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2 Abbreviations 

 

3D three-dimensional 

3’-UTR 3'-untranslated region 

5’-UTR 5'-untranslated region 

°C degree centigrade 

 alpha or anti 

ADP Adenosinediphosphate 

Ago Argonaute 

APS Ammonium peroxydisulfate 

A. thaliana Arabidopsis thaliana 

ATP Adenosine triphosphate 

bp base pair 

C Cytosine, carbon or carboxy 

ca. circa 

cDNA complementary DNA 

C. elegance (C.e.) Caenorhabditis elegans 

C. thermophilum (C.t.) Chaetomium thermophilum 

CStrep carboxy-terminal Strep-tag 

Da Dalton 

dd double distilled 

ddH2O double distilled water 

DExD/H, DEAD Consensus sequences of helicases 

DFDNB 1,5-Difluoro-2,4-dinitrobenzene 

DGCR8 DiGeorge syndrome critical region gene 8 

DMSO Dimethylsulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxynucleotide-5’-triphosphate 

D. melanogaster (D.m.) Drosophila melanogaster 

ds double stranded 

dsRNA double stranded RNA 

DTT dithiothreitol 

DUF domain of unknown function 

E. coli Escherichia coli 

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

EDTA ethylenediaminetetraacetate 

EM electron microscopy 

Exp-5 Exportin-5 

GA Glutaraldehyde 

GDP guanosine diphosphate 

GW182 glycine-tryptophan repeat-containing protein of 182 kDa 

GraFix Gradient Fixation 

GST Glutathione-S-transferase 

GTP guanosine triphosphate 

HEPES 2-4-(2-Hydroxyethyl)-1piperazino-1-ethane sulfonic acid 
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H3K9 Histone 3 Lysine 9 

hAgo2 Homo sapiens Argonaute2 

hDicer Homo sapiens Dicer 

H. sapiens (H.s.) Homo sapiens 

HSP heat shock protein 

hTRBP Homo sapiens TAR RNA-binding protein 

IPTG Isopropyl β-D-1-thiogalactopyranosid 

ITC isothermal titration calorimetry 

l Liter 

LB lysogeny broth 

M Molar (mol/l) 

MALS Multi-angle light scattering  

mg Milligram 

ml Milliliter 

mM milli molar 

M. musculus (M.m.) Mus musculus 

miRNA micro-RNA 

mRNA messenger RNA 

miRNP micro-ribonucleoprotein 

miPDC miRNA precursor deposit complex 

MWCO Molecular weight cut off 

N Amino 

NEB New England Biolabs 

N. crassa (N.c.) Neurospora crassa 

ng nano grams 

N-hDicer NHis6-CStrep-humanDicer 

NHis6 /N-h amino-terminal hexahistidine tag 

nm nano meter 

NMR nuclear magnetic resonance 

nt Nucleotide 

OD optical density 

OB Oligonucleotide binding  

OH Hydroxyl 

ORF open reading frame 

PABP poly(A)-binding protein 

PACT protein activator of PKR 

PAGE polyacrylamide gel electrophoresis 

PAZ Piwi-argonaute-Zwille 

PBS phosphate buffered saline 

p bodies processing bodies 

PCR polymerase chain reaction 

PEG Polyethylene glycol 

piRNA piwi-interacting RNA 

PIWI P-element induced wimpy testis 

PMPI N-(p-Maleimidophenyl) isocyanate 

PMSF phenylmethylsulfonylfluoride 

pre-miRNA precursor micro RNA 

pre-mRNA precursor messenger RNA 
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PTGS Posttranscriptional gene silencing 

RBD RNA-binding domain 

RBP RNA-binding protein 

RIG-I retinoic acid-induced gene-I 

RISC RNA induced silencing complex 

RITS RNA-induced initiator of transcriptional gene silencing 

RLC RISC-loading complex 

RMSD root-mean-square deviation 

RNA Ribonucleic acid 

RdRP RNA-directed RNA polymerase 

Rg radius of gyration 

RNAi RNA interference 

RNase ribonuclease 

RNP ribonucleoprotein 

rRNA ribosomal RNA 

SAXS Small angle x-ray scattering 

S. cerevisiae (S.c.) Saccharomyces cerevisiae 

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

SEC size exclusion chromatography  

siRNA small interfering RNA 

SMCC 
Succinimidyl 4-(N maleimidomethyl) cyclohexane-1-

carboxylate 

snoRNA small nucleolar RNA 

ss single-stranded 

TBS Tris buffered saline 

TEMED N,N,N',N'-tetramethylethylenediamine 

TGS Transcriptional gene silencing 

TRBP TAR RNA-binding protein 

Tris Tris-(hydroxymethyl)amino methane 

T. thermophilus Thermus thermophilus 

urea-PAGE Urea polyacrylamide gel electrophoresis 

UTP uridine triphosphate 

USA United States of America 

v/v volume per volume 

w/v weight per volume 

WAGO worm-specific argonaute 

g micro gram 

l micro liter 
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3 Summary 

Gene expression is the prerequisite for protein biosynthesis in all cells. Rapid and fine-tuned 

control of gene expression in response to environmental changes is of great importance. A major 

gene regulation mechanism in eukaryotes is RNA interference (RNAi). RNAi is initiated by the 

generation of small 21-23 nucleotide-containing double stranded RNAs (dsRNAs) within RNA 

induced silencing complexes (RISCs). Originally small RNAs are double stranded, but the two 

strands have to be separated in order to base pair with their target mRNA leading to 

degradation or translational repression. The human RISC-loading complex (RLC) composed of 

Dicer, Ago2 and TRBP2 couples the processing of precursor RNA substrate by Dicer to the 

loading and duplex unwinding of the small RNA product onto Ago2. Within the RLC Dicer and 

Ago2 act as endoribonucleases, whereas the dsRNA-binding protein TRBP2 recruits the Dicer 

complex to Ago2 and is important for loading of the appropriate small RNA duplex into the 

complex and onto Ago2. Structural information of the RLC, subcomplexes as well as the single 

RLC-proteins is rare and the RNA-transfer mechanism within the RLC is poorly understood. 

In order to tackle this problem an expression system for the individual recombinant proteins 

was established. Human Dicer and Ago2 proteins were expressed as N-terminal hexahistidine-

tagged proteins in Sf9 and High Five insect cells, respectively, and human TRBP2 was expressed 

as N-terminal GST-tagged protein in E.coli BL21 (DE3) Star cells. In a subsequent step RLC 

assembly was established and the RLC and its components were structurally analyzed by means 

of macromolecular X-ray crystallography and single-particle electron microscopy. As 

crystallization of such a big and highly flexible complex is challenging, the main structural work 

on the RLC was carried out by single-particle electron microscopy studies. A three dimensional 

structure of the human RLC could be reconstructed at 22.8 Å resolution. The RLC has a C-shaped 

form, with highly flexible regions. The comparison with an earlier reconstruction of the human 

RLC showed that the RNA-bound complex analyzed in this study adopts a far more open 

conformation. To map the RLC components the aim was to calculate reference density maps of 

the subcomplexes and Dicer alone. Due to the high heterogeneity of the subcomplexes and Dicer, 

reliable reconstructions were not possible to date. However, more structural details can be seen 

in the RLC reconstruction of this work. Based on those as well as previous results from other 

groups a model for the RNA-transfer mechanism is discussed.  

The large human Dicer protein contains an N-terminal DExD/H-helicase domain. The 

function of this domain is still obscure. Interestingly, this domain interacts with TRBP2 and the 

endonuclease activity of Dicer is activated upon their interaction. In order to understand this 

interaction in detail, a minimal Dicer-TRBP2-binding domain was defined. This fragment of 

Dicer reduced binding of hTRBP to single stranded RNA, suggesting a role in TRBPs substrate 
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selection. An atomic model of the interaction surface using various complexes could not be 

obtained. 

Human TRBP2 consist of three dsRBDs, which are important for RNA-binding and protein 

interaction as well as homodimerization. The crystal structure of the second dsRNA-binding 

domain (dsRBD2) of human TRBP2 could be solved and refined at 2.28 Å resolution showing a 

common ---- dsRBD fold. The asymmetric unit contains four molecules of the dsRBD2 

which form two different dimerization interfaces. However, SAXS and MALS measurements 

revealed that dsRBD2 exists as a monomer in solution. Thus, these results show that dsRBD2 

seems not to be involved in dimerization and suggests that the loop regions between the dsRBDs 

of human TRBP2 are important for its dimerization. Comparison of the structure with the 

previously solved structure of the dsRBD2 in complex with a short CG-duplex reveals, that the 

domain may undergo structural rearrangements upon RNA-binding. Additionally, the SAXS 

structure of the dsRBD2 uncover that the regions important for RNA-binding are highly flexible, 

hence allowing the binding of various RNA substrates. 
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4 Introduction 

Gene expression leading to protein biosynthesis is a central process in all cells. Hereby the 

genetic information of the DNA is transcribed into RNA and RNA is subsequently translated into 

protein. In contrast to prokaryotes, eukaryotic cells are subdivided into different, membrane-

enclosed compartments. The central compartment, the nucleus, contains the genetic information 

encoded in DNA. It is the location where the first step of the protein biosynthesis, the 

transcription of DNA into messenger RNA precursors (pre-mRNAs), occurs. pre-mRNA contains 

coding (exons) and non-coding regions (introns). Within the nucleus the pre-mRNA is post-

transcriptionally modified and a large ribonucleoprotein machinery, called the spliceosome, 

removes the introns. After additional 5’-and 3’-end processing, the generated mature mRNA is 

exported to the cytoplasm, where the encoded protein sequence in the mRNA is translated by 

the ribosome into a poly-peptide. Hence, in eukaryotes transcription and translation are 

spatially and temporarily separated allowing for various possible regulatory mechanisms during 

every step of protein production. The transcribed DNA can be modified allowing for post-

transcriptional regulation and transcription itself is regulated by various transcription factors. 

The processing of the pre-mRNA into mRNA and the mRNA lifetime (mRNA stability) represent 

other levels of regulation of gene expression. Finally, whether or not a mRNA is translated, is 

regulated by the translation initiation machinery and the mRNA degradation complexes. This 

various and complex gene regulation is necessary, when thinking about the complexity of 

multicellular organisms. One process that is able to regulate eukaryotic gene expression at the 

transcriptional, post-transcriptional and/or translational level is RNA interference (RNAi). 

4.1 RNA interference 

In the early 199Os, a mechanism called gene (or RNA) silencing was described for plants, 

whereby a synthetic gene incorporated into the genome inhibits the expression of the 

homologous sequence transcriptionally (transcriptional gene silencing, TGS) or post 

transcriptionally (posttranscriptional gene silencing, PTGS) (Matzke et al., 1989; Wassenegger et 

al., 1994; Park et al., 1996; Napoli et al., 1990; van der Krol et al., 1990; Smithe et al., 1990; de 

Carvalho et al., 1992; van Blokland et al., 1994). It became clear that RNA plays a key role in gene 

silencing and that the introduction of single stranded RNA into cells can be used to interfere 

with the function of an endogenous gene (Izant & Harold, 1984; Guo & Kemphues, 1995). 

However, the mechanism leading to this gene silencing effect was not understood until Fire et al. 

1998 explained the phenomenon of RNAi on a molecular level. Surprisingly, they found that the 

injection of a long dsRNA into Caenorhabditis elegans led to a 10-fold higher efficient knock 

down of the complementary gene than single stranded sense or antisense RNA alone (Fire et al., 
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1998). During the following years RNAi was described in fruit fly, zebra fish and mammals 

demonstrating that RNAi and related gene silencing pathways are widespread mechanisms to 

regulate gene expression in eukaryotes (Kennerdell & Carthew, 1998; Wargelius et al., 1999; Lie 

et al., 2000; Svoboda et al., 2000; Wianny & Zernicka-Goetz, 2000). RNAi is initiated by the 

generation of small 21-23 nucleotide-containing dsRNAs and leads to repression of translation 

and transcription (Zamore et al., 2000; Bernstein et al., 2001; Saxena et al., 2003; Zeng et al., 

2003; Doench & Sharp, 2004; Mette et al., 2000; Sijen et al., 2001; Volpe et al., 2002). 

Additionally, it was early identified that cells use it to combat viral infections, ensure genome 

stability by keeping mobile elements like transposons silent and to regulate development (Covey 

et al., 1997; Ratcliff et al., 1997; Ketting et al., 1999; Ketting et al., 2001; Tabara et al., 1999; 

Bernstein et al., 2003). RNAi has become a powerful tool to study gene function, because it has 

several advantages to classical gene knockdown. Gene silencing by RNA only requires the 

injection of the appropriate RNA and might allow the knockdown of genes that cannot be 

knocked out by other general methods or that are lethal with classical methods. Moreover, it can 

be used to check gene function in vivo and to knockdown a gene during different developmental 

phases (Lawrence & Pikaard, 2003; Miki et al., 2005; Kurreck, 2009). 

RNAi is mediated by small RNAs. However small RNAs cannot catalyze any reactions by 

themselves, they rather become part of ribo-nucleoprotein (RNP) complexes, which are called 

RNA-induced silencing complexes (RISCs). The core of a RISC is composed of a small RNA 

(miRNA or siRNA) and a member of the Argonaute (Ago) protein family, which is the main 

effector protein of the complex providing a unique platform for target recognition and silencing. 

Additional proteins are known to associate, extend or modify the function of the RISC. Small 

non-coding RNAs that play a role in RNAi are classified based on their structure, biogenesis and 

function. The three biggest classes build the small interfering RNAs (siRNAs), the micro RNAs 

(miRNAs) and the PIWI protein interacting RNAs (piRNAs). RNAs of all classes have a length of 

19-31 nucleotides (nts) and associate with an Ago protein (Rana, 2007; Hutvagner & Simard, 

2008; Carthew & Sontheimer, 2009; Ghildiyal & Zamore, 2009; Kim et al., 2009). Within the 

subsequent paragraphs, the characteristics and biogenesis of the major small RNAs in 

eukaryotes, the siRNAs and the miRNAs, are outlined. 

4.1.1 Small interfering RNAs (siRNAs) 

Small interfering RNAs (siRNAs) are 20- to 25-nt long RNAs, that are the specific 

determinants for endonucleolytic cleavage of RNA targets by a RISC (Zamore et al., 2000; 

Hammond et al., 2000). By mediating transcriptional and posttranscriptional silencing these 

small RNAs have diverse biological roles in eukaryotes, including transposon and transgene 

silencing as well as antiviral and genome defense (Lippman & Martienssen, 2004; Carthew & 

Sontheimer, 2009; Ghildiyal & Zamore, 2009).  
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4.1.1.1 Source of siRNA Precursors 

siRNAs were first discovered during transgene- and virus-induced silencing in plants and 

were later also detected in animals (Waterhouse et al., 1998; Hamilton and Baulcombe, 1999; 

Zamore et al., 2000; Hammond et al., 2000; Elbashir et al., 2001b; Elbashir et al., 2001c). 

Originally, siRNAs have been considered extra genomic in origin and these siRNAs are therefore 

called exogenous siRNAs (exo-siRNAs). Additionally, endogenous siRNAs (endo-siRNAs) were 

identified in yeast, plants and C. elegans. The biogenesis of these siRNAs depend on the activity 

of RNA-dependent RNA polymerase (RdRp), which catalyze the replication of RNA from a RNA 

template (Cogoni & Macino, 2000; Ruby et al., 2006; Pak & Fire, 2007; Vaucheret, 200). In flies or 

mice several endo-siRNA are generated from naturally occurring dsRNAs in an RdRP-

independent manner. These dsRNA precursors include hairpin-dsRNAs, transposons, trans-

natural antisense transcript RNAs (trans-nat-dsRNAs) and cis-natural antisense transcript RNAs 

(cis-nat-dsRNAs) (Ghildiyal et al., 2008; Czech et al., 2008; Chung et al., 2008; Okamura et al., 

2008b, Nilsen, 2008; Golden et al., 2008; Okamura & Lai, 2008).  

4.1.1.2 SiRNA biogenesis  

Although single stranded siRNAs can be directly loaded onto Ago proteins in vitro, general 

siRNA biogenesis is initiated by cleavage of an exogenous or endogenous, linear or hairpin 

structured long dsRNAs into double stranded siRNAs by the RNase III endonuclease Dicer in the 

cytoplasm (see Figure 1; Rivas et al., 2005, Zamore et al., 2000; Bernstein et al., 2001; Billy et al., 

2001). The produced siRNA duplex is around 21-23 nts long, perfectly complementary, carries 

characteristic 5’-phosphate and 3’-hydroxyl groups and has 2-nt overhangs at the 3’-ends 

(Zamore et al., 2001; Elbashir et al., 2001a; Elbashir et al., 2001b). In H. sapiens, a protein named 

Dicer1 catalyzes the cleavage of long dsRNAs into small siRNA duplexes, while its efficiency can 

be influenced by double stranded RNA-binding proteins like TRBP (TAR RNA-binding protein) 

and PACT (protein activator of PKR) (Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 

2006; for more detail see later section 4.2.1.4,4.2.3.2 and Figure 1). Assisted by TRBP the siRNA 

product is loaded onto an Ago protein within the RISC-loading complex (RLC). The relative 

thermodynamic stabilities of the 5’-ends of the two siRNA strand in the produced duplex 

determines the identity of the guide and passenger strand, but the mechanisms of strand 

selection are mostly unclear in humans (Khvorova et al., 2003; Schwarz et al., 2003), for further 

detail see section 4.3.1). General unwinding of the siRNA duplex depends on endonucleolytic 

cleavage of the passenger strand by human Ago2, which is also called slicer due to its 

endonucleolytic activity. During this process, Ago2 nicks the siRNA duplex by cleaving the 

passenger strand phosphodiester bond facing the bond between nucleotides 10 and 11 of the 

guide strand. As a consequence, the thermodynamic stability of the duplex is reduced and it can 

be unwound efficiently. This slicer-dependent unwinding is typical to all siRNA duplexes 
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(Matranga et al., 2005; Rand et al., 2005; Miyoshi et al., 2005; Leuschner et al., 2006). Within a 

RISC the passenger strand is released and the guide strand directs the RISC to its perfectly 

complementary target mRNA for the initiation of the actual silencing effect (see Figure 1 and 

following sections 4.1.1.3, 4.1.1.4). 

 

 

Figure 1: Origin and maturation of exo-and endo-siRNAs.  
Detailed description of the depicted processes can be found in section 4.1.1. The figure was prepared 
according to Jinek & Doudna, 2009 and Röther & Meister, 2011.  
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4.1.1.3 Posttranscriptional silencing by siRNAs 

During the canonical RNAi pathway, the siRNA guide strand directs the RISC to its perfectly 

complementary target mRNA, which in turn is then silenced by cleavage and degraded by 

further recruitment of the RNA degradation machinery (see Figure 1). The 5’-end of the guide 

strand sets the ruler for target-RNA cleavage, because cleavage occurs between nucleotide 10 

and 11 upstream of the 5’-end and products with 5’-monophosphate and 3’-hydroxyl termini are 

produced (Tomari & Zamore, 2005). The products are attacked by cellular exonucleases to 

complete the degradation (Orban & Izaurralde, 2005). Additionally, the products with 3’-

hydroxyl termini can be substrates for oligouridylation, which can also promote their 

exonucleolytic degradation (Shen & Goodman, 2004). After cleavage the target dissociates from 

the siRNA, freeing the RISC to cleave additional targets (see RISC recycling in Figure 1). If 

endonucleolytic cleavage of the RNA target cannot occur, like in cases where the cleavage is 

suppressed by mismatches near the center of the siRNA/target duplex or when the siRNA is 

loaded into a Ago protein that lack endonucleolytic cleavage activity, these RISCs can still silence 

at the posttranscriptional level. In such cases, translational repression or exonucleolytic 

degradation similar to miRNA silencing occurs (for more detail see later section 4.1.2.3 and 

4.2.2.2).  

In general, the described effector steps primarily occur in the cytoplasm, but siRNA-binding 

can also induce the localization of Ago proteins/effector RISCs to subcellular loci called P-bodies 

(processing-bodies) in mammals, which were identified to be involved in storage and 

degradation of translationally repressed mRNAs (Liu et al., 2005; Eulalio et al., 2007). Although 

P-body localization is not required for effective RNAi silencing, this compartmentalization may 

increase silencing efficiency, as the P-bodies are components enriched in mRNA degradation 

factors (Chu & Rana, 2006). Additionally, siRNA-binding to RISCs can induce their nuclear 

translocation (Ohrt et al., 2008; Guang et al., 2008). Finally, the recently discovered endo-siRNAs 

can also repress the expression of targeted genes at posttranscriptional levels by inducing 

mRNA degradation and/or translational suppression as described above (Vaucheret, 2006; 

Martienssen et al., 2005; Yigit et al., 2006).  

4.1.1.4 Transcriptional gene silencing by siRNAs 

Although RNAi is mainly a posttranscriptional mechanism, components of the RNAi 

machinery can also be involved in nuclear processes, leading to heterochromatin formation and 

thus direct TGS. These processes are known as RNA-induced initiation of transcriptional gene 

silencing (RITS) or nuclear RNAi. The mechanism of RNA-induced heterochromatin formation is 

a natural epigenetic gene regulation mechanism that plays a role in defense against foreign DNA 

like retro elements or transposons (Lippman & Martienssen, 2004; Verdel et al., 2009; Lejeune 

et al., 2011; Fagegaltier et al., 2009). Additionally, genes involved in cell development or 
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chromosome segregation during cell division seem to be regulated by nuclear RNAi. The RNA-

mediated heterochromatin formation is best understood in Schizosaccharomyces pombe (see 

reviews by: Wasseregger, 2005; Creamer & Partridge, 2011; Goto & Nakayama, 2011; Reyes-

Turcu & Grewal, 2012). This phenomena of has also been discovered in human cells were Ago1 

and sequence-specific siRNAs were demonstrated to be essential components of a RITS during 

RNA polymerase II (Pol-II) dependent siRNA (Kim et al., 2006; Morris et al., 2004). More 

evidence for nuclear RNAi is given by the fact, that human Ago1 and Ago2 proteins can be found 

in the nucleus (Robb et al., 2005). Additionally, continuous suppression of simian 

immunodeficiency virus (SIV) and human immunodeficiency virus type-1 (HIV-1) infections 

could be shown by siRNA-mediated TGS (Lim et al., 2008; Suzuki et al., 2008). These processes 

are associated with histone and chromatin modifications, however, the molecular mechanisms 

underlying the processes of TGS in mammals are still being defined.  

4.1.2 Micro RNAs (miRNAs) 

Besides, endo-siRNAs and exo-siRNAs, an additional class of small RNAs involved in RNAi, 

the miRNAs, were discovered. miRNAs are short 20- to 25-nt containing endogenous single 

stranded RNAs, which are generated from double stranded precursors of eukaryotic nuclear 

DNA (for more detail see section 4.1.2.1). They interact with members of the Ago protein family 

to form the so-called miRNA-induced silencing complex (miRISC), usually resulting in gene 

silencing via translational repression or mRNA degradation (Bartel, 2009). The first described 

miRNA, lin-4, had been discovered in C. elegans as endogenous regulator of genes that control 

larval developmental timing (Lee et al., 1993). About 7 years later the second miRNA, let-7 was 

discovered. This miRNA also regulates developmental timing in C. elegans (Reinhart et al., 2000). 

Within the following years thousands of miRNAs have been discovered in diverse organisms like 

plants and mammals as well as viruses. Now it is known that miRNAs are ubiquitously found, 

regulating elements within the mammalian genome. More than 1000 human miRNAs have been 

identified so far, whereby each miRNA can regulate several hundred mRNA targets. The fact that 

more than 50% of the human transcriptome are subject to miRNA regulation underlines the 

fundamental role of small RNAs in human gene regulation mechanisms and as core regulators in 

development and cellular functions (Bentwich et al., 2005; Lewis et al., 2005; Friedman et al., 

2009; Kloosterman & Plasterk, 2006; Bartel, 2009; Carthew & Sontheimer, 2009). Furthermore 

miRNAs have been found to be involved in a wide spectrum of human diseases including cancer 

as well as cardiovascular and autoimmune inflammatory conditions (Erson & Petty, 2009; Melo 

et al., 2009; Kloosterman & Plasterk, 2006, Kwak et al., 2010).  
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4.1.2.1 Canonical miRNA biogenesis  

The canonical and best-studied pathway for miRNA biogenesis is conserved among 

vertebrates and invertebrates and is illustrated in Figure 2 (review: Kim et al., 2009; Winter et 

al., 2009). miRNAs generated by the canonical biogenesis pathway are directly transcribed in the 

nucleus from intergenic, intronic or polycistronic genomic loci by RNA Polymerase-II into long, 

often polycistronic, pri-miRNA (primary miRNA) transcripts (Lee et al., 2002; Lee et al.,  2004). 

Additionally, some miRNAs can be transcribed by RNA Polymerase III (Borchert et al., 2006). 

pri-miRNAs can form a highly complex structure containing several stem loops in a row. 

Furthermore, these long transcripts (up to several kilobases) largely resemble protein-coding 

genes being posttranscriptionally capped and polyadenylated. Interestingly, pri-miRNAs often 

contain introns (Cai et al., 2004; Rodriguez et al., 2004).  

The first step of miRNA maturation is an endonucleolytic cleavage at the stem of the hairpin 

structure of the pri-miRNA by the RNase III type endoribonuclease Drosha (Lee et al., 2003). It 

was shown that in Homo sapiens and Drosophila melanogaster Drosha requires the double 

stranded RNA-binding domain (dsRBD)-containing cofactor DGCR8 (DiGeorge syndrome critical 

region gene 8), for efficient and precise processing (Denli et al., 2004; Gregory et al., 2004; Han 

et al., 2004; Yeom et al., 2006). The complex of Drosha and DGCR8 is also described as 

microprocessor complex. DGCR8 directly interacts with the pri-miRNA and functions as a 

molecular ruler to determine the precise cleavage site for Drosha that cleaves the 5’- and 3’-

arms 11 base pairs away from the single stranded RNA/double stranded RNA junction at the 

basis of the hairpin stem. By this cleavage, the microprocessor complex generates a long hairpin-

structured precursor miRNA (pre-miRNA) containing 60-100 nucleotides with a 2-nt 3’-

overhang (Han et al., 2006; Han et al., 2004).  

All dsRNAs with a stem loop longer than 14 bp and 3’-overhangs or blunt ends are 

recognized by the nuclear export factor Exportin 5 (Exp5) for Ran-GTP dependent transfer to 

the cytoplasm (Yi et al., 2003; Bohnsack et al., 2004, Lund et al., 2004, Zeng et al., 2004). In the 

cytoplasm the pre-miRNA is released upon GTP hydrolysis and further processed by Dicer. 

Human Dicer cleaves pre-miRNAs near the terminal loop, releasing an about 22-nt miRNA 

duplex composed of two strands which are not necessarily perfectly complimentary to each 

other, but rather include unpaired regions called bulges (Bernstein et al., 2001, Hutvagener 

2001, Ketting et al., 2001; Grishok et al., 2001; Knight & Bass, 2001; Zhang et al., 2004). Like 

Drosha, Dicer associates with dsRNA-binding proteins (dsRBPs). In humans, Dicers interaction 

partners are the two closely related proteins, TRBP and PACT. These dsRBPs are not required 

for correct processing activity, but were shown to have processing activation (TRBP) and 

repression functions (PACT) (Haase et al., 2005; Chakravarthy et al., 2010; Melo et al., 2009; Lee 

et al., 2006). After cleavage by Dicer the short miRNA duplex, with a 2-nt overhang on both 3’-

ends, is loaded onto an Ago protein to generate the effector complex (see sections 4.1.2.3 and 
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4.3.1). It was shown that hTRBP2 recruits the Dicer complex to an Ago protein for the formation 

of a RISC in humans. Thus, hTRBP2 seems to be important for dicer processing and Ago2 loading 

in humans (Chendrimada et al., 2005; Liu et al., 2007). Furthermore loading of miRNA duplexes 

into Ago proteins is assisted by the Hsc70-Hsp90 chaperone machinery (Iwasaki et al., 2010; 

Maniataki & Mourelatos, 2005; Yoda et al., 2010). After association with Ago, one strand of the 

miRNA duplex (the guide strand or miRNA) remains bound to the protein, while the other strand 

(passenger strand or miRNA*) is released or degraded. A miRNA is asymmetric and the strand 

with a thermodynamically less stable 5’-end becomes the miRNA guide, while the passenger 

strand is released or degraded (Khvorova et al., 2003; Schwarz et al., 2003). More recent 

findings identified mismatches present in the seed (guide position 2-8) or 3’-mid (guide 

positions 12-16) of the miRNA duplexes as factors that facilitate unwinding (Kawamata et al., 

2009; Matranga et al., 2005; Yoda et al., 2010). Furthermore, the N-terminal domain of Ago 

proteins itself was shown to drive duplex unwinding (Kwak & Tomari, 2012; for more detail see 

section 4.2.2.1). Subsequently, the guide strand of the miRNA guides the Argonaute/RISC 

(miRISC) to its complementary mRNA target for translational repression or degradation of the 

targeted mRNA (Djuranovic et al., 2011; Hutvagner et al., 2001; Martinez et al., 2002; Mourelatos 

et al., 2002; Siomi & Siomi, 2009). The miRISC is also called major RISC, when containing the 

single stranded miRNA guide. The core of this miRISC contains the single stranded miRNA guide, 

an Ago protein and a glycine-tryptophan repeat-containing protein of 182 kDa (GW182) (Lian et 

al., 2009; Eulalio et al., 2009).  

4.1.2.2 Alternative miRNA biogenesis pathways 

Apart from the canonical miRNA biogenesis pathway (described above) several alternative 

pathways have been discovered, where one or the other processing step can be circumvented. 

Some miRNAs are produced, independent of the Drosha dependent processing pathway, directly 

from pre-miRNA-resembling introns, which have been termed mitrons. Within this pathway pre-

miRNAs are directly generated by the spliceosome from very short hairpin structured introns of 

mRNA coding genes. The splicing products are nonlinear intermediates that must be debranched 

by the lariat debranching enzymes and/or trimmed by exonucleases to generate a proper pre-

miRNA (see Figure 2; Okamura et al., 2007; Ruby et al., 2007; Berezikov et al., 2007; Flynt et al., 

2010). These pre-miRNAs can then enter the canonical biogenesis pathway as Exp-5 cargo and 

subsequent Dicer substrates (see Figure 2). In addition to mitrons, a few transfer RNA (tRNA) 

and small nucleolar RNA (snoRNA) derived fragments with miRNA-like functions have been 

shown to be loaded onto the RISC independently of the microprocessor complex (Ender et al., 

2008; Brameier et al., 2011; Saraiya et al., 2008; Bogerd et al., 2010; Haussecker et al., 2010). 

Generally, the derived precursors enter the miRNA biogenesis pathways as Dicer substrates 

(Yang & Lai, 2010; Yang & Lai, 2011). Recently, a Dicer-independent non-canonical pathway for 
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the generation of miRNAs was uncovered. In 2007, Diederichs and Haber found that a subset of 

pre-miRNAs can be cleaved by Ago2 (see Figure 2). Mir-451 homologs from human, mouse and 

zebrafish are maturated in a Drosha-DGCR8 dependent, but Dicer-independent manner. After 

cleavage of the pri-mir-451 by the Drosha-DGCR8 complex and export to the cytoplasm the pre-

mir-451 was directly loaded onto Ago proteins (Diederichs and Haber, 2007; Tan et al., 2009; 

Cheloufi et al., 2010; Cifuentes et al., 2010; Yang & Lai 2010; Yang & Lai, 2011). 

 

 

Figure 2: Canonical and alternative miRNA pathways.  

Detailed descriptions of the depicted processes can be found in section 4.1.2. The figure was prepared 

according to Jinek & Doudna, 2009 and Röther & Meister, 2011. 

4.1.2.3 RNA target recognition and miRNA function 

miRNAs within a miRISC recognize their targets by Watson-Crick base pairing. Like siRNAs, 

miRNAs can induce mRNA target endonucleolytic cleavage when the miRNA sequence is fully 

complementary to an mRNA target, but miRNAs rarely do so (see section 4.1.1.3; Hutvagner & 

Zamore 2002; Yekta et al., 2004; Zeng et al., 2003). The vast majority of animal miRNAs 

recognize partially complementary binding sites, which are generally located within the 3’-UTR 

of the mRNA targets. Perfect complementary base pairing between nts 2-7 counting from the 5’-

end of the miRNA (the ‘seed’ region) and the target site seem to be necessary and sufficient to 

trigger silencing (Bartel, 2009; Rigoutsos, 2009; Doench & Sharp, 2004). However, there are 

many exceptions where effective silencing could be shown without perfect seed base pairing and 
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instead perfect pairing at the 3’-end, the middle region, or different regions of the miRNA with 

the target RNA (Rigoutsos, 2009; Reinhart et al., 2000; Tay et al., 2008). Additionally, one 3’-UTR 

often contains multiple miRNA recognition sites and when situated in an optimal distance to 

each other increase silencing efficiency (Grimson et al., 2007; Doench & Sharp, 2004). Moreover, 

a single miRNA can silence hundreds of targets, spreading silencing, however its regulation is 

not understood. It seems that other factors than base pairing like protein-protein interactions, 

also contribute to functional target interaction. 

