severe defects in chromatin 

condensation and fragmentation during apoptosis, demonstrating that DFF40/CAD 

activity is required for apoptotic DNA degradation. (Kawane et al., 2003; McIlroy et al., 

1999; Zhang et al., 1998).  

DFF40/CAD and DFF45/ICAD homologues have been identified in human, mouse 

and fly (Mukae et al., 2002; Yokoyama et al., 2000). However, no DFF40/CAD and 
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DFF/45 homologue has been identified in C. elegans or in yeast where cell death and 

nuclear DNA degradation also occur. It was recently discovered that the parallel player 

of DFF40/CAD in C. elegans is Dicer (DCR-1) (Nakagawa et al., 2010), an RNase 

important for gene silencing in RNAi. In RNAi, it processes precursor dsRNA into 

small duplex RNA species of ~ 21 to 25 nucleotides that then incorporated into 

RNA-induced silencing complex (RISC) (Duchaine et al., 2006; Elbashir et al., 2001; 

Hutvagner et al., 2001; Lee et al., 2004; Liu et al., 2004; Liu et al., 2003a; Pham et al., 

2004; Rivas et al., 2005; Zhang et al., 2002; Zhang et al., 2004). As an apoptotic 

nuclease, DCR-1 is cleaved by CED-3 caspase to generate a C-terminal fragment with 

DNase activity, which produces 3′ hydroxyl DNA breaks on chromosomes and 

promotes apoptosis (Nakagawa et al., 2010). The DNase activity independent from 

RNase activity of DCR-1 illustrates the conservation of caspase-mediated activation of 

apoptotic DNA fragmentation among various species. 

  

1.3 Endonuclease G is a mitochondrial apoptotic nuclease 

DFF40-deficient mammalian cells display residual apoptotic DNA fragmentation. 

Thus, other nucleases must be involved in cleaving chromosomal DNA during 

apoptosis in yeast, C. elegans, and mammals. Human Endonuclease G (Endo G) is 

another evolutionarily conserved apoptotic endonuclease that localizes to the 

mitochondrial intermembrane space and mediates residual apoptotic DNA 

fragmentation observed in DFF45/ICAD deficient cells (Li et al., 2001). Endo G 

together with apoptosis-inducing factor (AIF) translocate from mitochondria into 

nucleus during apoptosis to facilitate chromosome fragmentation (Li et al., 2001; Wang 

et al., 2002). The homologues of human Endo G have been found in yeast and C. 

elegans (Buttner et al., 2007; Parrish et al., 2001).It is called CPS-6 (CED-3 protease 

suppressor) in C. elegans. In a cell-free system with isolated HeLa cell nuclei, both 
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recombinant Endo G and CPS-6 proteins can induce generation of characteristic 

apoptotic DNA ladders. (Li et al., 2001; Parrish et al., 2001). In C. elegans deficient in 

cps-6, TUNEL-stained nuclei accumulate in mutant embryos and developmental cell 

death is delayed or even inhibited in sensitized genetic backgrounds (Parrish et al., 

2001). These in vitro and in vivo data suggest that CPS-6 can serve as an apoptotic 

nuclease and is important for apoptotic DNA degradation and progression of apoptosis. 

The role of Endo G in mammalian apoptosis merits further study, because Endo G 

knockout mice show no embryonic lethality or obvious apoptotic defects (Irvine et al., 

2005). 

 

1.4 DNase II digestes apoptotic DNA fragments into nucleotides after phagocyte   

   engulfment  

   The apoptotic cell divided into several apoptotic bodies contaning fragmented DNA 

at the late stage of apoptosis. The apoptotic bodies then were engulfed by phagocytes to 

complete the clearance cell debris. It is now revealed that DNase II, an acidic lysosomal 

DNase, in macrophage contributes the degradation of DNA from apoptotic cells 

(Kawane et al., 2003; McIlroy et al., 2000). In DNase II-deficient mice, although die at 

birth, the engulfed but not digested apoptosis cells result in large DNA-containing 

bodies (Kawane et al., 2003; Krieser et al., 2002). Similar results were also observed in 

C. elegans by mutating its DNase II homologue, NUC-1 (Hedgecock et al., 1983; Wu et 

al., 2000b). The chrosomal DNA from apoptotic cell in nuc-1 mutants can be stained by 

TUNEL assays, implying that the persistant DNA are intermediates of apoptotic DNA 

degradation.  

 

1.5 Cell death-related nucleases in C. elegans are also involved in apoptotic DNA   

degradation including CRN-5, a homologue of human hRrp46 
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In addition to CPS-6 and NUC-1, seven other nucleases were found to be involved 

in apoptotic DNA degradation in C. elegans by candidate-based RNAi screening 

(Parrish and Xue, 2003b). They are CRN-1 to -6, WHA-1 and CYP-13. CRN (cell 

death-related nuclease) nucleases are homologous to various human proteins with 

known biological functions besides apoptosis (Table 2). For example, CRN-1 is a 

homologue of human flap endonuclease-1(FEN-1) that is normally involved in DNA 

replication and repair (Harrington and Lieber, 1994; Lieber, 1997). During apoptosis in 

C. elegans, CRN-1 can associate and cooperate with CPS-6 in nuclei to promote DNA 

fragmentation, by using the endonuclease activity of CPS-6 and both the 5’-3’ 

exonuclease activity and gap-dependent endonuclease activity of CRN-1(Parrish et al., 

2003). CRN-4 is a member of DEDDh nuclease superfamily and is also a homologue to 

human 3’hExo nuclease that is normally involved in histone mRNA degradation 

(Dominski et al., 2003; Yang et al., 2006). In combination with crystal structural and 

cell death analysis in C. elegans, both the nuclease active site and the DNA-binding 

domain are required for crn-4’s function in apoptosis (Hsiao et al., 2009). CRN-3 and 

CRN-5 are homologues to exosomal components, Rrp6 and Rrp46, respectively (Liu et 

al., 2006). RNAi mediated depletion of crn-5 gene results in similar cell death defects to 

that of cps-6, including accumulation of TUNEL-stained nuclei in RNAi treated 

embryos and inhibition of apoptosis in sensitized genetic backgrounds (Figure 1-3), 

indicating the involvement of CRN-5 in apoptotic DNA degradation during 

development of C. elegans (Parrish and Xue, 2003b). Moreover, CRN-5 interacts and 

forms another complex, called degradeosome, with CPS-6, WHA-1, CYP-13 and a 

number of CRN nucleases, including CRN-1 and CRN-4 (Figure 1-4) (Parrish and Xue, 

2003b). Loss of any one or a combination of these C. elegans apoptotic nucleases 
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results in accumulation of TUNEL-stained nuclei, indicating this complex may function 

in turning the 3'-OH DNA nicks created by DCR-1 into small gaps through their 

exoribonuclease activities and then create double-stranded DNA breaks via a 

gap-dependent endonuclease activity (Parrish and Xue, 2003b; Parrish et al., 2003). 

These results imply that CRN-5 may be a DNase associated with the degradeosome 

when it is involved in DNA degradation during apoptosis. 

 

1.6 CRN-5 is an RNase PH protein homolougous to human hRrp46 protein  

Many types of RNA play a crucial role in various cellular processes, particularly as 

an intermediate in the translation of the genetic code into functional proteins, or as a 

member in post-transcriptional gene silencing. Cellular RNA molecules transcribed 

from DNA that undergo meticulous processing, quality control and turnover are critical 

in the precise expression of genetic information and even cell survival. Almost all RNA 

species undergo several posttranscriptional processing reactions to produce functional 

RNA molecules. The process is carried out by combining action of endoribonucleases 

(endoRNases) and exoribonucleases (exoRNases). A class of conserved exoRNase 

family called RNase PH (phosphorolysis) proteins is a key component involved in these 

processes (Symmons et al., 2002). 

According to domain analysis and sequence alignment, CRN-5 protein contains an 

RNase PH domain and shows the highest similarity to human hRrp46 (31% idendity, 

Figure 1-5), an RNase PH containing component of exosome complex. Most of the 

RNase PH family proteins have 3' to 5' exoribonuclease activity, capable of removing 

the 3'-end nucleotide by adding a phosphate, rather than a water molecule, to the 

cleaved phosphodiester bond, and are therefore involved in phosphorolytic RNA 

processing and degradation (RNAn+Pi→RNAn-1+NDP). Products of ‘phosphorolysis’ 

are nucleoside diphosphates rather than nucleoside monophosphates made by hydrolysis. 
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The first and simplest RNase PH protein discovered is RNase PH in E. coli with a 

primary role in tRNA 3' end maturation (Deutscher et al., 1988; Kelly et al., 1992; Li 

and Deutscher, 1994). Other examples include polynucleotide phosphorylase (PNPase) 

(Baginsky et al., 2001; Piwowarski et al., 2003; U.Z. Littauer and M. Grunberg-Manago, 

1999) and exosome complex components (Evguenieva-Hackenberg et al., 2003; 

Mitchell et al., 1997). 

 

1.7 Rrp46 is a component of exosome complex involved in RNA processing, quality   

   control and turnover 

Rrp46 (rRNA-processing 46) is an RNase PH family protein without 

phosphorolytic RNase activity, and was first identified as a structural component 

protein of the eukaryotic exosome. The exosome complex was initially identified in 

Saccharomyces cerevisiae (Allmang et al., 1999b; Mitchell et al., 1997). This complex 

degrades many types of RNA that have been targeted by surveillance activities in both 

the nucleus and cytoplasm, and it is also responsible for the precise trimming, in a 

3′→5′ direction, of the 3′ ends of nuclear precursors to several RNA species.(Allmang 

et al., 1999a; Anderson and Parker, 1998; de la Cruz et al., 1998; Hilleren et al., 2001; 

Kadaba et al., 2004; Mitchell and Tollervey, 2003; Raijmakers et al., 2004; Suzuki et al., 

2001; Torchet et al., 2002; van Hoof et al., 2000a). The yeast exosome core consists of 

ten subunit proteins with six RNase PH family proteins (Rrp41p, Rrp42p, Rrp43p, 

Rrp45p, Rrp46p and Mtr3p), three KH (protein K homology) and/or S1 (ribosomal 

protein S1 homology) RNA-binding proteins (Rrp4p, Rrp40p, and Csl4p), and an 

RNase II homologue (Rrp44p/Dis3p). This complex is found in both the cytoplasm and 

nucleus. The nuclear isoform contains an additional component, the RNase D 

homologue Rrp6p (Table 1) (Allmang et al., 1999b; Mitchell et al., 1997; Schmid and 

Jensen, 2008).  
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The human counterpart was identified soon after characterization of the yeast 

exosome. Its components turned out to be part of the previously described 

polymyositis/scleroderma (PM/Scl) autoantigenic multiprotein complex (Allmang et al., 

1999b; Brouwer et al., 2001). Specific autoantibodies in sera of patients suffering from 

the autoimmune disease PM/Scl showed reactivity with this PM/Scl antigen (Reichlin et 

al., 1984; Treadwell et al., 1984). After the identification and cloning of two main 

autoantigenic proteins, PM/Scl-100 and PM/Scl-75 (Alderuccio et al., 1991; Bluthner 

and Bautz, 1992; Ge et al., 1992), both proteins were shown to be homologous to yeast 

Rrp6p and Rrp45p, respectively (Allmang et al., 1999b; Briggs et al., 1998). The human 

exosome core also contains six RNase-PH family proteins (hRrp41, hRrp42, hRrp43, 

hRrp45, hRrp46, and hMtr3) along with three KH/or S1-containing subunits (hRrp4, 

hRrp40, and hCsl4) (Tabel 1). Related Rrp46s and exosomes have been described in 

other species, such as among the hyperthermophilic archaea, nematodes, unicellular 

parasites, flies, and plants (Allmang et al., 1999b; Andrulis et al., 2002; Chekanova et 

al., 2000; Estevez et al., 2001; Evguenieva-Hackenberg et al., 2003; Koonin et al., 2001; 

Liu et al., 2006). Although most cells have other enzymes that can degrade and process 

RNA, each core subunit of the exosome, including Rrp46, is essential for cell survival 

(Allmang et al., 1999b; van Dijk et al., 2007). This reveals the indispensable and 

irreplaceable function of exosome complex in various species.  