After target recognition the mechanisms of how miRNAs silence their mRNA targets are still 

under debate, but various experimental models suggest multiple mechanisms including target 

mRNA degradation, translational repression and activation of gene expression (Fabian et al., 

2012; Fabian et al., 2010; Chekulaeva & Filipowicz, 2009; Petersen et al., 2006; Filipowicz et al., 

2008; Pillai et al., 2007). Recently, mass spectrometry and transcriptome analysis revealed that 

mammalian miRNAs predominantly regulate gene expression by inducing degradation of the 

target mRNAs (Selbach et al., 2008; Baek et al., 2008; Hendrickson et al., 2009; Guo et al., 2010). 

Ago proteins were shown to interact with the integral P-body protein GW182 to localize to P-

bodies and this interaction was shown to be crucial for Ago proteins functioning in translational 

repression and degradation (Lian et al., 2009; Eulalio et al., 2009). 

Degradation of the mRNA is induced by a miRNA causes recruitment of the CCR4- NOT or the 

PAN2-PAN3 deadenylation complexes by the miRISC components (Chen et al., 2009; Behm-

Ansmant et al., 2006; Fabian et al., 2009; Piao et al., 2010). In this process the GW182 protein 

within the miRISC serve as a docking platform for both deadenylase complexes and these 

interactions drive GW182-assisted deadenylation (Fabian et al., 2009; Chekulaeva et al., 2011; 

Fabian et al., 2011; Braun et al., 2011). The subsequent removal of the poly (A) tail makes the 

mRNA accessible for cellular exonucleases that degrade the mRNA (Behm-Ansmant et al., 2006; 

Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011; Giraldez et al., 2006; Wu & 

Belasco, 2008). Some miRNAs only induce a reduction of protein levels instead of mRNA levels, 

and therefore lead to translational repression. The actual mechanism underlying this 

phenomenon is not known, but the protein production was found to be repressed by inhibition 

of translational initiation and elongation as well as direct proteolysis of the peptide synthesized 

from the target mRNA or CCR4-NOT dependent deadenylation (Carthew & Sontheimer, 2009; 

Wu & Belasco, 2008; Eulalio et al., 2008; Filipowicz et al., 2008). Finally, some miRNAs have 

been found to stimulate the translation of the mRNA target (Orom et al., 2008; Vasudevan et al., 

2007; Mortensen et al., 2011). 
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4.2 Proteins involved in RNAi 

In the sections above, the origin, maturation and effects of siRNAs and miRNAs were 

described. As indicated there, several proteins and complexes mediate small RNA function. In 

the following sections proteins involved in the RISC-loading processes are described.  

4.2.1 Dicer proteins 

Dicer proteins are specialized RNase III enzymes that cleave long dsRNA and pre-miRNA into 

21- to 27-nt long RNAs (Bernstein et al., 2001; see also Figure 1 and Figure 2). Additionally, 

Dicer helps to load these RNA products into RISCs (Maniataki et al., 2005; Gregory 2005; Pham 

2004; Tomari et al., 2004). Dicer proteins are evolutionary highly conserved and occur in nearly 

all eukaryotes with the remarkable exception of the baker’s yeast Saccharomyces cerevisiae. 

Mammalian Dicer functions can be linked to a wide range of developmental processes including 

early development centromeric silencing, in embryonic stem cells, oocyte maturation, stem cell 

proliferation and differentiation of various tissues (Bernstein et al., 2003; Kanellopoulou et al., 

2005; Murchison et al., 2007; Tang et al., 2007; Murchison et al., 2005; Cuellar et al., 2008; 

Koralov et al., 2008; Zehir et al., 2010). Initially RNAi was discovered as a cytoplasmic process 

and therefore the idea that Dicer is present solely in the cytoplasm has prevailed (Billy et al., 

2001; Provost et al., 2002; Lee et al., 2006; Daniels et al., 2009). More recent findings link Dicer 

to heterochromatin formation and transcriptional regulation of an intergenic region and the 

human Dicer association with ribosomal DNA chromatin on the mitotic chromosomes made 

clear that Dicer can also localize and function in the nucleus (Fukagawa et al., 2004; Haussecker 

et al., 2005; Giles et al., 2009; Sinkkonen et al., 2010). Apart from its role in RNAi pathways, Dicer 

was also shown to be involved in DNA-damage response processes (Francia et al., 2012; Tang et 

al., 2012). 

4.2.1.1 Human Dicer  

Human Dicer is a 219 kDa multidomain protein. Its catalytic core is composed of a RNaseIIIa 

and RNaseIIIb heterodimer. On top to these RNase III domains, human Dicer possesses a C-

terminal dsRNA-binding domain (dsRBD) and a large N-terminal extension including a DExH-

box helicase/ATPase domain, a domain of unknown function (DUF238) and a PIWI-Argonaute-

Zwille (PAZ) domain (Figure 3). Recently, a three-dimensional EM reconstruction of human 

Dicer was published, revealing an L-shaped structure of the protein (see Figure 3; Lau et al., 

2009; Wang et al., 2009b). The main investigations how Dicer may achieve dsRNA recognition, 

dsRNA cleavage and product repositioning are described within the following sections. 
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Figure 3: Domain organization of Dicer proteins, crystal structure of G. intestinales Dicer and EM-
structure of H. sapiens Dicer-TRBP2 complex.  
A: Domain organization of H. sapiens (H.s.) Dicer and G. intestinales (G.i.) Dicer and crystal structure of G. 
intestinales Dicer. H. sapiens Dicer (1922 aa, 219 kDa) consists of a RIG-I like DExD/H-box helicase 
domain, the DUF 283 domain, a PAZ domain, the RNaseIIIa and RNaseIIIb domains and a C-terminal 
dsRBD. In comparison, the G. intestinales Dicer (754 aa, 82 kDa) solely consists of a platform domain, a 
PAZ domain, a long linker helix and the RNaseIIIa and RNaseIIIb domains. B: A cartoon representation of 
the crystal structure of G. intestinales Dicer is shown. The color code is as in the domain organization 
(modified from MacRae et al., 2006). C: Three-dimensional reconstruction of human Dicer-TRBP2 
complex is shown in different orientations. The atomic models of human RIG-I like helicase domain 
(purple, PDB-ID: 4AP2) and G. intestinales Dicer (domains colored as indicated in the figure, PDB-ID: 
2QVW) are docked into the structure in an orientation that the RNase III heterodimer is located in the 
head, the PAZ domain in the platform and the helicase domain in the base (modified from Lau et al., 2009).  
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4.2.1.2 Generation of precise siRNA and miRNA products by Dicer 

The RNaseIIIa and RNaseIIIb domains of Dicer were shown to be the catalytic core for siRNA 

and miRNA duplex generation. For miRNA (and siRNA) biogenesis the precise selection of the 

cleavage site by Dicer is critical, because alterations in the cleavage site can change the 

abundance and/or targeting specificity of the miRNA (or siRNA). In 2006, the crystal structure of 

a minimal Dicer protein from the unicellular eukaryote Giardia intestinales elucidated the 

putative structural requirements for the generation of a small RNA with a defined length 

(MacRae et al., 2006). While G. intestinales Dicer lacks the DEXD/H box-helicase domain, the DUF 

and the dsRBD, the PAZ domain that is connected with the tandem RNase III domains via a 

connector-platform domain could be crystalized (Figure 3). The PAZ domain adopts an OB-fold 

and specifically recognizes the 2-nt overhangs of the RNA substrate, whereas the intramolecular 

RNase III dimer cleaves the RNA in an Mg2+-dependent manner, generating a specific 5’-

phosphate and 2-nt 3’-overhang. The unique spatial arrangement of the PAZ domain relative to 

the tandem RNase domains mediated by a long alpha-helical linker (connector helix) defines the 

specific product size. The surface of the platform creates a large positively charged region 

guiding the negative charged dsRNA substrate. The distance between the 3’-overhang binding 

pocket within the PAZ domain and the active center within the RNase III heterodimer is 65 Å, 

which correspond to a 25-nt dsRNA length. G. intestinales Dicer measures a fixed distance from 

the 3’-end of the terminus, a procedure known as the 3’-counting model generating a dsRNA of 

24- to 26-nts in length. It was thought that Dicer proteins from higher eukaryotes use a similar 

mechanism to generate RNA products with a defined length. However, the connector helix, 

which acts as a molecular ruler, is not conserved in these species (MacRae et al., 2006; MacRae et 

al., 2007). In 2011, Park et al. showed that the PAZ domain of human Dicer anchors the 3’-and 

the 5’-termini of the substrate RNA to determine the product size of cleavage (Park et al., 2011). 

They identified a new basic motif within the PAZ domain critical for specific recognition of the 

5’-phosphorylated end of a dsRNA substrate and could show that human Dicer determines the 

cleavage site mainly by the distance from the 5’-end. This procedure is known as 5’-counting 

rule and seems to be conserved for D. melanogaster Dicer1 (Park et al., 2011), which in complex 

with the co-factor Loqs-PB processes pre-miRNAs (Jiang et al., 2005; Saito et al., 2005; 

Forstemann et al., 2005). Interestingly, in D. melanogaster Dicer2 that acts in complex with R2D2 

to generate siRNAs, the residues specific for 5’-binding are missing. Thus, the 5’-binding motif is 

only conserved in Dicers with pre-miRNA processing activity, demonstrating that the 5’-

counting mechanism seems to be very important for efficient and accurate miRNA maturation 

(Park et al., 2011).  

The two RNase domains (RNaseIIIa and RNaseIIIb) form the catalytically active center of 

Dicer for small RNA production by heterodimerization. The formed heterodimer exhibits a 

structural similarity compared to the homodimer formed by bacterial RNaseIII domains (Zhang 
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et al., 2004). Within this active center, two Mg2+-ions are coordinated by four conserved residues 

of each domain. Therefore it is thought that Dicer cleaves dsRNAs in a metal-dependent manner 

(Takeshita et al., 2007). To date, no crystal structure of a Dicer-RNA complex confirming this 

hypothesis could be solved, but mutation of the conserved Mg2+ -ion binding residues, abolished 

RNA-substrate cleavage (MacRae et al., 2007). An additional argument for the Mg2+-dependent 

cleavage reaction is the fact, that the distance between the bound Mg2+-ions at the inner surface 

of the catalytic cleft averages 17.5 Å, fitting the width of the major groove of an RNA double helix 

(Review: Jinek et al., 2009). 

4.2.1.3 Involvement of additional Dicer domains in RNA processing 

Although the minimal G. intestinales Dicer is capable of dsRNA processing (dicing) and can 

compensate the lack of functional Dicer in S. pombe (MacRae et al., 2006), most eukaryotes Dicer 

proteins contain additional domains including an N-terminal DExD/D-box helicase domain, a 

DUF238and a C-terminal dsRBD. These domains are important for recruiting specific RNA 

substrates and dsRBPs as shown in the following.  

The large N-terminal helicase domain of Dicer belongs to the retinoic acid-induced gene-I 

(RIG-I-like) family within superfamily 2 (SF2) of RNA helicases (Fairman-Williams et al., 2010). 

This domain is composed of three predicted domains: HEL1, HEL2i and HEL2 (Zou et al., 2009). 

The structures of human, mouse and duck RIG-I with and without bound dsRNA could be solved 

recently giving new insight into the mechanism of RIG-I activation (Review: Kolakofsky et al., 

2012). An actual helicase activity of Dicer could not been shown to date, but several intriguing 

properties of this domain have been discovered while their roles in small RNA processing seem 

to differ from organism to organism (Lee et al., 2004; Welker et al., 2010; Welker et al., 2011; 

Cenik et al., 2011; Tsutsumi et al., 2011). The helicase domain of human Dicer acts as an 

autoinhibitory module. Kinetic analysis revealed that wild type human Dicer processes hairpin 

RNAs substrates (pre-miRNAs) faster than long dsRNAs substrates (pre-siRNAs) in vitro (Ma et 

al., 2008; Chakravarthy et al., 2010). Deletion or mutations of the helicase domain enhances the 

processing activity of Dicer for pre-siRNA substrates and does not affect pre-miRNA substrate 

cleavage in vitro (Ma et al., 2008; Chakravarthy et al., 2010). It was also shown that the helicase 

domain inhibits catalysis and does not affect RNA-binding affinity (Ma et al., 2008). Mutations in 

the helicase domain also lead to changes in dsRNA-processing in vivo (Soifer et al., 2008). 

Additionally, the presence of the DExD/H box helicase domain correlates with a requirement for 

ATP by invertebrate Dicers, however mammalian Dicer processes ATP-independent (Provost et 

al., 2002; Zhang et al., 2002). 

Little is known about the dsRBD of human Dicer. Deletion of the C-terminal dsRBD leads to a 

1.9- to 4-fold lower activity compared to wild-type enzyme (Zhang, et al., 2004). Additional 

dissection of Dicer confirmed the role of the dsRBD for RNA-binding and identified long dsRNAs 
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substrates as binding partners, but hairpin pre-miRNAs as well as RNA products cannot be 

bound by this domain alone (Ma et al., 2012). The C-terminal portion of Dicer1 from S. pombe 

includes a dsRBD and a short motif called C33 had been subject of NMR analysis. The structure 

reveals a typical dsRBD fold with a novel zinc-binding motif, which is formed by residues of the 

dsRBD and the C33 region. A proper zinc coordination of this zinc-binding domain is required 

for nuclear localization of S. pombe Dicer1 and RNAi-mediated heterochromatin assembly. 

Although this domain has a high dsRNA affinity, the RNA-binding is dispensable for 

nucleocytoplasmic trafficking. It is thought that this new class of dsRBDs functions in 

nucleocytoplasmic trafficking rather than substrate binding. Interestingly, this novel zinc-

binding motif is conserved in pathogenic yeast Dicers and could be a new antifungal target 

(Barraud et al., 2011).  

Initially the domain of unknown function 238 (DUF238) following the N-terminal 

ATPase/helicase domain of human Dicer1 was predicted to adopt a dsRBD-fold. Biochemical 

data suggested that this domain might be critical for RNA processing, because mutants lacking 

this domain lost pre-miRNA processing activity for H. sapiens or D. melanogaster Dicer1 (Lee et 

al., 2006; Ye et al., 2007). Controversially, a similar DUF238 domain deletion construct of human 

Dicer shows little impact on pre-siRNA or pre-miRNA cleavage activity (Ma et al., 2008). In 

agreement with that, the structure of the DUF238 of A. thaliana Dicer4 uncovered a novel RNA-

binding domain, which is required for protein-protein interactions rather than RNA-binding 

properties. At least the A. thaliana DUF283 domain seems to play a significant role for protein 

partner selection during RNA processing (Qin et al., 2010), while the role of other DUF238 has 

been uncovered. 

4.2.1.4 Interaction of human Dicer with other RNAi proteins 

Dicer proteins are not only RNA-processing enzymes generating miRNAs and siRNAs, but 

they also transport dsRNAs and load their dsRNA-products into RISCs and thereby interacting 

with different proteins (see 4.3). Recently, it could be demonstrated that Ago2, PACT and TRBP2 

are required of efficient Dicer functioning in human cells (Koscianska et al., 2011). During RNA-

processing, human Dicer was found to interact with human TRBP and PACT, which both 

influence its processing activity (Lee et al., 2006). The TRBP2 binding site in Dicer is located 

between the ATPase and helicase domains and comprises amino acids 267-431 (Daniels et al., 

2009). The Medipal-domain of TRBP2 (aa 228-366) was identified to be responsible for Merlin, 

Dicer and PACT binding (see also following section 4.2.3.2; Laraki et al., 2007). Residues 287-

366 of TRBP2 were mapped to be sufficient for interaction with PACT and amino acids 298-366 

of TRBP2 are needed for Dicer binding (Laraki et al., 2007; Daniels et al., 2009). Dicer is able to 

form a heterodimer with TRBP or PACT or a heterotrimeric complex with both proteins. An 

initial complex formation/interaction between Dicer and Ago (eIF2C) could be shown using 
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immunoprecipitations in mammals (Doi et al., 2003). For some time it was believed that these 

PAZ domain containing proteins interact through these domains, till Tahbaz et al. could 

demonstrate that a fragment of Dicer solely containing the RNaseIIIa, RNaseIIIb heterodimer 

and the dsRBD is capable to bind to the PIWI lobe of Ago. The Ago-binding site is conserved 

within vertebrate Dicers and their interaction seems to facilitate the RNA-transfer from Dicer to 

Ago (Sasaki & Shimizu, 2007; Tahbaz et al., 2004). 

4.2.2 Argonaute proteins 

The Argonaute (Ago) proteins have been named after an AGO-knockout in A. thaliana, the 

leave morphology of which is reminiscent of the pelagic octopus Argonauta argo (Bohmert et al., 

1998). Ago proteins are the direct binding partners of small regulatory RNAs and have been 

implicated as the catalytic core of the RNAi effector complex. It has been shown that a minimal 

human RISC comprises an Ago protein with a small RNA (Rivas et al., 2005). In the RISCs, the 

function of the small RNA is the recruitment of the RISC to the target mRNA and the Ago proteins 

recruit additional protein factors to determine the fate of the target mRNA (Pillai et al., 2004; 

Chekulaeva et al., 2009). Within the following paragraphs the structure and function of Ago 

proteins is outlined. 

4.2.2.1 The Argonaute protein family 

The Ago protein family is evolutionary highly conserved (Carmell et al., 2002) and Ago 

proteins have been identified in all kingdoms of live, ranging from archaea (Archeoglobus 

fulgidus, Pyrococcus furiosus), bacteria (Aquifex aeolicus) to eukaryotes (from A. thaliana to H. 

sapiens) (Carmell, et al., 2002; Hutvagner, 2008). However, the number of encoded Ago genes 

differs between species ranging from one in S. pombe, two in N. crassa, five in D. melanogaster, 

eight in H. sapiens (Sasaki et al., 2003) and M. musculus, ten in A. thaliana to twenty-seven in C. 

elegans (Tolia & Joshua-Tor, 2007). The Ago proteins are classified into three analogous groups: 

Argonaute-like proteins, PIWI (P-element induced wimpy testis)-like proteins and the C. 

elegans-specific group 3 Argonautes, which are also called WAGOs (worm-specific Argonautes) 

(Yigit et al., 2006). The classification is based on sequence homologies to Ago1 from A. thaliana 

and PIWI from D. melanogaster (Carmell et al., 2002). The representatives of the WAGO clade 

contain no catalytically amino acid triade, which is responsible for the endonuclease activity. 

This consequent functional changes of the protein, led to a new family subclass (Yigit et al., 

2006). 

4.2.2.2 Human Argonaute proteins 

The eight Ago proteins encoded in the human genome can be divided into four Ago-like 

proteins named Ago1, Ago2, Ago3 and Ago4 and four PIWI-like proteins named HIWI, HILI, 
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HIWI3 and HIWI2 (Sasaki et al., 2003). PIWI protein expression is mainly restricted to male 

germ cells and is important for germline stability and repression of mobile DNA elements (called 

transposons). In contrast, the four human Ago proteins are ubiquitously expressed and each Ago 

protein binds to different types of RNA with varying affinities resulting in the formation of 

various distinct RISCs. All four human Ago proteins typically associate with miRNAs mediating 

translational repression of target mRNAs in a similar manner without endonucleolytic cleavage 

(Pillai et al., 2004; Wu et al., 2008). All four human Ago proteins bind to a similar repertoire of 

miRNAs, which are enriched in 5’-uridines and have similar structural preferences like 

mismatches at guide positions 9-11 (Hu et al., 2009; Seitz et al., 2011; Yoda et al., 2010; Frank et 

al., 2010). Additionally, Ago2 binds siRNA duplexes and is able to cleave the passenger strand 

and assembles the guide strand into RISCs (Leuschner et al., 2006; Matranga et al., 2005; 

Miyoshi et al., 2005; Rand et al., 2005). siRNA directed Ago2 proteins also cleave the 

phosphodiester bond of a perfect complementary target RNA. The endonucleolytic cleavage by 

Ago2 is also called slicing and therefore Ago2 is also called slicer (Höck & Meister, 2008).  

Human Agos are highly basic proteins having sizes of around 100 kDa and consist of four 

conserved domains: an N-terminal domain, a PIWI-Argonaute Zwille (PAZ) domain for 3’-RNA-

binding, a MID domain for 5’-RNA-binding and an RNase H like PIWI domain harboring the 

catalytic core that is responsible for cleavage of target RNA or the passenger strand during slicer 

dependent unwinding (see Figure 4 C, Song et al., 2004; Ma et al., 2005; Wang et al., 2008; Frank 

et al., 2010; Frank et al., 2011; Frank et al., 2012; Boland et al., 2010; Parker et al., 2005; Ma et 

al., 2004). The PAZ domain has an OB-fold that contains a hydrophobic cavity and is capable of 

anchoring the 3’-end terminal two nucleotides of the guide strand of a small RNA (Ma et al., 

2004; Wang et al., 2008). The MID domain resembles a Rossmann-fold and interacts with the 5’-

end of the associated guide RNA (Ma et al., 2005; Parker et al., 2005). The crystal structure of the 

MID domain of human Ago2 in complex with different nucleotide mimics revealed a nucleotide 

preference (U>A>>G  C) at the 5’-end of a guide RNA (Frank et al., 2010). The N-terminus of 

Ago proteins drives duplex unwinding during RISC assembly (Kwak, et al., 2012). 

4.2.2.3 Structure of Argonaute proteins  

Several crystal structures of isolated domains of eukaryotic Argonautes and structures of full 

length archaeal and bacterial Argonautes formed the basis of structural understanding of the 

Ago family until recently the crystal structure of full length human Ago2 could be solved. In 

contrast to eukaryotic Ago proteins, prokaryotic Agos use DNA as guides to silence genes (Ma et 

al., 2005; Song et al., 2004; Parker et al., 2005; Yuan et al., 2005; Wang et al., 2008; Wang et al., 

2008; Wang et al., 2009; Frank et al., 2010; Boland et al., 2011; Schirle and MacRae, 2012; 

Elkayam et al., 2012). When comparing the domain organization of prokaryotic and eukaryotic 

Ago proteins, the isolated domains are highly similar, while eukaryotic Agos have elongated loop 
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regions (Figure 4 A). Based on the structures of full length Ago proteins, Agos have a bi-lobed 

structure with the N-terminal and the PAZ domain located in one lobe and the MID and the PIWI 

domain located in the other lobe (see Figure 4). The PAZ domain contains a specific binding 

pocket that anchors the 2-nt 3’-overhangs of a siRNA or a miRNA (Song et al., 2003; Yan et al., 

2003; Ma et al., 2004). The phosphorylated 5’-end of the siRNA or the miRNA is buried in a deep 

pocket within the MID domain (Frank et al., 2010). This binding also explains the unimportance 

of that nucleotide for seed formation with the target mRNA. Additionally, a possible 

phosphorylation of Tyr529 within the 5’-binding pocket of the MID domain of human Ago2 

seems to regulate guide binding (Rüdel et al., 2010). The nucleotides 2-7 counting from the 5’-

end of the RNA guide are of major importance for target recognition by perfect complementary 

base pairing (Bartel, 2009; Doench & Sharp, 2004). Nucleotides 2-6 counting from the 5’-end of 

the DNA guide strand (in T.t. Ago) or the RNA guide strand (in H.s. Ago2) actually contact the Ago 

proteins via their sugar-phosphate backbone. This interaction takes place in a positively charged 

tunnel that is formed by the two lobes of the Ago protein across the MID/PIWI/L2/L1 interface 

(Figure 4). As the backbone of the guide strand is bound by the Ago protein, the bases are free 

for hydrogen bonding with the complementary target mRNA. The comparison of the crystal 

structures of T.t. Ago shown in Figure 4 A and B clearly shows, that target mRNA-binding to the 

Ago-guide strand complex induces a movement of the lobe containing the N-terminal and the 

PAZ domain away from the MID and PIWI domains. Thus the Ago protein reaches a more open 

conformation allowing the mRNA target to bind (Wang et al., 2008a; Wang et al., 2008b; Wang et 

al., 2009; Figure 4 B and C). In contrast, the human Ago2 when bound to a RNA guide already has 

a pried open conformation probably allowing a mRNA target to bind (see comparison of Ago 

structures in Figure 4 E; Elkayam et al., 2012). 

The actual catalytic center of an Ago protein is located within the PIWI domain, which adopts 

an RNase H like fold (Parker et al., 2005; Song et al., 2004; Wang et al., 2008). Endonucleolytic 

active Ago proteins cleave a target mRNA between nucleotides 10 and 11 counting from the 5’-

end of the RNA guide and thereby produce an RNA fragment with a 3’-hydroxyl group and a 

fragment with a 5’-phosphate (Elbashir et al., 2001b; Martinez & Tuschl, 2004; Schwarz et al., 

2004). The residues Asp579, Asp669 and His807 located within the PIWI domain were 

identified as the catalytic triade within human Ago2 being responsible for the endonucleolytic 

cleavage in an Mg2+- and ATP-dependent manner (Song et al., 2004; Rivas et al., 2005). 
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Figure 4: Domain organizations and structures of T. thermophilus and H. sapiens Ago. 
A: Schematic view of the domain organization of T. thermophilus Ago and H. sapiens Ago2. B: Crystal 
structure of T. thermophilus Ago in complex with DNA guide strand (PDB-ID: 3DLH) C: Crystal structure of 
T. thermophilus Ago N478 mutant in complex with DNA guide strand and 19-nt RNA target strand (PDB-
ID: 3HK2). D: Crystal structure of H. sapiens Ago2 in complex with miR-20a guide strand (PDB-ID: 4F3T). 
In figure B, C and D the N-terminus is colored in pink, the L1 linker region in pale-cyan, the PAZ-domain in 
sky-blue, the L2 linker region in light blue, the MID domain in orange, the PIWI domain is shown in grey 
and the nucleotides of the guide strand (colored in grey) and the target RNA strand (colored in pink) are 
shown in ball and stick representation. The 5’-end of the guide strand binds to the MID domain, the 
following nucleotides extend across the MID/PIWI/L2/L1 interface and the 3’-end nucleotides bind to the 
PAZ domain. E: Superposition of the crystal structures from C, D and E reveal that human Ago2 is the most 
open one with the PAZ domain moved away from the other domains. 
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4.2.3 TRBP 

The transactivation response (TAR) RNA-binding protein (TRBP) has been first identified 

because of its ability to bind TAR RNA structures present in human immunodeficiency virus 

(HIV-1) transcripts and lateron found to participate in RNAi (Gatignol et al., 1991; Gatignol et al., 

2005). Within human cells two isoforms of TRBP exist, TRBP1 (345 aa) and TRBP2 (366 aa). 

Both TRBPs are transcribed from the tarbp2 gene and due to alternative first exon usage differ 

in 21 additional amino acids within the N-terminus of TRBP2 (Bannwarth et al., 2001). So far no 

difference in function has been reported between the two proteins (Duarte et al., 2000). TRBPs 

are located within the cytoplasm as well as in the nucleus and the perinuclear space fulfilling 

several functions (Lee et al., 2006; Kok et al., 2007; Laraki et al., 2008). Linked to its RNA and 

protein binding abilities and involvement in different pathways TRBP has functional activities 

during development, in spermatogenesis, cell growth, oncogenesis and viral replication (Lee et 

al., 2004; Christensen et al., 2007; Ong et al., 2005; Zhong et al., 1999; Garre et al., 2010; Melo et 

al., 2009). 

4.2.3.1 Structure of TRBP dsRBDs 

TRBPs belong to the family of dsRBPs (St Johnston et al., 1992; Barber, 2009). It has two 

dsRBDs, which are important for dsRNA-binding and a half dsRBD or dsRBD type B domain, 

which is also called Medipal (Merlin, Dicer, protein kinase R (PKR) activator (PACT) liaison) and 

is mainly responsible for protein-protein interactions (Daviet et al., 2000; Erard e et al., 1998; 

Gatignol et al., 1991; Laraki et al., 2008;see also Figure 5). TRBP was found to preferably bind to 

ds GC-rich sequences (Gatignol et al., 1991; Lee et al., 1996) and it binds siRNA duplexes 

independent of sequence length with high affinities (Gredell et al., 2010; Kini & Walton, 2009; 

Parker et al., 2008).  

The first two consecutive dsRBDs have similar amino acid sequences and can bind dsRNA. 

The second dsRBD (dsRBD2) contains a characteristic Lysine-Arginine region, a so called KR-

helix motif, for high affinity RNA-binding (Daviet et al., 2000). The crystal structures of the first 

dsRBD (dsRBD1) of TRBP2, the NMR structure of dsRBD2 and the crystal structure of dsRBD2 in 

complex with a 10-nt long dsRNA have been solved recently (Yang et al., 2010; Yamashita et al., 

2011). The crystal structures of dsRBD1 and dsRBD2 in complex with dsRNA are depicted in 

Figure 5. Each dsRBD has a common ---- fold with the two -helices packing against one 

face of the three-stranded antiparallel  sheet (Figure 5; Ryter & Schultz 1998; Yang et al., 2010; 

Yamashita et al., 2011).  
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Figure 5: Domain organization and crystal structures of human TRBP2s dsRBD1 and dsRBD2.  
A: Domain organization of H. sapiens TRBP2. Human TRBP2 is a 366 amino acid protein containing three 
dsRBDs. B and C: The crystal structures of dsRBD1 of human TRBP1 (B, PDB-ID: 3LLH) and the crystal 
structure of dsRBD2 of human TRBP2 with bound dsRNA (C, PDB-ID: 3ADL) are depicted in cartoon 
representation and the RNA is shown in ball and stick mode. 

4.2.3.2 TRBP interaction with other proteins 

Additionally to their ability to bind dsRNAs, the first and the second dsRBD of TRBP2 bind to 

PKR (protein kinase R) and PACT. The third dsRBD /the Medipal domain binds Merlin, Dicer and 

PACT (Lee et al., 2004; Lee et al., 2006; Chendrimada et al., 2005; Daniels et al., 2009; Haase et 

al., 2005; Laraki et al., 2008). TRBP2 inactivates PKR, which is an important contributor to the 

innate response to viral infections, by preventing its autophosphorylation (Benkirane et al., 

1997).  

Within the RNAi pathway TRBP interacts with Dicer as well as with substrates and products 

of Dicer. Human Dicer can cleave substrate RNAs also in the absence of TRBP. However, the 

interaction with TRBP2 stabilizes Dicer and enhances its processivity for pre-miRNAs as well as 

pre-siRNAs 4- to 5-fold under multiple turnover conditions (Kok et al., 2007; Ma et al., 2008; 

Melo et al., 2009; Chakravarthy et al., 2010). In 2010, it was shown that the third dsRBD of 

TRBP2 is sufficient for Dicer interaction, but the stimulatory effect of TRBP2 on Dicer processing 

requires in addition the two N-terminal dsRBDs of TRBP2 (Chakravarthy et al., 2010). The same 

authors could show that the substrate-dependent differences in dicing activity are mediated by 

Dicer itself as well as the structure of the substrate RNAs (Chakravarthy et al., 2010). In addition 

to its stimulatory function, TRBP2 helps to load Dicer products into Ago containing RISCs 

(Castanotto et al., 2007; Parker et al., 2008). TRBP2 is required for RNAi function mediated by 

both siRNAs and miRNAs (Chendrimada et al., 2005; Haase et al., 2005; Rossi et al., 2005; 

Daniels et al., 2009). It acts as one of the sensors for selection and incorporation of the antisense 

(guide) siRNA (Castanotto et al., 2007; Parker et al., 2008). Additionally, TRBP2 build RNA-
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independent heterodimers with PACT, which can be localized within the perinuclear space of 

human cells (Laraki et al., 2008). Human TRBP2 and PACT directly interact with each other and 

associate with Dicer to stimulate its production of small interfering RNAs (Kok et al., 2007). 

4.3 RISC assembly 

Small RNAs are double stranded in origin, but as they have to base pair with their mRNA 

targets the two strands have to be separated. In this step one strand (the passenger strand) is 

discarded and the other one (the guide strand) is used to form a functional RISC. Therefore RISC 

assembly was defined as a process comprising RISC-loading and duplex unwinding (Review: 

Kawamata et al., 2010). More recently, RISC assembly was redefined as a tripartite process 

composed of RISC-loading, wedging and unwinding (Kwak et al., 2012). During RISC-loading, the 

Ago protein undergoes conformational opening and loads a small RNA duplex (Matranga et al., 

2005; Rand et al., 2005; Miyoshi et al., 2005; Leuschner et al., 2006; Tomari et al., 2007; 

Kawamata et al., 2009; Yoda et al., 2010). It is assumed that the Hsc70-Hsp90 chaperone 

machinery, during ATP hydrolysis, drives the conformational opening of an Ago protein to load a 

small RNA duplex (Kawamata et al., 2010; Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 

2010; Johnston et al., 2010). A duplex siRNA or miRNA associated with an Ago protein is called 

precursor RISC (pre-RISC). After loading, one end of the duplex is opened and contorted through 

active wedging by the N-terminal domain of the Ago protein. In case of a miRNA, the duplex is 

partially unwound and in case of a perfectly complementary siRNA duplex the duplex is properly 

positioned for passenger strand cleavage. Final unwinding, in which the passenger strand is 

removed slicer-independent (miRNAs) or slicer-dependent (siRNAs), forms the mature RISC 

containing the guide strand of the RNA duplex (Kwak et al., 2012). As the RISC-loading process is 

of special interest within this thesis, approaches concerning the preparation of RISC-loading 

complexes (RLCs) made so fare will be outlined in the following section in detail.  