In nucleus, the exosome functions in the 3′ processing of the precursors to stable 

RNAs, including the 5.8S rRNA component of mature ribosomes, snRNAs and 

snoRNAs (Allmang et al., 1999a; de la Cruz et al., 1998; van Hoof et al., 2000a; 

Zanchin and Goldfarb, 1999). It is also responsible for the surveillance and degradation 

of aberrant nuclear precursors of many types of RNA including pre-mRNAs, pre-tRNAs, 

pre-rRNAs (Allmang et al., 2000; Bousquet-Antonelli et al., 2000; Burkard and Butler, 

2000; Kadaba et al., 2004; Torchet et al., 2002) and other highly unstable non-coding 
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transcripts, termed cryptic unstable transcripts (CUTs) (Figure 1-6)(Arigo et al., 2006b; 

Thiebaut et al., 2006). 

In cytoplasm, the only known substrates for exosome are mRNAs (Figure 1-6). 

The exosome participates in the 3′ turnover of normal mRNA to regulate the level of 

mRNA and the rate of protein synthesis (Anderson and Parker, 1998; van Hoof et al., 

2000a). Also, the exosome rapidly degrades aberrant mRNAs with structural defects in 

NMD (nonsense-mediated decay) pathway (Lejeune et al., 2003; Mitchell and Tollervey, 

2003; Takahashi et al., 2003). In human cells, the exosome is also recruited to, and 

rapidly degrades, short-life spanned mRNAs that contain specific AU-rich sequence 

elements (AREs) (Chen et al., 2001; Gherzi et al., 2004; Mukherjee et al., 2002; Tran et 

al., 2004). Furthermore, the exosome degrades the 5′ fragments of mRNAs that are 

cleaved in the NGD (no-go decay) pathway, which targets mRNAs on which translation 

has stalled (Doma and Parker, 2006). It also plays a role in antiviral defence by 

degrading viral mRNA (Guo et al., 2007). The 5′ fragments of mRNAs that have been 

cleaved by the RNA interference (RNAi) pathway in Drosophila melanogaster cells are 

similarly degraded by the exosome (Orban and Izaurralde, 2005).  

 

1.8 The structures of RNase PH proteins and exosome complex 

 The six RNase PH family proteins in the human exosome form a ring-like hexamer 

structure as revealed by the crystal structure analysis of the exosome core (Figure 1-7) 

(Liu et al., 2006). The ring consists of three distinct heterodimers built from six 

different proteins, hRrp41-hRrp45, hRrp46-hRrp43 and hMtr3-hRrp42 and each hRrp 

protein shares typical β-α-β-α RNase PH folding. Additional subunits (hRrp4, hRrp40, 

and hCsl4) play as a cap to stabilize the core exosome. A similar hexameric-ring 

structural organization is conserved in other RNase PH family proteins including 

bacterial RNase PH (Harlow et al., 2004b; Ishii et al., 2003b), PNPase (Shi et al., 2008; 
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Symmons et al., 2000) and archaeal exosome core complex (Buttner et al., 2005; 

Lorentzen and Conti, 2005; Lorentzen et al., 2005; Navarro et al., 2008) (Figure 1-7). 

The archaeal exosome is a simplified version of the eukaryotic complex. The two 

archaeal RNase PH family proteins, aRrp41 and aRrp42, form a hexameric ring 

composed of three copies of stable catalytically active aRrp41-aRrp42 heterodimers. 

The phosphorolytic exonuclease active sites of the archaeal exosome are situated in the 

internal ‘processing chamber’ of the aRrp41-aRrp42 ring. Only aRrp41 has an RNase 

active site, whereas aRrp42 is required for complex assembly and activity (Buttner et al., 

2005; Lorentzen and Conti, 2005; Lorentzen et al., 2005; Navarro et al., 2008). One or 

both of the S1 and KH domain-containing RNA-binding proteins, aRrp4 and aCsl4, are 

positioned on top of the basal ring. They are important for substrate binding and 

recognition (Stickney et al., 2005). The constricted entrance to the central channel is 

only 8–10 Å wide, which allows only single-stranded RNA to enter the catalytic cavity 

(Lorentzen et al., 2007; Navarro et al., 2008). This may explain why isolated archaeal 

exosomes degrade only substrates containing single-stranded 3’ ends. 

 

1.9 Recombinant human and yeast exosomes are inactive in phosphorolysis  

E. coli RNase PH itself forms a homo-hexameric ring similar to the exosome 

(Figure 1-7) (Harlow et al., 2004b; Ishii et al., 2003b). PNPase is a homotrimer of 

subunits that each contains two RNase PH-type domains (Figure 1-7) (RNase PH_I and 

RNase PH_II), organized in an inverted arrangement similar to the individual subunits 

of RNase PH. In addition, each PNPase monomer contains two RNA-binding domains 

in the C-terminus: one S1 type and one KH type, which are similar to those found in the 

eukaryotic exosome cap proteins (Leszczyniecka et al., 2002; U.Z. Littauer and M. 

Grunberg-Manago, 1999). The PNPase forms a similar hexameric ring structure (Shi et 
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al., 2008; Symmons et al., 2000). Hence, all known structures of RNase PH containing 

proteins tend to form a stable hexameric ring among different species. The bacterial 

homo-hexameric RNase PH has six phosphorolytic active sites on each subunit of the 

ring, whereas in PNPase and archaeal exosome, this is reduced to three active sites per 

complex (Figure 1-7A). The active sites are located in the interface of RNase 

PH_I-RNase PH_II and aRrp41-aRrp42 heterodimers, whereas the active subunits are 

RNase PH_II and aRrp41, respectively. It is originally believed that eukaryotic 

exosomes show similar active RNase PH domain arrangement and carry an active site in 

Rrp41. However, it turns out that the recombinant yeast and human exosome cores are 

inactive and lack any detectable phosphorolytic exoribonuclease activity, suggesting 

that all of the RNase PH proteins in the ring, including hRrp46, are inactive 

(Dziembowski et al., 2007; Liu et al., 2006). Only when associated with Rrp44p/Dis3p 

(an RNase II family protein), the yeast exosome shows hydrolytic activity, but not 

phosphorolytic activity, which is contributed from Rrp44p/Dis3p (Dziembowski et al., 

2007; Schaeffer et al., 2009). It is suggested that the yeast exosome functions as a 

macromolecular cage to channel RNA substrate to Rrp44p/Dis3p for degradation 

(Bonneau et al., 2009). This result was quite an impact on our understanding of this 

“dead” core exosome in eukaryotes. However, this suggestion is likely not universally 

true, since the exosome core in the plant lineage was suggested to have phosphorolytic 

activity (Chekanova et al., 2000), indicating that eukaryotic exosomes may have 

evolved divergent means of RNA degradation. 

 

1.10 Cofactors regulate and activate exosome’s activity 

 Human and yeast exosome core displays no detectable enzymatic activity in 

isolation. Furthermore, the variety of cellular processes, in which the exosome is 
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involved, raises the question how the complex is recruited to a certain substrate and 

guided to perform a specific function. Hence, some co-factors and complex have been 

identified that can regulate and activate the exosome for full activity on defined classes 

of transcript (Figure 1-8).  

The TRAMP complex is a major co-factor for yeast nuclear exosome, which 

contains one of two poly(A) polymerases, Trf4 or Trf5, one of two RNA-binding 

proteins, Air1 or Air2, and the RNA helicase Mtr4 (Houseley and Tollervey, 2006; 

LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). TRAMP interacts 

directly with the exosome and appears to function by adding unstructured oligo(A) tails 

to the 3' ends of exosome substrates, such tails might recruit the exosome and/or initiate 

degradation from 3' ends. The exosome and TRAMP complex are also recruited during 

transcription of RNA polymerase II transcripts such as snRNA, snoRNA and CUTs via 

the transcription termination factor complex Nrd1-Nab3. The Nrd1-Nab3 complex 

which contains minimally the RNA-binding proteins Nrd1 and Nab3, and the helicase 

Sen1, is implicated in promoting RNA degradation by the exosome both in vivo and in 

vitro (Arigo et al., 2006a; Thiebaut et al., 2006; Vasiljeva and Buratowski, 2006). 

Cytoplasmic activity of yeast exosome requires another set of co-factor: Ski7, a 

GTPase with homology to translation factor EF1α, and the SKI complex composed of 

Ski2, Ski3 and Ski8 (Araki et al., 2001; Brown et al., 2000; Inada and Aiba, 2005; van 

Hoof et al., 2000b; Wang et al., 2005). Ski7 interacts both with the SKI complex and the 

exosome, and is a general co-factor in these processes. Ski2 is an RNA helicase that is 

homologous to Mtr4. The SKI complex is involved in the NMD and NGD mRNA 

surveillance pathways (Inada and Aiba, 2005; Mitchell and Tollervey, 2003; Takahashi 

et al., 2003; van Hoof et al., 2002). 

 How these co-factors actually activate and promote the RNase activity of exosome 

is still under investigation, but they indeed provide a platform for physical recruitment 
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of the exosome to specific RNA substrates, which plays a key role in stimulating RNA 

degradation in both the nucleus and the cytoplasm. 

 

1.11 hRrp46 is a broadly immunogenic antigen, which is overexpressed in tumor cells  

 hRrp46 is also named CML28, as it is a 28 kD antigen abundant in the sera of 

chronic myelogenous leukemia (CML) patients after allogeneic hematopoietic stem cell 

transplantation (Wu et al., 2000a). In patients with CML who have relapsed after bone 

marrow transplantation (BMT), infusion of donor lymphocytes induces durable 

remission in 70–80% of patients (Collins et al., 1997; Kolb et al., 1990; Kolb et al., 

1995). In order to identify the target antigens of this immune response, a CML cDNA 

expression library has been screened from CML post-DLI responder sera (Wu et al., 

2000a). One of the antigens identified as a potential tumor-associated target in DLI 

responders is termed CML28, a 28-kD protein identical to hRrp46 (Yang et al., 2002). 

Additional analysis shows that hRrp46/CML28 mRNA is highly expressed in 

different tumors than in normal tissues. The protein level is also high in highly 

proliferative tumors such as AML (acute myelogenous leukemia) and blast crisis CML. 

In contrast, hRrp46/CML28 protein was undetectable or present at very low levels in 

normal bone marrow and peripheral blood. hRrp46/CML28 has therefore been further 

evaluated as an immunotherapy target for the stimulation of anti-tumor immune 

response (Xie et al., 2008; Zhou et al., 2006).These observations demonstrate that 

hRrp46/CML28 antigen is immunogenic in patients with a variety of different solid 

tumors. 

 

1.12 Auto-antibodies against hRrp46 are also found in patients with autoimmune 

diseases 

The development of high titer antibody against hRrp46/CML28 correlated well 
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with the cytogenetic remission induced by DLI. IgG antibodies specific for 

hRrp46/CML28 were also found in 10–33% of patients with melanoma, lung, and 

prostate cancer (Yang et al., 2002). Intriguingly, auto-antibodies against hRrp46, and 

the exosome component protein PM-Scl100/Rrp6, are often found in patients with 

autoimmune diseases, including scleroderma, PM/Scl overlap syndrome and idiopathic 

inflammatory myopathy (Bluthner and Bautz, 1992; Brouwer et al., 2002; Ge et al., 

1992; Reichlin et al., 1984). It is not clear why hRrp46 or antibodies against hRrp46 are 

highly expressed in cancers and auto-immune diseases but these results do hint, albeit 

vaguely, at a connection between hRrp46 expression and cell survival. 

 

1.13 Specific aims 

 The RNase PH and exosome systems play essential roles in regulating functional 

RNA formation and degradation that are critical for cell survival. On the contrary, 

apoptotic nucleases degrade chrosomal DNA into nucleotides for recyling and 

eliminating autoimmue materials during cell death. These two systems seem not related 

until the discovery of RNase PH and exosomal component Rrp46/CRN-5 participating 

in apoptotic DNA degradation using RNAi technology (Parrish and Xue, 2003b). With 

an RNase PH domain, Rrp46 plays an essential structural but not catalytic role in 

exosome complex for RNA maturation and degradation. On the other hand, the finding 

of crn-5 knockdown C. elegans displayed defects in apoptotic DNA degradation during 

development similar to that in cps-6 knockdown model. These observations implied that 

Rrp46/CRN-5 could play a dual role in different stages of cell survival and death, and it 

links between RNA dedradation in RNA turnover and DNA fragmentation in apoptosis. 