4.3.1 RISC-loading complexes 

Although, Ago proteins generally need the RLCs to incorporate small RNA duplexes, they can 

also be loaded with single stranded small RNAs via a bypass loading (Martinez et al., 2002; Rivas 

et al., 2005; Miyoshi et al., 2005; Liu et al., 2004; Yoda et al., 2010). The processes of RISC-

loading are best understood in D. melanogaster, which encodes two Dicer proteins, Dicer1 that is 

specialized for miRNA production and Dicer2 that is selective for siRNA biogenesis. Additionally, 

in D. melanogaster miRNAs are selectively sorted into Ago1 and siRNAs into Ago2 proteins 

(Förstemann et al., 2007; Okamura et al., 2004; Tomari et al., 2007). For siRNA-loading an RLC 

composed of Dicer2, R2D2 and Ago2 is formed (Liu et al., 2003; Tomari et al., 2004; Pham et al., 

2004). After substrate cleavage by Dicer2, the Dicer2-R2D2 heterodimer initiates the formation 

of an RLC and loads the siRNA duplex onto Ago2. Additionally, the Dicer2-R2D2 heterodimer 



Introduction 

35 

senses the thermodynamic asymmetry of the siRNA duplex. R2D2 orients a siRNA duplex by 

binding to the more stable end, which positions Dicer2 at the opposite, less stable end, before 

handing it over to Ago2 in this prearranged orientation (Tomari et al., 2004). Thus Dicer2 has a 

dual role: substrate cleavage and Ago2 loading. Additionally, it was shown that fly Ago2 requires 

the Dicer2-R2D2 heterodimer for siRNA duplex initiated target cleavage, so it is thought that this 

heterodimer resembles the minimal fly Ago2-RLC (Kawamata et al., 2010). 

However, the RISC-loading process seems to be different for other Ago proteins than the fly 

Ago2. For example, fly Dicer1-Loqs-PB heterodimer and human Dicer-TRBP heterodimer were 

also assumed to be responsible for Ago loading, but neither of the Dicer proteins is actually 

required for loading. Additionally, it has been shown that the Dicer1-Loqs-PB complex releases 

miRNA duplexes and the Dicer2-R2D2 complex sorts them into Ago (Kawamata et al.,, 2010). In 

contrast to D. melanogaster only one Dicer protein exists in human, which produces both miRNA 

and siRNA duplexes. The minimal human RLC is referred to be composed of Dicer, TRBP2 and 

Ago2 and assembles even in the absence of a dsRNA trigger (Gregory et al., 2005; Maniataki & 

Mourelatos, 2005). Remarkably, within the complexes the protein composition differs. Maniataki 

and Mourelatos as well as Gregory et al. showed that the miRLC in mammals is composed of 

Dicer, miRNA-free Ago, Hsp90 and TRBP2, MacRae et al. described that a minimal RLC is 

composed of a ternary complex containing Dicer, Ago2 (RNA bound-form, which RNA was not 

specified by the authors) and TRBP2 (Maniataki & Mourelatos, 2005; Gregory et al., 2005; 

MacRae et al., 2008). This RLC is able to recognize a dsRNA substrate, dice it into a siRNA, load 

the siRNA into Ago2 and discard the passenger strand to generate a functional/ mature RISC 

(MacRae et al., 2008). Recently, another group assembled this mammalian RISC with a miRNA 

duplex using cell lysate in vitro (Yoda et al., 2010). It was shown that hTRBP2 recruits the Dicer 

complex to an Ago protein for the formation of a RISC in humans (Chendrimada et al., 2005; Liu 

et al., 2007). Additionally, human TRBP2 seems to be important for Dicer processing and 

stability (Chendrimada et al., 2005; Liu et al., 2007; Wang et al., 2009b). The mechanisms for 

strand selection are mostly unclear in mammals. Within the last years the Dicer interaction 

partner TRBP was suggested to sense siRNA asymmetry, but these results are in contradiction to 

later studies where Dicer seems to have a role in strand selection (Gredell et al., 2010; Noland et 

al., 2011; Betancur &Tomari, 2012). Moreover, it was found that a subset of pre-miRNAs can 

directly be cleaved by Ago2 in an Dicer-independent manner (Diederichs & Haber, 2007; Tan et 

al., 2009; Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010). The existence of those 

differently reconstituted miRLCs raises the question, which of the identified complexes 

resembles the main or a bypass mechanism of RISC assembly (+/- pre-miRNA processing). In 

order to define the molecular steps of miRNA assembly of both Dicer dependent and Dicer-

independent miRNAs, Liu et al., assembled mammalian RISCs with a pre-miRNAs using cell 

lysates in vitro (Liu et al., 2012). They identified a complex composed of human Dicer, Ago and 
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TRBP2 as miRLC (Maniataki & Mourelatos, 2005; Gregory et al., 2005; MacRae et al., 2008; Liu et 

al., 2012). Liu et al. showed that the miRLC contains pre-miRNA, miRNA duplexes and also single 

stranded miRNAs; demonstrating that pre-miRNA processing and miRNA loading occur within 

the miRLC. In contrast, pre-miRNAs that are processed independent of Dicer by Ago2 (like pre 

miR-451) are bound in a complex named miRNA precursor deposit complex (miPDC) prior to 

Ago2 endonucleolytic cleavage (Liu et al., 2012). Pre-miR-451, like miRNA duplex, loading into 

Ago2 is mediated by the Hsp70 (Hsp90) machinery (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi 

et al., 2010; Liu et al., 2012). Liu et al. investigated that some pre-miRNAs (like pre-miR-16 and 

pre-miR-21) assemble both miRLC and miPDC, whereas others (e.g., pre-miR-28 and pre-miR-

27a) assemble only miRLC in vivo. They claimed that the miPDC serves (at least for some pre-

miRNAs) as a precursor complex to miRLC. However, they confirmed that the miRLC is the 

primary machinery of pre-miRNA processing in vitro and in vivo (Liu et al., 2012). 

4.3.2 EM structure of the minimal human RISC-loading complex 

In 2008, MacRae et al. were able to stably reconstitute a minimal human RLC comprising 

Dicer, Ago2 and TRBP2 in vitro. This trimeric complex was assembled from individually 

expressed and purified recombinant proteins. The stoichiometry of that Dicer-Ago2-TRBP2 

complex was suspected to be 1:1:1 (MacRae et al., 2008). In 2009, this recombinant RLC was 

subjected to EM analysis and a three-dimensional reconstruction with a resolution of about 34 Å 

could be obtained using a GraFix prepared RLC (Wang et al., 2009b; Figure 6). When compared 

with the reconstructions of Dicer alone, the reconstruction of the RLC contains an agglomeration 

of density in the middle of the molecule that connects the top of the platform with the tip of the 

base branch (Figure 6 A and B). Ago2 can easily be docked into this density and seems to 

connect the top of Dicer platform and the tip of Dicer base branch, giving the RLC a triangular 

architecture (Wang et al., 2009b). A clear density peak that corresponds to TRBP2 could not be 

calculated, but it is known that TRBP2 interacts with the DExD-box helicase domain of Dicer and 

their data also indicated that TRBP is flexibly bound to the Dicer DExH/D box domain within the 

RLC (Haase et al., 2005; Kok et al., 2007; Daniels et al., 2009; Wang et al., 2009b). Remarkably, 

the assigned density of the DExH/D domain region of Dicer was substantially different within 

the RLC than in Dicer alone suggesting a structural reengagement within the DExH/D helicase 

domain of Dicer upon binding of TRBP2 and Ago2 (see Figure 6 A and B). 

Using the EM reconstruction of the minimal RLC and docking of the atomic models of a 

human RIG-I-domain (purple, PDB-ID: 4T2P), the G. intestinales Dicer (PDB-ID: 2QVW) and the 

T. thermophilus Ago (PDB-ID: 3HK2) as well as an siRNA duplex in the density map, the authors 

proposed a working model for the human RLC (Figure 6). In Figure 6 A, a proposed state of the 

RLC during dicing, the location of the siRNA duplex between Dicers PAZ and RNase domains, is 

illustrated according to the authors. In this model the siRNA is located vertically between Dicer’s 



Introduction 

37 

RNase and Ago’s PAZ domain so that the newly diced end of the siRNA (the generated 3’-2-nt 

overhang) can be directly engaged by the PAZ domain of Ago2. Moreover, the distance between 

Ago’s and Dicer’s PAZ domains allows a perfect accommodation of a 22-nt siRNA between them. 

Thus, the authors suggest a hypothetical state after transfer of the newly diced siRNAs onto the 

PAZ domain of Ago2 while the other end remains bound to Dicer’s PAZ domain (see Figure 6 B). 

The flexible TRBP2 could be important to enhance transfer efficiency and/or for correct strand 

selection, but cannot be mapped in the EM reconstruction (Wang et al., 2009b). 

 

 

Figure 6: Three-dimensional EM reconstruction and proposed working model of the minimal 
human RLC 
The 3D density map of the minimal human RLC is shown as a purple semitransparent isosurface. The 
atomic models of a human RIG-I doman (PDB-ID: 4A2P) G. intestinales Dicer (PDB-ID: 2QVW) and the T. 
thermophilus Ago (PBD ID: 3HK2) are docked in the density map. Additionally, an atomic model of a siRNA 
duplex is docked into the reconstruction. In figure A the siRNA is located vertically between Dicer’s RNase 
and Ago’s PAZ domain so that the newly diced end of the siRNA (generated 3’-2-nt overhang) can be 
directly engaged by the PAZ domain of Ago2, which is shown in figure B and this movement marked with 
an yellow arrow (modified from Wang et al., 2009b). 
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4.4 Goal of the thesis 

RNAi is a gene silencing mechanism that can regulate gene expression at the transcriptional, 

posttranscriptional and translational level, thus influencing gene expression in literally every 

cellular process. Apart from low-resolution EM structures of the human Dicer-TRBP2 complex 

and the human minimal RLC other high resolution structural information of eukaryotic RISC 

proteins and the RLC complex itself are rare. The architecture of eukaryotic RISC proteins and 

complexes as well as the RNA-recognition, binding and transfer mechanisms are poorly 

understood. The determination of high-resolution structures of eukaryotic RNAi related proteins 

and complexes represent the next major steps for the understanding of RNAi on a structural 

level.  

The first major goal of this thesis was the establishment of an expression system for the 

individual recombinant proteins and the preparation of the minimal human RISC-loading 

complex (RLC) comprising the proteins Dicer1, Argonaute2 and TRBP2. The purified 350 kDa 

complex RLC, should be analyzed structurally by means of macromolecular X-ray 

crystallography, single-particle electron microscopy (EM) as well as small-angle X-ray scattering 

(SAXS). The crystallization of such a big and highly flexible complex is challenging for a number 

of reasons. Thus, the main structural work on the RLC and its subcomplexes would preferably be 

carried out by single-particle electron microscopy studies. One of the main questions that is still 

poorly understood, is the transfer of an Dicer product RNA onto an Ago protein, thus the actual 

RISC-loading. A second goal within this thesis was the preparation of a siRNA duplex containing 

RLC and its structural analysis.  

Although, the interaction sites between human Dicer and TRBP2 are known, the actual 

interaction surface is not known. Furthermore the actual function of human Dicers DExD/H-

helicase domain, its interaction and activation with and by hTRBP2 is not understood. Therefore 

one aim was to prepare and structurally analyze hDicer-hTRBP2 complexes (full length and 

minimal complexes). The human TRBP2 is a dsRBP that contains a type B dsRBD (also called 

Medipal-domain) for protein-protein interaction. Structural information of several dsRBDs and 

type B dsRBDs are rare and therefore full length human TRBP2 as well as fragments in the 

presence or absence of RNA should be crystallized and the structures solved by X-ray methods. 
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5 Material and Methods 

5.1 Materials 

5.1.1 Chemicals and reagents 

All chemicals and organic substances have been purchased from the companies AppliChem 

(Darmstadt), Fluka (Buchs), BioRad (Munich), Merck Millipore (Darmstadt), Sigma-Aldrich 

(Steinheim), MWG Biotech (Munich), Oxoid (Basingstoke, England), IBA (Göttingen) and Roth 

(Karlsruhe) and exhibit the purity “pro analysis”. In most cases the favorable beneficial provider 

was chosen. 

5.1.2 Equipment and instrumentation 

24-well crystallization plates Hampton Research, Aliso Viejo (USA) 

AbiPrism 3100 DNA sequencer Applied Biosystems, Darmstadt 

Agarose gel electrophoresis chamber BioRad, Munich 

Äkta Prime/Prime plus GE Healthcare, Munich 

Äkta purifier GE Healthcare, Munich 

Alchemist HT-robot Rigaku/MSC, Japan 

Amicon Ultra concentrators  Merck-Millipore, Darmstadt 

Autoclave HTS 4-5-8 Zirbus, Bad Grund 

Binocular Carl Zeiss, Jena 

Prettl TelStar Type Bio II A TelStar, Frankfurt 

Bradfordreagenz (5x) BioRad, Munich 

Centrifuge Allegra 21R Beckman Coulter, Krefeld 

Centrifuge Avanti J-20 XPIJA-20 Beckman Coulter, Krefeld 

Centrifuge Avanti J-30 I Beckman Coulter, Krefeld 

Centrifuge Avanti JA-20 Beckman Coulter, Krefeld 

Centrifugation tubes Beckman Coulter, Krefeld 

C1000 Thermal Cycler with CFX96 Real time 

System 

BioRad, Munich 

Crystal Clear Tape Henkel, Aachen 

GelDoc gel documentation device BioRad, Munich  

Gel shaker Promax 1020  Heidolph, Schwabach 

Glass ware Merck, Darmstadt 

Gradient Master BioComp Instruments, Inc., Fredericton, NB, 

Canada 

Fraction Collector Frac-900  GE Healthcare, Munich 

Heating bath IKA, Staufen 

Heating block Dri-Block CB-2A Techne, Minneapolis, USA 

Innova 4230 incubation shaker New Brunswick Scientific, Nürtingen 

Infors Unitron incubation shaker Infors, Einsbach 

Infors Multitron incubation shaker Infors, Einsbach 



Material and Methods 

40 

Incubator Mytron Schütt, Göttingen 

JA30-centrifugation tubes Beckman Coulter, Krefeld 

Magnetic stirrer IKAMAG REO IKA, Staufen 

mar345dtb detector system mar Research, Norderstedt 

Micro fluidizer 110S Microfluidics, Newton (USA) 

mini DAWNTM TREOS multi-angle light 

scattering detector 

WYATT Technology Europe 

Minisart Syringe filter (5 m) Millipore, Sartorius 

Mytron Mytron, Heilbad Heiligenstadt 

NanoDrop 2000 Thermo Scientific, UK 

Nylon loops for protein crystals Hampton Research, USA 

Nylon loops for protein crystals Molecular Dimensions, England 

PCR-Thermocycler Biometra, Göttingen 

pH-electrode Beckman Beckman Coulter, Krefeld 

Phoenix/RE  Art Robbins, USA 

Photometer Biometra, Göttingen 

Pipette tips Sarstedt, Nümbrecht 

Pipettes (adjustable) Eppendorf, Hamburg 

Pipetting helper Accu-Jet Brand, Wertheim 

Reaction vessel (0.5-2 ml) Sarstedt, Nümbrecht 

Reaction vessel (15-50 ml) Sarstedt, Nümbrecht 

Roller mixer RM5 Schütt, Göttingen 

Rotation shaker Karl-Hecht, Staufen 

Rotor JA-20/JA-30.50 Ti Beckmann-Coulter, Krefeld 

Rotor JLA 8.1000 Beckmann-Coulter, Krefeld 

Rotor S4180 Beckmann-Coulter, Krefeld 

SDS-PAGE-System Hoefer miniVE Amersham Pharmacia Biotech, Freiburg 

Special accuracy weighing machine Sartorius, Göttingen 

Sorvall Centrifuge Evolution RC  Thermo Electron, Langenselbold, Germany 

Sorvall Th 660 rotor Thermo Electron, Langenselbold, Germany 

Thermomixer comfort Eppendorf, Hamburg 

Table centrifuge 5417 R Eppendorf, Hamburg 

Table centrifuge Micro centrifuge II Sylvania, Ohio, USA 

Vivaspin concentrator 5301 Vivascience, Göttingen 

Vortex Schütt, Göttingen 

X-ray diffractometer RU-H3R Rigaku/Japan 

X-ray diffractometer 007 Rigaku/Japan 

5.1.3 Chromatographic columns 

G200 gel filtration columns GE Healthcare, Munich 

GSH-Sepharose, 5 ml GE Healthcare, Munich 

Glutathione Sepharose 4B column material GE Healthcare, Munich 

His Trap 5ml Ni-NTA-Sepharose GE Healthcare, Munich 

HiPrep Desalting, 5ml  GE Healthcare, Munich 

HiPrep Heparin, 5 ml GE Healthcare, Munich 

StrepTactin HP Sepharose, 5 ml GE Healthcare, Munich 

Superdex 75 (16/60 and 26/60) Amersham Pharmacia Biotech, Freiburg 
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Superdex 200 (16/60 and 26/60) Amersham Pharmacia Biotech, Freiburg 

Superdex 200 (10/300) GL GE Healthcare, Munich 

Superose 6 (10/300) GL GE Healthcare, Munich 

Superose 12 (10/300) GL GE Healthcare, Munich 

Zeba Spin desalting columns (0.5 ml) Thermo Scientific, Rockford (USA)  

5.1.4 Kit systems 

Big Dye Terminator v 1.1 Mix Applied Biosystems, Darmstadt  

NucleoSpin plasmid (Miniprep) Macherey-Nagel, Düren 

NucleoSpin Extract II (PCR purification) Macherey-Nagel, Düren 

PeqGOLD Cycle-Pure Kit Peqlab, Erlangen 

PeqGOLD Gel Extraction Kit Peqlab, Erlangen 

PeqGOLD Plasmid Miniprep Kit Peqlab, Erlangen 

QIAquick gelextraction kit Qiagen, Hilden 

QIAquick PCR purification kit Qiagen, Hilden 

QIAquick plasmid Mini, Midi, Maxi kit Qiagen, Hilden 

5.1.5 Marker 

Unstained Protein Molecular Weight Marker  Fermentas, St.-Leon-Rot 

PageRulerTM Prestained Protein Ladder Fermentas, St.-Leon-Rot 

Gene RulerTM 1kb DNA ladder” Fermentas, St.-Leon-Rot 

5.1.6 Enzymes and inhibitors 

ALP-protease inhibitor mix MSB, University Göttingen 

DNase AppliChem, Darmstadt 

KOD Hot start DNA polymerase Merck Millipore (Novagene), Darmstadt 

Phusion-DNA polymerase Finnzymes, Finland 

Pfu-DNA polymerase Fermentas, St.-Leon-Rot 

PreScission-protease GE Healthcare, Munich 

Restriction enzymes Fermentas, St.-Leon-Rot 

Restriction enzymes NEB, Frankfurt 

Complete protease inhibitor tablets Roche, Kulmbach 

T4-DNA ligase Fermentas, St.-Leon-Rot 

Taq-DNA polymerase University Göttingen 

TEV protease University Göttingen 

5.1.7 Antibiotics with working concentrations 

Ampicillin (100µg/ml) AppliChem, Darmstadt ; Roth, Karlsruhe 

Chloramphenicol (30µg/ml) Roth, Karlsruhe 

Gentamycin (10µg/ml) Roth, Karlsruhe 

Kanamycin (50µg/ml) Roth, Karlsruhe 

Tetracycline (10µg/ml) Roth, Karlsruhe 
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5.1.8 Antibodies 

Mouse -penta-His antibody Qiagen, Hilden 

Horse-radish peroxidase conjugated 

goat -mouse  

Dianova, Hamburg 

Alkaline phosphatase conjugated  

goat -mouse  

Merck Millipore, Darmstadt 

5.1.9 Cross-linker 

DFDNB (1,5-Difluoro-2,4-dinitrobenzene) Pierce (Thermo Scientific, Bonn) 
EDC (1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide) 

Pierce (Thermo Scientific, Bonn) 

Glutaraldehyde Pierce (Thermo Scientific, Bonn) 
PMPI (N-(p-Maleimidophenyl) isocyanate ) Pierce (Thermo Scientific, Bonn) 
SMCC (Succinimidyl 4-(N maleimidomethyl) 
cyclohexane-1-carboxylate) 

Pierce (Thermo Scientific, Bonn) 

5.1.10 Bacterial strains and cell lines 

E. coli Arctic Express MSB, University Göttingen 

E. coli  BL21 (DE3) MSB, University Göttingen 

E. coli  BL21 (DE3) Star MSB, University Göttingen 

E. coli  BL21 (DE3) RIL Codon plus MSB, University Göttingen 

E. coli DH10Bac  MSB, University Göttingen 

E. coli DH5  MSB, University Göttingen 

E. coli Rosetta 2 (DE3) MSB, University Göttingen 

E. coli SoluBL21 (DE3) MSB, University Göttingen 

E. coli Top10 Invitrogen 

E. coli Top 10 (for StarGate cloning) IBA, Göttingen 

E. coli XL1-Blue MSB, University Göttingen 

Sf21 insect cells  Invitrogen 

Sf9 insect cells Invitrogen 

High Five insect cells Invitrogen 

5.1.11 DNA-oligonucleotides 

DNA-oligonucleotides were ordered from MWG (Munich) and Sigma-Aldrich (Steinheim) 

and are depicted within the appendix (Table 3).  
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5.1.12 Plasmids 

Plasmid Insert Cloning-sites Affinity 
Sequence 

Expression 

hAgo2 (NP_036286.2, NM_012154.3) 
pGex6P1-Ago2  H.s. Ago2 gene sequence 

for aa 1-859  
EcoRI/NotI N-GST E. coli BL21  

(DE3) RIL+ 
pFastBacHTb-
Ago2 

H.s. Ago2 gene sequence 
for aa 1-859  

BamHI/HindI
II 

N-His Transfer vector 
for expression in 
Sf9 or Hi5 cells 

     
hTRBP2 (NP_599150.1, NM_134323.1) 
pGex6P1-
TRBP2 2  

H.s. TRBP2 gene sequence 
for aa 1-366  

BamHI/NotI N-GST E. coli 
BL21(DE3) Star 

pGex6P3-T1 H.s. TRBP2 gene sequence 
for aa 157-366 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

pGex6P3-T2 H.s. TRBP2 gene sequence 
for aa 226-366 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

pGex6P3-T3 H.s. TRBP2 gene sequence 
for aa 291-366 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

pGex6P3- T4 H.s. TRBP2 gene sequence 
for aa 22-99 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

pGex6P3-T5 H.s. TRBP2 gene sequence 
for aa 22-227 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

pGex6P3-T7 H.s. TRBP2 gene sequence 
for aa 157-227 

BamHI/XhoI N-GST E. coli 
BL21(DE3) Star 

hDicer (NP_803187.1, NM_177438.2) 
pMACSiBac1-
Dicer 
 

H.s. Dicer gene sequence 
for aa 1-1922  

FseI/AcsI none Only used as 
template DNA 

pFastBacHTb-
hDicer 

H.s. Dicer gene sequence 
for aa 1-1922  

SalI/NotI N-His Transfer vector 
for expression in 
Sf9 insect cells 

hDicer (optimized synthetic gene (see appendix) for NP_803187.1) 
0900381_ 
Dicer1_pMA 

H.s. Dicer synthetic gene for 
aa1-1922 additional C-
terminal Strep-tag 

BamHI/XbaI C-Strep  Only used as 
template DNA 

pFBDM-hDicer H.s. Dicer synthetic gene for 
aa1-1922  

BamHI/XbaI C- Strep  Transfer vector 
for protein 
expression in Sf9 
insect cells 

pFastBacHTb-
hDicer 

H.s. Dicer synthetic gene for 
aa1-1922  

BamHI/XbaI N-His and 
C- Strep  

Transfer vector 
for protein 
expression in Sf9 
insect cells 

pGex6P3-DTB1 H.s. Dicer synthetic gene for 
aa 261-432  

BamHI/XhoI N-GST E. coli 
BL21(DE3)Star 

pGex6P3-DTB2 H.s. Dicer synthetic gene for 
aa 261-439  

BamHI/XhoI N-GST E. coli 
BL21(DE3)Star 

pGex6P3-DTB3 H.s. Dicer synthetic gene for 
aa 261-414  

BamHI/XhoI N-GST E. coli 
BL21(DE3)Star 

pGex6P3-DTB4 H.s. Dicer synthetic gene for 
aa 261-415  

BamHI/XhoI N-GST E. coli 
BL21(DE3)Star 

pGex6P3-DTB5 H.s. Dicer synthetic gene for 
aa 264-414  

BamHI/XhoI N-GST E. coli 
BL21(DE3)Star 
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5.1.13 RNAs 

All antisense siRNAs and siRNA duplexes used in this study were supplied by Roche 

Kulmbach and are listed in the following table. Additionally in vitro transcribed RNAs for activity 

assays (5.2.1.11; 5.2.1.12) are listed:  

Name Sequence Origin 
siRNA duplex1 
 

      GCCCGACAACCACUACCUGAG 
GACGGGCUGUUGGUGAUGGAC 

Roche, Kulmbach  
 

   
siRNA duplex2 
 

      ACAUGAAGCAGCACGACUACU 
GGUGUACUUCGUCGUGCUGAU 

Roche, Kulmbach  
 
 

Antisense siRNA1 
 

GACGGGCUGUUGGUGAUGGAC Roche, Kulmbach 

   
Antisense siRNA2 
(let7A) 

pUGAGGUAGUAGGUUGUAUAGUU Roche, Kulmbach 

   
Antisense siRNA3 
(let7A) 

pUUGUCUCUGGUCCUUACUU Roche, Kulmbach 

   
Antisense siRNA4 
(complementary to 
luciII, 21.27) 

UCGAAGUAUUCCGCGUACGUdT G. Meister, Munich 

   
40-nt RNA CCUACGGAGCUGGUGGCGUAGGUUUUUUU 

UUUUUUUUUUUUU 
Andreas Schmitt, 
MSB 

   
Pre-miR27a TTAATACGACTCACTATAGCTGAGGAG 

CAGGGCTTAGCTGCTTGTGAGCAGGGTCCA 
CACCAAGTAGTGTTCACAGTGGCTAAGTT 
CCGCCCCCCAGC 

G. Meister, Munich 

   
luci II ( or 86.1) (Martinez et al., 2002; Meister et al., 2004) G. Meister, Munich 
   

5.1.14 Solutions for crystallization screens and fluorescence-based thermal shift 

assay  

All solutions for the crystallization screens in 24-well format were prepared manually. The 

crystallization solutions in 96-well format except from the MIDAS screen were prepared by the 

Alchemist HT-robot. The MIDAS screen and the screens for fluorescence-based thermal shift 

assay were bought ready to use from the manufacturer.  
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Crystallization screens in 24-well format 

Clear Strategy Screen Molecular Dimensions, UK 

Crystal Screen 1&2 Hampton Research, USA 

Crystal Screen lite 1&2 Hampton Research, USA 

Crystal Screen PEG/ION Hampton Research, USA 

Footprint Screen 1-3 Stura et al., 1992 

JB Screens 1-10 Jena Bioscience, Jena 

Magic Screen 1-3 Biogenova, Canada 

Structure Screen Molecular Dimensions, UK 

 

Crystallization screens in 96-well format  

Ammoniumsulfate Suite Qiagen, Hilden 

JB NucPro Jena Bioscience, Jena 

JB Screens (1,2,4,5)  Jena Bioscience, Jena 

JB Screens (6,7,8,10) Jena Bioscience, Jena 

JCSG Newman et al., 2005 

Morpheus Molecular Dimensions, UK 

MIDAS Molecular Dimensions, UK  

NatrixHT Hampton Research, USA 

PGA Molecular Dimensions, UK 

ProPlex Radaev et al., 2006 

 

Screens for fluorescence-based thermal shift assay (in 96-well format) 

Hampton Additive Screen Hampton Research, USA 

pHAT Screen Emerald Biostructures, USA 

5.1.15 Computer programs 

Astra 5/Astra 6  WYATT Technology Europe 

CCP4 suite Winn et al., 2011 

CCD Mooij et al., 2009 

CDD Marchler-Bauer et al., 2011 

Chimera http:/www.cgl.ucsf.edu/chimera/ 

ClustalW Larkin et al., 2007 

Coot Emsley et al., 2010 

ESPript Gouet et al., 1999; Gouet et al., 2003 

ExPasy, ProtParam http://web.expasy.org/protparam 

MaxStaf software Developed within the group of Prof. Holger 

Stark (MPI, Göttingen) 

MolProbity 

http://molprobity.biochem.duke.edu/ Davis et 

al., 2004; Davis et al., 2007 

Phaser McCoy et al., 2007 

Phoenix suite Adams et al., 2010 

PSIPRED Bryson et al., 2005 

XDS Kabsch, 2010 
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5.1.16 Cell culture medium and transfection reagents 

The serum free medium Sf-900 III SFM for Sf9 and Sf21 cell lines and Express Five ® SFM for 

the High Five™ cell line were purchased from Invitrogen/Live Technologies (Darmstadt). The 

transfection reagent Fugene 6 was obtained from Roche (Kulmbach). 

5.2 Methods 

5.2.1 Molecular biological methods  

5.2.1.1 General cloning strategies 

The plasmid pMacSiBac containing the gene DICER1 coding for human Dicer (NP_085124.2) 

as well as the pGex6P3 vectors containing the gene sequence encoding full length human Ago2 

(NP_036286.2) or full length human TRBP2 (NP_599150.1) were kindly provided by G. Meister 

(5.1.12). Coding sequences for hDicer or hAgo2 were amplified by PCR and cloned into 

pFastBacHtb transfer vectors via SalI/NotI or BamHI/HindIII restriction sites, respectively 

(5.2.1.2; 5.2.1.4; 5.2.1.5). Successful cloning was verified by DNA sequencing (5.2.1.6) and the 

coding sequences transferred into the bacmid DNA for expression using the baculovirus 

expression system (5.2.2.6). 

Since the expression level of hDicer in insect cells using the original gene sequence was low, 

a sequence optimized for expression in Sf9 cells was ordered from Geneart. This sequence was 

free of any commercial restriction sites, contains a C-terminal Strep-tag and had a N-terminal 

BamHI and a C-terminal XbaI restriction site (for sequence see 10). The hDicer coding sequence 

was transferred into the pFBDM, the pFastBac and the pFastBacHtb vector using restriction 

digestion (5.2.1.4). Successful cloning was verified by DNA sequencing (5.2.1.6) and the coding 

sequences transferred into the bacmid DNA for expression using the baculovirus expression 

system (5.2.2.6). Other constructs encoding portions of hDicer were amplified from the Geneart 

plasmid using PCR and cloned into the pFastBacHtb or pGex6P3-vector via suitable restriction 

sites (5.1.11; 5.2.1.2; 5.2.1.4; 5.2.1.5; 5.2.1.6).  

All constructs encoding portions of hTRBP2 were amplified from the pGex6P3-hTRBP2 

plasmid and cloned into pGex6P3 vectors via BamHI/XhoI restriction sites, allowing the 

production of N-terminal GST-tagged fusion proteins (5.1.12; 5.2.1.2; 5.2.1.4; 5.2.1.6).  

For co-expression of hDicer-DExD box domain fragment and hTRBP2 or C-terminal hTRBP2-

dsRDB3 fragment appropriate gene constructs were cloned into the pETDuet-1 vector. To equip 

the hDicer-DExD box domain fragments with a N-terminal Strep-tag, hDicer constructs were first 

cloned into a modified pET-22b vector via BamHI and XhoI restriction sites. The hTRBP2 or C-

terminal hTRBP2 fragments were amplified by PCR from the pGex6P3-hTRBP2 plasmid and 
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cloned into the pETDuet-1 vector via SalI/HindIII restriction sites (5.2.1.2; 5.2.1.4). The hDicer-

DExD box domain fragments with N-terminal Strep-tag coding region were finally cloned via 

NdeI and XhoI restriction sites into the pETDuet-1 containing hTRBP2 or hTRBP2 C-terminal 

constructs (5.1.11; 5.1.12; 5.2.1.2; 5.2.1.4; 5.2.1.5; 5.2.1.6). 

5.2.1.2 Polymerase chain reaction 

The polymerase chain reaction (PCR) was used to amplify a gene of interest from cDNA, from 

another plasmid and to verify the successful insertion of a gene of interest into a plasmid. Within 

the following paragraph DNA polymerases, a standard PCR reaction and a typical PCR protocol 

used in this work are listed. 

Thermostable DNA polymerases 

Polymerase Organism Time and temperature optima 

  Denaturation Annealing  Elongation 

KOD Hot Start   Thermococus kodakaraensis 95 °C; 15 sec Tm ; 15 sec 72°C; 10 sec /1 kb 

Phusion  Pyrococcus furiosus 98 °C; 20 sec Tm; 20 sec 72°C; 30 sec /1 kb 

Pfu Pyrococcus furiosus 98 °C ; 30 sec Tm-5 °C; 30 sec 72°C;120 sec/1 kb 

Taq Thermus aquaticus 98 °C ; 30 sec Tm-5 °C; 30 sec 72°C;  60 sec /1 kb 

 

PCR reaction  

1-150 ng template-DNA  

1x PCR-Puffer 

10 mM of dATP, dGTP, dCTP, dTTP 

0-10 % (v/v) DMSO 

0-2mM MgCl2 

10 pmol forward primer 

10 pmol reverse primer 

1-2 U DNA-polymerase  

ad 50 µl ddH2O 

 

PCR-program 

Step Temperature Time  

Initial denaturation 95- 98 °C 5 minutes  

Denaturation 95- 98 °C 15-30 seconds   

primer-hybridization x °C 15-30 seconds 20-45 cycles 

Elongation y °C z seconds   

Final elongation y °C 10 minutes  

For x a temperature 3 to 5 °C below the melting temperature (Tm) or the Tm of both primer according 

to the table of DNA polymerases depicted above was used. The temperature (y) of the elongation as well 

as the duration of elongation (z) depended on the used DNA polymerase (see table of DNA polymerases 

above).  

5.2.1.3 DNA isolation 

For the purification of PCR-products the kit systems QIAquick PCR Purification Kit (Qiagen, 

Hilden), the NucleoSpin Extract (Macherey-Nagel, Düren) or the peq Gold Cycle Pure Kit (Peqlab, 
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Erlangen) were used according to the manufactures instructions. Extraction of DNA out of 

agarose gels was performed according to the manufactures instructions of the used kit systems 

QIAquick Gel Extraction Kit (Qiagen, Hilden), the NucleoSpin Extract (Macherey-Nagel, Düren) 

or the peq Gold Gel Extraction Kit (Peqlab, Erlangen). 

5.2.1.4 DNA restriction digestion 

The restriction digestions was carried out according to the manufactures instructions for the 

respective restriction enzymes (Fermentas/Thermo Scientific or NEB). Generally the incubation 

time was 1 hour and the reaction was stopped by heat shock at 95 °C for 10-20 minutes or 

through separation of the reaction products using agarose gel electrophoresis (5.2.1.8). 

5.2.1.5 DNA ligation 

Restriction digested DNA of a gene of interest was ligated into a linearized restriction 

digested plasmid (5.2.1.4). For ligation, the T4-DNA ligase (5.1.6) was used according to 

manufacturers instructions. In general a 3-5 times molar excess of insert to plasmid was used 

and the reaction was carried out at 4 °C over night.  

5.2.1.6 DNA Sequencing 

All DNA constructs used and prepared during this work were analyzed for the correct 

sequence of the respective inserts by DNA sequencing. A standard DNA sequencing reaction 

contained 200-400 ng plasmid, 10 pmol sequencing primer, 1.5 µl Big Dye Terminator v 1.1 mix, 

1.5 µl sequencing buffer adjusted with double distilled water to a final volume of 10 l. The 

temperature protocol included an initial denaturation step at 96 °C for 2 minutes, another 

denaturation step at 95 °C for 5 sec, a primer annealing step at 55 °C for 15 seconds and an 

elongation step at 60 °C for 4 minutes. The denaturation, annealing and elongation steps were 

repeated 25 times. Afterwards the DNA was precipitated by addition of 2 µl 3 M NaOAc, 2 µl 125 

mM EDTA and 50 µl ethanol (98% v/v). The precipitated DNA was pelletized by centrifugation 

(20000x g, 20 min), washed with 70 µl ethanol (70% v/v) and dried at room temperature. The 

DNA pellet was resuspended in 100 % (v/v) formamide and stored at -20 °C until sequencing 

was performed by Andreas Nolte (Department of Developmental Biochemistry, University of 

Göttingen). 

5.2.1.7 Concentration determination of DNA and RNA  

Nucleic acids have absorption maxima at 260 nm and therefore DNA or RNA concentration of a 

solution was determined at 260 nm. Absorption of 1 at 260 nm corresponds to 50 µg/ml double 

stranded DNA (= 0.15 mM), 33 µg/ml single stranded DNA (=0.1 mM) and 33 µg/ml single 

stranded RNA (=0.11 mM). The purity of the nucleic acid solution was determined through the 
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A260/A280 ratio. Pure DNA or RNA preparations have ratios of 1.8 and 2.2 respectively. Solutions 

containing protein or phenol impurities have a lower value.  

5.2.1.8 Agarose gel electrophoresis and visualization of DNA and RNA 

DNA- and RNA-fragments were analyzed and separated by size using agarose gel 

electrophoresis. 1% (w/v) agarose was boiled in 1 TAE and transferred to a gel chamber with a 

comb. After the gel was polymerized, it was transferred to an electrophoretic chamber filled 

with 1 TAE and the DNA/RNA samples supplemented with loading dye are loaded onto the gel. 

A voltage of 80 V was applied to the gel for 45 to 90 minutes. After separation of the DNA or RNA 

fragments, the gel was transferred into a solution containing 1 μg/ml ethidium bromide or 

GelRed and incubated for 5-10 minutes. The visualization of bands under UV light was carried 

out using the gel documentation system GelDoc EQ system from BioRad. 

 

50  TAE   6  loading dye  

2M Tris acetate, pH 8.0  0.25%  Bromphenolblue 

50 mM  EDTA  0.25%  Xylene cyanol FF 

   30% (v/v) Glycerol 

 

5.2.1.9 Electrophoretic mobility shift assay (EMSA) 

The electrophoretic mobility shift assay (EMSA) was used to study antisense siRNAs and 

double stranded siRNAs binding to RNA-binding proteins. The reactions were incubated for 30 

minutes in binding buffer (generally the gel filtration buffer of each protein supplemented with 

2 mM MgCl2) on ice. The reaction was mixed with 6x loading dye and subjected to agarose gel 

electrophoresis and visualized as described above (5.2.1.8).  

5.2.1.10 Urea polyacrylamide gel electrophoresis (urea-PAGE) and visualization of RNA 

RNA samples were analyzed by urea polyacrylamide gel electrophoresis (urea-PAGE). A 

typical gel was composed of 8% polyacrylamide and 8 M Urea in 1 TBE and the gel was 

polymerized by addition of 1% (v/v) APS and 1% (v/v) TEMED. The samples were dissolved in 

2 RNA loading buffer (90% (v/v) formamide, 0.025% (w/v) xylenecyanol, 0.025% (w/v) 

bromphenolblue) and heated to 95 °C for 5 minutes. Each gel was pre-run 10-15 minutes at 35 

mA in 1 TBE and the pockets rinsed thoroughly with running buffer. After loading, the gel was 

run in 1 TBE at 35 mA for 1-2 hours. For visualization of the RNA, the gel was transferred into a 

1 TBE solution containing 1 μg/ml ethidium bromide or GelRed and incubated for 1 minute. 

The visualization of bands under UV light was carried out in a gel documentation system GelDoc 

EQ system of BioRad (BioRad, Munich).  
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All Urea gels for hDicer and RISC assays within the laboratory of Prof. Dr. G. Meister (MPI, 

Munich) were prepared using the SequaGel Sequencing System Kit (National diagnostics). For 

the RISC assay (Argonaute assay) 8% acrylamide gels and for the hDicer assay 10 and 15% 

acrylamide gels were prepared. Each gel was pre-run 10-15 minutes at 300 V in 1 TBE and the 

pockets rinsed thoroughly with the running buffer. All samples were dissolved in 2 RNA 

loading buffer (90% (v/v) formamide, 0.025% (w/v) xylenecyanol, 0.025% (w/v) 

bromphenolblue) and heated to 95 °C for 5 minutes prior to loading. For the RISC assay the gel 

was run at 65 W and for the Dicer assay the gels were run at 300 V.  

10 TBE   2 RNA loading buffer 

2 M Tris acetate, pH 8.0  0.025%  Bromphenolblue 

50 mM  EDTA  0.025%  Xylene-cyanol FF 

   90% (v/v) Formamide 

5.2.1.11 In vitro Dicer assay 

To determine human Dicer activity an in vitro transcribed and radioactively labeled pri-miR-

27a substrate was used (Meister et al., 2005; Landthaler et al., 2004). The assay was performed 

together with Anne Frohn in the laboratory of Prof. Dr. G. Meister in Munich. For in vitro 

transcription of the 32P UTP labeled pre-miR-27a a 40 l reaction consisting of 3 l PCR 

template (Landthaler et al., 2004), 8 l 5x NTP Mix (A/C/G/U = 5/5/8/0.1 mM), 8 l 5x T7 RNA 

polymerase buffer (40 mM Tris/HCl pH 7.9; 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl), 0.2 l 

DTT (1M), 1 l T7 RNA polymerase, 5 l 32P UTP (10 Ci/l) and 14.8 l autoclaved dd H2O 

was incubated at 37°C for 2 hours. 40 l of RNA loading buffer (5.2.1.10) was added, the solution 

incubated at 95°C for 5 minutes and separated by 10% urea-PAGE (5.2.1.10). The RNA was 

detected by autoradiography, cutted out and eluted from the gel by addition of 400 l RNA 

elution buffer (300 mM NaCl, 2 mM EDTA) shaking at 1400 rpm and 4°C overnight. The RNA was 

precipitated by addition of 0.1 volume of NaOAc (pH 5.2) and 2.5 volumes of 100% ethanol at -

20°C over night. The RNA was pelleted by centrifugation at 13000 rpm for 1 hour at 4°C. The 

RNA pellet was washed with 70% ethanol and dissolved in 20 l autoclaved ddH2O. The 

concentration of the RNA was measured using a NanoDrop and the RNA was stored at -20 °C 

before usage (5.2.1.7). 

For the cleavage reaction 0.25 g to 5 g recombinant human N-hDicer was incubated with 2 

Bq/cm2 in vitro transcribed pri-mi-27a RNA substrate in 20 l PBS supplemented with 5 mM 

ATP, 7.5 mM MgCl2 and 10 U/ml RiboLock (Fermentas) at 37 °C for 1 hour. The reaction was 

stopped by addition of 40 g proteinase K in 200 l proteinase K buffer (300 mM NaCl, 200 mM 

Tris/HCl pH 7.5, 25 mM EDTA, 2% SDS). The protein digestion reaction was incubated at 65 °C 

for 15 minutes. The RNA was extracted using 200 l Phenol/Chlorophorm/Isoamylalcohol 

(25:24:1) solution. For subsequent RNA precipitation, the aqueous phase was mixed with 0.1 
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volume of NaOAc (pH 5.2) and 2.5 volumes of 100% ethanol and incubated at -20°C over night. 

The RNA was pelleted by centrifugation at 17000 g for 1 hour at 4°C, the pellet air dried at 

room temperature, dissolved in autoclaved ddH2O and separated by 15% urea-PAGE (5.2.1.10) 

and signals were detected by autoradiography.  

5.2.1.12 In vitro RISC cleavage assay 

To assay for the endonucleolytic cleavage of a target RNA (slicer activity) of recombinant 

human N-His6-Ago2 and hAgo2, an in vitro RISC cleavage assay was performed together with 

Anne Frohn in the laboratory of Prof. Dr. G. Meister in Munich. As target RNA a 32P GTP-cap 

labeled 170 nucleotide long RNA corresponding to the firefly luciferase sequence called luciII 

(also named 86.1) was used (5.1.13; Martinez et al., 2002; Meister et al., 2004). This RNA 

contains a sequence that is perfectly complementary to a specific single stranded small RNA that 

was used for recombinant Argonaute loading (antisense siRNA4 in 5.1.13, Meister et al., 2004) 

The target mRNA was in vitro transcribed by incubating 5 l PCR template (Martinez et al., 

2002; Meister et al., 2004) with 20 l 5 NTP Mix (A/C/G/U = 5/5/8/2 mM), 20 l 5 T7 RNA 

polymerase buffer (40 mM Tris/HCl pH 7.9, 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl), 0.5 l 

DTT (1M), 1 l T7 RNA polymerase and 53.5 l autoclaved dd H2O at 37 °C for 2 hours. 100 l of 

RNA loading buffer (90% (v/v) formamide, 0.025% (w/v) xylene-cyanol, 0.025% (w/v) 

bromphenolblue) was added, the solution incubated at 95 °C for 5 minutes and separated by 8 % 

urea-PAGE (5.2.1.10). The RNA was detected by UV shadowing, cut out from the gel and eluted 

from the gel by addition of 400 l RNA elution buffer (300 mM NaCl, 2 mM EDTA) shaking at 

1400 rpm and 4 °C overnight. The RNA was precipitated by addition of 0.1 volume of NaOAc (pH 

5.2) and 2.5 volumes of 100% ethanol at -20 °C over night. The RNA was pelleted by 

centrifugation at 13000 rpm for 1 hour at 4 °C. The RNA pellet was washed with 70% ethanol 

and dissolved in 20 l autoclaved ddH2O. The concentration of the RNA was measured using a 

NanoDrop by detection of 260 nm absorption and the RNA stored at -20 °C before further usage 

(5.2.1.7).  

For 32P GTP-cap labeling 20 pmol luciII-RNA (9 l) were incubated with 2 l 32P GTP 

(3000 Ci/mmol), 2 l Guanylyltransferase, 1 l S-Adenosylmethionin (500 mM), 0.25 l 

RiboLock (RNase inhibitor, 20 U/l) in 20 l of Guanylyltransferase reaction buffer (40 mM 

Tris/HCl pH 8.0, 6 mM MgCl2, 10 mM DTT and 2 mM spermidine) for 2 hours at 37 °C. One 

volume of RNA loading buffer (5.2.1.10) was added, the solution incubated at 95 °C for 5 minutes 

and separated by 8% urea-PAGE (5.2.1.10). The RNA was detected by autoradiography, cut out 

from the gel and eluted from the gel using ethanol precipitation as described above and diluted 

to a concentration of 1.0-1.2 Bq/cm2 per l. 
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For the cleavage reaction 0.5 g to 10 g recombinant human N-His6-Ago2 and hAgo2 was 

incubated with 1.5 l of the 32P GTP luci II target RNA substrate and 2.5 l of complementary 

single stranded siRNA in 25 l buffer containing 40 mM KCl, 5 mM DTT, 1 mM ATP, 0.2 mM GTP, 

10 mM MgCl2 and 1.2 U RiboLock (Fermentas) at 37 °C for 1 hour. The reaction was stopped by 

addition of 40 g proteinase K in 200 l proteinase K buffer (300 mM NaCl, 200 mM Tris/HCl pH 

7.5, 25 mM EDTA, 2% SDS) and incubation at 65 °C for 15 minutes. The RNA was extracted using 

200 l Phenol/Chlorophorm/Isoamylalcohol (25:24:1). For subsequent RNA precipitation, the 

aqueous phase was mixed with 0.1 volume of NaOAc (pH 5.2) and 2.5 volumes of 100% ethanol 

and incubated at -20 °C over night. The RNA was pelleted by centrifugation at 17000 g for 1 

hour at 4 °C, the pellet air dried at room temperature, dissolved in autoclaved ddH2O and 

separated by 8% urea-PAGE (5.2.1.10) and signals were detected by autoradiography.  

5.2.2 Cell biological methods 

5.2.2.1 Preparation of medium and agar plates for cultivation of E. coli  

LB-, 2YT- and TB-media were used for the cultivation of the E. coli cells, for the amplification 

of plasmids or for protein expression and SOC-medium was used for plasmid transformations 

(5.2.2.2; 5.2.2.3; 5.2.2.4; 5.2.2.5; 5.2.2.6). Prior to usage all media and agar plates were sterilized 

by autoclaving and according to the cell type and the containing plasmid/plasmids/bacmids 

appropriate antibiotics were added (5.1.7). Agar plates were used to grow single bacterial 

colonies and were prepared under sterile conditions. 

 

LB-medium   LB-agar plates  

10 g/l Tryptone  500 ml LB medium 

5 g/l Yeast extract  1.5 % (w/v) Agar-agar 

10 g/l NaCl    

 

2YT-medium   2YT-agar plates  

16 g/l Tryptone  500 ml 2YT medium 

10 g/l Yeast extract  1.5 % (w/v) Agar-agar 

5 g/l NaCl    

 

TB-medium   SOC-medium  

12 g/l Tryptone  20 g/l Tryptone 

24 g/l Yeast extract  5 g/l Yeast extract 

4 ml Glycerol   10 mM NaCl 

2.13 g/l KH2PO4  2.5 mM KCl 

12.54 g/l K2HPO4  10 mM MgCl2 

   10 mM MgSO4 

   20 mM Glucose 
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The following media were prepared and after autoclaving used for expression of proteins by 

autoinduction (5.2.2.5).  

 

Zy-medium  5052-medium (50)  M-medium (50) 
1% 
(w/v) 

Tryptone  25% (v/v) Glycerol  1.25 M K2HPO4 

0.5% 
(w/v) 

Yeast 
extract 

 2.5% (w/v) Glucose  1.25 M NaH2PO4  H2O 

   10 % (w/v) D-
Lactose 

 2.5 M NH4Cl 

      0.25 M Na2SO4 10 
H2O 

 

Furthermore a 1000 Mg2+-solution as well as the following 5000 trace-elements solution was 

prepared and sterile filtered for usage as component of the autoinduction media (Studier et al., 

2005; 5.2.2.5). 

Trace-elements solution (5000)  

50 mM FeCl3  6 H2O 

20 mM  CaCl2  2 H2O 

10 mM  MnCl2  4 H2O 

10 mM ZnSO4  7 H2O 

2 mM CoCl2  6 H2O 

2 mM CuCl2  2 H2O 

2 mM NiSO4  6 H2O 

2 mM  Na2MoO4  2 H2O 

2 mM Na2SeO3 

2 mM H3BO3 

5.2.2.2 Preparation of chemical competent E. coli cells 

For the generation of chemically competent E. coli cells, 500 ml LB-medium containing the 

appropriate antibiotics were inoculated with 500 µl of an overnight culture (5.1.7; 5.2.2.1). 

Bacteria were grown to the mid-logarithmic phase of OD600 = 0.5 at 37 °C and subsequently 

pelleted by centrifugation at 3000 g, 4 °C for 10 minutes. The cells were resuspended in 150 ml 

ice cold TFB1 buffer and after additional 5 minutes on ice the bacteria were centrifuged at with 

3500 g, at 4°C for 10 minutes. Finally, the cell pellet was carefully resuspended in 5 ml TFB2 

buffer, aliquoted, shock frozen in liquid nitrogen and stored at -80 °C. Alternatively another 

buffer system was used, which had the advantage that the buffer could be autoclaved prior to 

usage. Therefore, after harvesting the cells were resuspended thoroughly in 125 ml ice cold 100 

mM MgCl2 and centrifuged for 10 minutes at 3000 rpm and 4°C. The cell pellet was resuspended 

in 250 ml 100 mM CaCl2 and centrifuged for 10 minutes at 3000 rpm and 4 °C. The cell pellet 

was resolved in 5 ml buffer containing 100 mM CaCl2 and 15% (v/v) glycerol, aliquoted, flash 

frozen in liquid nitrogen and stored at -80 °C. 
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TFB1 buffer   TFB2 buffer  

30 mM  KOAc, pH 7.0  10 mM  NaMOPS pH 7.2 

50 mM  MnCl2  75 mM  CaCl2 

10 mM  CaCl2  10 mM  RbCl2 

100 mM  RbCl2  15% (v/v) Glycerol 

15% (v/v) Glycerol    

pH 5.8 (acetic acid)   pH 6.5 (NaOH)  

 

5.2.2.3 Plasmid Transformation 

To transfer plasmid DNA into different chemically competent E. coli strains 10-100 ng 

plasmid-DNA or a ligation reaction was added to 50 μl of chemically competent E. coli cells 

(5.1.10; 5.2.2.2) and incubated on ice for 20 min. For transformation the chemically competent 

bacteria were heat-shocked for 45 s at 42 °C and subsequently cooled on ice for 2 min. 

Afterwards 450 µl LB-medium (5.2.2.1) were added and the bacteria were incubated on a shaker 

for further 45 min at 37 °C. Finally, the cells were plated on LB-agar plates supplemented with 

appropriate antibiotics and incubated upside down at 37 °C over night.  

To transfer a pFastBac donor plasmid into chemically competent E. coli DH10Bac cells, 1 µg 

of plasmid DNA was added to 100 μl of cells on ice. After incubation for 20 minutes on ice the 

heat shock was carried out for 45 s at 42 °C, the mixture was chilled on ice for 2 min, 900 µl SOC 

medium (5.2.2.1) was added and the bacteria were incubated shaking for further 5 to 6 hours at 

37 °C. The cells were plated on LB-agar plates containing Gentamycin, Kanamycin, Tetracycline, 

IPTG as well as X-Gal for blue-white screening and incubated upside down for 48 hours at 37°C. 

5.2.2.4 Plasmid Isolation 

Plasmid DNA was isolated from E. coli cultures by alkaline lysis using the QIAprep Miniprep 

kit from Qiagen, the NucleoSpin Extract II Kit from Macherey-Nagel or the PeqGOLD Plasmid 

Miniprep Kit from Peqlab according to the manufacturers instructions. The yielded plasmid DNA 

was used for subcloning, sequencing or transformations. In contrast, bacmid-DNA was isolated 

from E. coli cells using the Midi Prep kit from Invitrogen according to the manufacturers 

instructions. Alternatively, the bacmid DNA was isolated via direct precipitation. Therefore, a 5 

ml E. coli culture was pelleted by centrifugation at 4000 rpm for 10 minutes at 4 °C and the 

supernatant was discarded. The pellet was resuspended in 250 µl of P1 buffer containing 50 mM 

Tris/HCl pH 8.0, 10 mM EDTA, 100 g/ml RNase A and the solution transferred to a 1.5 ml 

reaction tube. Then 250 µl of P2 buffer (200 mM NaOH, 1 % SDS) was added and the mixture 

homogenized by gentle inverting. Afterwards 350 µl of P3 buffer (3M KOAc, pH 5.5) was added, 

the mixture homogenized by inverting and centrifuged for 10 minutes at 13.000 rpm and 4 °C. 

After centrifugation the supernatant was collected, transferred to a new 1.5 ml reaction tube and 
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again centrifuged for 20 minutes at 13.000 rpm and 4 °C. The supernatant, which should be free 

of any particles or impurities, was collected and transferred to a new 2 ml reaction tube. For 

DNA precipitation 800 µl of 100% (v/v) isopropanol was added, the mixture homogenized by 

inverting and centrifuged for 20 minutes at 13.000 rpm and 4 °C. Afterwards the isopropanol 

was removed, the DNA pellet washed with 500 µl 70% (v/v) ethanol and again centrifuged for 

10 minutes at 13.000 rpm at 4 °C. Finally, the ethanol was removed and either the DNA resolved 

in 20 µl ddH20 for usage as template in a control PCR or 50 µl ethanol were added and the tube 

transferred to the sterile bench of the insect cell culture for transfections (5.2.1.2; 5.2.2.6.5). For 

storing the bacmid, after cell lysis the supernatant was mixed with isopropanol as described 

above and the mixture stored at -20 °C. 

5.2.2.5 Heterologous protein production in E. coli 

Prior to protein expression E. coli BL21 (DE3) Star cells were transformed with the 

appropriate plasmid DNA carrying the protein coding open reading frame (ORF) (5.1.12; 

5.2.2.3). All H. sapiens Dicer and TRBP2 fragments showed best expression rates in E. coli BL21 

(DE3) Star cells and were therefore expressed in those cells within this study. For large-scale 

protein expression 1 Liter 2YT- or TB-medium containing the appropriate antibiotics was 

inoculated with 1 ml of an overnight culture. Bacteria were grown to OD600 = 0.4 at 37 °C and 

then the temperature was lowered to 16 °C. Cells were further grown to an OD600 = 0.8 at 16 °C 

and protein expression induced with 1 mM isopropyl--D-thiogalactopyranoside (IPTG). After 

16 hours, the cells were harvested by centrifugation at 4 °C with 4800  g for 15 minutes. The 

cell pellets were washed in 1 PBS (137 mM NaCl, 10 mM K-Phosphate, 2.7 mM KCl, pH 7.4) or 

the appropriate lysis buffer (5.2.3.4) and again centrifuged at 4 °C with 4800  g for 15 minutes. 

The cell pellets were either directly used for cell lysis (5.2.2.7) or flash-frozen in liquid nitrogen 

and stored at -20 °C. For SDS-PAGE analysis, cell samples corresponding to 500 l of a culture 

with OD600 = 0.8 were taken prior to and after induction. Samples were centrifuged and cell 

pellets resuspended in 80 l of protein loading dye and 5 to 8 l applied to SDS-PAGE analysis 

(5.2.3.2). 

Human TRBP2 was expressed using autoinduction as N-terminal GST-fusion proteins in E. 

coli BL21 (DE3) Star cells. A main culture containing 250 ml ZY-medium, 5 ml M-medium (50x), 

250 l Mg2+ (1000), 50 l micronutrients (5000), 5 ml 5052-medium (50) and 100 g/ml 

Ampicillin was inoculated with 250 l of an over night culture (5.2.2.1). Bacteria were grown to 

an OD600 = 0.4 at 37 °C and then the temperature was reduced to 16 °C for 48 hours. After 

incubation the cultures reached an OD600 between 10 and 20 and were harvested by 

centrifugation at 4 °C and 4800 g for 15 minute. The cells were washed in 1 PBS (137 mM 

NaCl, 10 mM K-Phosphate, 2.7 mM KCl, pH 7.4) or the appropriate lysis buffer (5.2.3.4) and again 
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centrifuged at 4 °C and 4800 g for 15 minutes. The cell pellets were either directly used for cell 

lysis (5.2.2.7) or flash-frozen in liquid nitrogen and stored at -20 °C. Samples for SDS-PAGE were 

taken prior to and after induction (5.2.3.2).  

5.2.2.6 Protein expression using insect cells 

5.2.2.6.1 Generation of recombinant bacmids for transfection 

First the gene of interest was cloned into a pFastBacHtb donor plasmid (see 5.1.12). After 

verification of a correct insertion by DNA sequencing (5.2.1.6) the recombinant plasmid was 

transformed into E. coli DH10Bac competent cells (5.1.10). Colonies containing recombinant 

bacmids were identified by disruption of the lacZa gene appearing white on blue-white 

screening agar plates (5.2.2.1). The DNA of the selected E. coli clones containing the recombinant 

bacmid was either isolated by the MIDI prep Kit from Invitrogen according to manufacturers 

instructions or by direct precipitation (5.2.1.3). Before the DNA was used for the transfection of 

insect cells a control-PCR was carried out (5.2.1.2). 

5.2.2.6.2 Culturing of insect cells 

Cell culture work with Sf9, Sf21 and High Five (H5) insect cells was performed under sterile 

conditions using the laminar flow hood Prettl TelStar Typ Bio II A (TelStar, Frankfurt). Cells 

were counted, cell viability checked and virus infection controlled using the Axiovert 25 inverse 

microscope (Carl Zeiss, Jena). Sf9 and Sf21 cells were used for transfections, virus generation 

and recombinant protein expression. High Five cells were used for recombinant protein 

expression. Within this work insect cells were grown in monolayer and suspension cultures 

using serum-free medium at 27°C in the dark (5.1.16). Monolayer cultures were cultivated in 25 

cm2, 75 cm2 or 175 cm2 flasks in a Mytron incubator and passaged every 2 to 3 days. Suspension 

cultures were counted every day and kept at 0.5  106 cells/ml in appropriate flask shaking at 

100 rpm in a Multitron incubation shaker. 

5.2.2.6.3 Thawing of insect cells 

A vial of frozen cells was placed into a 37 °C water bath, thawed rapidly with gentle agitation 

until the cells were almost thawed and quickly removed from the water bath. The outside of the 

cell vial was decontaminated by treatment with 70% (v/v) ethanol and dried. The thawed 1 ml 

cell suspension was transferred to a 25 cm2 flask, which was filled with 4 ml complete Sf-900 III 

SFM or Express Five SFM medium (5.1.16). To allow the cells to attach, the flask was transferred 

to a 27 °C incubator for 30-45 minutes. After the cells were attached, the medium was gently 

removed and the cells were fed with 5 ml of fresh medium for 24 hours and afterwards the 

medium was exchanged. When the cells had a viability of greater than 70% and had formed a 

confluent monolayer the cells were sub-cultured. 
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5.2.2.6.4 Freezing of insect cells 

Cells were frozen from suspension or adherent culture, whereby cells of a low passage 

number and a high viability were used. Therefore, sterile cryo vials were set up on ice and 

labeled. Cells were counted and centrifuged at 500 g for 10 minutes at room temperature. The 

supernatant was removed. The pelleted cells were resuspended to the given density in the 

freezing medium listed in the following table and aliquoted in 1 ml sterile cryo vials. The vials 

were placed at -20°C for 1 hour, then transferred to -80 °C for 24-48 hours and stored in liquid 

nitrogen. 

Cell Line  Freezing Medium  Density (cells/ml)  

Sf9  60% Sf900-II Insect Medium, 30% FBS, 10% DMSO  1  107  

Sf21  60% Sf900-II Insect Medium, 30% FBS, 10% DMSO  1  107  

High Five™  42.5% conditioned Express Five ® SFM, 42.5% fresh 

Express Five ® SFM, 10% DMSO, 5% FBS  
3 106 

5.2.2.6.5 Transfection of Sf9 and Sf 21 cells in a 6-well format 

The bacmid DNA prepared from a 5 ml pre-culture (5.2.2.4) is used for the transfection of 2 

wells of a 6-well culture plate (Thermo Scientific or Nunc). The prepared bacmid DNA was taken 

to the sterile hood in 50 µl 70% ethanol. After desinfecting the tube outside, the tube was 

opened inside the hood to allow the ethanol to evaporate completely. Once the bacmid was free 

of ethanol, 20 µl of autoclaved ddH2O was added to dissolve the DNA. In the mean time, a mix 

containing the transfection reagent was prepared. Therefore, 100 µl of SF900III medium and 10 

µl of Fugene 6 were mixed. The resolved bacmid was diluted with 200 µl of SF900 III medium to 

a final volume of 220 µl. Afterwards 110 µl of the transfection reagent master mix was added to 

each tube containing 220 µl of diluted bacmid. The mixture was incubated for 30 to 60 minutes 

at room temperature. While the transfection reagent was incubating with the bacmid, 3 ml of Sf9 

or Sf21 cells at 0.3  106 cells/ml were seeded in 3 wells of the 6 well plate. The cells used for 

transfections had a viability of more than 95% and one of the 3 wells was used as a cell control. 

165 µl of bacmid and transfection reagent mix was added drop-wise to one well of a 6 well plate 

containing 0.3  106 Sf9 or Sf21 cells. The plates were incubated at 27 °C protected from light for 

60 hours. Then the supernatant that contains the V0 virus was collected and kept at 4 °C or used 

directly to produce V1 virus. After the V0 virus was collected, 3 ml more medium were added to 

the cells within the 6 well plate and incubate another 2 days to test for protein expression using 

SDS-PAGE (5.2.3.2). 
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5.2.2.6.6 Virus production using Sf9 cells 

One day before infection with the V0 virus, 250 ml shaker flasks containing 25 ml of SF9 cells 

at 0.5  106 cells/ml were prepared. At the day of the infection with V0, the cells in each flask 

were splited to 0.5  106 cells per ml, leaving 25 ml cells in the flask. The cells used for virus 

production were >95% viable. 3 to 6 ml of the V0 virus was added to the cells. After 24 hours the 

cells were counted to check if they are still proliferating. If the cells were proliferated, they were 

diluted to 0.5  106 cells /ml with medium. This procedure was repeated until the cells stop 

proliferating. Sometimes it was necessary to change the 250 ml flask to a larger one. 60 hours 

after the cells stopped differentiating, the V1 was collected by centrifuging at 2000 rpm for 10 

minutes. The V1 virus (supernatant after centrifugation) was stored at 4 °C in the dark or 

directly used for protein expressions. The pellet was analyzed for protein expression using SDS-

PAGE (5.2.3.2). 

5.2.2.6.7 Protein production using Sf9 and High Five cells 

Sf9 cells were used for expression of full length N-hDicer for 36 to 40 hours and full length 

N-hAgo2 was expressed in High five cells for 48 hours. For test protein expression of full length 

N-hAgo2, 300 ml shaker flasks with 50 ml of High Five at 0.5  106 cells/ml were prepared and 

infected with different amounts of fresh V1 virus (0.5 ml, 1 ml, 1.5 ml and 2 ml). The best 

amount of virus added is the one were the cells stop proliferating immediately and start 

expressing the protein. 24 hours after the virus was added, the cells were counted every 4 hours 

and samples were taken for SDS-PAGE analysis (5.2.3.2). For large-scale expression of full length 

N-hAgo2 2 L shaker flasks with 500 ml of High Five at 0.5  106 cells/ml were prepared and 

infected with the amount of V1 virus, which gave the best result during test expression and 

incubated for 48 hours. After incubation, the cultures were counted, samples for SDS-PAGE 

analysis were taken and the cells were harvested by centrifugation at 4 °C with 4800  g for 15 

minutes. The cell pellet was washed in 1 PBS (137 mM NaCl, 10 mM K-Phosphate, 2.7 mM KCl, 

pH 7.4) or the appropriate lysis buffer (5.2.3.5) and again centrifuged at 4 °C with 4800 x g for 

30 minutes. The cell pellets were either directly used for cell lysis (5.2.2.7) or frozen in liquid 

nitrogen and stored at -20 °C. 