We hypothesize that Rrp46/CRN-5 associates with exosome and is involved in RNA 

processing and degradation in living cells. During apoptosis, it switches its role to a 

DNase, and participates in apoptotic DNA degradation (Figure 1-9). Because the 
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evoluted variation in RNase PH proteins among species, we use Rrp46/CRN-5 proteins 

from three different species, rice, nematodes and human.  We characterize the three 

proteins using mutational, biochemical, biophysical and structural approaches.  Our 

specific aims are as followed:  

1. To characterize if Rrp46 folds independently by itself. 

2. To determine if Rrp46 has DNase and/or RNase activity.  

3. To determine the substrate preference for Rrp46. 

4. To characterize the structural basis for DNase and/or RNase activity of Rrp46.  

5. To determine how to regulate the activity of Rrp46 in normal cells and 

apoptotic cells. 

In this thesis, we found that Rrp46 forms stable homodimer in addition to a 

component in exosome complex by biophysical and structural analysis. This 

homodimeric Rrp46 is capable of binding to DNA. Moreover, for the first time, rice 

oRrp46 was demonstrated here to be able to digest DNA in a metal ion-dependent 

manner. Although CRN-5 shows no detectable DNase activity, it enhances another 

apoptotic DNase, CRN-4’s, activity. These findings support the new structural or 

DNase role of Rrp46/CRN-5 in apoptotic DNA degradation. In combination of 

biochemical, mutagenesis and structural approaches, our results also show the critical 

importance of some residues in catalysis or substrate binding of rice oRrp46. This result 

suggests that RNase PH proteins have evolved into active and inactive RNases. Our 

findings therefore suggest that Rrp46 is a dual-function protein: when associated with 

exosome, it is involved in RNA processing and turnover in normal cells, and when it 

forms a homodimer, or associated with degradeosome complex, it is involved in DNA 

degradation during apoptosis. This finding therefore provides a new direction for the 

study of the role of hRrp46 in cancer and autoimmune diseases. 
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2. MATERIALS AND METHODS 

2.1 Cloning, protein expression, and purification 

The full-length cDNAs of human and of rice Rrp46 were purchased from 

OpenBiosystems (Clone ID: 4308795) and the KOME database (Clone ID: 204796), 

respectively. The genes of the full-length rice Rrp46 (oRrp46) (residues 1-238), CRN-5 

(residues 1-215) and human Rrp46 (hRrp46) (residues 1-236) were PCR-amplified and 

cloned into expression vectors, pET-22b (Novagen), pQE-70 (Qiagen) and pET-28c 

(Novagen), respectively, to generate His-tagged fusion constructs. pQE-70-CRN5 

expression plasmid was transformed into E. coli M15 strain cultured in LB medium, 

supplemented with 100 µg/mL ampicillin. pET-22b-oRrp46 and pET-28c-hRrp46 were 

transformed into E. coli BL21-CodonPlus(DE3)-RIPL strain (Stratagene) cultured with 

75 µg/mL streptomycin, 50 µg/mL chloramphenicol and 100 µg/mL ampicillin or 50 

µg/mL kanamycin. The transformed bacterial expression strains were grown to an 

OD600 of 0.4, and then induced with 0.5 mM IPTG at 18°C for 20 hours. The harvested 

cells were disrupted by a microfluidizer in the buffer of 50 mM Tris-HCl (pH 7.6), 300 

mM NaCl and 1 mM β-mercaptoethanol.  

Procedures of protein purification below were operated under 4°C. Crude cell 

extracts were first loaded onto a TALON metal resin affinity column (BD Biosciences). 

After washing with buffer A (50 mM Tris-HCl pH 7.6, 300 mM NaCl and 1 mM 

β-mercaptoethanol) + 3%-5% buffer B (50 mM Tris-HCl pH 7.6, 300 mM NaCl, 500 

mM imidazole and 1 mM β-mercaptoethanol) (3% for rice oRrp46, 5% for CRN-5 and 

human hRrp46, respectively), proteins were eluted using a imidazole gradient (buffer B). 

The CRN-5/Rrp46-containing fractions were then concentrated to 2 ml and applied to a 

gel filtration chromatography column (Superdex 200, GE Healthcare) in a running 
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buffer of 25 mM Tris-HCl (pH 7.6), 150 mM NaCl and 1 mM β-mercaptoethanol. 

Purified protein samples were then concentrated to a suitable concentration and stored 

in a -80°C refrigerator. The homogeneity of the protein was analyzed by electrophoresis. 

Protein samples (2 µg) were mixed with 1x sample loading buffer (35 mM Tris-HCl, pH 

7.0, 1 mM EDTA, 2% SDS, 4% sucrose, 0.002% bromophenol blue and 6 mM 

β-mercaptoethanol) and were heated (95°C) for 5 min to denature the protein before 

resolving the sample in 10% SDS-PAGE stained with commassie blue (see Figure 

3-1B). All oRrp46 point mutants were generated by Quickchange site-directed 

mutagenesis kits (Stratagene) and purified by the same procedure as the wild-type 

oRrp46. The designed primers for rice oRrp46(E160Q) were 

5'-GGACACAAACAAAGCAGAACAGCAGCAATTGAAATCATTTGC-3' and 

5'-GCAAATGATTTCAATTGCTGCTGTTCTGCTTTGTTTGTGTCC-3'. The 

designed primers for rice oRrp46(K75E/Q76E) were 5'-CAGATTGGGGAGGAGG 

AGAAGGAGTATGAG-3' and 5'-CTCATACTCCTTCTCCTCCTCCCCAATCTG- 3'. 

 

2.2 Dynamics light scattering (DLS) and analytical ultracentrifugation (AUC) 

DLS measurements were carried out on a Dyna-Pro 99 MS800 instrument (Protein 

Solutions). The purified protein (0.5 mg/mL) in a buffer of 20 mM HEPES (pH 7.0), 

100 mM NaCl, 1 mM CaCl2 and 1 mM DTT was centrifuged at 16,000 g, 4°C for 15 

min, and the supernatant was placed in a 12-µL cuvette (b = 1.5 mm). The protein 

samples were incubated for 5 min at 20°C before data acquisition over an acquired time 

of 15 min. The size distribution plots, the x axis showing a distribution of estimated 

particle radius (nm) and the y axis showing the relative intensity of the scattered light 

(% of intensity), were analyzed with the software Dynamics V5.26.60 (Protein 

Solutions). 
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For AUC assays, the recombinant human hRrp46 and C. elegans CRN-5 were 

concentrated to an OD280 of 0.5 in 25 mM Tris-HCl (pH 7.6), 150 mM NaCl and 1 mM 

β-mercaptoethanol. Sedimentation velocities of proteins were performed at 40,000 rpm 

(Beckman XL-A) under 4°C. Multiple scans (OD280) at different time intervals were 

then fitted to a continuous c(s) distribution model using the SEDFIT program (Brown 

and Schuck, 2006; Schuck, 2000). 

 

2.3 Fractionation of cell extracts and western blotting 

2x10
7
 human kidney 293T cells were washed with PBS buffer (10 mM Na2HPO4, 

1.8 mM KH2PO4, pH 7.4, 140 mM NaCl and 2.7 mM KCl) twice and then pooled and 

extracted by sonication in 2 ml of cold PBS with or without 1 mM β-mercaptoethanol. 

Rice callus cells were dried by filter paper and extracted by grinding in liquid nitrogen, 

then dissolved in 2 ml PBS buffer. Crude cell extract was then centrifuged at 16,000 g, 

4°C for 15 min. The supernatant was collected and passed through a gel filtration 

chromatography column (Superdex 200, GE Healthcare) in a running buffer of PBS. 

Eluted fractions were collected and concentrated using Vivaspin 6 centrifugal 

concentrators (GE Healthcare). Equal volumes of concentrated fractions were separated 

by 10% SDS-PAGE, and then transferred to immobilon-P (Millipore) PVDF membrane. 

Membranes were then probed by first antibody (anti-hRrp46/2,000x dilution, 

anti-oRrp46/5,000x dilution and anti-hRrp42/2,000x dilution antibodies, respectively). 

After incubated with alkaline phosphatase (AP)-conjugated secondary antibodies, the 

signals were developed by adding NBT/BCIP (Perkin Elmer Life Science). 

 

2.4 DNA-binding and DNase activity assays 

For DNA gel shift assays, 20 nM of 5’-end P
32

-labeled 20-nucleotide 
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double-stranded DNA (5'-ACTGGACAAATACTCCGAGG-3') were incubated with 

different concentrations of purified recombinant protein in a buffer containing 20 mM 

HEPES (pH 7.0) and 5 mM EDTA on ice for 1 hr. After incubation, the reaction 

mixtures were resolved in 10% polyacrylamide gels, which were exposed to the 

phosphorimaging plate (Fujifilm) and analyzed by an FLA-5000 (Fujifilm) imaging 

system (Figures 3-5A and 3-15C). 

For the DNase activity assays shown in Figures 3-6A, 3-6B and 3-15A, 309-bp 

linear double-stranded DNA (30 nM) were incubated with the purified protein (1 µM) in 

the DNase reaction buffer containing 20 mM HEPES (pH 7.0), 100 mM NaCl, 1 mM 

CaCl2 and 1 mM DTT, at 37°C for the indicated periods. For the DNase activity assays 

shown in Figure 3-6C, a pQE-70 plasmid DNA (100 ng) was incubated with 0.2 µM 

purified protein in the DNase reaction buffer at 37°C for the indicated periods. Identical 

substrate was used in Figure 3-10B. For the DNase activity assays shown in Figure 3-16, 

purified CRN-4 and/or CRN-5 (concentration 1-2 µM) was incubated with 309-bp 

double-stranded DNA (30 nM) in a solution of 10 mM NaCl, 3 mM MgCl2, 1 mM 

CaCl2 and 20 mM Tris-HCl (pH 6.0) at 30°C for 40 minutes. All the reactions were 

stopped by adding 10 mM proteinase K for 10 min to remove proteins. The digest 

patterns were resolved on 1% or 1.5% agarose gels stained by ethidium bromide, and 

quantified by AlphaEaseFC software (Alpha Innotech). 

 

2.5 RNA-binding and RNase activity assays 

The 2.3 kb ssRNA was transcribed in vitro using a MAXIscript kit (Ambion). The 

20-mer ssRNA (5'-ACUGGACAAAUACUCCGAGG-3') was first labeled at the 5' end 

with [γ-
32

P] ATP by T4 polynucleotide kinase and then purified on a Microspin G-25 
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column (GE Healthcare) to remove the unincorporated nucleotides. For RNA binding 

assays, 500 ng of 2.3 kb ssRNA substrates were incubated with different concentrations 

of recombinant purified protein in the RNA binding buffer (50 mM Tris-HCl pH 8.0 

and 10 mM EDTA) on ice for 30 min. After incubation, the reaction mixture was 

separated on 1% agarose gels and stained with ethidium bromide. 

For RNase activity assays, 20 nM of labeled 20-mer ssRNA or 500 ng 2.3 kb 

ssRNA substrates were incubated with different concentrations of purified protein in the 

RNase reaction buffer (50 mM Tris-HCl pH 8.0, 50 mM KCl, 2 mM MgCl2, 5 mM 

NaH2PO4 and RNaseIN (1 U/µl, Promega)) at 30°C for 1 hour. The reaction was 

stopped at the time point indicated in the figures by adding TBE-Urea sample buffer 

(Bio-Rad) or 10 mM proteinase K. Digest patterns of 20-mer ssRNA were resolved in 

20% polyacrylamide/7 M urea gels, which were exposed to the phosphorimaging plate 

(Fujifilm) and analyzed by an FLA-5000 (Fujifilm) imaging system.  