For test-expression of full length N-hDicer 300 ml shaker flasks with 50 ml of Sf9 cells at 

1  106 cells/ml were prepared and infected with different amounts of fresh V1 virus (0.5 ml, 1 

ml, 1.5 ml and 2 ml). 24 hours after infection, the cells were counted every 4 hours and samples 

were taken for SDS-PAGE analysis (5.2.3.2). For large-scale expression of full length N-hDicer 2 L 

shaker flasks with 500 ml of Sf9 cells at 1  106 cells/ml were prepared and infected the amount 

of V1 virus, which gave the best result during test-expression and incubated for 36 to 40 hours. 

After incubation, the cultures were counted, samples for SDS-PAGE analysis (5.2.3.2) were taken 

and the cells were harvested by centrifugation at 4 °C and 4800 x g for 15 minutes. The cell 
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pellet was washed in 1 PBS (137 mM NaCl, 10 mM K-Phosphate, 2.7 mM KCl, pH 7.4) or the 

appropriate lysis buffer (5.2.3.5) and again centrifuged at 4 °C with 4800 g for 30 minutes. The 

cell pellets were either directly used for cell lysis (5.2.2.7) or frozen in liquid nitrogen and stored 

at -20 °C. 

5.2.2.7 Preparation of cell extracts for protein purification 

Prior to cell lysis E. coli cells were resuspended in the appropriate lysis buffer that was 

supplemented with protease inhibitor (5.1.6; 5.2.3.4; 5.2.3.5; 5.2.3.6). The cells were lysed using 

an equilibrated and ice chilled micro fluidizer for 2-6 times with a pressure of 0.55 MPa. 

Clarification of the cell lysate was done by centrifugation at 30000 g and 4 °C for 30 minutes. 

Additionally a sample was taken for SDS-PAGE analysis (5.2.3.2). The soluble protein solution 

within the supernatant was used for protein purification and SDS-PAGE analysis (5.2.3.2).  

Insect cell pellets were grinded in a mortal chilled with liquid nitrogen. After the cells were 

pestled to powder, this powder was resuspended in lysis buffer supplemented with complete 

protease inhibitor tablets (Roche) and a sample was taken for SDS-PAGE analysis (5.2.3.2). The 

thawed suspension was cleared by centrifugation at 100000  g and 4 °C for 1 hour. Samples of 

the supernatant and the pellet were taken for SDS-PAGE and the supernatant used for protein 

purification (5.2.3.2; 5.2.3.4; 5.2.3.5; 5.2.3.6).  

5.2.3 Protein chemistry 

5.2.3.1 Concentration determination of proteins 

The concentration of proteins and RNA-protein complexes was determined in a colorimetric 

assay relying on the method of Bradford (Bradford, 1976). For Bradford measurements 20 l 

protein or protein-RNA solution was diluted in 980 l Bradford reagent (BioRad, Munich), 

incubated for 3 minutes at room temperature and measured at 595 nm in cuvettes.  

In some cases the concentration of proteins was also determined spectroscopically. For that 

purpose the absorbance at 280 nm was verified using the NanoDrop (Thermo scientific). Molar 

extinctions coefficients for proteins under study were calculated using ProtParam (5.1.15). 

Additionally, the coefficient A280/A260 was calculated to check each protein preparation for 

contaminations with nucleic acids. For exact protein quantifications and for MALS calculations 

the native extinction coefficient of that protein was determined according to Gill and Hippel (Gill 

and Hippel, 1989).  
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5.2.3.2 Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) 

Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing 

conditions was used to analyze protein solutions. SDS-PAGE was carried out according to 

standard procedures using the Hoefer miniVE SDS-PAGE-System. SDS gels contained a stacking 

part, cast of 4% acrylamide, 125 mM Tris (pH 6.8) and 0.1% (w/v) SDS polymerized with 0.05% 

(w/v) APS and 0.1% (v/v) TEMED. Proteins were resolved on the lower gel, containing 6-15% 

acrylamide, 375 mM Tris (pH 8.8) and 0.1 % (w/v) SDS polymerized with 0.05 % APS and 0.1 % 

TEMED. Protein samples were mixed with 2 SDS loading buffer (50% (v/v) glycerol, 70 mM 

SDS, 62.5 mM Tris, pH 6.8, 0.1% (w/v) bromphenolblue, 5% (v/v) 2-mercaptoethanol) and 

loaded on the stacking part of the gel. Gels were run at 1 mA/cm2 in SDS running buffer (25 mM 

Tris-HCl, 200 mM glycine und 0.1% (w/v) SDS) until the front of the loading dye reached the 

bottom of the gel. After protein separation the gels were stained with 0,002 % (w/v) Coomassie 

Brilliant Blue in 10% (v/v) ethanol and 5% acetic acid for 30 min and destained first in 10% 

(v/v) ethanol and 5% (v/v) acetic acid and finally in water. 

5.2.3.3 Concentration of protein solutions 

Generally, the purified proteins were concentrated to 1-20 mg/ml using Sartorius or 

Millipore concentrators, which contain an ultrafiltration membrane with a specific molecular 

weight cut off (MWCO) (5.1.2). A MWCO 30% smaller than the protein size was used. The 

samples were passed through the membrane by centrifugal force and resuspended from time to 

time. The concentrated proteins were transferred to a fresh tube, centrifuged for 15 minutes at 4 

°C with 17000 rpm using a table centrifuge and the supernatant was carefully pipetted into a 

new tube. The protein concentration of this solution was determined (5.2.3.1) and the protein 

solution directly used for further experiments or frozen in liquid nitrogen and stored at -80 °C. 

5.2.3.4 Purification of proteins and protein complexes from E. coli cells 

All chromatographic purification steps were performed on Äkta prime, purifier or explorer 

systems at 4 °C unless stated otherwise.  

Human TRBP2, TRBP2-fragments and Dicer fragments were expressed as GST-fusion 

proteins (5.1.12; 5.2.1.1; 5.2.2.5). To purify minimal hDicer-hTRBP2 complexes the pellets of the 

separate expressed proteins were mixed prior to cell lysis, centrifugation and purification 

(5.2.2.7; 5.2.3.6). Within the following a general purification protocol of a GST-fusion protein or 

GST-fusion protein complex is described and the buffers used for purification of different 

proteins and complexes are depicted in tables below. After cell lysis and centrifugation the 

supernatant was loaded onto 2  5 mL GSTrap columns (GE Healthcare), which were 

equilibrated with lysis buffer (see table below). After loading the sample, the columns were 

washed with wash buffer to remove LiCl and the GST-fusion protein subsequently eluted with 



Material and Methods 

61 

wash buffer containing 30 mM reduced glutathione. Fractions containing the fusion protein 

were pooled and incubated with PreScission protease in a 100:1 ratio of protein to protease 

overnight at 4°C. In case of full length hTRBP2 purification a Heparin Sepharose purification step 

was included in order to remove cleaved GST as well as contaminating nucleic acid. After 

protease cleavage or Heparin Sepharose purification step the protein solution was loaded onto a 

Superdex S75 (16/60) or (26/60) column equilibrated with gel filtration buffer. Finally, to 

remove GST and PreScission protease a second step of glutathione affinity chromatography 

using gel filtration buffer was carried out. The purification of GST-fusion proteins for pull down 

assays was carried out according to the purification of the proteins without in PreScission 

cleavage step and the final GSH-Sepharose step. 

 

The buffers used for the purification of GST-hTRBP2 and hTRBP2 

Lysis buffer  Wash buffer  Elution buffer 

300 mM  NaCl  300 mM  NaCl  300 mM  NaCl 

50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0 

5 % (v/v) Glycerol  5 % (v/v) Glycerol  5 % (v/v) Glycerol 

2 mM  EDTA  2 mM  EDTA  2 mM  EDTA 

1 M  LiCl  2 mM  DTT  2 mM  DTT 

2 mM  DTT     30 mM  Red. Glutathione 

        

Heparin buffer A  Heparin buffer B  Gel filtration buffer 

50 mM  NaCl  1 M  NaCl  150 mM  NaCl 

50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0  20 mM  HEPES, pH 7.5 

5 % (v/v) Glycerol  5 % (v/v) Glycerol  2 % (v/v) Glycerol 

2 mM  DTT  2 mM  DTT  1 mM  DTT 

 

Buffer for the purification of hTRBP2 fragments 

Lysis buffer  Wash buffer  Elution buffer 

400 mM  NaCl  400 mM  NaCl  400 mM  NaCl 

50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0 

5 % (v/v) Glycerol  5 % (v/v) Glycerol  5 % (v/v) Glycerol 

2 mM  EDTA  2 mM  EDTA  2 mM  EDTA 

1 M  LiCl  2 mM  DTT  2 mM  DTT 

2 mM  DTT     30 mM  reduced 

Glutathione 

        

Gel filtration buffer       

150 mM  NaCl       

20 mM  HEPES, pH 7.5       

2 mM DTT       
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Buffer for the co purification of minimal hDicer-hTRBP2 complexes 

Lysis buffer  Wash buffer  Chaperone wash buffer 

400 mM  NaCl  400 mM  NaCl  400 mM  NaCl 

50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0  50 mM  HEPES, pH 8.0 

10% (v/v) Glycerol  10%(v/v) Glycerol  10% (v/v) Glycerol 

2 mM  EDTA  2 mM  EDTA  2 mM  DTT 

1 M  LiCl  2 mM  DTT  2 mM  ATP 

2 mM  DTT     10 mM  MgCl2 

      200 mM KCl 

Elution buffer  Gel filtration buffer    

400 mM  NaCl  150 mM  NaCl    

50 mM  HEPES, pH 8.0  20 mM  HEPES, pH 7.5    

10% (v/v) Glycerol  3 % (v/v) Glycerol    

2 mM  EDTA  2 mM DTT    

2 mM  DTT       

30 mM  reduced 

Glutathione 

      

5.2.3.5 Purification of proteins and protein complexes from insect cells 

Human Ago2 and Dicer were expressed as hexahistidine-fusion proteins (N-hAgo2 and N-

hDicer) in High Five and Sf9 cells respectively. The cells were harvested and lysed as described 

in 5.2.2.6.7 and 5.2.2.7. For co-purification of N-hAgo2 and N-hDicer the insect cell pellets of the 

separately expressed proteins were pestled together in a mortal using liquid nitrogen and the 

powder was dissolved in lysis buffer (see tables below). The fusion proteins unspecifically bind 

RNAs from insect cells (own observations; Elkayam et al., 2012; Schirle et al., 2012) and 

therefore the first established purification strategy implied RNase A addition during cell lysis, 

but did not involve a specific step for later removal of RNase A. The RNase A treatment prohibits 

protein-RNA interactions and therefore an alternative purification strategy was established. 

Two alternative strategies to remove unspecifically bound RNA were shown to be the addition of 

1-2 M LiCl during cell lysis or a 1-2 M LiCl-washing step during the first affinity chromatography 

column. As both procedures gave the same result only one purification strategy (with 1 M LiCl 

within the lysisbuffer) is described.  

After cell lysis and centrifugation the clarified supernatant was loaded onto in lysis buffer 

equilibrated 2  5 ml HisTrap-columns. The columns were washed with wash buffer and an 

optional chaperone wash buffer and the fusion protein/proteins was/were eluted using a step 

gradient to 300 mM Imidazole (see elution buffer tables below). Optionally the His6-tag was 

removed after this step by incubation with TEV-protease in a 100:1 molar ration of protein to 

protease at 4 °C over night. Finally, the protein or protein complex was polished using a 

Superdex 200 (16/60) or (26/60) gel filtration column equilibrated with gel filtration buffer 

(see tables below).  
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Buffer for the purification of hAgo2, hDicer or the hAgo2-hDicer complex 

Lysis buffer  Wash buffer  Chaperone wash buffer 

(optional) 

300 mM  NaCl or KCl  300 mM  NaCl or KCl  300 mM  NaCl or KCl 

50 mM  HEPES, pH 

7.0-8.0 

 50 mM  HEPES, pH 

7.0-8.0 

 50 mM  HEPES, pH 7.0-

8.0 

5% (v/v) Glycerol  5% (v/v) Glycerol  5% (v/v) Glycerol 

1 M  LiCl  35 mM  Imidazole  35 mM  Imidazole 

35 mM  Imidazole  2 mM  2-mercapto-

ethanol 

 2 mM  2-mercapto-

ethanol 

2 mM  2-mercapto-

ethanol 

    2 mM  ATP 

      10 mM  MgCl2 

      200 mM KCl 

        

Elution buffer  Gel filtration buffer    

300 mM  NaCl/KCl  150 mM  NaCl/KCl    

50 mM  HEPES, pH 

7.0-8.0 

 20 mM  HEPES, pH 7.5 

or Imidazole 

6.8 - 7.0 

   

5% (v/v) Glycerol  5% (v/v) Glycerol    

300 mM  Imidazole  2 mM DTT    

2 mM  2-mercapto-

ethanol 

      

 

5.2.3.6 Co-purification of full length human Dicer-TRBP2 complex 

A cell pellet of NGST-hTRBP2 was lysed as described in 5.2.2.7 in buffer containing 300 mM 

NaCl, 50 mM HEPES-NaOH pH 8.0, 10% glycerol, 0-2 mM MgCl2, 0-2 mM EDTA, 5 mM DTT and 

protease inhibitors. Insect cell pellets of N-hDicer were pestled in mortal using liquid nitrogen 

and the powder dissolved in NGST-TRBP2 lysate. The lysate containing NGST-hTRBP2 and N-

hDicer was centrifuged at 100000  g for 1 hour at 4 °C and loaded on an equilibrated GSH- 

Sepharose column. After loading a 1M LiCl wash step was included with a buffer containing 1 M 

LiCl, 300 mM NaCl, 50 mM HEPES/NaOH pH 8.0, 10 % glycerol, 0-2 mM MgCl2, 0-2 mM EDTA, 5 

mM DTT. The GST-fusion protein as well as bound proteins were eluted with a buffer containing 

300 mM NaCl, 50 mM HEPES/NaOH pH 8.0, 10 % glycerol, 0-2 mM MgCl2, 0-2 mM EDTA and 5 

mM DTT and 30 mM reduced glutathione. Fractions containing the fusion protein and bound 

proteins (N-hDicer) were pooled and incubated with PreScission protease overnight at 4 °C. To 

remove excess of hTRBP2 and GST from the N-hDicer-hTRBP2 complex a Superdex 200 (16/60) 

or (26/60) gel filtration column equilibrated in a buffer containing 150 mM NaCl or KCl, 20 mM 

HEPES pH 7.5, 5% (v/v) glycerol, 0-2 mM MgCl2 and 2 mM DTT was used (5.1.3). 
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5.2.3.7 Analytical size exclusion chromatography 

Analytical size exclusion chromatography (analytical SEC) was performed to analyze the 

protein size and to verify possible protein-protein or protein-RNA complex formations. The 

chromatography steps were performed on purifier or explorer systems at 4 °C or 20 °C 

according to manufactures instructions (5.1.2; 5.1.3). Columns were pre-equilibrated with 1.5 to 

3 column volumes of running buffer, 400 l sample were injected, the sample run with a flow 

rate of 0.3 to 0.5 ml/min, fractions were taken and analyzed on SDS-PAGE, urea-PAGE and 

agarose gels (5.2.3.2; 5.2.1.10; 5.2.1.8). 

5.2.3.8 Western blot 

For western blot analysis, proteins were separated by 6-15% SDS-PAGE (5.2.3.2) and 

transferred to a nitrocellulose membrane by wet blot in transfer buffer (25 mM Tris base, 150 

mM glycine, 20% (v/v) methanol) at 90 V and 4°C for 4 hours using a BioRad blotting chamber 

(BioRad, Munich). For the detection of His-tagged proteins, the membrane was blocked with 1% 

casein in TBST buffer (20 mM Tris/HCl pH 8.0, 150 mM NaCl, 0.05% (v/v) Tween) for 1 hour 

shaking. After three ten-minute washes with TBST, the first antibody (mouse -His from Qiagen, 

5.1.8) was diluted 1:1000 in TBST and incubated with the membrane shaking at 4 °C over night. 

The excess of primary antibody was washed away by three ten-minute washes with TBST. The 

membrane was incubated with the peroxidase conjugated secondary antibody (goat -mouse 

PO-conjugated, Biomol) or the alkaline phosphatase (AP) conjugated secondary antibody (goat 

-mouse AP-conjugated, Biomol) for 1 hour. When incubated with peroxidase conjugated 

secondary antibody, the membrane was subjected to three five-minute washes in TBST buffer, 

then incubated 2 minutes in chemiluminescence detection reagent ECL (Pierce, Rockford) and 

analyzed using a digital imaging system (BioRad, Munich). Membranes incubated with AP 

conjugated secondary antibody were applied to three five-minute washes in buffer A (100 mM 

Tris pH 9.5, 100 mM NaCl, 5 mM MgCl2) and the color reaction was started by addition of 33 l 

BCIP (5% (w/v) 5-bromo-4-chloro-3-indolylphosphat in 70% dimethylformamide) and 66 l 

NTB (7.5% nitroblue-tetrazoliumchlorid in 70 % dimethylformamide). 

Strep-tagged fusion proteins were detected with a Strep-Tactin alkaline phosphatase (AP) 

conjugate from IBA (Göttingen) according to manufacturer instructions. 

5.2.3.9 Limited proteolysis  

Limited proteolysis of proteins was used to find stable protein fragments or complexes 

suitable for crystallization. Several proteases were employed and an experiment was carried out 

with a fixed protease concentration at a series of time points at 4 °C in gel filtration buffer 

(5.2.3.4; 5.2.3.5; 5.2.3.6). The reactions were stopped by addition of SDS loading dye and the 

samples were analyzed by SDS-PAGE (5.2.3.2).  
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5.2.3.10 Pull down assay 

To assay direct binding of proteins to each other pull down assays were performed. GST-

fusion proteins were bound to equilibrated Glutathione Sepharose (GE Healthcare) for 1 h at 4 

°C on a rotating wheel. Samples were washed three times with gel filtration buffer (5.2.3.4; 

5.2.3.5; 5.2.3.6) to remove unbound protein or protein excess. A 2- to 3-molar excess of protein 

binding partner/partners were added to 20 l of protein-coated beats and the samples were 

incubated at 4 °C on a rotating wheel. After 2 hours, the samples were washed three times with 

binding buffer and proteins eluted with gel filtration buffer (5.2.3.4; 5.2.3.5; 5.2.3.6) 

supplemented with 30 mM reduced glutathione. Samples from each step were analyzed by SDS-

PAGE (5.2.3.2).  

5.2.4 Special Methods/ Biophysical methods 

5.2.4.1 Multi-angle light scattering combined with size exclusion chromatography 

Multi-angle light scattering (MALS) coupled to size exclusion chromatography (SEC) was 

used to measure the absolute molar mass and size of proteins or complexes. Usually, a protein 

sample (0.5-1 mg/ml, 0.4 ml) was injected onto an equilibrated Superdex 200 (10/300) size 

exclusion column attached to an Äkta purifier (GE Healthcare) at a flow rate of 0.5 ml/min in gel 

filtration buffer. The elution was recorded by a Wyatt miniDAWN TREOS multi-angle light 

scattering detector. The data were evaluated in ASTRA5 or ASTRA56 software using the Zimm 

plot model.  

5.2.4.2 Fluorescence-based thermal stability assay 

The influence of different buffer conditions and ions on the stability of proteins, protein-

protein and protein-RNA complexes was analyzed by the fluorescence-based thermal shift assay. 

This method uses the fluorescence dye Sypro-orange that undergoes a signal change while the 

protein, protein-protein or protein-RNA complex undergoes thermal unfolding. Sypro-orange in 

a folded protein solution is exposed to an aqueous environment and its fluorescence signal 

quenched, whereby it exhibits a strong fluorescence emission upon intercalation into the 

hydrophobic core of an unfolding or unfolded protein (Ericsson et al., 2006). Fluorescence-based 

thermal stability measurements were recorded from 20 to 95 °C in 1 °C steps using the C1000 

Thermal Cycler with CFX96 Real time System (BioRad, Munich) with an excitation of 490 nm and 

an emission of 575 nm in a 96 well plate. The total sample volume in each well of 20 µl contained 

16 µl of protein or protein complex stock solution (0.1-10 µM in gel filtration buffer), 2 µl Sypro 

orange (100 x) and 2 µl of screening condition (5.1.14). Samples were tested with this assay in 

doublets. The unfolding curves were normalized and the apparent unfolding temperature was 

determined with the MaxStaf software (5.1.15). 
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5.2.4.3 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) allows the direct and quantitative characterization of 

the thermodynamics of binding events. From one optimal ITC experiment the association 

constant, the binding enthalpy, the binding entropy and the stoichiometry of a binding event can 

be calculated. For our studies we utilized the VP-ITC system (MicroCal Inc.) using the power 

compensation method. ITC was used to investigate the interaction between the RNA-binding 

protein hTRBP2 with siRNA duplex1 (5.1.13). The purified hTRBP2 (5-20 mg/ml) (5.2.2.5) and 

the substrate siRNA duplex1 (20 mg/ml) were dialyzed for 16 h at 4 °C against 150 mM NaCl 

and 10 mM HEPES/NaOH pH 7.5. The hTRBP2 or siRNA duplex1 concentration was determined 

based on absorbance at 280 nm or 260 nm, respectively, using a NanoDrop. A typical experiment 

involved 20 M siRNA duplex1 in a 300 l injection syringe and 1300 l of TRBP2 at 1 M in the 

sample cell, whereby the ITC analysis was carried out at 20 °C. Plain buffer was injected into the 

hTRBP2 solution as a control. Prior to data evaluation the heat releases from the control 

experiment was subtracted from the experimental data. Data analysis was carried out with 

Microcal Origin 7.0 to determine the enthalpy of binding (H), the entropy of binding (S), the 

equilibrium dissociation constant (Kd) and the interaction stoichiometry (n). 

5.2.4.4 Characterization of the ATPase activity 

The ATP hydrolysis rate was determined using the EnzCheckPhosphate Assay Kit 

(Invitrogen, USA). The purine nucleoside phosphorylase (PNP) catalyzes the reaction of 

inorganic phosphate with 2-amino-6-mercapto-7-methylpurine riboside (MESG), forming a 

methyl purine with an absorption maximum at 360 nm. The increase of absorption at 360 nm is 

thus directly proportional to the hydrolysis of ATP to ADP and inorganic phosphate by a protein 

with ATPase activity (Webb, 1992). The 100 µl reaction mixture contained 10 mM Tris/HCl pH 

7.5, 100 mM NaCl, 2 mM MgCl2 and 1 µM protein as well as 1 µl PNP, 20 µl MESG and 5 µM RNA. 

The mixture was incubated at 20 °C for 10 min prior to the experiment. The measurement was 

started upon addition of ATP in concentrations between 0 and 500 µM, the absorbance at 360 

nm was measured every two seconds during ten minutes at 20 °C using a Ultrospec 2100pro 

Photometer (GE Healthcare, Munich).  

5.2.4.5 GraFix preparation of macromolecular complexes 

The GraFix (gradient fixation) protocol was applied to H. sapiens Dicer-Ago2-TRBP2- 

complex (RLC), Dicer-Ago2 complex, Dicer-TRBP2 complex and Dicer supplemented with siRNA 

duplex1 or without (5.1.13; Kastner et al., 2009). The samples were run on a GraFix gradient of 

glycerol or sucrose ranging from 10-30% glycerol or sucrose (top to bottom) and a fixation 

reagent gradient ranging from 0-0.02% (top to bottom). The cross-linker was added to GraFix 

gradient solutions immediately before preparation of the gradients. A 4 ml gradient was 
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prepared by layering 2 ml of the 30% glycerol or sucrose buffer under the 10% buffer using a 

syringe and a spinocan needle. The gradients were subsequently formed by a gradient mixer 

(Gradient Master, BioComp Instruments, Inc., Fredericton, NB, Canada). Prior to centrifugation 

the gradients were pre chilled at 4 °C for 1 hour and 200 l of the protein or complex solution 

was loaded on top of the gradient. The prepared gradients were centrifuged in a Sorvall 

Centrifuge Evolution RC (Thermo Electron, Langenselbold, Germany) using a Sorvall Th 660 

rotor (Thermo Electron, Langenselbold, Germany) for generally 18 hours with 38000 rpm at 4 

°C. After centrifugation, the gradients were fractionated from the bottom and used for SDS-PAGE 

analysis and electron microscopy analysis (5.2.3.2; 5.2.4.6). 

5.2.4.6 Electron microscopy  

The structures of the H. sapiens RLC, Dicer-Ago2 complex, Dicer-TRBP2 complex and Dicer 

supplemented with siRNA duplex1 (5.1.13) or without were analyzed on a low resolution level 

by negative-stain electron microscopy. The RLC and RLC-siRNA duplex1 complexes were in 

addition subjected to cryo electron microscopy. David Haselbach, who is a member of the 3D 

Electron Cryo-Microscopy Group of Prof. Dr. Holger Stark at the Max-Planck-Institute for 

Biophysical Chemistry in Göttingen, carried out all such experiments. Prior to preparation and 

imaging, the samples were applied to the GraFix protocol (5.2.4.5). All image processing steps 

were carried out by David Haselbach and are not described in detail here. 

5.2.4.6.1 Preparation and imaging of negative-stained particles  

Negative-staining was carried out by the double carbon film method with uranyl formate. 

Therefore the GraFix prepared samples (5.2.4.5) were allowed to absorb to a thin carbon film in 

solution. The immobilizes complexes (or proteins) were then transferred to a copper grid 

covered with a perforated carbon support film and stained for 1 to 2 minutes in a 2% (w/v) 

uranyl formate solution (Jensen et al., 2010). The stain solution was then removed by blotting 

from the side with filter paper (Whatman) and grids were quick-dried under a light bulb. 

Negative-stain images were recorded two times binned with a Philips CM 200 FEG electron 

microscope (Philips, Eindhoven, Netherlands) equipped with 4k x 4k CCD camera (TVIPS, 

Munich) at an acceleration voltage of 160 kV and a magnification of 88k corresponding to a pixel 

size of 2.45 Å/pixel. 

 

5.2.4.6.2 Preparation and imaging of cryo samples  

The appropriate GraFix fractions containing the fixated RLC or RLC-siRNA duplex1 complex 

were submitted to a buffer exchange procedure via a 0.5 ml Zeba Spin desalting column 

(Thermo Scientific, Rockford, USA) or GE Healthcare G200 gel filtration column (GE Healthcare) 
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according to manufactures instructions. The eluted sample was absorbed on a floating carbon 

film as before for the negative-stain and the grid blotted by the Vitrobot Mark IV (FEI, 

Eindhoven, Netherlands) with a blot force of 12 at 4 °C and a relative humidity of 100 %. After 

blotting the sample was shot into liquid ethane and stored within liquid nitrogen until electron 

microscopy analysis. Additionally, cryonegative-stain grids were prepared (Jensen et al., 2010). 

First, a slide coated with a supporting carbon film is inserted in the sample-containing solution. 

After absorption of the GraFix prepared sample (no buffer exchange is necessary) onto the 

carbon surface the slide is floated upside-down into a well containing the uranyl formate 

staining solution. The carbon film containing the stained sample is picked up by a grid. The grids 

rest only shortly to ensure that the stained samples are not dried completely and are frozen in 

liquid nitrogen and stored there until further usage. Cryo images were recorded with a 2-fold 

binned 4 k x 4 k Eagle camera in a Cs corrected Titan Krios (FEI Company) at a magnification of 

80000 at an acceleration voltage of 80 kV and an electron dose of 20 electrons per Å2.  

5.2.4.7 Small angle X-ray scattering (SAXS) 

To determine low resolution structures and Rg values of the hTRBP2 fragment T7 containing 

amino acids 157-227 in solution small angle X-ray scattering (SAXS) measurements were carried 

out in collaboration with Clement Blanchet from the group of Prof. Dr. Dmitri I. Svergun at the 

EMBL in Hamburg. Prior to SAXS measurements the hTRBP2 fragment was freshly prepared, 

concentrated using Millipore concentrators and the concentrations determined using Bradford 

and A280 absorbance. SAXS-data were collected on the X33 beam line of the EMBL (DESY, 

Hamburg) using a 2D Photon counting Pilatus 1M-W pixel X-ray detector (Dectris, Switzerland). 

For measurements an automated sample changer was used. A BSA standard with different 

concentrations was measured at least one time before measurement of the samples for an initial 

calculation setup. For one measurement a final volume of 50 l sample was used and for T7 a 

concentration series of 3 to 4 different concentrations was measured for each of the different 

buffer at 10 °C (see following table). Clement Blanchet carried out all data evaluation steps. 

 

 

  

 Buffer  Concentration  

serie  (mg/ml) 

T7 (hTRBP2 aa 157-227)  

 500 mM NaCl, 20 mM HEPES pH 7.5, 2 mM DTT 25;12.5; 6.25; 3.13  

 250 mM NaCl, 20 mM NaPhosphate pH 7.5, 5% Glycerol, 2 mM DTT 6; 3; 1.5; 0.75  

 150 mM NaCl, 20 mM NaPhosphate pH 7.5, 5% Glycerol, 2 mM DTT 12; 6; 3; 1.5  
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5.2.4.8 Crystallization 

5.2.4.8.1 General crystallization setup 

All proteins, protein-RNA complexes and protein-protein complexes with a concentration of 

1-20 mg/ml were subjected to initial rounds of crystallization trials. For screening, a 

Phoenix/RE crystallization robot was used, which reliably adds 250 nl protein solution to 250 nl 

precipitate solution sitting drop as well as 250 nl protein solution to 125 nl precipitate solution 

sitting drop with a reservoir of 40 l precipitate solution in a 96-well format. Older screening 

was performed sitting drop in 24-well crystallization plates by manual mixing of 1 l protein 

solution with 1 l precipitate solution and a reservoir of 500 l precipitate solution (5.1.14). In 

the appendix a table of the initial crystallization screens and tested in situ proteolysis conditions 

for all proteins and complexes used in this study are listed (5.1.14; 5.2.4.8.2; see Table 4). 

5.2.4.8.2 In situ proteolysis 

The addition of proteases in crystallization droplets, which is also called in situ proteolysis 

was used to induce crystallization of proteins or protein complexes that had not crystallized so 

far (Dong et al., 2007). The proteases chymotrypsin or trypsin were mixed with the protein 

solution in mass ratios ranging from 1:1000 to 1:100 and incubated for 20 minutes prior to 

crystallization screening (see Table 4). 

5.2.4.8.3 Crystallization and structure determination of the second dsRNA-binding domain of 

hTRBP2 

Prior to crystallization trials hTRBP2 comprising amino acids 157 to 366 was incubated with 

Chymotrypsin in a ratio of 500:1 and two different crystal forms could be obtained. Hexagonal-

shaped crystals were obtained at 20 °C using the sitting drop method by mixing 250 l of the 5 

mg/ml protein-protease mixture with 125 l 3.2 M Ammoniumsulfate and 0.1 M Tris, pH 8.0 

after 2 month. As cryo protectant 15% glycerol in addition to the crystallization solution was 

used. Complete datasets were collected on the microfocus beamline ID23-2 of the ESRF 

(Grenoble). Data were processed in space group P3121 with XDS and scaled using XSCALE to a 

final resolution of 2.28 Å (Kabsch, 2010). The phase problem was solved by molecular 

replacement using the crystal structure of the second dsRNA-binding domain of H. sapiens 

TRBP2 in complex with RNA (PDB-ID: 3ADL; Yang et al., 2010), whereby the RNA was removed, 

for the search in Phaser (McCoy et al., 2007). The model was improved manually using Coot 

(Emsley et al., 2010) and refined with PHENIX (Adams et al., 2010). 

Diffraction quality plate-shaped crystals were obtained at 20 °C with the sitting drop method 

by mixing 250 nl of the 5 mg/ml protein-protease mixture with 125 nl 2 M Li2SO4 and 3 % 2-

Methyl-2,4-pentanediol (MPD) after 3 weeks. The crystals were flash-cooled in liquid nitrogen 
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without any need of further cryo protectant. Complete datasets were collected at the microfocus 

beamline ID23-2 of the ESRF (Grenoble). The data were processed and scaled using XDS and 

XCALE in the space group P422 to a final resolution of 2.95 Å (Kabsch, 2010). No reliable crystal 

structure could be solved by molecular replacement to date (McCoy et al., 2007).  
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6 Results 

6.1 RISC-loading complex (RLC) 

In order to study the human RISC-loading complex (RLC), the aim was to reconstitute it in 

vitro using recombinant components with the ultimate goal to elucidate the molecular 

architecture the human RLC by means of X-ray crystallography and electron microscopy (EM). 

The following sections describe the heterologous production and characterization of 

recombinant RLC components, the in vitro reconstitution of the human RLC, analysis of the 

siRNA-binding properties of the reconstituted complex as well as structure determination 

attempts by means of X-ray crystallography and the electron microscopy structure of the 

recombinant RLC. 