The RNA substrate used in the thin layer chromatography (Figure 3-7C) was 

transcribed by T7 RNA polymerase with linearized (XhoI) pET-22b (Novagen) in the 

presence of [α-
32

P]ATP. Ascending thin layer chromatography was done on 

polyethyleneimine-cellulose plates (Sigma) in 1.2 M formic acid and 0.5 M LiCl. The 

cold AMP and ADP standards (100 nmol) were added to the samples before loading. 

Standards were visualized by UV shadowing. 

 

2.6 Crystallization and X-ray diffraction data collection 

Crystals of CRN-5 and oRrp46 were grown by the hanging-drop vapor diffusion 

method at room temperature. The crystallization drop was made by mixing 1 µl of 

protein solution and 1 µl of reservoir solution. oRrp46 (7.5 mg/ml, 50 mM Tris-HCl, pH 

8.0, 150 mM NaCl) was crystallized using a reservoir solution containing 0.2 M sodium 
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malonate (pH 7.0) and 20% PEG3350. CRN-5 (30 mg/ml, 50 mM Tris-HCl, pH 8.0) 

was crystallized using a reservoir solution containing 0.1 M Tris-HCl (pH 8.0), 0.2 M 

NaCl and 25% PEG3350. Diffraction data of oRrp46 and CRN-5 were collected at 

-150°C at beamlines 13C1 and 13B1, respectively, of the NSRRC in Hsinchu, Taiwan, 

and were processed and scaled by HKL2000 (Otwinowski and Minor, 1997). All 

diffraction statistics are listed in Table 3. 

 

2.7 Structure determination and refinement 

oRrp46 crystallized in the trigonal space group P31 as twin crystals with a twin 

factor of 0.5. The twin operation of the Miller index was assigned as (h,-h-k,-l) using 

Phenix (Xtriage) (Adams et al., 2002), as well as Merohedral Crystal Twinning Server 

(Yeates, 1997). CRN-5 crystallized in the monoclinic space group P21 with two 

molecules per asymmetric unit. The structure oRrp46 and CRN-5 were solved by 

molecular replacement by CCP4-Molrep (Potterton et al., 2003) and BALBES (Long et 

al., 2008), respectively, using the crystal structure of human Rrp46 (PDB accession 

code: 2NN6, chain D) as the search model. The protein model was constructed using the 

program Coot (Emsley and Cowtan, 2004) and refined by Phenix (Adams et al., 2002). 

Due to the low resolution of the CRN-5 data (3217 unique reflections), the CRN-5 

structure was refined in the final stage by rigid-body refinements followed by group B 

factor refinements (one residue per group). The stereochemical quality of the refined 

model was evaluated by PROCHECK (Laskowski et al., 1993). Structural coordinates 

and diffraction structure factors have been deposited in the RCSB Protein Data Bank 

with the PDB ID code of 3HKM for oRrp46 and 3KRN for CRN-5. 
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2.8 His-tag pull-down assays 

His-tagged CRN-5 (5 µg) was incubated with CRN-4 (5 µg) in 50 mM Tris-HCl, 300 

mM NaCl pH 7.5 at 4°C for 8 hours. After centrifugation, the protein sample was 

loaded onto Ni-NTA spin columns (Qiagen) and washed 3 times each with Wash-1 

buffer and Wash-2 buffer (Wash-1 buffer: 50 mM Tris-HCl, 300 mM NaCl (pH 7.5) and 

2 mM imidazole; Wash-2 buffer: 50 mM Tris-HCl, 300 mM NaCl (pH 7.5) and 5 mM 

imidazole). Bound proteins eluted with Elution buffer (50 mM Tris-HCl, 300 mM NaCl 

(pH 7.5) and 500 mM imidazole) were separated by SDS-PAGE in 10% gels. CRN-4 

and His-tagged CRN-5 were probed with anti-CRN-4 and anti-His tag antibodies 

(Novagen) after transferring onto a PVDF membrane. Detection was carried out using 

alkaline phosphatase-conjugated secondary antibody (Millipore) and BCIP/NBT 

substrate solution. 
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3. RESULTS 

3.1 C. elegans’ CRN-5 is a homologue to human Rrp46. 

The exosome components were widely studied in the species of archaea, yeast and 

human. Little is known about the exosome components of C. elegans. The discovery of 

CRN-5 as a homologue of human hRrp46 was initially suggested in Parrish’s paper 

based on sequence alignment (Parrish and Xue, 2003b).  To further confirm that 

CRN-5 is homologous to hRrp46, but not other RNase PH proteins, we surveyed the 

database (WormBase, http://www.wormbase.org/) to verify 6 individual exosomal core 

RNase PH proteins in C. elegans. The result shows that each human exosomal core 

RNase PH protein has its own homologue in C. elegans, and CRN-5 has highest 

sequence identity (31% of identity and 48% of similarity) to hRrp46 than to others 

(Table 3). Liu et al. also published similar result to our study (Liu et al., 2006). 

 

3.2 Overexpression and purification of CRN-5 and Rrp46 proteins. 

Because RNase PH proteins have evolved divergently with or without nuclease 

activity, we decided to work on Rrp46 form three different species for enzymatic and 

structural analysis. The full length cDNA encoding C. elegans CRN-5, rice (Oryza 

sativa) oRrp46, and human hRrp46 were PCR-amplified and cloned into His-tagged 

fusion constructs. Recombinant Rrp46/CRN-5 proteins were over-expressed in E. coli 

by IPTG induction and purified by chromatographic methods. Crude cell extracts were 

first loaded onto a TALON resin affinity column (BD Biosciences) followed by a gel 

filtration chromatography column (Superdex 200, Pharmacia). The final purified pattern 

of gel filtration showed single peak of each protein (Figure 3-1). The His-tagged 

oRrp46 and hRrp46 were purified to a homogeneity of greater than 98%, whereas 

CRN-5 was less homogeneous with a partial population of cross-linked dimers as 

shown by SDS-PAGE in a reduced condition (Figure 3-1). We have also tried to make 
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different expression constructs of CRN-5, or treat CRN-5 with and without the addition 

of different reducing agents (β-mercaptoethanol, DTT and TCEP) ranging from 1 to 10 

mM and found no difference in the purification steps and SDS-PAGE analysis. Mass 

spectrometry verified the correct molecular weight of each protein (data not shown, 

theoretical molecular weights for the recombinant proteins: 26,974 Dalton for oRrp46, 

24,988 Dalton for CRN-5, and 27,412 Dalton for hRrp46). The three proteins share high 

sequence identity, 35% between hRrp46 and oRrp46, 31% between hRrp46 and CRN-5, 

and 28% between oRrp46 and CRN-5 (see Figure 1-6). 

 

3.3 Recombinant purified CRN-5/Rrp46 proteins form stable homodimer in vitro. 

In hexameric exosome complex, Rrp46 forms stable heterodimer with Rrp43 and 

shares interaction interface with Rrp45. In order to determine the oligomeric state of 

these three recombinant purified proteins, we combined size-exclusion chromatography, 

dynamic light scattering (DLS) and analytical ultracentrifugation (AUC) to analyze 

proteins in solution condition. The three purified proteins, CRN-5, oRrp46 and hRrp46, 

eluted with a size between 44 kD to 75 kD in size-exclusion chromatography under 

reduced conditions (1 mM β-mercaptoethanol) (Figure 3-1). The molecular weights of 

the three proteins estimated by dynamic light scattering (DLS) under reduced conditions 

(1 mM DTT) were also in the range of 42 to 59 kD (Figure 3-2). The molecular weights 

of hRrp46 and CRN-5 proteins estimated from sedimentation velocity analysis by 

analytical ultracentrifugation (AUC) were 47.0 kD and 42.6 kD, respectively (Figure 

3-3). With all of these data, we suggest that the recombinant proteins were homodimers 

with molecular weights of ~50 kD. 
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3.4 Endogenous Rrp46 forms a separated dimer in addition to associating with a   

   protein complex in vivo. 

To further verify that Rrp46 forms homodimers in a cellular environment, 

endogenous Rrp46 in the total cell extracts of human 293T cells and rice callus were 

blotted using antibodies against hRrp46 and oRrp46 after fractionated by size-exclusion 

chromatography (Figure 3-4). Two populations of hRrp46 were observed at different 

elution volumes with or without the addition of the reducing agent (1 mM 

β-mercaptoethanol): the first peak eluted at 45~60 ml indicating a 

high-molecular-weight complex and the second peak appeared at 80-85 ml indicating a 

mixture of a dimer and a monomer. The cell extract of rice callus gave similar results 

that oRrp46 migrated as a large size complex and a smaller size dimer. As a control, the 

293T cell extract eluted from gel filtration fractionation was also blotted with antibodies 

against hRrp42, one of the six RNase PH family proteins in the exosome core. The 

Western blot displayed in Figure 3-4 shows that hRrp42 only eluted in a complex with a 

molecular weight greater than 158 kD. The complex identified by anti-hRrp42 

overlapped with the complex indicated by probing with anti-hRrp46, suggesting that 

both proteins were likely associated with the same complex, the exosome. This result is 

in consistent with the previous result in the reconstitution of human exosome in which a 

monodisperse peak with a molecular weight of ~400 kD and a smaller size peak were 

observed with anti-hRrp46 in the gel filtration under low salt conditions (Liu et al., 

2006). Meanwhile, endogenous AtRrp41 was only found in a large complex in 

Arabidopsis cells by glycerol gradient sedimentation (Chekanova et al., 2000). In 

summary, these results suggest that the exosome component protein hRrp42 is 

associated with a protein complex, but it does not form a monomer or a dimer in cells. 
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On the other hand, the endogenous Rrp46 is associated with a protein complex and it 

also forms a separate dimer in a cellular environment. 

 

3.5 CRN-5 and Rrp46 are DNA binding proteins, but only rice Rrp46 is a RNA  

   binding protein. 

The three Rrp46 proteins were then incubated separately with DNA and RNA for 

gel retardation assays to determine their DNA- and RNA-binding ability (Figure 3-5). 

The mobility of a 
32

P-labeled 20-bp DNA was retarded by Rrp46/CRN-5, showing that 

the three recombinant proteins all bound to the double-stranded DNA (Figure 3-5A). 

hRrp46 seems to show stronger binding ability against 20-bp dsDNA than two other 

proteins. When incubated with in vitro-transcribed 2.3 kb ssRNA, only oRrp46 shows 

ssRNA-binding activity (Figure 3-5B). In contrast, hRrp46, CRN-5 and hRrp42 could 

not bind to ssRNA. The retarded smears resulted from oRrp46 binding to the 2.3 kb 

RNA further suggests that multiple oRrp46 in high concentrations were bound to the 

large-size ssRNA, likely without sequence specificity, to induce the observable shifts. 

 

3.6 Dimeric rice oRrp46 shows metal-dependent DNase activity. 

Since these three Rrp46/CRN-5 proteins have DNA-binding activity, in 

combination with the inspiration of that CRN-5 may play a role in apoptotic DNA 

degradation. We wonder these RNase PH proteins have DNase activity. 309-bp dsDNA 

was PCR amplified from pET-22b vector and then purified as substrate for DNase assay. 

Only oRrp46 degraded a linear 309-bp DNA, while hRrp46 and CRN-5 had no 

detectable DNase activity with a protein concentration of 1 µM in the time-course 

experiments (Figure 3-6A), suggesting that the recombinant proteins hRrp46 and 

CRN-5 (and a negative control of RNase T) had either no or very low DNase activites in 
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the in vitro condition. Divalent metal ions, preferably Ca
2+

 over Mg
2+

, but not phosphate 

ions, were required for the DNase activity of oRrp46 (Figure 3-6B), suggesting that 

oRrp46 was a hydrolase rather than a phosphorylase in the digestion of dsDNA. 

Moreover, oRrp46 cleaved the plasmid DNA, as in contrast to an exonuclease TREX2, 

suggesting that oRrp46 has endonucleolytic DNase activity (Figure 3-6C). The bacterial 

RNase PH has been shown to bind DNA previously (Jensen et al., 1992), and for the 

first of time, we show here that an RNase PH family protein oRrp46 has 

metal-dependent hydrolytic DNase activity. 

 

3.7 Rice oRrp46 shows typical RNase PH activity. 

To determine the RNA-cleavage activity, oRrp46, hRrp46 and CRN-5 were 

incubated with in vitro-transcribed 2.3 kb ssRNA for RNA cleavage assays. Figure 3-7A 

shows that oRrp46 had RNase activity against ssRNA. In contrast, CRN-5 and hRrp46 

could not digest ssRNA.  

To further confirm that oRrp46 is a phosphorylase, RNase assays were performed in 

the presence or absence of phosphate ions. oRrp46 digested a 20-nucleotide ssRNA only 

in the presence of both Mg
2+

 ions and phosphate ions (Figure 3-7B). Moreover, using an 

in vitro-transcribed [α-
32

P]ATP-incorporated single-stranded RNA as substrates, 

oRrp46 cleaved ssRNA into ADP but not AMP (Figure 3-7C), further confirming that 

oRrp46 was a phosphorolytic RNase.  

Altogether, these results suggest that rice oRrp46 is not only a hydrolytic DNase but 

also a phosphorolytic RNase, whereas the human hRrp46 and the worm homologue 

CRN-5, are only capable of binding to DNA but have neither DNase nor RNase activity. 
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3.8 Crystallization of CRN-5 and rice oRrp46 proteins. 

To elucidate the molecular basis of oRrp46 and CRN-5 in domain assembly and 

nucleic acid cleavage activity, we crystallized the two proteins for three-dimensional 

structural determination. A number of conditions were also screened for the 

co-crystallization of oRrp46 with metal ions, phosphates, RNA and DNA substrates 

however, only the apo-form of oRro46 was crystallized. All the crystals were grown by 

hanging-drop vapor diffusion methods, by mixing 1-µl of protein solution with 1-µl of 

reservoir solution. oRrp46 (7.5 mg/ml) crystals were grown from a reservoir solution 

containing 0.2 M sodium malonate (pH 7.0) and 20% PEG3350 (Figure 3-8A). The 

CRN-5 (30 mg/ml) crystals were grown from a reservoir solution containing 0.1 M 

Tris-HCl (pH 8.0), 0.2 M NaCl and 25% PEG3350 (Figure 3-8B). Both crystals were 

grown under room temperature for days to weeks. 

oRrp46 crystallized in the trigonal space group P31 as twin crystals with a twin 

factor of 0.5, and the twin operation of the Miller index was (h,-h-k,-l). There are three 

molecules per asymmetric unit, diffracting X-rays to a resolution of 2.0 Å. Whereas, 

CRN-5 crystallized in the monoclinic space group P21 with two molecules per 

asymmetric unit, diffracting X-rays to a resolution of only 3.9 Å (Table 3). Both 

structures were solved by molecular replacement using the crystal structure of human 

Rrp46 (PDB accession code 2NN6, chain D) as the search model. The statistics for 

X-ray diffraction and structural refinement are listed in Table 3. 

 

3.9 Overall structure of dimeric CRN-5 and momomeric rice oRrp46 proteins. 

oRrp46 was a dimer in solution; however, the three molecules in the asymmetric 

unit shared little contact area with buried interfaces less than 300 Å
2
 for each subunit 

(Figure 3-9). To confirm the oligomeric state in the crystals, we found that oRrp46 was 
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a monomer in the crystallization condition with a buffer solution containing 5% 

PEG3350 using gel filtration assays (see the elution profile marked with oRrp46/PEG in 

Figure 3-10A). The human hRrp46 in the reconstituted six-subunit exosome complex 

also migrated as a monomer in the gel filtration analysis under low salt conditions, 

suggesting that hRrp46 dimers may be dissociated into monomers at a low 

ionic-strength condition (Liu et al., 2006). Moreover, we found that oRrp46 lost its 

DNase activity in the presence of 20% PEG3350, indicating that the dimeric 

conformation is important for the DNase activity (see Figure 3-10B). Therefore oRrp46 

was crystallized in a monomeric form, dissociated by PEG3350. The final model had an 

R-factor/R-free of 0.169/0.235 for 54,728/2,776 reflections at a resolution of 2.0 Å.  

The monomeric oRrp46 adopts a β-α-β-α folding and shares a similar structure to 

other RNase PH exonucleases (Figure 3-11A). Superposition of oRrp46 onto hRrp46 by 

the secondary-structure based method gave an RMSD of 1.29 Å over 187 Cα atoms. 

Superposition of oRrp46 onto archaeal Rrp41-Rrp42 dimer (PDB accession code: 2JEA) 

gave an RMSD of 1.32 Å over 202 Cα atoms against the active Rrp41, and 1.49 Å over 

197 Cα atoms against the inactive Rrp42 (Figure 3-11B). This result suggests that 

oRrp46 shares a similar overall structure to other RNase PH family proteins with or 

without RNase activity.  

To understand how Rrp46 monomers associate into a dimer, CRN-5 was 

crystallized in the conditions favoring homodimer formation. The resolution of the 

CRN-5 structure was only 3.9 Å, but this was sufficient to reveal the overall folding and 

dimeric assembly. The crystal structure of the dimeric CRN-5 is shown in Figure 3-12A, 

with a major interface contributed to by two antiparallel β-strands (residues 170-176) 

(see Figure 1-5, β10). A hydrophobic area formed by the residues FIQL (180-183) of 
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the α4 helix also stabilized the dimeric interface.  

The CRN-5 structure is the first homodimeric structure observed in the RNase PH 

family proteins, the rest of which all crystallized in trimeric or hexameric forms with six 

RNase PH domains forming a ring-like structure, including human exosome (Liu et al., 

2006), archaeal exosome (Buttner et al., 2005; Lorentzen and Conti, 2005; Lorentzen et 

al., 2005; Navarro et al., 2008), bacterial PNPase (Shi et al., 2008; Symmons et al., 

2000) and RNase PH (Harlow et al., 2004a; Ishii et al., 2003a). Superposition of CRN-5 

dimer over hRrp46-hRrp43 gave an RMSD of 3.05 Å over 273 Cα atoms, whereas 

superposition of CRN-5 dimer onto archaeal Rrp41-Rrp42 dimer (PDB accession code: 

2JEA) gave an RMSD of 3.02 Å over 279 Cα atoms (Figure 3-12B). This result 

suggests that the dimeric assembly mode of CRN-5 is similar to the one that exists 

between hRrp43 and hRrp46 in the human exosome, and to the one between Rrp41 and 

Rrp42 in archaeal exosomes. 

 

3.10 A metal binding residue is conserved in RNase PH family protein and critical  

   to DNase activity of rice oRrp46. 

oRrp46 has both DNase and RNase activity, so the next question that arose was 

where the substrate-binding and active sites are in the dimeric oRrp46. The active 

residues of phosphorolytic RNase PH domain have been well studied in archaeal 

exosomes (Buttner et al., 2005; Lorentzen and Conti, 2005; Navarro et al., 2008). One 

acidic residue (D182 in S. sulfataricus, D180 in P. abyssi) is critical for the RNase 

activity of archaeal Rrp41 and this acidic residue is conserved in both active and 

inactive RNase PH proteins, including D486 of PNPase, E174 of hRrp46, E219 of 

hRrp42, D180 of PaRrp41 and E160 of oRrp46 (Figure 3-13A). The recent crystal 



 

 31 

structure analysis of the E. coli PNPase bound to a manganese further suggests that this 

conserved acidic residue (D486) is bound to the metal ion, responsible for stabilizing 

the transition state (Nurmohamed et al., 2009). Superposition of the structure of oRrp46 

with all of these RNase PH enzymes showed that E160 in oRrp46 fitted well with the 

conserved acidic residues (marked by an arrow in Figure 3-13B). We therefore mutated 

E160 to determine whether this residue is a catalytic residue in oRrp46. As a result, the 

purified oRrp46 E160Q lost most of its DNase activity in digesting a linear 309-bp 

dsDNA (see Figure 3-15A); however the mutant only lost partial activity in digesting a 

20-mer ssRNA (Figure 3-15B). This result suggests that E160 plays a more important 

role in catalyzing the hydrolytic cleavage of DNA, and it plays a less critical role in the 

phosphorolytic cleavage of RNA. 

 

3.11 Substrate binding residues are variable in RNase PH family protein and  

   important to both RNase and DNase activity of rice oRrp46. 

To determine the residues involved in nucleic acid binding, we compared the crystal 

structures of oRrp46 with those of active archaeal Rrp41 (PDB accession code: 2PO1, 

chain B) and human hRrp46 (PDB accession code: 2NN6, chain D). A five-nucleotide 

RNA substrate bound in the structure of P. abyssi Rrp41-RNA complex reveals two 

important basic residues, R96 and R97, involved in RNA binding (circled in Figure 3-14) 

(Navarro et al., 2008). These two basic residues are missing in the inactive hRrp46 (grey, 

V89 and A90) and hRrp42 (yellow, D100 and L101), suggesting that the loss of RNase 

activity is likely a result of the loss of RNA binding activity. In oRrp46 a polar (Q76) 

and a basic (K75) residue are located at the corresponding RNA-binding site, and may 

play a similarly important role in RNA binding. To verify our hypothesis, we 
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constructed a double mutant of oRrp46, K75E/Q76E, to test its RNA-binding and 

cleavage activity. This oRrp46 mutant (K75E/Q76E) almost completely lost its DNA- 

and RNA-binding activity in gel retardation assays (Figure 3-15C and 3-15D). The 

DNase and RNase activity were also abolished, compared to the wild-type oRrp46 

(Figure 3-15A and 3-15B). Therefore, K75 and Q76 of oRrp46 are indeed involved in 

RNA and DNA binding. Impairment of the substrate binding ability of oRrp46 results in 

the loss of its nuclease activity.  

 

3.12 CRN-5 interacts with another apoptotic nuclease CRN-4 and enhances  

   CRN-4’s DNase activity. 

CRN-5 was identified as a cell death-related nuclease involved in DNA 

fragmentation during apoptosis in C. elegans (Parrish and Xue, 2003a). However, here 

we show that CRN-5 only binds to DNA without detectable DNase activity. It was 

therefore puzzling how CRN-5 is involved in DNA fragmentation. It has been shown 

previously that CRN-5 is a component of a protein complex, the degradeosome, 

interacting with CPS-6, CRN-4, CRN-1 and CYP-13 in GST-pull-down assays (Parrish 

and Xue, 2003a). To further clarify the role of CRN-5 in DNA degradation, we tested its 

interaction with CRN-4, a fully characterized DEDD family apoptotic nuclease with 

both DNase and RNase activity (Hsiao et al., 2009). We confirmed that His-tagged 

dimeric CRN-5 interacted directly with dimeric CRN-4 by His-tag pull-down assays 

(see Figure 3-16A) (Parrish and Xue, 2003a). Moreover, the DNase activity of CRN-4 

was enhanced by the presence of CRN-5 compared to that of CRN-4 alone (6.5% DNA 

remained, compared to 13% DNA remained with CRN-4 alone; Figure 3-16B). This 

result suggests that CRN-5 promotes CRN-4’s DNase activity and these two proteins act 
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cooperatively in DNA degradation. 
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4. DISCUSSION 

4.1. RNA binding residues are critical for the enzyme activity of RNase PH proteins. 

RNase PH family proteins are a group of fascinating enzymes, sharing similar 

sequences and structures, but they have evolved differently with either retained or lost 

RNase activity (Symmons et al., 2002). They can be grouped into active RNases, which 

include RNase PH, the second PH domain of PNPase, archaeal Rrp41, plant Rrp41 and 

oRrp46; and inactive RNases, including the first PH domain of PNPase, archaeal Rrp42 

and all the human and yeast RNase PH proteins in exosomes. The structural basis of an 

active versus an inactive RNase PH enzyme in RNA cleavage is still under discussion. 

Previous studies have focused on the comparison of the conserved general-acid residue 

and the varied phosphate binding residues among the RNase PH family proteins 

(Buttner et al., 2005; Lorentzen and Conti, 2005; Navarro et al., 2008). 