6.1.1 Preparation of the human RISC-loading complex 

Most recombinant proteins used for structural studies were produced by overexpression in 

E. coli, which is a cheap and adaptable host. Nevertheless, many eukaryotic proteins fail to be 

expressed properly in E. coli. This may be due to the necessity of specific chaperone machineries 

or post-translational modifications for proper folding of these proteins that E. coli cannot 

support. The baculovirus/insect cell system is a eukaryotic expression system that allows the 

overexpression of such proteins (Jarvis and Summer 1989; Jarvis and Summers 1992; O’Reilly et 

al., 1992). The large human Dicer and Ago2 proteins with sizes of 219 kDa and 97 kDa, 

respectively failed to be expressed or properly folded in different E. coli strains (own 

investigations and personal communication G. Meister). Initially, the aim was to reconstitute the 

RLC via a co-expression strategy by using the MultiBac system, which uses an engineered 

baculovirus DNA for later infection of insect cells and allows the simultaneous expression of 

multiple proteins in a single insect cell (Bieniossek et al., 2008). Therefore, the genes coding for 

hDicer, hAgo2 and hTRBP2 were cloned into different MultiBac transfer vectors and their co-

expression was tested in Sf9 and High Five insect cells (data not shown). The obtained 

expression rates of the human proteins were not detectable visually using SDS-PAGE or western 

blot. Shortly after the beginning of this study, in 2008, MacRae et al. successfully reconstituted 

the minimal human RLC using individually in Sf9 insect cell expressed and purified proteins. 

Additionally, MacRae et al. and later investigations showed that the expression of hTRBP2 in 

prokaryotic E. coli cells is sufficient for hTRBP2 function within the RLC (MacRae et al., 2008; 

Chakravarthy et al., 2010). Thus, only hAgo2 and hDicer were expressed as N-terminal 

hexahistidin-tagged fusion proteins in Sf9 and High five insect cells using the baculovirus 
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expression system from Invitrogen and hTRBP2 was expressed as a GST-fusion protein in E. coli 

BL21 (DE3) Star cells (5.1.12; 5.2.1.1).  

6.1.1.1 Preparation of hAgo2 

Human Ago2, which was expressed as a N-terminal hexahistidine tagged fusion protein (N-

hAgo2) in High Five cells, can be purified in a monodisperse form as described in material and 

methods (5.2.2.6; 5.2.2.7; 5.2.3.5). A typical size exclusion chromatography profile of N-hAgo2 

using a Superdex 200 (26/60) column and a 15% SDS-PAGE analysis of the peak fractions are 

shown in Figure 7. The human Ago2 protein functions as a monomeric protein within the RISCs 

(MacRae et al., 2008) and N-hAgo2 elutes at 168 ml corresponding to an estimated molecular 

mass of 79 kDa. Thus, the obtained molecular mass is significantly lower than the calculated 

value of 100 kDa. This might be either due to a more compact folding or because of interactions 

with the column matrix during the gel filtration run. Additionally, the elution profile of hAgo2 

did not change after cleavage of the NHis6-tag. hAgo2 is an siRNA- and miRNA-binding protein 

and for probable RNA-contaminations the absorptions at 260 nm and 280 nm were measured 

and the protein solution analyzed by urea-PAGE (5.2.3.1; 5.2.1.10). The 260 nm/280 nm value of 

hAgo2 was relatively high with 0.98 and on urea-PAGE small RNAs of sizes of 21-nts could be 

detected, indicating that hAgo2 might have become unspecifically loaded with endogenous 

insect cells RNAs (see 7.1.1 and Figure 54).  

 

Figure 7: Preparation of N-hAgo2.  
A: Superdex 200 (26/60) elution profile of full length N-hAgo2. Affinity-purified N-hAgo2 was applied on a 
Superdex 200 (26/60) column in buffer containing 150 mM NaCl, 20 mM HEPES pH 7.5, 5% (v/v) glycerol 
and 2 mM DTT. The elution profile, which was monitored by absorption at 280 nm in milli absorption 
units (mAu), is shown. B: Analysis of the peak fractions of the SEC of N-hAgo2 by SDS-PAGE with 
subsequent Coomassie staining. Protein samples from peak fractions were analyzed on a 15% SDS-gel, the 
identified N-hAgo2 (Ago2) protein is indicated on the right and a size marker is shown on the left of the 
gel. The numbers on top of the gel correspond to the fractions of the SEC chromatogram (M = marker).  
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6.1.1.2 Preparation of hTRBP2 

Human TRBP2, expressed as an N-terminal GST-fusion protein in E. coli BL21 (DE3) Star 

cells, can be purified in a RNA-free form using a protocol established during this work (5.2.2.5; 

5.2.2.7; 5.2.3.4). A typical SEC profile of hTRBP2 using a Superdex 75 (26/60) column and a 

subsequent 15% SDS-PAGE analysis of the peak fractions are shown in Figure 8. TRBP2 has a 

theoretical molecular mass of 39 kDa, but elutes at 121 ml corresponding to an estimated 

molecular mass of 157 kDa. Thus, hTRBP2 has an unusual shape or forms higher oligomers. 

Analytical SEC of hTRBP2 revealed a molecular weight of 79 kDa corresponding to a hTRBP2-

homodimer (data not shown). To determine the molecular mass of hTRBP2 more precisely SEC 

combined with MALS using different salt concentrations ranging from 0-1 M NaCl was carried 

out (Figure 8 C, 5.2.4.1). At low (0-0.025 M) NaCl concentrations hTRBP2 elutes later from SEC 

than at medium (0.15 M) and high (0.9-1 M) salt concentrations. This behavior can be due to a 

different overall shape of hTRBP2 or interactions of hTRBP2 with the column material at low 

salt concentrations. In all tested salt concentrations hTRBP2 is polydispers, which is already 

indicated by the strong tailing and the displacement of UV and light scattering. The 

average/mean molecular mass determined by MALS of hTRBP2 at all different concentrations is 

60 kDa. At all different salt concentrations molar mass distributions varying between 66 kDa 

and 33 kDa were assigned. Hence, hTRBP2 forms compact homodimers and monomers at low 

and high salt concentrations. hTRBP2-homodimers seem to be stable (hTRBP2-homodimers 

exist at 1 M NaCl) and the homodimer formation seems to be independent of ionic interactions 

(hTRBP2-homodimers exist at 0 M NaCl).  
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Figure 8: Preparation of hTRBP2. 
A: SEC elution profile of full length hTRBP2. Affinity-purified hTRBP (incubated with PreScission 
protease) was applied on a Superdex S75 (26/60) column in buffer containing 150 mM NaCl, 20 mM 
HEPES pH 7.5, 5% (v/v) glycerol and 2 mM DTT. The elution profile, monitored by absorption at 280 nm 
(mAu), is shown. B: Analysis of the peak fractions of the SEC of full length hTRBP2 by SDS-PAGE with 
subsequent Coomassie staining. Protein samples from peak fractions were analyzed on a 15% SDS-gel, the 
identified proteins are indicated on the right and size marker is shown on the left of the gel. The numbers 
on top of the gel correspond to the fractions of the SEC chromatogram (M = marker; VV= void volume). C: 
SEC combined with MALS of TRBP2 at different NaCl concentrations ranging from 0-1 M NaCl. The SEC 
elution profiles, monitored by absorption at 280 nm (continuous lines) and by light scattering (dashed 
lines), and the calculated molecular mass points (points) of hTRBP2 at different concentrations are 
shown. hTRBP2 shows a different elution behavior at varying salt concentration, but had the same 
polydisperse size distribution with an average molecular weight of 65 kDa.  
 

6.1.1.3 Preparation of hDicer 

The expression rates of the N-terminal hexahistidine tagged hDicer protein in High Five or 

Sf9 insect cells using the original Dicer coding sequence were very low (data not shown). In 

order to increase expression rates a codon optimized hDicer gene for expression in Sf9 insect 

cells with an additional C-terminal Strep-tag was ordered form Geneart (10). The usage of the 

synthetic gene led to increased expression rates of hDicer using the MultiBac pFBDM transfer 

vector and the modified MultiBac-bacmid in High Five and Sf9 cells (5.1.12; 5.2.2.6). After 

affinity purification using a StrepTrap column the eluted protein was analyzed by SEC. The 
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CStrep-hDicer protein eluted in the void volume of Superdex or Superose SECs using different 

buffer systems, indicating that the protein is aggregated in solution and is probably not folded 

correctly (results not shown). In order to equip the CStrep-hDicer with an N-terminal 

hexahistidine tag and to perhaps produce soluble protein, the gene-optimized sequence of 

hDicer was cloned into a pFastBacHtb transfer vector (5.1.12, 5.2.1.1). This N-terminal His-

tagged and C-terminal Strep-tagged hDicer (called N-hDicer in the following) can be expressed 

in High Five or Sf9 insect cells. Expression using the slower growing Sf9 cells produced less 

degraded protein and was therefore used for further expressions of N-hDicer (5.2.2.6). After 

harvesting of the Sf9 cells and cell lysis, a first affinity purification step using either a HisTrap- or 

a StrepTrap-column was carried out and led to already quite pure protein (5.2.2.7, 5.2.3.5). An 

analytical SEC using a Superose 12 (10/300) column and a subsequent SDS-PAGE analysis of the 

N-hDicer protein are shown in Figure 9. The N-hDicer elutes at 10 ml from a Superose 12 

(10/300) column corresponding to an apparent weight of 251 kDa, which is slightly higher than 

the theoretical molecular weight of 223 kDa. To check hDicer for RNA-impurities the absorption 

at 260 nm and 280 nm of the protein solution was measured and the protein solution was 

analyzed by urea-PAGE (5.2.1.10). The 260 nm/280 nm value of hDicer was 0.6 and no RNA 

could be detected on urea-PAGE, indicating a RNA-free protein solution (results not shown).  

 
 
Figure 9: Preparation of full length N-hDicer.  
A: Superose 12 (10/300) elution profile of full length N-hDicer. Affinity-purified N-hDicer was applied on 
a Superose 12 (10/300) column in buffer containing 150 mM NaCl, 20 mM HEPES pH 8.0, 5% (v/v) 
glycerol and 2 mM DTT. The elution profile, monitored by absorption at 280 nm (mAU), is shown. B: 
Analysis of the peak fractions of the SEC of full length N-hDicer by SDS-PAGE with subsequent Coomassie 
stain. Protein samples from peak fractions were analyzed on a 10% SDS-gel, the identified N-hDicer 
protein is indicated on the right and size marker is shown on the left of the gel. The numbers on top of the 
gel correspond to the fractions of the SEC chromatogram (M = marker, VV= void volume). 
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6.1.1.4 In vitro reconstitution of a minimal human RLC 

In order to reconstitute the human RLC the affinity purified N-hDicer protein was incubated 

with purified hAgo2 and hTRBP2 proteins in a molar ratio of 1:3:3 for 1 hour at 4 °C and applied 

to a Superose 12 (10/300). A SEC elution profile and a corresponding 10% SDS-PAGE analysis 

are depicted in Figure 10. In the chromatogram three absorption peaks can be detected, with the 

first one eluting at 7.5 ml corresponding to the void volume of the Superose 12 (10/300) column 

where aggregated proteins elute. The second elution peak at 9.3 ml corresponds to the RLC 

containing N-hDicer, N-hAgo2 and hTRBP2. The third elution peak at 12-12.5 ml corresponds to 

unincorporated N-hAgo2 and hTRBP2 (Figure 10 B). All three proteins present in the second 

peak elute with a total molecular mass of about 400 kDa. This molecular mass is slightly larger 

than the sum of the calculated molecular masses of the individual proteins (theoretical MW = 

362 kDa). 

In Figure 10 C, Superose 12 (10/300) elution profiles of N-hDicer alone (in light blue), N-

hAgo2 alone (in purple), hTRBP2 alone (in light green) and the reconstituted RLC (in red) are 

superimposed. In the elution profiles of N-hDicer, hTRBP2 and reconstituted RLC a void volume 

peak can be detected. These aggregated proteins can be separated from single proteins or 

protein complexes using a Superose 12 (10/300) column. N-hAgo2 monomers and hTRBP2-

homodimers elute at approximately the same volume of 12-12.5 ml, corresponding to a size of 

about 70 kDa. The Dicer monomer elutes at 10 ml equivalent to an apparent molecular mass of 

251 kDa. Compared with the elution of Dicer, the elution peak of the RLC is shifted to a lower 

volume. Taken together the SEC studies indicate that N-hDicer, N-hAgo2 and hTRBP2 

spontaneously assemble into a stable complex in vitro.  
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Figure 10: In vitro reconstitution of the minimal human RISC-loading complex (RLC).  
A: SEC elution profile of full length N-hDicer-N-hAgo2-hTRBP2 complex (RLC). Affinity purified N-hDicer 
protein was incubated with purified N-hAgo2 and hTRBP2 proteins in a molar ratio of 1:3:3 for 1 hour at 4 
°C and applied to a Superose 12 (10/300) column in a buffer containing 150 mM NaCl, 20 mM HEPES pH 
8.0, 5% (v/v) glycerol and 2 mM DTT. The elution profile, monitored by absorption at 280 nm and 260 
nm, is shown. B: SDS-PAGE analysis of the peak fractions of the SEC of RLC. Protein samples from peak 
fractions were analyzed on a 10% SDS-gel, the identified proteins are indicated on the right and size 
marker is shown on the left of the gel. C: SEC elution profiles of RLC, N-hDicer, N-hAgo2 and hTRBP2. 
Different amounts of N-hDicer (light blue), N-hAgo2 (purple), hTRBP2 (light green) and the RLC have been 
analyzed using a Superpose 12 (10/300) SEC column.  

 

Although, the RLC could be reconstituted by uniting separately expressed and purified 

proteins, the 223 kDa large N-hDicer turned out to be an unstable protein (see Figure 47) and 

could not reproducibly be purified in a monodisperse form. Thus, an alternative co-purification 

strategy to reconstitute the minimal human RLC in a preparative scale was developed. In most 

complexes binding partners stabilize proteins and also hDicer seems to be stabilized by hAgo2 

and hTRBP2 (MacRae et al., 2008; Wang et al., 2009b). Thus, the N-hDicer–N-hAgo2 complex 

was first co-purified using a HisTrap column according to methods described in 5.2.3.5. 

Optionally, the N-His6-tags of N-hDicer and N-hAgo2 were removed by TEV cleavage. The affinity 

purified N-hDicer-N-hAgo2 complex was then incubated with purified hTRBP2 in a molar ratio 
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of 1:3 in HisTrap elution buffer supplemented with 10 mM DTT and 10 mM EDTA at least for 1 

hour at 4 °C. This protein solution was applied to Superdex 200 (16/60) column in a buffer 

containing 150 mM KCl, 20 mM Imidazole pH 6.8, 3% (v/v) glycerol and 2 mM DTT. The peak 

fractions eluted from the SEC were analyzed using 10% SDS-PAGE. The human N-hDicer–N-

hAgo2–hTRBP2 complex (RLC) elutes from a Superdex 200 (16/60) column at 57 ml 

corresponding to an estimated molecular weight of 400 kDa (Figure 11).  

 

 

Figure 11: In vitro Reconstitution of the RLC in preparative scale.  
A: Superdex 200 (16/60) elution profile of human RLC. Affinity-purified N-hDicer-N-hAgo2 complex was 
incubated with purified hTRBP2 in a ratio of 1:3 and the protein solution was applied to a Superdex 200 
(16/60) column. The elution profile, which was monitored by absorption at 280 nm, is shown. The 
distribution of RLC and unincorporated N-hAgo2-hTRBP2 are denoted. B: SDS-PAGE analysis of the peak 
fractions of the SEC of human RLC. Protein samples from peak fractions of the SEC of the RLC were 
analyzed on a 10% SDS-gel, the identified proteins are indicated on the left and size marker is shown on 
the right of the gel. The distribution of N-hDicer-N-hAgo2-hTRBP2 complex (RLC), N-hAgo2 and hTRBP2 
are denoted below the gel.  
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6.1.2 Functional analysis of the RLC proteins hDicer, hAgo2 and hTRBP2 

The human RLC composed of hDicer, hAgo2 and hTRBP2 couples the processing of pre-

miRNA substrate by the hDicer to the loading and duplex unwinding of the miRNA product onto 

hAgo2 (4.3.1). To determine if the proteins of the reconstituted RLC are functional, the 

endonuclease activities of recombinant hDicer and hAgo2 were assayed and the antisense siRNA 

and siRNA duplex binding properties of recombinant hTRBP2 were tested. Furthermore, the 

antisense siRNA and siRNA duplex binding and hAgo2-loading of the reconstituted RLC were 

examined. 

6.1.2.1 Endonuclease activities of human Dicer and Argonaute2 

The human endoribonuclease Dicer cleaves pre-miRNAs and pre-siRNA (dsRNAs) substrates 

into 20-25 nucleotide long miRNA or siRNAs with a 2-nt overhang on the 3’-end (Bernstein et al., 

2001). To assay the recombinant N-hDicer for the pre-miRNA processing activity, different 

amounts of protein were incubated with a 32P-labeled miR-27a pre-RNA and accumulation of 

mature miR-27a was analyzed by urea-PAGE (5.1.13; 5.2.1.11; 5.2.1.10; Figure 12). The 

recombinant N-hDicer is able to incorporate the miR-27a pre-RNA and endonucleolytically 

cleave it to produce mature miR-27a. As anticipated, mature miR-27a accumulation rises with 

increasing protein concentrations (see lanes 4-8 of Figure 12). This assay demonstrates that the 

recombinant N-hDicer is a functional endoribonuclease being able to process pre-miRNAs and 

that neither the N-terminal His-tag nor the C-terminal Strep-tag prevent cleavage.  

Human Ago2 has been shown to endonucleolytically cleave an mRNA target when loaded 

with an appropriate miRNA/siRNA guide that is perfectly complementary to this mRNA target 

(4.2.2.2; Liu et al., 2004; Meister et al., 2004; Rana et al., 2005). The purified recombinant N-

hAgo2 and hAgo2 proteins were tested for this RISC activity (5.2.1.12). Both, the purified 

recombinant N-hAgo2 and hAgo2 are able to load a single stranded RNA (guide RNA) and to slice 

the complementary luciII siRNA (target RNA) without the need of additional protein partners. 

The accumulation of sliced product increases with expanding protein concentrations (see lanes 

1-4 and 5-8 from Figure 12).  
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Figure 12: Endonuclease activities of hDicer and hAgo2.  
A: Analysis of Dicer activity. A nucleotide maker is shown on the left and the RNA substrate and product 
are indicated on the right. In lane 2 the 32P-labeled miR-27a pre-RNA in buffer and in lane 3 32P-labeled 
miR-27a pre-RNA incubated with FLAGHT-Dicer immunopurified from HEK cells by A. Frohn was applied. 
This Dicer had no endonucleolytic cleavage activity. Within lane 4-8 the cleavage of 32P-labeled miR-27a 
precursor RNA to mature miR-27a by different amounts of recombinant N-hDicer is shown. B: RISC assay 
analysis of recombinant N-hAgo2 and hAgo2. The cleavage of luciII siRNA target RNA by different amounts 
of recombinant human N-hAgo2 and hAgo2 are shown in lanes 1-4 and lanes 5-8, respectively. T1 refers 
to partial nuclease T1 digestion of the miR-21 targeted RNA substrate. In lane 9, as a positive control, 
FLAGHA-Ago2 immunopurified from HEK cells has been used.  

 

6.1.2.2 SiRNA-binding of human TRBP2 

Generally, dsRBPs bind their substrates independent of the RNA sequence, while the 

hTRBP2 was shown to have preferences for GC-rich sequences (Gatignol et al., 1991; Lee et al., 

1996; Saunders & Barber, 2003). Furthermore, human TRBP2 binds small siRNAs with higher 

affinity than long dsRNAs in a non-cooperative manner (Parker et al., 2008; Chakravarthy et al., 

2010). To monitor the binding of recombinant hTRBP2 to antisense siRNA and siRNA duplexes 

in vitro EMSAs, analytical SECs and ITC-experiments were performed (5.2.1.9; 5.2.3.7; 5.2.4.3). 

For EMSAs antisense siRNA1 and siRNA duplex1 were incubated with hTRBP2 in molar ratios of 

1:2 and 1:4 and analyzed on agarose gels (5.2.1.9). In the presence of the antisense siRNA1 or 

siRNA duplex1 well-defined band shifts could be observed, representing the hTRBP2 antisense 

siRNA1 complexes or hTRBP2 siRNA duplex1 complexes, respectively (Figure 13 A). The binding 
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to the siRNA duplex1 by hTRBP2 seems to be stronger than the binding to the single stranded 

antisense siRNA1. The whole duplex siRNA is shifted forming a prominent band upon addition of 

different amounts of hTRBP2, whereby the single stranded RNA shift experiments result in 

smeary bands and some RNA is not shifted upon addition of hTRBP2 indicating a weak binding. 

Analytical SEC runs of hTRBP2 incubated with antisense siRNA1 or siRNA duplex1 revealed that 

no stable complex formation of TRBP2 with an antisense siRNA can be detected (Figure 13 B) 

and that hTRBP2 forms larger complexes upon siRNA duplex1 binding (Figure 13 C). In the SEC 

elution profile of hTRBP2 incubated with siRNA duplex1 two overlapping elution peaks and a 

single RNA peak were observed. Analysis by SDS-PAGE and urea-PAGE revealed that both 

overlapping peaks contain hTRBP2-siRNA duplex1 complexes (data not shown). The larger 

elution peak at 12.5 ml corresponds to a size of about 160 kDa and the smaller elution peak at 

13.7 ml corresponds to a size of circa 89 kDa. When separated and rerun on SEC these two 

different complexes elute at the original elution volume, indicating that they are stable (data not 

shown). By addition of the calculated molecular masses of hTRBP2 (39 kDa) and the siRNA 

duplex (21 kDa), one can hypothesize that the roughly 160 kDa complex may contain two siRNA 

duplexes and three hTRBP2 molecules (159 kDa) or one siRNA duplex and four hTRBP2 

molecules (177 kDa) and that the 89 kDa complex may consist of one siRNA duplex and a 

hTRBP2-homodimer (99 kDa). Thus, SEC indicated that various hTRBP2-RNA complexes can be 

formed, but which of those might be physiological/functional will be discussed later (see 7.1.3). 

Initial ITC-experiments of hTRBP2 with siRNA duplex1 revealed a high affinity of hTRBP2 to 

siRNA duplex1 with a Kd of 0.2460.223 nM (5.2.4.3, Figure 13 B). Further ITC experiments to 

improve data quality were not carried out as in the mean time Yamashita et al. published 

detailed ITC measurements of hTRBP2 with a similar siRNA duplex and assigning a Kd of 0.24 

nM (Yamashita et al., 2011, and see 7.1.3). Additionally, these experiments showed that this 

binding event is an enthalpy driven and not entropy driven process (-H and -S values). Thus, 

most likely hTRBP2 interacts with the siRNA phosphate backbone through ionic interactions or 

hydrogen bonds (see discussion 7.1.3).  
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Figure 13: hTRBP2 siRNA interaction.  
A: Electrophoretic mobility shift assay of hTRBP2 with antisense siRNA1 and siRNA duplex1. When 
incubated with hTRBP2 the antisense siRNA1 and the siRNA duplex1 are shifted to a distinct band, 
whereby the antisense siRNA1 interaction with hTRBP2 leads to smears on the gel and is more weakly 
bound by hTRBP2. B: Isothermal titration calorimetry of hTRBP2 with siRNA duplex1. The upper panel 
shows raw data of heat effect (in cals-1) of injections of siRNA duplex1 into hTRBP2 solution. The lower 
panel shows the fitted binding isotherms. hTRBP2 bind the siRNA duplex with a high affinity (Kd = 
0.2460.223 M) in an enthalpy and not entropy driven process (-H and -S). C: Superdex 200 (10/300) 
elution profile of hTRBP2 incubated with antisense siRNA1. No hTRBP2-antisense siRNA complex is 
formed. D: Superdex 200 (10/300) elution profiles of hTRBP2 and hTRBP2 incubated with siRNA duplex1. 
Upon addition of siRNA duplexes hTRBP2 forms higher oligomers.  
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6.1.2.3 RISC-loading ability of the in vitro reconstituted RLC 

The RISC containing hDicer, hAgo2 and hTRBP2 was renamed RLC because of its ability to 

specifically load a miRNA guide onto hAgo2 (Maniataki & Mourelatos, 2005). In order to test if 

the in vitro reconstituted RLC is able to load hAgo2, analytical SEC runs using the recombinant 

RLC incubated with different siRNAs were performed (5.2.3.7, Figure 14 A-C). Prior to SEC the in 

vitro reconstituted RLC was incubated with antisense siRNA1 (Figure 14 A), siRNA duplex1 

(Figure 14 B) or siRNA duplex2 (Figure 14 C) in a molar ratio of 1:3 on ice for 1 hour and 

separated on a SEC. Peak fractions of the SEC run were analyzed by SDS-PAGE and urea-PAGE 

(5.2.1.10; 5.2.3.2). When incubated with antisense siRNA1 the RLC disassembles into the hDicer-

hTRBP2 complex and the hAgo2-antisense siRNA1 complex (Figure 14 A). Thus, within the RLC, 

hAgo2 gets loaded with the antisense siRNA1 (guide siRNA) forming a mature RISC in vitro and 

the RLC disassembles upon this loading. The RLC incubated with the siRNA duplex1, which 

contains the same siRNA guide, binds this siRNA duplex (as indicated by an increase in 260/280 

ratio) and shift to a higher volume on SEC (Figure 14 B). This increase in size to a molecular 

mass of 436.5 kDa (molecular mass of RLC alone determined by SEC is 400 kDa) can be 

explained by binding of a single or two siRNA duplex molecules to the RLC (MW of 419 kDa or 

440 kDa, respectively). The RLC incubated with the siRNA duplex2 shifts to a higher volume on 

SEC corresponding to a size of 426 kDa and also releases the hAgo2-siRNA duplex2 complex 

(Figure 14 C). Some hAgo2 molecules are loaded with the siRNA duplex1 and this hAgo2-RNA 

complex disassemble from the RLC and some hAgo2 molecules stay within the complex. 

Probably the higher molecular weight of the RLC can be explained by the structural 

rearrangements, structural flexibility and dynamics. In summary, the in vitro reconstituted RLC 

is able to load hAgo2 with a guide siRNA (Figure 14 A) and a siRNA duplex (Figure 14 C) and the 

RLC disassembles upon this loading. The hAgo2 loading is Mg2+-independent and seems to be 

sequence dependent (loads siRNA duplex2, but not siRNA duplex1). The siRNA duplex1 has a 

lower affinity than the siRNA duplex2 to hAgo2 (personal communication Jochen Deckert, Roche 

Kulmbach). Thus, if hAgo2 is not loaded with the siRNA duplex due to a lower affinity within the 

RLC, the RLC binds this siRNA, but does not disassemble.  
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Figure 14: Analytical SEC, SDS-PAGE and urea-PAGE analysis of recombinant human RLC with 
different siRNAs.  
The recombinant RLC was incubated with antisense siRNA1 (A), siRNA duplex1 (B) or siRNA duplex2 (C) 
in a molar ratio of 1:3 for 1 hour on ice and applied to a Superdex 200 (10/300) column in buffer 
containing 150 mM KCL, 20 mM Imidazole pH 6.8, 2 % glycerol and 1 mM DTT. The elution profiles of the 
SECs were monitored by absorption at 260 nm as well as 280 nm and are depicted in the left part of the 
picture. The analytical S200 (10/300) elution profile of the RLC alone is overlaid with the elution profile of 
the RLC incubated with siRNA. In the upper right the SDS-PAGE analysis and within the lower right the 
urea-PAGE analysis of the peak fractions of the SEC run of the RLC with the siRNA are shown. A: 
Disassembly of the human RLC upon antisense siRNA1 binding into N-hDicer-hTRBP2 and N-hAgo2-
antisense siRNA1 complexes. B: Binding of the RLC to siRNA duplex1. C: Partial disassembly of the human 
RLC upon siRNA duplex2 binding into N-hDicer-hTRBP2 and N-hAgo2-siRNA duplex2 complexes. 
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It has been controversy discussed if the RLC needs ATP for some rearrangement events to 

facilitate loading of a siRNA or miRNA onto hAgo2 (Iwasaki et al., 2010;Yoda et al., 2010). To test 

if our reconstituted RLC hydrolyses ATP to load hAgo2, photometric ATPase assays were 

performed (5.2.4.4). Six different single and double stranded siRNAs as well as two independent 

RLC preparations were used to test for ATPase activity of the RLC. Using this setup no ATP 

hydrolysis and thus no ATPase activity of the recombinant RLC could be detected (data not 

shown). Hence, one can conclude that ATP is not needed for binding of these RNAs or loading of 

at least some siRNAs (antisense siRNA1 and siRNA duplex2) onto hAgo2 (see Figure 14).  

6.1.3 MALS and thermal shift assays of the minimal human RLC 

Key factors that affect the probability to obtain a 3D structure of macromoleculecular 

complexes by means of crystallography or electron microscopy are the homogeneity (chemical 

and conformational), the stability and the solubility of the complex. To analyze and optimize 

these factors SEC combined with MALS analysis and several thermal shift assays of the RLC and 

the RLC-siRNA duplex1 complex were carried out and are described below.  

6.1.3.1 MALS analysis of the RLC 

To determine the correct molecular mass, the dispersity and aggregation of the minimal RLC 

and the RLC-siRNA duplex1 complex in solution, SEC combined with MALS analysis were carried 

out in a buffer containing 150 mM KCl, 20 mM Imidazole pH 6.8, 3 % glycerol and 2 mM DTT 

(5.2.4.1). The results indicate that the in vitro reconstituted RLC is a polydisperse protein 

complex with an average molecular mass of 305 kDa and a broad size distribution of particles 

ranging from 275 kDa to 360 kDa (Figure 15). These molecular masses are about the sum of the 

molecular masses of the individual proteins within the RLC (362 kDa) or N-hDicer-hTRBP2 (262 

kDa) and N-hDicer-N-hAgo2 (323 kDa) subcomplexes. Using SEC, the RLC elutes at a volume 

contributing to a size of about 398 kDa (see section 6.1.1), assuming a molecular ratio of 1:1:2 of 

hDicer, hAgo2 and hTRBP2 in the RLC. On the contrary, MALS data suggest a 1:1:1 composition 

of hDicer, hAgo2 and hTRBP2 within the RLC. However, the average determined MW of 305 kDa 

with the high polydispersity ( 50 kDa) is indicative for an imperfect incorporation of hTRBP2 

or hAgo2. Additionally, this data give rise to the possibility that hTRBP2 can be incorporated 

into the RLC as a monomer as well as a dimer. The average molecular mass of the N-hDicer-N-

hAgo2-complex determined by SEC combined with MALS is 285 kDa, which is slightly smaller 

than the sum of the molecular masses of the two proteins (315 kDa). This complex is also very 

polydisperse with molecular masses ranging from 250-320 kDa (Figure 15). Using SEC, the RLC-

siRNA duplex1 complex elution peak is clearly shifted to a higher molecular mass compared to 

the elution of the RLC alone (Figure 14B, Figure 15). Additionally, the broad elution peak of the 

RLC-siRNA duplex1 indicates the polydispersity of that complex and SEC combined with MALS 
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confirmed the hypothesis. The average molecular weight of this protein-RNA complex was 

determined to be 324 kDa with sizes varying from 266–380 kDa (see Figure 15). This 

determined molecular mass range indicates that this complex can be composed of N-hDicer, N-

hAgo2, hTRBP2 and siRNA duplex1 in a ratio of 1:1:1:1 (362 kDa). The polydispersity ( 60 kDa) 

indicates a non-stoichiometric incorporation of individual components and thus the coexistence 

of different complexes and subcomplexes in solution. Furthermore one has to consider that the 

method of MALS is not precise for protein-RNA complexes, because the native extinction 

coefficient cannot exactly be determined in silico and thus an accurate composition of such a 

complex is not demanding.  

 

       

Figure 15: SEC combined with MALS of the in vitro reconstituted RLC-siRNA duplex1 complex, the 
RLC and the N-hDicer-N-hAgo2 complex.  
The SEC elution profiles, monitored by absorption at 280 nm (continuous lines), by light scattering (thin 
lines), and the calculated molecular mass points (points) of RLC-siRNA duplex1 complex (purple), of the 
RLC (orange) and the N-hDicer-N-hAgo2 complex (green). The three different complexes are polydisperse 
with average molecular weights of 324 kDa (RLC-siRNA duplex1 complex), 305 kDa (RLC) and 285 kDa 
(N-hDicer-N-hAgo2 complex). 

6.1.3.2 Fluorescence-based thermal shift assays of the RLC 

One method used to determine the influence of manifold factors such as pH, ionic strength, 

additives and precipitants on stability of a protein is the fluorescence-based thermal-shift assay 

(5.2.4.2). To test the influence of different buffers and pH’s on the stability of the RLC, the pHAT 

screen (Emerson) was used for the thermal shift assays as described in 5.2.4.2 (Figure 16 A). 