Here we identify a quite significant feature in RNase PH family proteins that 

differentiates an active enzyme from an inactive one. We found that the active oRrp46 

has a positively-charged region located at the RNA entry site (due to “strong 

RNA-binding residues” shown in Figure 3-14), which may facilitate RNA binding 

(marked by a red circle in Figure 3-17). A similar positively-charged RNA-binding 

region can be observed on the active enzymes of archaeal Rrp41 (PaRrp41) and the 

second domain of PNPase (PNPase_RNase PH II). On the contrary, the surface of the 

corresponding regions on the inactive enzymes, including archaeal Rrp42 (PaRrp42), 

the first domain of PNPase (PNPase_RNase PH I) and human Rrp46, are neutral or 

even acidic, and thus not suitable for RNA binding (marked by a green circle in Figure 

8). The loss of nucleic acid binding ability in the oRrp46 K75E/Q76E mutant resulted in 

the loss of its RNA cleavage activity, further supporting this suggestion that the ability 



 

 35 

to bind substrate is closely related to the nuclease activity of an RNase PH enzyme. This 

observation is true for all the RNase PH proteins with known structures, except for the 

inactive human Rrp41, which has suitable residues for the role of general acid and 

phosphate binding, and also appropriate residues for RNA binding (Lorentzen and Conti, 

2005). Therefore we conclude that possessing the correct RNA-binding residues at the 

entry site of an RNase PH protein is a necessary but not sufficient condition for efficient 

RNase activity. 

Archaeal Rrp41 alone shows no RNase activity in the absence of Rrp42 (Lorentzen 

et al., 2005). Not only the critical substrate binding residues on Rrp41, but also the 

Rrp41-Rrp42 interface offers essential binding packet for RNA substrate (Lorentzen and 

Conti, 2005; Navarro et al., 2008). When dimeric rice oRrp46 dissociated into monomer, 

it also lost its DNase activity (Figure 3-10). This suggests that the formation of 

homodimeric rice oRrp46, or the interface of this dimer may also plays a important role 

in DNA binding and catalysis. 

 

4.2 Dual roles of Rrp46 in RNA turnover and DNA degradation. 

Our biochemical and structural analyses demonstrate that the eukaryotic exosomal 

component proteins, including hRrp46 and oRrp46, form a stable homodimer in vivo 

and in vitro. The homodimeric rice oRrp46 shows, for the first time, both a hydrolytic 

DNase and a phosphorolytic RNase activity. On the other hand, the nematode Rrp46 

(CRN-5) and human hRrp46 had no detectable DNase and RNase activities. It has been 

shown that AtRrp41 from Arabidopsis thaliana displays a processive phosphorolytic 

exoribonuclease activity, and endogenous AtRrp41 was only found in a large complex 

in Arabidopsis cells by glycerol gradient sedimentation (Chekanova et al., 2000). Our 
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results show, without forming an exosome complex, that homodimeric oRrp46 alone is 

also an active phosphorolytic RNase. The RNase activity of oRrp46 can be abolished by 

substrate binding site (K75 and Q76) mutation, excluding the possibility of 

contamination by E. coli enzymes during protein preparation. This result thus shows 

that eukaryotic exosome core complexes have evolved distinctive ways of degrading 

RNA, as some of the plant exosome RNase PH component proteins do have RNase 

activities, compared to the yeast and human exosomal proteins which have no 

detectable activity.  

Rrp46/CRN-5 is also a candidate for apoptotic DNA degradation in C. elegans 

(Parrish and Xue, 2003a). Here we show that rice oRrp46 indeed has DNase activity, 

and C. elegans CRN-5 enhances the DNase activity of CRN-4. These results provide 

new lines of evidence to support the involvement of Rrp46 in apoptotic nucleosomal 

degradation. Although CRN-5 only increases the DNase activity of CRN-4 slightly in 

vitro, it is likely that various apoptotic nucleases in the degradeosome complex, 

including CPS-6, CRN-1, CRN-3, CRN-4, CRN-5 and CYP-13, work together and 

increase the efficiency of DNA degradation with a synergistic effect in cellular 

environments. Another exosome component protein, CRN-3, a homologue of human 

PM-Scl100 and yeast Rrp6, is also implicated in the degradeosome and is suggested to 

be involved in DNA degradation during apoptosis (Parrish and Xue, 2003a). Therefore, 

CRN-5 is not the only exosome component protein that is identified as a player in DNA 

fragmentation during apoptosis.  

In addition to its roles in promoting cell killing, apoptotic DNA degradation may 

play an important role in higher organisms to remove highly antigenic DNA or 

nucleosomes from apoptotic cells to prevent them from eliciting autoimmune responses. 

Interestingly, auto-antibodies against both PM-Scl100 and hRrp46 are often identified in 
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the patients with autoimmune diseases (Bluthner and Bautz, 1992; Brouwer et al., 2002; 

Ge et al., 1992; Reichlin et al., 1984). Loss or reduction of DNase activity of several 

nucleases has been shown to link to a number of autoimmune diseases, such as DNase I 

associated with systemic lupus erythmatosus (Napirei et al., 2000; Yasutomo et al., 

2001), and DNase II associated with rheumatoid arthritis (Kawane et al., 2006). It is 

suggested that the DNA escaped from degradation during program cell death elicits 

autoimmune responses, however, the underlying mechanisms and signaling events that 

regulate innate immune responses to extracellular and cytosolic undigested DNA are 

still elusive (Green et al., 2009; Okabe et al., 2009). The finding of auto-antibodies of 

hRrp46 and PM-Scl100 in autoimmune diseases hints a link between the two exosome 

component proteins and DNA degradation.  

A search in the cancer database further shows that hRrp46 is upregulated in 

various cancer tissues, including eye, lung, placenta and skin cancers (see Figure 3-18) 

(Krizman et al., 1999). This upregulation trend is however not observed for other 

exosomal RNase PH proteins, further suggesting that hRrp46 may play a function other 

than RNA turnover and processing. In summary, our results strongly support the notion 

that Rrp46/CRN-5 forms a homodimer, participating in DNA degradation in cell death. 

Rrp46 likely switches its role and plays dual functions between life and death. Based on 

these biochemical, cellular, structural and mutational results, we suggest that Rrp46 is 

not only an exosome component protein participating in RNA degradation and 

processing, but that it also forms a homodimer involved in DNA degradation in 

apoptosis. This finding therefore opens a new direction for the future study of hRrp46 to 

uncover its link to autoimmune diseases and cancer. 
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4.3 C. elegans uses functional-known proteins to accomplish apoptotic DNA  

   degradation. 

 Most of the apoptotic nucleases in C. elegans list in Table 2 have normal cellular 

functions that are critical for cell survival. For example, DCR-1/Dicer is for gene 

silencing in RNAi (Nakagawa et al., 2010); CRN-1/FEN-1 is important for DNA repair 

and replication (Parrish et al., 2003); cyclophilins are involved in protein folding 

(Andreeva et al., 1999; Mi et al., 1996); AIF is essential for mitochondrial respiration 

(Vahsen et al., 2004); and CRN-3 and CRN-5 are involved in RNA processing and 

degradation (Brouwer et al., 2001). During apoptosis, these proteins likely switch their 

roles to execute chromosomal DNA degradation. The regulation for switching the role 

in a cellular environment is another interesting issue.  

DCR-1/Dicer is cleaved by caspase-3 to become a functional apoptotic DNase. 

Translocation of AIF and EndoG from mitochondria to nucleus is the first step for their 

pro-apoptotic function. Besides phosphorolytic RNase activity, homo-dimeric plant 

Rrp46 (rice oRrp46) has in vitro hydrolytic DNase activity, implying that it might 

function as an apoptotic DNase. How CRNs can be gathered to form a degradeosome 

complex may be the most important regulation mechanism for switching the normal 

function of CRN proteins into apoptotic DNA fragmentation. Knowing the detail of 

these mechanisms will help us to understand about how a cell works in life and death, 

and to facilitate the pro-apoptotic drug design in specifically eliminating cancer cells 

without affecting normal cellular functions. 

 

5. FUTURE WORKS 

5.1 The DNA hydrolysis mechanism of oRrp46. 

Rice oRrp46 digests RNA substrate through a mechanism of phosphorolysis in the 



 

 39 

requirement of both divalent metal ion and inorganic phosphate (Figure 3-7B). On the 

contrary, it degrades DNA substrates through a mechanism of hydrolysis in the presence 

of divalent metal ion (Figure 3-6B). The results of mutagenesis analysis also showed 

that E160 plays a crucial role in DNase activity, but not in RNase activity of rice 

oRrp46 (Figure 3-15A and B). These data suggest that rice oRrp46 catalyzes DNA and 

RNA degradation through different molecular mechanisms. To understand the detail 

mechanism of how an RNase PH protein (rice oRrp46) binds to and digests DNA 

substrates, several analyses can be further performed :  

a. The binding stoichiometry between rice oRrp46 and DNA substrate can be     

  determined by isothermal titration calorimetry (ITC) analysis. 

b. The binding preference in nucleotide composition of DNA substrate can be  

  determined by electrophoretic mobility shift assay (EMSA) and filter binding   

  assay. 

c. oRrp46 can be co-crystallized with DNA. We can observe the detail binding and 

catalytic pattern through co-crystal structure.   

  In comparison with the co-crystal structures of archaeal exosome-RNA  

  complexes, we can tell the differences between DNA and RNA digestion  

  mechanisms of an RNase PH protein. 

 

5.2 Critical roles of substrate binding residues in RNase PH proteins 

 The K75 and Q76 of rice oRrp46 are relevant to R96 and R97 of archaeal 

PabRrp41 in substrate binding (Figure 3-14). The mutagenesis assay also supported the 

two residues (K75 and Q76) are important in substrate binding of rice oRrp46 (Figure 

3-15C and D).We can further demonstrate whether these substrate binding residues play 

an important role in evolution of active and inactive RNase PH proteins by 

double-mutating V89 and A90 of human hRrp46 (Figure 3-14) to basic residues. If this 



 

 40 

mutation recovers the substrate binding ability of human hRrp46, then we can prove the 

importance of substrate binding in divergent evolution of RNase PH proteins. 

 

5.3 Cooperation between CRN proteins. 

 CRN proteins together with CPS-6 interact with each other in vitro and could 

complex into large degradeosome during apoptosis (Figure1-4). We further confirmed 

that CRN-5 directly interacts with CRN-4 protein and enhances CRN-4’s DNase 

activity (Figure 3-16). To elucidate how CRN-5 interacts with other CRN proteins and 

CPS-6, we may use co-expressing system to get the stable complex of CRN proteins. 

By gel filtration analysis, the interaction stoichiometry of CRNs can be estimated 

according to the molecular weight of complex. Enzymatic activity of different 

combination of CRN proteins can be tested to see whether there is a cooperative effect 

between each other, and it reaches the maximum activity when formation of the 

degradeosome complex. With recombinant purified CRN complex, co-crystallization 

can then be performed to determine the interaction interface between proteins. These 

CRN proteins function in different physiological environments and with various 

enzymatic characteristics in normal cell. Understanding the molecular basis of their 

interaction during apoptosis by structural biology methods can clarify the regulative 

mechanism of degradeosome complex formation. 
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Table 1. Exosome components and cofactors (Schmid and Jensen, 2008). 

 
aAbbreviations: Air, arginine-methyltransferase-interacting RING-finger protein; CTD,C-terminal domain 

of RNA polymerase II; Dob1, dependent on eIF4B; EXOS, exosome component; OIP2, Opa-interacting 

protein 2; Pm-Scl, polymyositis- scleroderma; PAPD5, PAP-associated-domain- containing 2; POLS, 

DNA polymerase sigma; Sen1, splicing endonuclease 5; Skiv2L, superkiller viralicidic activity 2-like; 

ZCHC7, zinc-finger CCHC-domain-containing protein 7. 

bArchaeal homologs of the eukaryotic exosome subunits. Note that eukaryotes contain three distinct 

Rrp41, Rrp42 and 2 Rrp4 homologs. ‘_’ indicates that functional homologs are unlikely to exist. 

cYeast and human exosome components and co-factors. Entries in parentheses indicate alternative protein 

names. ‘?’ indicates that sequence homologs cannot be identified or have not yet been functionally 

analyzed. 

dNuclear (n) or cytoplasmic (c) location of yeast and human factors. 

eThe human genome encodes only one homolog, called hMtr4 or Skiv2L, for the related yeast proteins 

Mtr4 and Ski2. hMtr4/Skiv2L is 55% and 34% identical with Mtr4 and Ski2, respectively. 
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Table 2. Apoptotic nucleases in C. elegans and their homologues in human. 

C. elegans  

Cell death-related 

protein 

Human  

homolog 

DCR-1 Dicer 

CPS-6 EndoG 

CRN-1 FEN-1 

CRN-2 TatD nuclease 

CRN-3 hRrp6/PM/Scl-100 

CRN-4 3’-5’ exonuclease 

CRN-5 Rrp46 

CRN-6 Type II DNase 

Cyp-13 Cyclophilin E 

WAH-1 AIF 
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Table 3. Exosomal RNase PH proteins in C. elegans 

Human  C. elegans (identity,%) 

hRrp41 exos-4.1 (B0564.1a)
a
 (43%) 

hRrp46 CRN-5 (C14A4.5)(31%) 

hMtr3 exos-4.2 (Y6D11A.1.1) (25%) 

hRrp42 exos-7 (F31D4.1) (32%) 

hRrp43 exos-8 (F41G3.14) (23%) 

hRrp45 exos-9 (F37C12.13a.1) (36%) 

                          a
sequence name in WormBase (http://www.wormbase.org/) 
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Table 4. X-ray data collection and refinement statistics for rice oRrp46 and C. 

elegans CRN-5 

 

Data collection statistics oRrp46 CRN-5 

Space group P31 P21 

Cell dimensions (Å/ degree) a = 111.61  α = 90 a = 61.92  α = 90 

 b = 111.61  β = 90 b = 44.83  β = 100.67 

 c = 57.70  γ = 120 c = 65.58  γ = 90 

Wavelength (Å) 1.00 1.00 

Resolution (Å) 50.00- 2.00  

(2.07- 2.00)
1
 

50.00- 3.90  

(4.04- 3.90)
1
 

Observed reflections 185,470 9,991 

Unique reflections 55,506 3,235 

Completeness (%) 99.8 (99.7) 97.7 (91.3) 

<I>/<σI>  21.65 (3.16) 14.06 (5.28) 

Rsym
2
(%) 6.50 (35.40) 9.1 (26.70) 

   

Refinement statistics   

Resolution range (Å) 50.00- 2.00 50.00- 3.90 

Reflections (working/ test) 54,782/ 2,776 3,217/ 227 

R-factor/ R-free (%) 16.9/ 23.5 30.7/ 35.6 

Number of atoms (protein/water) 4,687/ 416 2,576/ 0 

Average B-factor (Å
2
) 26.1 87.9 

RMS deviations 0.006/ 1.090 0.005/ 0.989 

(bond length (Å)/ bond angle (degree))   

Ramachandran plot (%)   

Most favored/ Additional allowed/ 

Generously allowed/ Disallowed 

89.2/ 10.6/ 0.2/ 0.0 66.5/ 28.2/ 3.9 /1.4 

   

1
Highest-resolution shell is shown in parentheses. 

2
Rsym =ΣhklΣi∣Ii(hkl)﹣＜I(hkl)＞∣/ Ii(hkl). 

 

 

 



 

 45 

 

 

 

 

Figure 1-1. Apoptotic DNA fragmentation and principles of TUNEL assay. 

(A) The DNA forms a low molecular weight (LMW) oligonucleosomal ladder when 

isolated HeLa nuclei undergo apoptotisis (Samejima and Earnshaw, 2005). (B) The 

ladder is a consequence of the cleavage (orange thunder) of chromatin by endonucleases 

that target the linker DNA between the nucleosomes. (C) Terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling (TUNEL) is a method for detecting DNA 

fragmentation by labeling the terminal end of nucleic acids (www.phnxflow.com/ 

apobrdu.html) 1. DNA strand breaks caused by endonucleases produced by apoptosis 

process. 2. Add BrdUTPs to 3'-OH DNA strand breaks using TdT enzyme as catalyst. 3. 

Fluorescenated antibody labeling of BrdUTP attached to 3'-OH DNA strand breaks.  
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Figure 1-2. Regulation of caspase-activated DNase (CAD) by its inhibitor 

(Samejima and Earnshaw, 2005). 

ICAD (inhibitor of CAD; also known as DFF45) functions as a chaperone for CAD 

(caspase-activated DNase; also known as DFF40 (DNA fragmentation factor, 40kDa) 

and CPAN (caspase-activated nuclease)), helping the peptide to fold as it is translated 

on the ribosome. ICAD then remains bound and inhibits CAD activity as the complex 

transfers to the nucleus. When cells undergo apoptosis, caspases cleave ICAD, 

liberating active CAD. 
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Figure 1-3. RNAi knock-down of crn-5 in C.elegans embryo (Parrish and Xue, 

2003b). 

(A) RNAi mediated depletion of crn-5 gene results in accumulation of TUNEL- stained 

nuclei in RNAi treated embryos. (B) RNAi knock-down of crn-5 (up) delayed 

appearance of embryonic cell corpses during development which is similar to that of 

cps-6 (bottom). 
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Figure 1-4. Analysis of in vitro interactions among C. elegans apoptotic nucleases 

(Parrish and Xue, 2003b). 

(A) Summary of in vitro interactions among CPS-6, NUC-1, CPY-13, and six CRN 

proteins. Interactions between proteins were examined using GST fusion protein 

pull-down assays. “-” indicates no detectable binding, “+” indicates an interaction 

consistently observed above background levels, and “++” indicates a strong interaction. 

(B) Interaction map for nucleases involved in apoptotic DNA degradation in C. elegans. 

An arrow indicates an interaction between a GST-fusion protein (pointed by the arrow) 

and a 
35

S-Methionine-labeled protein. 

 

 

 

 



 

 49 

 

 
Figure 1-5. Sequence alignment of rice, human, and C. elegans Rrp46 (CRN-5) and 

archaeal Rrp41.  

Eukaryotic Rrp46 shares significant sequence identity with archaeal Rrp41. Sequences 

listed here are Rrp46 from Oryza sativa (oRrp46), Caenorhabditis elegans (CRN-5), 

and human (hRrp46); and Rrp41 from Pyrococcus abyssi (PabRrp41) and Sulfolobus 

solfataricus (SsoRrp41). The secondary structure generated from the crystal structure of 

oRrp46 is shown above the sequence. TT represents β-turns. Identical and similar 

residues are colored in red. Mutational residues constructed in this study are colored in 

yellow. The residues involved in homo-dimeric interactions in CRN-5 are colored in 

cyan. The alignment was generated by ClustalW (http://www.ch.embnet.org/software/ 

ClustalW.html) and ESpript (Gouet et al., 2003). 
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Figure 1-6. Diverse functions of the eukaryotic exosome (Lykke-Andersen et al., 

2009). 

The nuclear and cytoplasmic processes maintained by the eukaryotic exosome are listed 

on the left and right, respectively. The active nucleases Rrp6 and Rrp44 are indicated 

above and below the core exosome. Arrows point to the subcellular compartments in 

which the nucleases have been shown to localise. Also indicated are the organism(s) in 

which this localisation has been determined. The dashed arrow pointing to the 

cytoplasm for human Rrp6 indicates that this localisation pattern is still disputed. The 

compartmentalised processes are further subdivided into pathways of nuclear RNA 

processing (red arrows) and degradation (orange arrows) on one side, and regulated 

cytoplasmic RNA turnover (green arrows) and degradation (purple 

arrows) on the other. Co-factors that are directly linked to the action of the exosome on 

specific RNA substrates are indicated above and below the arrows (although 

other pathway-specific factors might be involved in each case). Putative general nuclear 

and cytoplasmic co-factors are indicated immediately to the left and right 

of the exosome, respectively.  
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Figure 1-7. Architectures and structures of RNase PH, PNPase and exosome 

complex (Lykke-Andersen et al., 2009). 

(A) Schematic diagrams illustrate the subunit composition and orientation in bacterial 

RNase PH (dark green and light green show the inversely oriented arrangement of 

neighbouring subunits), bacterial PNPase (combined wedges illustrate PH domains 

from the same polypeptide chain), the archaeal exosome complex and the S. cerevisiae 

and human exosome complex. The diagrams show the complexes from ‘underneath’, 

with the RNA-binding cap of the archaeal exosome and S. cerevisiae and human 

exosome shown as extra wedges behind (blue and purple). In the case of the archaeal 

exosome, the two-tone wedges indicate that the three RNA-binding proteins in each 

complex can be either Rrp4, Csl4 or a combination of these. Active sites were indicated 

in red stars. (B) Actual structures of complexes shown in the same orientation, with 

domains in similar colours to those in (A). The structures shown are PDB 1UDN 

[RNase PH (Ishii et al., 2003)], 1E3H [PNPase (Symmons et al., 2000)], 2JEA [archaeal 
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exosome (Lorentzen et al., 2007)] and 2NN6 [human exosome (Liu et al., 2006)]. The 

RNA- binding caps are displayed in the background coloured in grey. Active sites are 

illustrated by the red colouration of the inorganic phosphate (for RNase PH) or RNA 

substrate (for the archaeal exosome). (C) Anterior views of PNPase, the archaeal 

exosome and the S. cerevisiae and human exosomes, with RNA-binding cap proteins 

shown in blue, purple and cyan. 
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Figure 1-8. Activation of the eukaryotic exosome (Houseley et al., 2006). 

Despite the presence of several catalytic sites, the exosome is almost entirely inactive 

without the aid of cofactors. A diverse array of substrates and activating cofactors have 

been identified, and they fit broadly into four categories: surveillance, 

sequence-dependent degradation, sequence-independent degradation and maturation. 1. 

The cytoplasmic exosome is activated by the Ski complex (Ski2–Ski3–Ski8), along with 

the helicase Ski7, for the degradation of improperly processed RNAs such as those 

lacking a stop codon (non-stop decay) or containing a premature stop codon 

(nonsense-mediated decay (NMD)). 2. In the nucleus, the TRAMP complex 

(Trf4–Air1–Mtr4 in the diagram) targets defective precursors to ribosomal RNAs , 

transfer RNAs , small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs) and 

other transcripts. 3. Sequence-dependent recruitment of the cytoplasmic exosome in 

human cells involves factors including TTP and KSRP (not shown), which directly 

recognize A+U-rich sequence elements (AREs) and cause mRNA destabilization.  
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4. In the nucleus, Nrd1, perhaps acting together with its binding partner Nab3, can 

recruit the exosome to mRNAs, snoRNAs and probably other RNAs that contain 

defined sequence motifs. Other exosome substrates lack defined sequence motifs that 

could specifically function in exosome recruitment. 5. All mRNAs undergo turnover, a 

process that is not generally dependent on defined RNA sequences but that involves the 

Ski complex and the exosome, as well as the decapping and 5′-degradation machinery. 6. 

In the nucleus, exosome-dependent RNA-degradation pathways that are unlikely to 

involve the recognition of simple RNA sequences include the degradation of spacer 

elements that have been excised from rRNA precursors and the 3′trimming of 

pre-rRNAs and snoRNAs. However, these activities require cofactors: the RNA 

helicase Mtr4 or the putative RNA-binding protein Rrp47. 7S is a 3′-extended precursor 

to the 5.8S rRNA, which is 3′matured by the exosome. ETS, external transcribed spacer; 

M7G, 7-methylguanosine; TMG, trimethylguanosine. 
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Figure 1-9.The hypothesis of dual fucntions of Rrp46/CRN-5 in healthy and 

apoptotic cells. 

Rrp46/CRN-5 associates with exosome and is involved in RNA processing and 

degradation in living cells. During apoptosis, it switches its role to a DNase, and 

participates in apoptotic DNA degradation 
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Figure 3-1. Gel filtration and SDS-PAGE analysis of purified Rrp46/CRN-5 

proteins.  

(A) Gel filtration (Superdex 200) profiles for hRrp46, oRrp46 and CRN-5. The 

recombinant Rrp46/CRN-5 all eluted with a size of a homodimer in a buffer of 25 mM 

Tris-HCl (pH 7.6), 150 mM NaCl and 1 mM β-mercaptoethanol. (B) The purified 

recombinant Rrp46 proteins from different species were analyzed by SDS-PAGE. 