These studies revealed that the buffer already used (HEPES, pH 7.6) seemed to be one of the 

optimal buffers (Figure 16 A) as well as some others like Imidazole, Phosphate, HEPES and Bis-
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Tris buffers at pH between 6.6 and 7.6, the RLC is quite stable, indicated by the relatively high 

melting temperatures of about 51 °C. As expected, buffers with extreme pH like MES pH 4.6 or 

Tris pH 9.4 led to destabilization of the RLC (curves not shown).  

 

 

Figure 16: Fluorescence-based thermal shift assays of the RLC.  
A: Different melting curves of the RLC using various buffers at different pH-values are shown. B: Different 
melting curves of the RLC upon addition of various additives during thermal shift assay are depicted. C: 
Melting curves of the RLC in NaCl buffers containing 25 to 500 mM NaCl. The highest melting temperature 
can be detected in 150 mM NaCl. D: The RLC is stable in KCl buffers containing 25 to 500 mM KCl, whereby 
the highest melting temperature can be detected in 150 mM KCl. 

Fluorescence-based thermal shift assays using the additive screen (Hampton, USA) or 

manual screens, testing the influence of different additives and salt concentrations on the RLC 

(in HEPES buffer) stability, were performed (Figure 16 B to D). These assays identified CsCl, 

Glucose and Trehalose as stabilizing agents for the RLC (Figure 16 B). A second assay was 

performed using the additive screen and the RLC prepared in Imidazole buffer. Here, the 

addition of substances like glycerol, D-galactose, MnCl2, CaCl2, Taurine, Glycine or PEG led to 

higher melting temperatures and thus stabilization of the RLC (Figure 17 A). Moreover the RLC 

is stable at salt concentrations varying from 25 to 500 mM NaCl or KCl (Figure 16 C and D). 

Finally, thermal shift assays of the RLC using additives like nucleotides, reduction agents and 

siRNAs were performed. Most strikingly, the addition of siRNA duplex1 increased the melting 

temperature of the RLC to about 53°C and therefore seems to influence RLC stability (see Figure 
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17 B). Other siRNAs, nucleotides and reducing agents did not show any influence on RLC 

stability (see Figure 17, some curves are not shown).  

Taken together, different buffers and additives increase RLC stability. Slightly acidic buffers 

at pH between 6.6 and 7.0, sugars, 2+-cations and the siRNA duplex1 seem to stabilize the RLC. 

These results obtained during thermal shift assays were used to optimize the RLC purification 

procedure by varying the purification buffers and the data quality of the EM images by testing 

different GraFix gradient buffers (see 6.1.5.1). Here, especially the Imidazole buffer at pH 6.8 

was used for the RLC SEC and subjected as GraFix buffer helped to optimize EM image quality 

(Figure 11, Figure 15, 6.1.5.1). The RLC-siRNA duplex1 complex was shown to be stable during 

SEC, subjected to crystallization trials and used for EM (6.1.4; 6.1.5).  

 

 

Figure 17: Thermal shift assays of the RLC-siRNA duplex1 complex.  
A: Melting curves of the RLC and the RLC incubated either with siRNA duplex1 or siRNA duplex2 (5.1.13). 
B: Different melting curves of the RLC-siRNA duplex1 complex using various additives are depicted. 

6.1.4 Crystallization trials of the RLC 

One of the major goals was the 3D structure determination of the human RLC comprising 

hDicer, hAgo2 and hTRBP2. In the following section, attempts to crystallize the prepared RLCs, 

the RLC-siRNA duplex1 complexes, sub-complexes and single proteins are described (see 

5.2.4.8.1 and Table 4). At first, the in vitro reconstituted RLC complex consisting of N-hDicer, N-

hAgo2 and hTRBP2 was prepared as described in 6.1.1 and used for crystallizations trials at 

different concentrations and in varying buffers as listed in Table 4. 960 conditions were 

screened at 4 °C and 20 °C, but no crystals or pre-crystalline formations could be obtained. 

Additionally, the full length RLC consisting of hDicer, hAgo2 and hTRBP2 was used for similar 

crystallization trials, but this complex also did not form any crystals. The N-hDicer-hTRBP2-

complex was also subjected to crystallization trials, but only salt crystals could be obtained 

(Figure 18 A). Addition of Chymotrypsin to this complex prior to crystallization trials led to 

several crystals (Figure 18 B). These crystals did not form in precipitation buffer and gel 

filtration buffer without the hDicer-hTRBP2 complex, but diffracting images clearly identified 
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these crystals as salt crystals. Using N-hAgo2 for crystallization trials, initial pre-crystalline 

precipitates could be obtained (Figure 18 C and D), but optimization attempts including seeding 

did not produce any protein crystals. 

In contrast, diffracting crystals could be obtained by mixing 4 mg/ml hTRBP2 and siRNA 

duplex1 in a molar ratio of (1:1.1) with a reservoir containing 3.5 M Ammoniumsulfate and 0-

10% MPD or 0.1 M citric acid at 20 °C (Figure 18 E and F). The crystals of around 50 x 50 x 10 

m3 were grown in a reproducible fashion and flash frozen in reservoir solution with 10-15% 

glycerol for cryoprotection. Diffraction images revealed that the crystals, which diffracted to 

around 2 Å, only contained RNA, (Figure 18 G). Most likely, the high concentration of 

Ammoniumsulfate within the crystallization condition disrupted the hTRBP2-siRNA duplex1 

complex, mediated siRNA duplex1 crystallization and hTRBP2 precipitation (brown precipitate 

in the background of Figure 18 F). However, several datasets of the RNA crystals were collected 

at ESRF (Grenoble). The data were processed using XDS and R32 was determined as space group 

with unit cell parameter of a=b= 39.5 Å, c= 35.4 Å and == 90°, = 120° (see Figure 18 H). 

Calculation of the Matthews coefficient (Matthews, 1968) revealed that the asymmetric unit 

volume of the unit cells is to small to harbor the siRNA duplex1 (21 kDa). Urea-PAGE of washed 

and dissolved crystals showed that the whole siRNA duplex1 is present in the crystals and SDS-

PAGE analysis could not detect any protein (5.2.1.10; 5.2.3.2). The analysis of the data revealed 

crystallographic problems, including pseudotranslation and twinning. Pseudotranslation 

changes the statistical properties of intensities and might result in a wrong space group and can 

cause misleading results. Additionally, it is hard to find a perfect RNA model in the PDB for 

molecular replacement, because RNA is highly flexible (for review on RNA dynamics see Dethoff 

et al., 2012). One attempt to solve the phase problem was to get anomalous signal of the 

phosphates in the siRNA backbone by collecting data at a wavelength of 2 Å (see Figure 18 H, 

siRNA (ano) data statistics), but the anomalous signal of the siRNA (ano) data was very weak. To 

date, it was not possible to solve the structure of the crystallized RNA. 
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Figure 18: Crystallization trials of the RLC-subcomplexes and individual proteins, diffraction image 
and datastatistics of siRNA crystals. 
A: Salt crystals and fungal growths in a condition containing 1.7 mg/ml N-hDicer-hTRBP2 complex and 
25% PEG 1000 and 0.1 M Na-HEPES pH 7.5 at 20 °C. B: Salt crystals in a condition containing 2 mg/ml N-
hDicer-hTRBP2 complex incubated with Chymotrypsin in a molar ratio of 1000:1 and a reservoir 
containing 10% (w/v) PEG 4000; 0.1 M M-buffer 7.5; 20% (w/v) glycerol; 0.1 M M-NPS at 20 °C. C: 
Spherulites of N-hAgo2 obtained in 0.1 M Mg2Ac, 0.1 M MES pH 6.5 and 30% (w/v) MPD at 20°C. D: 
Spherulites obtained in a condition containing 3 mg/ml N-hAgo2, 0.1 M Mg2Cl, 0.1 M MES pH 6.5 and 
30%PEG 400 at 20 °C. E: RNA crystals obtained by mixing 4 mg/ml hTRBP2 and siRNA duplex1 in a molar 
ratio of (1:1.1) with a reservoir of 3.2 M Ammoniumsulfate and 0.1 M citric acid at 20 °C. F: RNA crystals 
obtained by mixing 4 mg/ml hTRBP2 and siRNA duplex1 in a molar ratio of (1:1.1) with a reservoir of 
3,01 M Ammoniumsulfate and 1.9% (w/v) MPD. G: Diffraction image of RNA crystals grown in conditions 
like E and F, prior to collection the crystals were cryoprotected in a solution containing reservoir and 10-
15% glycerol. H: Data collection statistics of best diffracting crystals, siRNA (nat) means native dataset 
and siRNA (ano) an anomalous dataset.  
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6.1.5 EM-analysis of the RLC 

Since no crystals could be obtained, to solve high resolution structures, EM analysis of the 

human RLC, the RLC-siRNA duplex1 complex, subcomplexes and Dicer were performed in 

collaboration with David Haselbach in Prof. Dr. Holger Stark’s 3D electronmicroscopy group at 

the Max-Planck-Institute for Biophysical Chemistry (Göttingen).  

The in vitro reconstituted RLC (see 6.1.1.4) was used to prepare negative-stain grids for 

electron microscopy (5.2.4.6.1). Initial images revealed a heterogeneity within the sample in 

form of particles of varied sizes and shapes (Figure 19 A). Especially, the contrast of particles 

compared to the background is really low (Figure 19 A). In order to overcome the heterogeneity 

of the sample and enhance the contrast of particles to background, the in vitro reconstituted RLC 

was applied to a GraFix gradient before preparing the EM grids (5.2.4.5). The Glutaraldehyde 

fixed complexes were negative-stained as before with uranyl formate and the particles analyzed 

by EM (5.2.4.6.1). The EM micrograph of the fixed RLC showed great improvement in image 

quality compared to the unfixed sample (compare Figure 19 A and B). Many particles of about 

the size of the RLC monomer (362 kDa) can be detected and the contrast of the single-particles 

to background is increased dramatically when compared to the unfixated complex particles 

(Figure 19 A and B). There are still particles of different sizes indicating a slightly to high 

concentration of complex or cross-linker during the GraFix preparation (RLC oligomers and 

some aggregates). When performing GraFix gradients the SEC step can be circumvented for RLC 

preparation. Thus, SEC was omitted for RLC preparations used for EM analysis. 

 

        

Figure 19: Effect of GraFix treatment of the recombinant RLC.  
A: EM micrographs of negative-stained particles of the RLC. Heterogeneous particles are present and the 
contrast of particle to background is low (low signal-to-noise ratio). B: EM micrographs of negative-
stained particles of the RLC after GraFix treatment. There are still particles of different sizes (some 
aggregates), but the contrast of particles to background is increased (higher signal-to-noise ratio). Some 
single-particles of the RLC are marked with red circles. 
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6.1.5.1 Optimization of EM image quality 

The heterogeneity with respect to size of the RLC particles can either stem from the sample 

itself or be due to GraFix and grid preparation. MALS analysis had revealed that the RLC itself is 

heterogeneous, thus forms different oligomers (and aggregates) and also might exist in different 

conformations due to its conformational flexibility (6.1.3.1). The heterogeneity in size was 

anticipated to be overcome by the GraFix procedure, whereby the gradient conditions (gradient 

buffers, gradient concentrations, centrifugation speed and time, centrifugation temperature), the 

fixation agent (fixation agent type and concentration), the fractionation of the gradients 

(fraction size, mixing of the gradients) and the stopping of the crosslinking reaction by different 

amino acids (glycine, aspartate) may have an influence. Within the following section several 

attempts to improve the EM image quality of the RLC are described. 

Sample quality itself was optimized first. The purification buffers for the RLC preparations 

were varied based on the results observed from fluorescence-based thermal shift assays prior to 

EM analysis (6.1.3.2). Here, especially the change of buffers resulted in improvement and the 

addition of several cations or reducing agents did not show much improvement. One of the best 

negative-stain EM datasets of the RLC could be recorded, when reducing the pH from pH 8.0 to 

pH 7.0 during cell lysis and for the first affinity purification of the N-hDicer-N-hAgo2 complex 

and changing the gel filtration buffer from HEPES pH 7.5 to Imidazole pH 6.8 during SEC of the 

RLC. This SEC-purified RLC was applied to a 10-30% sucrose gradient containing 150 mM KCl, 

20 mM Imidazole pH 6.8 and 2 mM DTT and 0.05% Glutaraldehyde as fixation agent and 

centrifuged at 38000 rpm for 18 hours at 4 °C (5.2.4.5). This setup did not work for all 

preparations and often resulted in samples that were still very heterogeneous in size. As 

mentioned above, the addition of siRNA duplex1 to the RLC resulted in increased stability of the 

complex during fluorescence-based thermal shift assays (6.1.3.2), therefore we aimed to solve 

the three dimensional structure of the RLC-siRNA duplex1 complex as well. By comparison of 

the two structures we aimed, to detect structural rearrangements upon siRNA duplex1 binding 

to the RLC and thus get insights into the siRNA-transfer mechanism within the RLC. Thus, for the 

following optimization steps the RLC or the RLC-siRNA duplex1 complexes were used. 

To analyze the behavior of the RLC during gradient centrifugation, gradient centrifugation of 

the RLC and the RLC-siRNA duplex1 complexes without any fixation agent were carried out as 

before and the fractions analyzed by SDS-PAGE (see Figure 20). The SDS-PAGE analysis of the 

gradient fractions of the RLC shows that the RLC components and especially N-hDicer appears in 

all fractions of the gradient forming various oligomers (Figure 20). Generally fractions 13 to 16 

containing mainly RLC monomers were used for EM analysis. Within these fractions a low 

amount of hTRBP2 can be detected compared to N-hDicer and N-hAgo2 and therefore it seems 

that hTRBP2 is not stoichiometrically incorporated into the RLC or disassembles from the RLC 

(Figure 20). One possible explanation is that RNA contaminations within the purification of the 
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N-hDicer-N-hAgo2 complex, the hTRBP2 protein and so the RLC preparation might prevent 

proper binding of hTRBP2 to the N-hDicer-N-hAgo2 complex. In order to exclude RNA 

impurities, additional Heparin-column purification step for N-hDicer-N-hAgo2 complex and 

hTRBP2 purifications were included and the RLC prepared this way used for gradient 

centrifugation. SDS-PAGE analysis of these gradient fractions revealed that hTRBP2 is not 

incorporated to a higher extent as with previous preparations. An alternate preparation strategy 

to ensure proper incorporation of hTRBP2 into the RLC was the addition of the N-hDicer-N-

hAgo2 cell lysate to a GSH-Sepharose column with GST-TRBP2 immobilized to it. The eluted 

GST-hTRBP2-N-hDicer-N-hAgo2 complex was incubated with PreScission protease over night to 

cleave the N-terminal GST-tag from hTRBP2 and subsequently applied this solution to SEC and 

the appropriate fractions to GraFix preparation (5.2.4.5). Although, hTRBP2 seems to be 

properly incorporated into the RLC using this preparation strategy, the resulting EM 

micrographs showed very heterogeneous particles and did not improve data quality (data not 

shown). Based on the assumption that the inefficient incorporation of hTRBP2 is due to RNA 

impurities, RNase A was added to the in vitro reconstituted RLC prior to GraFix preparation. 

SDS-PAGE analysis showed that the addition of RNase A to the in vitro reconstituted RLC prior to 

GraFix preparation indeed resulted in a proper incorporation of hTRBP2 into the RLC (Figure 20 

C). 

 

 

Figure 20: SDS-PAGE analysis of RLC complex fractions after gradient centrifugation.  
A and B: SDS-PAGE analysis of fractions after gradient centrifugation of the RLC (A) and RLC-siRNA 
duplex1 complex (B). No stoichiometric incorporation of TRBP2 into the RLC (fractions 13-16). A different 
migration behavior of the RLC components and better incorporation of hTRBP2 into the RLC can be 
detected upon addition of the siRNA duplex1. C: SDS-PAGE analysis of fractions from gradient 
centrifugation of the RLC that was preincubated with RNase A prior to gradient centrifugation. A 
Stoichiometric incorporation of hTRBP2 into the RLC can be detected. 

Fluorescence-based thermal shift assays of the RLC identified several sugars like trehalose, 

glucose, sucrose, galactose and the sugar alcohol glycerol to stabilize the complex. To improve 

image quality GraFix fixation of the RLC using 10-30% glycerol, sucrose, trehalose, galactose, 

glucose or arabinose were performed and the samples compared using negative-stain EM 

analysis (5.2.4.5; 5.2.4.6.1). The glycerol and sucrose gradients resulted in high quality single-

particles and were used within the following preparations (EM micrographs not shown). High 
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concentrations of Glutaraldehyde can lead to intermolecular fixation and thereby increasing 

sample heterogeneity, because intermolecular cross-linked complexes tend to form aggregates 

(Jensen, 2010). In order to test, which concentration of Glutaraldehyde is necessary and 

sufficient for crosslinking of the RLC, concentrations ranging from 0.1 to 0.001% were applied 

during GraFix preparation and the gradient fractions analyzed on native SDS-PAGE. A 

concentration of 0.01% Glutaraldehyde was found to be adequate to crosslink the RLC and was 

therefor used for the subsequent GraFix preparations (data not shown). Different available 

fixating agents like Glutaraldehyde (Figure 21 A), PMPI (Figure 21 B), SMCC (Figure 21 C), 

DFDNB (Figure 21 D) and EDC (Figure 21 E) were tested during GraFix preparation and the 

resulted samples analyzed by negative-stain EM (Figure 21 A-E). Glutaraldehyde and PMPI 

resulted in mainly monodisperse RLC samples, SMCC and DFDNB led to aggregation of the RLC 

and EDC did not crosslink the RLC components well or even caused disassembly of the RLC (see 

Figure 21 A-E). Taken together Glutaraldehyde and PMPI are the best fixation agents for the RLC 

and in the following only Glutaraldehyde and PMPI or a combination of these two was used 

during GraFix preparations. 

 

 

Figure 21: Effect of different cross-linker during GraFix of the recombinant RLC.  
EM micrographs of negative-stained particles of the RLC after GraFix treatment, whereby Glutaraldehyde 
(A), PMPI (B), SMCC (C), DFDNB (D) and EDC (E) were used as cross-linkers. Using Glutaraldehyde and 
PMPI many homogeneous particles are present, upon addition of SMCC and DFDNB RLCs aggregates and 
EDC does not crosslink the RLC. Some single-particles of the RLC are marked with red circles. 
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The heavy metal salt grains used during negative-stain EM analysis limit the resolution of a 

complex to about 20 Å. To obtain a higher resolution reconstruction of the RLC cryo electron 

microscopy (cryo-EM) is needed. Therefore, the sample has to be free of any cryo-protectant like 

glycerol or sucrose and thus after GraFix preparation the fixated complexes were applied to a gel 

filtration column (5.2.4.6.2). Using the GraFix protocol sometimes negative-stain images of 

relatively uniform particles could be recorded, but during buffer exchange for single-particle 

cryo-EM the RLC aggregated in most cases. This was recognized by comparing negative-stain 

images of preparations before and after this buffer exchange. In most cases no cryo-EM data 

could be recorded. However, when using a 10-30% glycerol or sucrose gradient containing 250 

mM KCl, 20 mM HEPES/KOH pH 7.5, 5 mM MgCl2 5 mM DTT and 0.01% Glutaraldehyde and 

PMPI as fixation agents, the RLC-siRNA duplex1 complex stayed intact after buffer exchange and 

cryo images showed homogeneous particles (Figure 22) that were used for a 3D reconstruction 

(6.1.5.2). As these conditions did not work for all preparations other setups were tried to obtain 

better images and a high-resolution structure. Once the GraFix preparation of the RLC was 

carried out at -10 °C (-6.6 °C) instead of 4 °C. This variation resulted in a complex that was stable 

during buffer exchange and good cryo-EM images could be recorded (Figure 22 B). Because the 

RLC often aggregated during buffer exchange for cryo-EM, cryo negative-stain grids were 

prepared, whereby no buffer exchange is necessary (5.2.4.6.2, Figure 22 C). In addition to the 

formation of several oligomers in the RLC solution, degradation of hDicer could be detected 

during preparations (6.2.1; Figure 47). This phenomenon could be prevent by addition of EDTA 

during GraFix preparation and increased sample homogeneity, lead to reduced aggregation 

during buffer exchange and thus cryo-grids could be prepared and data recorded (images not 

shown; 5.2.4.6.2). 

 

 

Figure 22: Cryo nimages of the recombinant RLC.  
A: Cryo-EM images of the RLC siRNA duplex1 complex using 10-30 % glycerol gradient containing 250 
mM KCl, 20 mM HEPES (KOH) pH 7.5, 5 mM MgCl2 5 mM DTT and Glutaraldehyde and PMPI as fixation 
agents at 4°C. B: Cryo-EM images of the RLC using GraFix preparation with Glutaraldehyde at -6.6 °C. C: 
Cryo negative-stain images of the RLC. Some single-particles of the RLC are marked with red circles. 
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In summary, heterogeneity and aggregation of the RLC cannot be completely reduced during 

EM analysis using different GraFix setups (as described above). The obtained optimization 

results are often inconsistent and were sometimes not reproducible, which is most likely due to 

a different sample quality after purification. The sample quality is most likely depending on the 

varying expression rates of N-hDicer and N-hAgo2 using insect cells (5.2.2.6.7). Generally, best 

EM images could be obtained, when a RLC preparation was applied to 10-30% glycerol or 

sucrose gradients in a buffer containing 150-250 mM KCl, 20 mM HEPES (KOH) 7.0-7.5 or 

Imidazole pH 6.8, 0-5 mM MgCl2, 0-5 mM EDTA and 0-5 mM DTT fixed with 0.01% 

Glutaraldehyde or PMPI at 4 °C and -10 °C. During data processing, the remaining heterogeneity 

in size could be overcome by picking only particles of a size that correspond to RLC monomers 

and a possible heterogeneity of the complex itself (different shapes) is analyzed by 

computational methods used during EM analysis (see Figure 24). 

6.1.5.2 Preliminary EM structure of the RLC 

Using a cryo EM dataset of the RLC-siRNA duplex1 complex, single-particles were picked 

manually, aligned and sorted into several class sums and an initial three-dimensional 

reconstruction was built by an ab initio reconstruction method by David Haselbach and Prof. 

Holger Stark. After several rounds of refinement a preliminary 3D reconstruction of the RLC 

could be obtained (see Figure 23 A). The head, body and base of the reconstruction are indicated 

in Figure 23. The RLC adopts a C-shape with an elongation on the head facing to the base (see 

Figure 23 A).  

To determine the resolution of the reconstruction the Fourier Shell Correlation (FSC) is used. 

Therefore the data of the reconstruction are split into two sets and two independent 

reconstruction are calculated. The correlation between Fourier transforms of the two 

reconstructions in Fourier space was calculated and together with the 3-sigma () threshold 

curve plotted against the resolution (Figure 23 C). The resolution of the RLC was determined as 

22.5 Å using the 3- threshold criteria (Figure 23). Moreover the RLC map was back projected 

into 2D-images with 30 degree spacing and these projections were compared with the class 

averages. In Figure 23 the projections of the reconstituted RLC (raw one, three and five) are 

sorted to the corresponding class averages (raw two, four and six). The class averages and 

projections are identical, which they have to it for a correct 3D calculation. Also this is not a final 

proof for the correctness of the calculation.  
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Figure 23: EM structure of human RLC.  
A: 3D reconstruction of human RLC shown in different orientations. B: Comparison of projections of the 
reconstituted RLC (first, third and fifth raw) with corresponding class sums (second, forth and sixth raw). 
C: Fourier Shell Correlation (FSC) plotted against resolution for the reconstruction of the RLC (blue line). 
The threshold at 0.5 (green dotted line) and the 3-sigma () level (dotted line) are shown.  

When comparing 2D-images that correspond to the RLC-siRNA complex reconstruction 

front, different arrangements of the arms can be detected (Figure 24). It is still an open question 

if this is truly flexibility within the RLC (probably caused by the siRNA duplex) or a 

heterogeneity artefact. To address this question extensive computational work is necessary, that 

has not been finished so far.  
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Figure 24: Heterogeneity analysis of RLC.  
A: Different class sums of the front view of the RLC reveals flexible regions in the middle of the molecule. 
B: The flexible regions identified by comparing different alignments are marked by red rings in the RLC 
reconstruction. 

6.1.5.3 EM analysis of RLC subcomplexes and Dicer 

To map the individual RLC components within the obtained EM structure the aim was to  

calculate reference density maps of the subcomplexes and hDicer alone. The complexes and 

Dicer (with and without his-tag) were prepared as described earlier and applied to GraFix 

preparations prior to EM analysis (6.1.1.3, 6.1.1.4, 6.2.1, 5.2.4.5). The EM micrographs of 

negative-stained particles of the N-hDicer-N-hAgo2 complex, the N-hDicer-hTRBP2 complex and 

N-hDicer are depicted in Figure 25. These EM micrographs revealed a high degree of 

heterogeneity of the samples. The heterogeneity is even higher than for the trimeric RLC (for 

comparison see Figure 19 and Figure 21). When analyzing micrographs of the RLC, 

subcomplexes and N-hDicer an increase in homogeneity upon addition of complex partners was 

detected. Thus, the heterogeneity of RLC is lower (the complex is more stable), than the 

heterogeneity of N-hDicer-N-hAgo2 or N-hDicer-hTRBP2 complexes and heterogeneity of the 

subcomplexes is lower than the heterogeneity of N-hDicer. We suppose that hAgo2 or hTRBP2 

stabilizes hDicer within the subcomplexes and that the trimeric RLC is in an even more stable 

state. As such an increase in stability and homogeneity upon addition of protein binding 

partners to Dicer can be detected, we imagine that the trimeric RLC misses an additional 
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component for proper stabilization/homogeneity. To test this hypothesis, additional known RLC 

interaction partners like hPACT1 and Hsp90 were added to the complex prior to EM analysis. 

Addition of these two protein components did not remarkably improve RLC EM image quality 

and were not further investigated.  

 

 

Figure 25: EM micrographs of negative-stained particles of N-hDicer (A), the N-hDicer-N-hAgo2 
complex (B) and N-hDicer-hTRBP2 complex (C). The EM micrographs showed high degrees of 
heterogeneity within the samples. 

 

However, particles of N-hDicer, N-hDicer-N-hAgo2 complex and the N-hDicer-hTRBP2 

complex were picked, aligned and class sums could be calculated (Figure 26). The 2D-images 

look similar to the 2D-images obtained for the RLC. To date reconstructions of credible 3D-maps 

of hDicer or the subcomplexes has not been successful. 
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Figure 26: Class sums of N-hDicer (A), the N-hDicer-N-hAgo2 complex (B) and N-hDicer-hTRBP2 
complex (C). 
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6.2 Dicer-TRBP2 complexes  

In order to gain insights into the structure and function of the human Dicer-TRBP2 complex, 

a recombinant human Dicer-TRBP2 complex was prepared for crystallization trials and EM 

analysis (see previous sections 6.1.4; 6.1.5.3). In the second part of this section, the preparation 

and crystallization trials of minimal human Dicer-TRBP2 complexes are outlined (6.2.2; 6.2.4). 

6.2.1 Purification of full length human Dicer-TRBP2 complex 

Initially the reconstruction of the full length human Dicer-TRBP2 complex was aimed by 

assembling independently expressed and purified human Dicer and TRBP2 proteins. Using 

individually expressed and purified proteins, the human Dicer-TRBP2 complex could be 

reconstituted in vitro by incubating N-hDicer with a 2-fold excess of hTRBP2 and applying that 

protein solution onto a SEC to separate the complex from aggregated protein (VV) and 

unincorporated hTRBP2 (Figure 27 A). Peak fractions of the SEC run were analyzed by 10% SDS-

PAGE indicated that N-hDicer and hTRBP2 are present in the second elution peak (Figure 27 B). 

Upon addition of hTRBP2 N-hDicer elutes at a 9.6 ml and thus earlier than N-hDicer alone (10 

ml). N-hDicer has an apparent molecular weight of 251 kDa (6.1.1.3) and the N-hDicer-hTRBP2 

complex elution profile corresponds to a molecular weight of 371 kDa. Thus an N-hDicer-

hTRBP2 complex can be stably reconstituted in vitro (Figure 27 C).  

 



Results 

102 

 
 
Figure 27: In vitro reconstitution of human Dicer-TRBP2 complex.  
A: Superose 12 (10/300) elution profile of N-hDicer-hTRBP2 complex. Affinity-purified N-hDicer was 
incubated with purified hTRBP2 in a molar ratio of 1:2 and applied onto a Superose 12 (10/300) column 
in buffer containing 150 mM KCl, 20 mM HEPES pH 7.5, 5% (v/v) glycerol and 2 mM DTT. The elution 
profile monitored by absorption at 280 nm is shown. B: Analysis of the peak fractions of the SEC of full 
length N-hDicer-hTRBP2 complex by 10% SDS-PAGE with subsequent Coomassie staining. The identified 
proteins are indicated on the right and size marker is shown on the left of the gel. The distribution of N-
hDicer-hTRBP2 complex (hDicer-hTRBP2) and hTRBP2 are denoted below the gel. C: SEC elution profiles 
of N-hDicer-hTRBP2 complex, N-hDicer and hTRBP2. Different amounts of N-hDicer (light blue) hTRBP2 
(light green) and the N-hDicer-hTRBP2 complex were analyzed by SEC.  
 

The hTRBP2 protein could be purified to >95% purity as described in 6.1.1.2, however the 

monodispersity of hDicer protein could not be reproduced in every preparation (6.1.1.3). To 

improve the preparation of full length N-hDicer-hTRBP2 complex, a co-purification strategy as 

described in 5.2.3.6 was carried out. A representative chromatogram of a SEC run and the 

corresponding SDS-PAGE analysis of the N-hDicer-hTRBP2 complex are shown in Figure 28. 

Excess of hTRBP2 and GST can be separated from the complex. The N-hDicer-hTRBP2 complex 

elutes in one peak at 62 ml corresponding to a molecular weight of 252 kDa, which is about the 

size of the sum the individual proteins (263 kDa). Apart from the full length N-hDicer and 

hTRBP2, additional protein bands can be identified on the SDS-gel (Figure 28 B).  
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Figure 28: Preparation of human Dicer-TRBP2 complex. 
A and B: Superdex 200 (16/60) elution profile of the N-hDicer-hTRBP2 complex (hDicer-hTRBP2 
complex) and susequent 10% SDS-PAGE analysis of the peak fractions. Besides full length N-hDicer and 
hTRBP2 proteins, additional bands can be identified. C and D: Superdex 200 (10/300) elution profile of 
the Dicer-TRBP2 complex and susequent 10% SDS-PAGE analysis of the peak fractions. 

 

Western blot and mass spectrometry analysis identified these two additional bands as 

fragments of hDicer (see Figure 47). The upper band (140 kDa) is the N-terminal fragment 

ranging from the N-terminus to the PAZ domain of human Dicer (N-Dicer), whereas the ca. 100 

kDa band is the C-terminal fragment containing the RNase III domains and the C-terminal dsRBD 

of human Dicer (C-Dicer). These two bands can be detected in other preparations of N-hDicer. 

Thus, in addition to the full length Dicer protein, cleaved fragments of hDicer coelute on SEC 

(Figure 28).  

To analyze the change in amounts of degradation over time, a sample of the concentrated N-

hDicer-hTRBP2 complex (from Figure 28) was left on ice for 2 days and analyzed by analytical 

Superdex 200 (10/300) column and subsequent SDS-PAGE analysis (Figure 28 C and D). The 

analysis showed that N-hDicer is degraded, but the 140 kDa the N-terminal (Helicase) fragment 

stayed intact. This suggests that the N-terminal part of Dicer is stabilized through hTRBP2 

interaction and is therefore not degraded. The prepared N-hDicer-hTRBP2 was subjected to EM 
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analysis and crystallization trials directly after affinity purification or SEC (less degradation 

products of Dicer, see 6.1.4 and 6.1.5.3).  

6.2.2 Preparation of minimal human Dicer-TRBP2 complexes 

It has been known for several years that the DExD-box helicase domain of human Dicer 

interacts with human TRBP2 (Laraki et al., 2008). Not much was known about the Dicer helicase 

domain at the beginning of this study and in order to understand the function of the Dicer DExD-

box helicase domain and its interaction with hTRBP2, a DExD-box helicase domain hDicer-

hTRBP2 complex should be prepared. The preparation of a DExD-box helicase domain hDicer-

hTRBP2 complex turned out to be only possible by co-expression of the DExD-box helicase 

domain fragment with hTRBP2. The yield of pure heterodimeric DExD-box helicase domain 

hDicer-hTRBP2 complex was about 0.1 mg per 5 Liter E. coli expression culture and therefore 

not suitable for crystallization trials (Diploma thesis Franka Voigt). When expressed in E. coli 

cells, the DExD-box helicase domain of hDicer aggregates and might be not properly folded as it 

elutes within the void volume during SEC. A co-purification of the heterodimeric DExD-box 

helicase domain hDicer-hTRBP2 complex was not possible (data not shown). In 2009, Daniels et 

al. were able to map the hDicer-hTRBP2 interactions sites more precisely. Residues 298-366 of 

hTRBP2 were identified to be responsible for hDicer binding. The hTRBP2-binding site 

comprises amino acids 267-431 and is located between the ATPase and helicase domains of 

hDicer (Larkai et al., 2008; Daniels et al., 2009). In order to crystallize a minimal hDicer-hTRBP2 

complex, different hDicer and hTRBP2 fragments were cloned (5.1.12, 5.2.1.1). hDicer 

comprising amino acids 261-432 (called DTB1) or 261-439 (called DTB2) and hTRBP2 

comprising aa 157-366 (called T1) or 291-366 (called T3) were expressed as a GST-fusion 

protein in BL21 (DE3) Star cells (5.2.2.5). For preparation of a minimal hDicer-hTRBP2 complex, 

the individually expressed GST-fusion protein containing E. coli cells were lysed and affinity 

purified together as described in 5.2.3.4. A typical Superdex 75 (26/60) elution profile of the 

DTB1-T1 complex and the corresponding SDS-PAGE analysis are shown in Figure 29 A and B. 