CRN-5 was less homogeneous with strong linked dimers that could not be dissociated 

into monomers on SDS-PAGE under the reduced condition. Molecular weight markers 

(kD) are shown as indicated.  
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Figure 3-2. Dynamic light scattering (DLS) analysis of native Rrp46 proteins.  

The estimated molecular weights of each protein (in parentheses) are listed in the figure. 
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Figure 3-3. Sedimentation velocity analysis of human hRrp46 (A) and C. elegans 

CRN-5 (B) by analytical ultracentrifugation.  

Upper: sedimentation velocity absorbance trace of the sample at 280 nm. Values used in 

data calculation and validation were shown at left. Middle: residuals of the experimental 

fits. Lower: continuous sedimentation coefficient distribution of the protein. The 

information after peak integration was shown at right of the peak. 
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Figure 3-4. Endogenous Rrp46 proteins were detected by Western blotting after gel 

filtration fractionation of cell extracts. 

Endogenous Rrp46 either formed homodimers, or associated with a protein complex. 

Human (293T) and rice (callus) cell extracts were fractionated on a Superdex 200 

gel-filtration column in a buffer with (+β-ME) or without β-mercaptoethanol and 

analyzed by Western blotting using rabbit anti-hRrp42, anti-hRrp46 or anti-oRrp46 

serum. The hRrp42 was used as a control to show that it only associated with a protein 

complex. The cell extract before fractionation is shown in lane L. Molecular weight 

markers are shown as indicated.  
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Figure 3-5. DNA- and RNA-binding assays of CRN-5 and Rrp46 proteins. 

(A) Gel-retardation assays show that Rrp46 binds to double-stranded DNA. Rrp46 (0, 5 

and 10 µM) were incubated with 20-mer DNA (20 nM) in the buffer of 20 mM HEPES 

(pH 7.0) and 5 mM EDTA. The protein-DNA complexes were indicated by a bracket 

marked at the right of the panel. (B) Gel retardation assays show that only rice oRrp46 

binds to RNA. In vitro transcribed RNA (500 ng) was incubated with Rrp46 (2.5 or 10 

µM) in the RNA-binding buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1 U/µl RNaseIN) 

on ice for 30 minutes. The up-shifted RNA was indicated by an arrow. 
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Figure 3-6. DNase activity assays of CRN-5 and Rrp46. 

(A) DNA cleavage assays show that only rice oRrp46 cleaved double-stranded linear 

DNA. Rrp46 (1 µM) was incubated with the linear dsDNA (30 nM) in the DNase 

reaction buffer (20 mM HEPES (pH 7.0), 100 mM NaCl, 1 mM CaCl2 and 1 mM DTT) 

at 37°C for the indicated periods, followed by agarose gel electrophoresis. A control 

reaction without any Rrp46 added is shown in lane C. RNA-specific RNase T was used 

as a negative control. (B) Rice oRrp46 is a metal ion-dependant hydrolytic DNase. 

oRrp46 (1 µM) was incubated with linear dsDNA (30 nM) at 37°C for 20 minutes in the 

presence or absence of MgCl2, CaCl2 and NaH2PO4. All the reaction buffers contained 

20 mM HEPES (pH 7.0), 100 mM NaCl, 1 mM DTT with addition of 2 mM MgCl2 in 

the lane labeled Mg, 1 mM CaCl2 in the lane labeled Ca, 5 mM NaH2PO4 in the lane 

labeled Pi, and combination of each 2 factors in the rest of the lanes. A control reaction 

without metal and phosphate ion added is shown in lane labeled Buffer. (C) Rice 

oRrp46 cleaves plasmid DNA. oRrp46 (0.2 µM) was incubated with 100 ng plasmid 

DNA at 37°C for up to 60 min in the DNase reaction buffer. TREX2, an exonucleolytic 

hydrolase, was used as a negative control. o: open circular. l: linear. s: super coiled.
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Figure 3-7. RNase activity assays of CRN-5 and Rrp46. 

(A) RNA cleavage assays show that rice oRrp46 degrades RNA substrates. The bracket 

marked at the right indicates the degraded RNA. Rrp46 (5 µM) was incubated with the 

same substrate used in Fig. 4A in the RNase reaction buffer (50 mM Tris (pH 8.0), 50 

mM KCl, 2 mM MgCl2, 5 mM Na2HPO4 and 1U/µl RNaseIN) at 30
o
C for 1 hour 

followed by agarose gel electrophoresis. (B) Rice oRrp46 is a metal ion- and 

phosphate-dependent RNase. oRrp46 (2 µM) was incubated with 5' labeled 20-mer 

ssRNA in conditions mentioned in Fig. 3C. A control reaction with both cofactors but 

without any Rrp46 added is shown in lane C. (C) Thin layer chromatography (TLC) 

separation of the final RNA reaction products cleaved by rice oRrp46. The internal 

32
P-labeled RNA substrate was incubated with oRrp46 for 60 minutes with or without 

the presence of 5 mM phosphate (-Pi and +Pi). Positions of the cofractionated unlabeled 

ADP and AMP are shown on the right. 
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Figure 3-8. Crystals of rice oRrp46 and C. elegans CRN-5. 

(A) A crystal of rice oRrp46. (B) A crystal of C. elegans CRN-5. 
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Figure 3-9. Crystal packing of rice oRrp46. 

Crystal packing of rice oRrp46 in an unit cell (cyan line). There are 3 molecules in an 

asymmetric unit. They are molecule A in blue, molecule B in green and molecule C in 

red. o : origin. a : a axis. b : b axis. 
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Figure 3-10. Rice oRrp46 dissociates into monomer and losts DNase activity by 

PEG. 

(A) Gel filtration (Superdex 200) profiles for oRrp46 in the presence (purple) or 

absence (blue) of PEG3350. oRrp46 shifted into monomers with the addition of 5% 

PEG 3350 (oRrp46/PEG). (B) Rice oRrp46 lost its DNase activity in the presence of 

PEG3350. oRrp46 (0.2 µM) was incubated with 100 ng plasmid DNA at 37°C for 30 

min in the presence of various concentration (0-20%) of PEG3350. Lane C is for 

loading control. o: open circular. l: linear. s: super coiled. 
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Figure 3-11. Crystal structure of the monomeric oRrp46. 

(A) The crystal structure of the monomeric oRrp46. The color was presented according 

to secondary structure. α-helix : red. β-sheet : yellow. Turn : green. The N-terminal and 

C-terminal were shown in N and C, respectively. (B) Superposition of the crystal 

structure of rice oRrp46 onto human hRrp46 (2NN6, chain D. RMSD of 1.29 Å over 

187 Cα atoms), archaeal Rrp41 (2JEA, chain B. RMSD of 1.32 Å over 202 Cα atoms) 

and archaeal Rrp42 (2JEA, chain A. RMSD of 1.49 Å over 197 Cα atoms). 
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Figure 3-12. Crystal structure of the dimeric CRN-5. 

(A) The crystal structure of the dimeric CRN-5. Individual monomers are shown in blue 

and cyan, respectively. (B) Superposition of the crystal structure of homodimeric 

CRN-5 onto human hRrp46_hRrp43 heterodimer (RMSD of 3.05 Å over 273 Cα atoms) 

and archaeal Rrp41_Rrp42 heterodimer (RMSD of 3.02 Å over 279 Cα atoms). 
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Figure 3-13. A metal binding residue is conserved in RNase PH family protein. 

(A) Sequence alignments of RNase PH proteins from various species. This conserved 

metal-binding residue (colored in yellow) is conserved in both active and inactive 

RNase PH proteins. PabRrp41 and PabRrp42 are from Pyrococcus abyssi. SsoRrp41 

and SsoRrp42 are from Sulfolobus solfataricus. PNPase is from E. coli. (B) 

Superposition of the active sites of several RNase PH proteins shows that a conserved 

acidic residue is located at the same position: E160 in oRrp46 (this study), E148 in 

CRN-5 (this study), D180 in PaRrp42 (2PO1, chain A), E174 in hRrp46 (2NN6, chain 

D) and E219 in hRrp42 (2NN6, chain E). The bound RNA nucleotide co-crystallized 

with PaRrp41 is displayed as a ball-and-stick model. 
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Figure 3-14. Comparison of RNA-binding residues in RNase PH proteins. 

The two basic residues, R96 and R97, bind to the phosphate groups of RNA (displayed 

as a ball-and-stick model) in PaRrp41 (green, 2PO1, chain A). Corresponding residues 

in oRrp46 (Q76 and K75) are more suitable for RNA binding compared to those in the 

inactive enzymes of hRrp46 (V89 and A90) and hRrp42 (D100 and L101). The strong 

RNA-binding residues are circled in solid lines and the weak RNA-binding residues are 

circled in dashed lines. 
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Figure 3-15. In vitro nuclease activity assays of wild-type and mutated oRrp46.  

(A) DNA (309 bp, 30 nM) cleavage assays by the wild type, active-site mutant (E160Q), 

and nucleotide-binding-site mutant (K75E/Q76E) of oRrp46 (1 µM). All the reaction 

conditions were identical to those in Fig. 3-5 to 3-7. (B) Time-course RNA cleavage 

assays by the wild type, E160Q and K75E/Q76E mutant of oRrp46. The RNA markers 

varied from 1-20 nucleotide(s) were labeled at the left of the panel. (C) DNA gel shift 

assays of wild type and K75E/Q76E mutant of oRrp46. The protein-DNA complex was 

indicated by an arrow. (D) RNA gel shift assays of wild type and K75E/Q76E mutant of 

oRrp46. The up-shifted RNA was indicated by an arrow. The bracket marked at the right 

indicates the up-shifted RNA. 
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Figure 3-16. CRN-5 interacts with CRN-4 and enhances CRN-4’s DNase activity. 

(A) His-tag pull down assays of CRN-4 by His-tagged CRN-5. The His-tagged CRN-5 

was incubated with or without CRN-4, and then the complex was pulled down in a 

Ni-NTA spin column. The eluted solution was analyzed by Western blotting using 

anti-CRN-4 (α-CRN-4) and anti-6xHis (α-6xHIS) antibodies. (B) Assays of CRN-4 

DNase activity in the presence or absence of CRN-5. A linear 309-bp double-stranded 

DNA (30 nM) was incubated with CRN-4 (1 µM), CRN-5 (2 µM), or both together, and 

the DNA digests were analyzed and quantified by gel electrophoresis. CRN-4 cleaved 

linear dsDNA more efficiently in the presence of inactive CRN-5 (6.5% vs. 13% DNA 

remained). 
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Figure 3-17. Electrostatic surface potential and substrate-binding sites of active 

and inactive RNase PH proteins.  

The active RNase PH proteins all have positive surfaces at the RNA-binding site 

(circled), including PaRrp41 (2PO1, chain A), RNase PH II domain of PNPase (3CDI) 

and oRrp46 (this study). The RNA bound in PaRrp41 is displayed as a stick model. On 

the contrary, the inactive RNase PH proteins have neutral or acidic surfaces at the 

RNA-binding sites (circled), including PaRp42 (2PO1, chain B), RNase PH I domain of 

PNPase (3CDI) and hRrp46. The color scale of the surface potential was set from -75 

kT/e (red) to 75 kT/e (blue), as calculated by Pymol (DeLano Scientific LLC, 

http://www.pymol.org). 
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Figure 3-18. hRrp46 gene is upregulated in various cancer tissues.  

(A) Comparison of human hRrp46 expressed sequence tag (EST) in normal and cancer 

tissues. Cancer Genome Anatomy Project (CGAP; http://cgap.nci.nih.gov) data was 

mined for the EST number of hRrp46 or other exosomal component (data not shown) 

genes in normal and cancer tissues. hRrp46’s EST number out of total EST database 

was shown in columns. The appearance pattern of hRrp46 EST in cancer (eye, lung, 

placenta and skin) and normal tissues is with statistical differences (P<0.05). (B) 

Expression level of hRrp46 gene in normal and cancer tissues. The original appearance 

EST number of hRrp46 out of total EST database in (A) was converted into appearance 

frequency in ever 200,000 tags. hRrp46 gene is highly expressed in cancer tissues more 

than 2 fold to that in normal tissues. 
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