Aggregated protein, unincorporated T1 protein and most GST could be separated from the 

DTB1-T1 complex, but the DTB1-T1 complex still contains some GST and PreScission protease 

impurities (see Figure 29 B) and was therefore applied to a final GSH-Sepharose column 

(5.2.3.4). An SDS-PAGE analysis of such a run is depicted in Figure 29 C. The fractions of the 

flow-through (fractions 5-15) contained the pure DTB1-T1 complex, the fractions of the elution 

contained GST and PreScission protease (fractions 22 and 23) and thus the impurities could be 

separated from the DTB1-T1 complex. The DTB1-T3 and DTB2-T1 complexes were purified 

accordingly (6.2.2).  
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Figure 29: Purification of DTB1-T1 complex.  
A: Superdex 75 (26/60) elution profile of the DTB1-T1-complex. B: 15% SDS-PAGE analysis of the peak 
fractions of the Superdex 75 (26/60) runs of the DTB1-T1-complex. C: 15% SDS-PAGE analysis of the peak 
fractions of the second GSH-Sepharose of the DTB1-T1-complex. The fractions of the flow-through 
(fractions 5-15) contained the pure DTB1-T1 complex, the fractions of the elution contained GST and 
PreScission protease (PP; M = marker, VV = void volume). 

The purified DTB1-T1 complex was concentrated and subsequently analyzed by SEC 

combined with MALS for homogeneity and the molecular mass determination. This experiment 

revealed that the DTB1-T1 complex is homogeneous (Figure 30). Using the theoretical and the 

natural extinction coefficient molar masses of 86.2 kDa and 77.7 kDa, respectively, could be 

determined. These results correspond to twice the sum of the molecular masses of the individual 

proteins (MWDTB1 = 20.5 kDa and MWT1 = 22.8 kDa) meaning that the DTB1-T1 complex exists as 

heterotetramer in solution. A minimal amount of DTB1-T1 complex is aggregated and forms 

higher oligomers. As this complex is homogeneous it was used for crystallization trials (6.2.4). In 

contrast, the DTB1-T3 complex is polydisperse with an average molecular weight of 57.3 kDa 

and a broad size distribution of particles ranging from 39 kDa to 65 kDa. Hence, the DTB1-T3 

proteins form heterotetramers (MW= 56 kDa) and different subcomplexes. 

To investigate the human Dicer interaction domain in more detail, human Dicer fragments 

containing amino acids 261-414 (DTB3), amino acids 261-415 (DTB4) or amino acids 264-414 

(DTB5) were cloned as GST-fusion proteins and expressed in BL21 (DE3) Star E. coli cells 

(5.1.12; 5.2.1.1; 5.2.2.5). Using the co-purification strategy described above, preparation of 

DTB3, DTB4 or DTB5-T3 complexes was tried. Interestingly, no complex could be formed, thus 

the amino acids 264-414 seem to be important for human Dicer interaction with hTRBP2 in vitro 

(Figure 51). 
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Figure 30: MALS of the DTB1-T1 and DTB1-T3 complexes. 
The absorption (continuous line) and the light scattering (thin line) of the DTB1-T1 (purple) and the 
DTB1-T3 (orange) complexes are plotted against the elution volume in ml. The molar mass distribution of 
the complexes is shown as purple and orange dots for the DTB1-T1 and DTB1-T3 complex, respectively. 

 

6.2.3 SiRNA-binding properties of DTB1-T1 complex compared to hTRBP2 and 

hTRBP2 fragments 

The siRNA-binding abilities of the minimal human Dicer-TRBP2 complexes, TRBP2 and 

TRBP2 domains were analyzed by EMSAs and SEC (5.2.1.9, 5.2.3.7). Human TRBP2 contains 

three domains, two dsRBDs for RNA-binding and a Medipal domain for protein-protein 

interaction (4.2.3). EMSAs showed that hTRBP2s dsRBD1 and dsRBD2 are able to bind antisense 

siRNA and siRNA duplexes, whereby the Medipal domain (dsRBD3) is not able to bind RNA 

(Figure 31 A). Different oligomers seem to be bound upon addition of RNA and the affinity to 

duplexes seems to be higher than the affinity to single stranded RNA (nearly all free dsRNAs are 

bound). The dsRBD2 seems to have a higher affinity to the RNA (more free RNA bound, less 

smearing) than the dsRBD1. Combination of the two dsRBD1 and dsRBD2 in full length hTRBP2 

protein results in affinity comparable to dsRBD2 (Figure 31 A and B). Here again, the affinity to 

siRNA duplexes seem to be higher than to single stranded siRNA (all free dsRNA incorporated). 

The DTB1-T1 complex containing dsRBD2 and dsRBD3 of hTRBP2 is expected to bind single 

stranded and siRNA duplexes, but the DTB1-T1 complex can only incorporate siRNA duplexes 

(Figure 31 A). In contrast, the free T1 fragment is able to bind single stranded and double 
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stranded siRNA (Figure 31 B). Hence, the DTB1 seem to prevent binding of single stranded 

siRNA by T1 and the hTRBP2-hDicer-interaction could influence TRBP2 siRNA selection.  

Two overlapping peaks corresponding to DTB1-T1-siRNA duplex1 complexes elute during 

SEC, thus different oligomers of DTB1-T1 complex could be identified, when incubated with 

siRNA duplex1 (Figure 32 A). The DTB1-T1-siRNA-duplex 1-complexes with a size of about 200 

kDa were used for crystallization trials (6.2.4). T1 elutes with an apparent molecular weight of 

33 kDa and upon addition of antisense siRNA1, the peak shifts to a molecular weight of 50.1 kDa, 

thus a T1 homodimer seem to bind one single stranded RNA molecule (MWtheoretical =56.6 kDa). 

Upon addition of siRNA duplexes, T1 forms complexes with a molecular weight of 120 kDa, thus 

forming higher oligomers (Figure 32 B). 

 

 

 

Figure 31: EMSAs of DTB1-T1 complex, hTRBP2 and hTRBP2 fragments.  
A: EMSAs of hTRBP2 dsRBDs with antisense siRNA1 and siRNA duplex2. Human TRBP2s dsRBD1 and 
dsRBD2 are capable to recognize and bind single stranded siRNA and siRNA duplexes, whereby the 
dsRBD2 binds siRNA duplexes with a higher affinity than the dsRBD1 (less amount of free RNA). The 
Medipal domain (dsRBD3) cannot interact with the single stranded siRNA or siRNA duplexes. The dsRBD1 
containing aa 22-99 of hTRBP2, the dsRBD2 containing aa 157-366 of hTRBP2 and the dsRBD3 containing 
aa 291-366 of hTRBP2 are also named T4, T7 and T3, respectively, in this work. B: EMSA’s of DTB1-T1 
complex, T1 and hTRBP2 with antisense siRNA1 and siRNA duplex1. Human TRBP2 and T1 are capable to 
recognize and bind single stranded siRNA and siRNA duplexes, whereby the siRNA duplex binding seems 
stronger (less free RNA). The DTB1-T1 complex interacts with siRNA duplexes.  
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Figure 32: Analytical SEC of DTB1-T1 and T1. A: Superdex 200 (10/300) elution profiles of DTB1-T1 
and DTB1-T1-siRNA duplex1 complexes with subsequent SDS- and urea-PAGE analysis. The absorbance at 
280 nm and 260 nm in mAu is shown (light blue = 280 nm absorption of DTB1-T1 complex; orange = 260 
nm absorption of DTB1-T1 complex; blue = 280 nm absorption of DTB1-T1-siRNA duplex1 complex; red = 
260 nm absorption of DTB1-T1-siRNA duplex1 complex). The corresponding complexes and the free 
siRNA are indicated within the chromatogram. 15% SDS-PAGE and urea-PAGE analysis of the peak 
fractions of the SECs of DTB1-T1 and DTB1-T1-siRNA duplex1 complexes are shown in the upper right 
part and the lower right part of the figure, respectively. B: Superdex 200 (10/300) elution profiles of T1, 
T1-antisense siRNA1 complex and T1-siRNA duplex1 complex with subsequent SDS- and urea-PAGE 
analysis. The absorbance at 280 nm and 260 nm in mAu is shown (light blue = 280 nm absorption of T1, 
orange = 260 nm absorption of T1, blue = 280 nm absorption of T1-antisense-siRNA-1-complex; red = 260 
nm absorption of T1-antisense-siRNA-1-complex; purple = 280 nm absorption of T1-siRNA duplex1-
complex, yellow = 260 nm absorption of T1-siRNA duplex1-complex). 15% SDS-PAGE and urea-PAGE 
analysis of the peak fractions of the SECs of DTB1-T1 and DTB1-T1-siRNA duplex1 complexes are shown 
in the upper right part and the lower right part of the figure, respectively. 

6.2.4 Crystallization trials of minimal human Dicer-TRBP2 complexes 

The purified minimal human Dicer-TRBP2 complexes were subjected to initial crystallization 

trials as described in 5.2.4.8. In a condition containing 0.1 M HEPES/NaOH pH 7.0, 0.1 M KCl and 

15% polyethyleneglycol monomethyl ether 5000 (PEG MME 5000), DTB1-T1 complex 

spherulites could be obtained (Figure 33). These spherulites could be reproduced when mixing 

4-4.7 mg/ml DTB1-T1 complex with a reservoir containing 13.3-26.7% PEG MME 5000 or PEG 
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MME 2000, 0.1 M HEPES pH 6.5-8.5 and 0-0.3% KCl at 20°C (Figure 33). Extensive optimization 

including variations in the type and the concentration of PEG, the kind and pH of buffers, 

changes of the cations, additive screening and microseeding using the spherulites did not lead to 

crystal formation.  

 

Figure 33: Spherulites of the DTB1-T1 and DTB2-T1 complexes.  
A: Spherulites obtained, when mixing 4.68 mg/ml DTB1-T1 complex with a reservoir containing 0.3 M 
KCl, 13.3% PEGMME 5000 and 0.1 M HEPES pH 7.17 at 20°C. B: Spherulites obtained, when mixing 4 
mg/ml DTB1-T1 complex with a reservoir of 13.3% PEG MME 5000 and 0.1 M HEPES pH 6.5 in a ratio of 
1:1 at 20 °C. C: Spherulites of the DTB1-T1 complex in a crystallization condition containing 0.1 M KCl, 
15% PEG MME 5000 and 0.1 M HEPES pH 7.0 at 20°C. D: Spherulites obtained, when mixing 4 mg/ml 
DTB1-T1 complex with a reservoir of 0.1 M KCl, 15% PEG MME 5000 and 0.1 M HEPES pH 7.0 in a ratio of 
2:1 at 20 °C. E: Spherulites of the DTB2-T1 complex in a crystallization condition containing 13.3% PEG 
MME 5000 and 0.1 M HEPES, pH 6.5 at 20°C. F: Spherulites obtained, when mixing 3.87 mg/ml DTB2-T1 
complex with a reservoir of 0.12 M KCl, 13.3% PEG MME 5000 and 0.1 M HEPES, pH 6.5 in a ratio of 1:1 at 
20 °C. G: Spherulites obtained, when mixing 3.87 mg/ml DTB2-T1 complex with a reservoir of 0.18 M KCl, 
13.3% PEG MME 5000 and 0.1 M HEPES, pH 6.5 in a ratio of 1:1 at 20 °C. H: Spherulites obtained, when 
mixing 3.87 mg/ml DTB2-T1 complex with a reservoir of 0.06 M KCl, 13.3% PEG MME 5000 and 0.1 M 
HEPES, pH 7.17 in a ratio of 1:1 at 20 °C. 

In order to optimize the DTB1-T1 complex spherulites and to optimize the stability of the 

complex and thus the purification yield, fluorescence-based thermal shift assays were 

performed (5.2.4.2). These studies revealed that the buffer used for crystallization (HEPES pH 

7.5) seemed to be one of the optimal buffers (Figure 34 A). In the buffers HEPES, Tris and 

Phosphate at pHs between 6.6 and 7.4 the DTB1-T1 complex is most stable, which is indicated 

by relatively high melting temperatures of about 60 °C. In contrast, in buffers with slightly basic 

pH (for example phosphate pH 8.2) the DTB1-T1 complex has only a melting temperature of 53 

°C and is less stable (Figure 34 A). To optimize the DTB1-T1 spherulites, the HEPES buffer of the 

crystallization condition was exchanged to Tris, but this only lead to precipitates. Additives have 

been shown to induce crystallization, thus fluorescence-based thermal shift assays using the 

available additive screen were performed. LiCl, CaCl2 and Glycine increased DTB1-T1 complex’s 

melting temperature to 56 °C, so these compounds were added to the initial crystallization 
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condition. None of these optimizations of the initial crystallization condition led to crystal 

formation.  

Since salt concentration in which a complex is dissolved has a high influence on its stability, 

thermal shift assays with NaCl and KCL concentrations varying from 20 to 500 mM were 

performed. The DTB1-T1 is stable at salt concentrations from 20 to 500 mM NaCl or KCl. The 

highest melting temperature of 62 °C and 63°C could be obtained in 50 mM KCl and 350 mM 

NaCl, respectively (Figure 34 C and D). To optimize protein yield, the purification buffers were 

adapted based on these results, but no significant increase in yield could be detected. Besides, no 

influence in crystallization behavior could be observed, when changing the purification buffers 

for the DTB1-T1 complex. 

 

Figure 34: Fluorescence-based thermal shift assays of the DTB1-T1 complex.  
A: Different melting curves of the DTB1-T1 complex using various buffers at different pH-values are 
shown. B: Different melting curves of the DTB1-T1 complex upon addition of various additives during 
thermal shift assays are depicted. C: Melting curves of the DTB1-T1 complex in 25 to 500 mM KCl. The 
highest melting temperature can be detected in 50 mM KCl. D: The DTB1-T1 complex is stable in 25 to 500 
mM NaCl. The highest melting temperature is observed when using 350 mM NaCl. 

Analyzing the DTB1-T1 complex two or three days after purification (left on ice), two 

prominent degradation bands can be detected (Figure 35). As these bands could correspond to a 

stable complex, limited proteolysis of the DTB1-T1 complex was performed using different 

proteases (5.2.3.9). To identify the protein fragments, the DTB1-T1 complex was incubated with 

a protease in a molar ratio of 100:1 and the reaction was analyzed by SDS-PAGE at different time 

points (Figure 35). Proteolysis with Thermolysin, GluC and Carboxypeptidase resulted in two 
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stable degradation products (Figure 35, Figure 49). It was hypothesized that crystal formation is 

prevented in the crystallization condition by flexible loops regions, in situ proteolysis using GluC 

and Carboxypeptidase was included in the crystallization trials. However, no crystals could be 

obtained. 

 

 

Figure 35: Limited proteolysis of the DTB1-T1 complex.  
In the first gel, the DTB1-T1 complex was applied three days after purification and two prominent 
degradation products could be obtained (P1 and P2). The DTB1-T1 complex was incubated with 
Thermolysis, GluC or Carboxypeptidase in a molar ratio of 100:1. Samples were taken after different time 
points, the reaction stopped with addition of 2% SDS and applied to 15% SDS-gels. All three proteases 
produced stable products (P1 and P2) of the DTB1-T1 complex.  

In addition to the spherulites, some precipitate could be detected in the initial crystallization 

condition. Most likely one component of the DTB1-T1 complex forms the spherulites, whereas 

the second precipitates and thereby hinders crystallization. It could only be tested how purified 

T1 alone behaves within the crystallization condition, because DTB1 could not be purified as 

single protein. When T1 was used for crystallization in 13.3-26.7% PEG MME 5000 or PEG MME 

2000, 0.1 M HEPES/NaOH pH 6.5-8.5 and 0-0.3 M KCl at 20°C no spherulites could be observed. 

Finally, the similar DTB2-T1 complex was subjected to a crystallization setup in 13.3-26.7% PEG 

MME 5000 or PEG MME 2000, 0.1 M HEPES/NaOH pH 6.5-8.5 and 0-0.3% KCl at 20°C. Using this 

complex at slightly lower concentration than the DTB1-T1 complex, spherulites could be 

obtained (Figure 33). For the DTB2-T1 complex extensive crystallization trials have not been 

carried out yet. To date all attempts to obtain diffracting crystals from a minimal human Dicer-

TRBP complex failed. 
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6.3 Preparation and crystallization of hTRBP2-domains 

Human TRBP2 is a dsRBP containing two dsRBDs for both RNA-binding and 

homodimerization and a Medipal-domain for interaction with other RNAi components (St. 

Johnston et al., 1992; Barber et al., 2009; Daviet et al., 2000; Erard et al., 1998; Gatignol et al., 

1991; Laraki et al., 2008). Various structures of individual dsRBDs from plants and mammals 

have been solved, but structures of several dsRBDs or whole dsRBPs are rare. In addition, 

structures of Medipal domains or type B dsRBDs have not been solved so far. Such structures 

will give important information about the interaction surface for binding to protein partners. As 

crystallization of full length human TRBP2 in the absence or presence of RNA (6.1.4), several 

hTRBP2 fragments were designed (5.1.12). To investigate the structure of the dsRBD3, the 

hTRBP2 fragment T1 (aa157-366) containing dsRBD2 and dsRBD3, T2 (aa 226-366) and T3 (aa 

291-366), each containing the dsRBD3 were cloned, expressed in E. coli BL21 (DE3) Star cells 

and purified (5.1.12; 5.2.1.1; 5.2.2.5; 5.2.3.4). The purification of the T2 and the T3 fragments are 

shown in Figure 52. A SEC with a corresponding SDS-PAGE analysis of the 22.7 kDa large T1 is 

shown in Figure 36. SEC combined with MALS reveals that T1 has a molecular weight of 38 ( 4) 

kDa and thus is supposed to exist as homodimer in solution (Figure 36 B).  

 

 

Figure 36: SEC and MALS of hTRBP2 fragments.  
A: Superdex 75 (26/60) elution profile of T1 (hTRBP2 aa 157-366) monitored by absorption at 280 nm is 
shown. A subsequent 15% SDS-PAGE analysis (Coomassie stained) is shown next to the chromatogram. 
The identified protein is indicated on the left and size marker is shown on the right of the gel (M= Marker). 
B: SEC combined with MALS of T1 and T7 (hTRBP2 aa 157-227). The absorption (continuous line) and the 
light scattering (dashed line) of the T1 (orange) and the T7 (purple) are plotted against the elution volume 
in ml. The molar mass distribution of the complexes is shown as orange and purple dots for the T1 and T7, 
respectively. 

      It could be shown in section 6.2.3 that the T1-fragment is able to bind guide and duplex 

siRNA and that the T3 fragment does not bind RNA (Figure 31, Figure 32). Furthermore T1 and 

T3 are able to form complexes with hDicer’s TRBP-binding domain and thus seem to be properly 

folded and fully functional (6.2.2). The functionality was also emphasized by pull down assays, 

revealing that T3 containing only the Medipal-domain is able to form a RLC complex (5.2.3.10; 
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Figure 53). In order to obtain structural information of functional hTRBP2 fragments T1, T2, T3, 

the T1-antisense-siRNA1-complex and the T1-siRNA-duplex-1 complex were subjected to initial 

crystallization trials (5.2.4.8.1; Table 4). However no pre-crystalline precipitate or protein 

crystals could be obtained. The reason might be the existence of flexible loops hindering 

crystallization processes. The method of in situ proteolysis can cleave flexible loops and thus can 

lead to reduction of the conformational heterogeneity and promote crystallization of proteins 

that had previously failed to crystallize (Dong et al., 2007). Prior to crystallization trials T1, T2, 

T3 or the T1-siRNA complexes were incubated with Chymotrypsin in a ratio of 500:1 (see 

5.2.4.8.2 and Table 4). Hexagonal-shaped crystals of T1 could be obtained after 2 month at 4 °C 

and 20 °C in a condition containing 3.2 M Ammoniumsulfate and 0.1 M Tris, pH 8.0 (Figure 37 A 

and B). Crystals were cryo protected in a solution containing ionic conditions as the reservoir 

with 10-15% glycerol. A typical diffraction image is shown in Figure 37 D. Plate-shaped crystals 

of T1 were achieved after 3 weeks at 20°C in a condition containing 2 M Li2SO4 and 3 % 2-

Methyl-2,4-pentanediol (Figure 37 C). The crystals were flash-cooled in liquid nitrogen without 

any need of further cryoprotectant. A representative diffraction image is shown in Figure 37 E.  

              

Figure 37: Crystallization and diffraction images of T1 crystals.  
A: Crystals grown in a condition containing T1 and 3.2 M Ammoniumsulfate and 0.1 M Tris, pH 8.0 after 2 
month at 20 °C. B: Crystals grown in a condition containing T1 and 3.2 M Ammoniumsulfate and 0.1 M 
Tris, pH 8.0 after 2 month at 4 °C. C: Plate-shaped crystals of T1 in a condition containing 2 M Li2SO4 and 
3% MPD after 3 weeks at 20°C. D: Diffraction image of a single crystal from B collected at beamline ID23-2 
(ESRF, Grenoble). E: Diffraction image of a single crystal from C collected at beamline ID23-2 (ESRF, 
Grenoble).  
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6.3.1 Determination of the crystal structure of the second dsRBD of hTRBP2 

Complete datasets of both crystal-forms were collected on the microfocus beamline ID23-2 

of the ESRF (Grenoble), processed with XDS and scaled using XSCALE (Kabsch, 2010). The 

corresponding data statistics are depicted in Table 1. Data of hexagonal-shaped crystals were 

processed in hexagonal space group P3121 and scaled to a final resolution of 2.28 Å. In contrast, 

the plate shaped crystals belonged to the tetragonal space group P42212 and diffracted to a final 

resolution of 2.95 Å (Table 1).  

Table 1: Data collection and processing of T1 crystals and plate-shaped crystals.  

 T1 (hexagonal cyrstals) T1 (crystal-plates) 

Data collection ESRF ESRF 

Wavelength (A ) 0.8726 0.8726 

Space group P3121 P42212 

Cell dimensions     

a, b, c (A ) 70.20, 70.20, 122.91 89.10, 89.10, 82.58 

α, β, γ (°) 90, 90, 120 90, 90, 90 

Resolution range 43.22-2.28 
(2.38-2.28) 

17.00-2.95 
(3.05-2.95) 

No. of reflections 100086 
(11976) 

57989 
(5516) 

No. of  unique reflections 16490 
(1936) 

7284 
(679) 

Completeness (%) 99.9 (100) 98.0 (99.4) 

I/sigma(I) 13.67 (3.34) 16.87 (2.95) 

R
merge 

(%) 11.2 (64.6) 13.4 (76.7) 

Redundancy 6.07 (6.19) 7.96 (8.12) 

Rsym(I) = ΣhklΣi⎟Ii(hkl) - <I(hkl)>⎟ / ΣhklΣi⎟Ii(hkl)⎟; for n independent reflections and i observations of a given reflection; <I(hkl)> – average intensity of the i observations 

 

For both crystal types, the phase problem could be solved by molecular replacement in 

PHASER (McCoy et al., 2007) using the crystal structure of the second dsRBD of hTRBP2 in 

complex with RNA, whereby the RNA was removed, as search model (PDB-ID: 3ADL; Yang et al., 

2010). For the hexagonal crystals with space group P3121 four molecules were identified in the 

asymmetric unit (Figure 38). Manual model building and refinement were performed with Coot 

and  PHENIX until the crystallographic R and Rfree factors converged. The final model was refined 

at a resolution of 2.28 Å to Rwork and Rfree values of 19.85% and 24.09%, respectively, retaining 

good stereochemistry. The refinement statistics are provided in Table 2 and the structure is 

described in 6.3.2. 
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Table 2: Refinement statistics of dsRBD2 of hTRBP2 

 T1 

Refinement PHENIX 

Resolution range (Å) 43.223-2.285 

Reflections (working/test) 16456 

Rwork/Rfree (%) 19.45/24.09 

Number of atoms 2209 

Protein 2159 

Solvent 60 

B-factor (Å2) 39.135 

B-factor Protein (Å2) 34.138 

B-factor Solvent (Å2) 44.127 

Deviations from ideals (r.m.s.d.)  

Bond distances (Å) 0.009 

Bond angles (°) 1.32 

Dihedrals (°) 17.026 

Ramachandran plot  

favoured regions (%) 98.48 

allowed regions (%) 1.52 

outlier regions (%) 0 
R = Σhkl⎟⎟Fobs⎟ - ⎟Fcalc⎟⎟ / Σhkl⎟Fobs⎟; Rwork – hkl    T; Rfree – hkl   T; T – test set 

 

The low resolution of about 3 Å of the T1 tetragonal crystals made molecular replacement 

more complicated. Using either the structure of the dsRBD2 (solved and refined in this work) or 

the structure of the dsRBD2 that has been solved by others as a search model (PDB-ID: 3ADL), it 

was possible to find three monomers of dsRBD2 of hTRBP2 in the asymmetric unit when using 

the space group P42212. The B-factors calculated by PHASER during molecular replacement of 

each particular solution suggested high level of thermal disorder of the second and the third 

molecule. This could be a result of in situ proteolysis and conformational heterogeneity of 

different molecules occupying the asymmetric unit. Due to high value of solvent content (76 %) 

of that solution and high R-factors of 43.48% and 39.24% for R and Rfree, respectively an 

additional molecular replacement search was performed but no reliable position of the fourth 

dsRBD2 molecule could be found. Molecular replacements with truncated models did not led to 

a reliable structure to date. 

6.3.2 Overall structure of the second dsRBD of human TRBP2 

As described above the crystal structure of the second dsRBD of hTRBP2 comprising amino 

acids 157-226 could be solved and refined. The asymmetric unit of the hexagonal-shaped 

crystals contains four dsRBD2 monomers and is shown in Figure 38 A and B. Each monomer 

consists of a typical ---- fold, in which the two -helices pack against one side of the three-

stranded antiparallel -sheet, a common feature of dsRBDs (see 4.2.3; Figure 38). Interactions 

between the different monomers in the crystallographic homotetramer are mediated by 1 and 

3 strands of the different monomeric units (Figure 38 C and D). Superposition of the monomers 

in the unit cell reveals that each monomer has a similar overall structure (r.m.s.d. of 0.459-0.721 
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Å) with conformational differences in the loop region between the 1- and 2-strands (Figure 38 

E). This loop region of monomer B (residues 184-190) and D (residues 185-189) could not be 

built into the electron density map and is most likely disordered. In contrast, these loop regions 

of monomers A and C are involved in crystal packing and are not exposed to the solvent. The 

missing loop regions of monomer B and D might be a result of protease cleavage or might be due 

to flexibility in this region as indicated by coloring of each monomer according to B-factors from 

monomer A and C (Figure 38 E). Apart from the N- and C-termini, the B-factors of the loop 

region between 1- and 2-strands are the highest ones of monomer A and C (Figure 38 E). 

Interestingly, H188 that is important for dsRNA-binding by hTRBP2’s dsRBD2 is located in this 

loop. Additionally residues Gln165, Glu166, Lys210, Lys214 and Arg215 of dsRBD2 are 

important for dsRNA-binding (Yamashita et al., 2011; see 7.2.1). The orientation of these 

residues among the different monomers varies and the B-factors of these residues are relatively 

high indicating a high thermal mobility (Figure 38 E). 

 

Figure 38: Overall structure of the dsRBD2 of hTRBP2.  
A: Crystallographic tetramer of hTRBP2’s dsRBD2 is shown in cartoon representation. The 1- and 3–
strands of the molecules mediate the assembly of a two dimer in the crystal. B: Surface representation of 
the asymmetric unit of hTRBP2’s dsRBD2, each monomer is shown in light blue, yellow, light-green or 
pink. C: Residues of the 3–sheet of the dsRBD2 of hTRBP2 can interact with each other and mediate 
dimerization. D: Residues of the 1–sheets pack against each other and mediate dimerization. E: 
Superposition of the different monomers of the crystallographic tetramer colored according to B-factors. 
Each monomer has a typical -----dsRBD-fold. Apart from the N- and C-termini, the regions/residues 
that are important for RNA-binding are the most flexible ones and are shown in ball-and stick 
representation. 
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6.3.3 Crystallization artifact or dimerization interface? 

In general, dsRNA-binding proteins have the tendency to dimerize and hTRBP2 was shown 

to form homodimers and heterodimers with other proteins (4.2.3). The crystal structure of 

hTRBP2 dsRBD2 reveals two possible dimerization interfaces for the interaction of two dsRBDs 

with each other (see discussion 7.2.2; Figure 38 C and D). In order to investigate the behavior of 

hTRBP2’s dsRBD2 in solution, an hTRBP2 construct containing amino acids 157-226 (T7) was 

cloned, expressed and purified (5.1.12; 5.2.1.1; 5.2.2.5; 5.2.3.4). Since SEC was not accurate 

enough to determine the correct molecular mass of such a small protein (9 kDa), MALS and SAXS 

measurements were carried out (5.2.4.1; 5.2.4.7). All SAXS data analysis steps were carried out 

by Clement Blanchet from the group of Dmitri Svergun (EMBL, Hamburg). SEC combined with 

MALS revealed that T7 is monodispers and has a molecular mass of 9.3 ( 0.5) kDa (Figure 36). 

SAXS measurements confirmed that T7 exist as monomer in solution having a radius of gyration 

(Rg) of 1.3 and a molar mass of 9 kDa (Figure 39). Docking of the crystal structure of the second 

dsRBD of hTRBP2 into the SAXS model uncovers that the 1-helix and the loop region between 

the 1- and the 2-strands seem to be highly flexible in solution. This was assumed, because 

there is extra free density at these regions that could be the result of flexibility (Figure 39; see 

7.2.2). 

 

 

Figure 39: Docking of the crystal structures of the second dsRBD of hTRBP2 into a calculated SAXS 
damfilt model. The SAXS damfilt model reveals that the dsRBD2 exists as monomer is solution. 
Furthermore, the regions important for RNA-binding are highly flexible allowing the binding of various 
RNA substrates. 
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7 Discussion 

7.1 The human RISC-loading complex 

The major goal of this thesis, was the structural analysis of the minimal human RLC 

comprising Dicer, Ago2 and TRBP2. In the first parts of this section, the purification and 

functionality of the individual RLC proteins are discussed. Thereafter, the results of preparation 

and loading ability of the RLC are examined, followed by the comparison of the reconstructed 

RLC EM map with other EM structures of the RLC and its subcomplexes. Finally, a model for RLC 

function is discussed. 

7.1.1 Purification and functionality of hAgo2 

The human Ago2 has been shown to function as a monomeric protein (4.2.2; Figure 4). In 

this work, sufficient amounts of monomeric N-hAgo2 could be obtained from baculovirus-

infected High Five insect cell extracts by affinity purification and subsequent SEC (6.1.1.1; Figure 

7). This procedure involved the addition of 1-2 M LiCl during cell lysis to disrupt protein-

nucleotide interactions. Though a relative high 260 nm/280 nm value of 0.98 and RNA 

contaminations detected by urea-PAGE indicate that N-hAgo2 is unspecifically loaded with 

endogenous RNAs from insect cells (see Figure 54). Thus, the addition of 1-2 M LiCl during cell 

lysis did not lead to RNA-free hAgo2. Completely RNA-free Ago2 protein could also not be 

produced when RNase A was added during cell lysis or during later purification steps. Therefore 

it seems that the endogenous RNA is bound tightly, most likely in a pocket inaccessible to RNase 

A. Generally, under low salt concentration (0-100 mM) RNase A cleaves single and double 

stranded RNA, but at salt concentrations of over 300 mM NaCl RNase A specifically cleaves 

single stranded RNA (Ausubel et al., 1994). Hence, most likely the specificity of the RNase A for 

dsRNA was reduced under the salt concentrations used within this study (>300 mM KCl under 

cell lysis conditions or >150 mM before SEC). Other groups also observed binding of endogenous 

RNA to hAgo2, when hAgo2 was isolated from baculovirus-infected Sf9 insect cells (MacRae et 

al., 2008; Schirle et al., 2012; Elkayam et al., 2012). They further investigated the nature of the 

bound RNAs by small RNA cloning and deep sequencing techniques. The vast majority of bound 

RNA has a length of 19-23-nts and belongs to siRNA and miRNA Sf9 RNA species. Therefore, 

human Ago2 is able to bind siRNAs and miRNAs from other species. Furthermore, the stability of 

Ago2 is increased, when it is bound to RNA (Rivas et al., 2005; Elkayam et al., 2012). Based on 

these results, one can suppose that the preparations of N-hAgo2 in this work contained both free 

N-hAgo2 and N-hAgo2 bound to endogenous RNA. However, the purified N-hAgo2 and hAgo2 
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proteins were shown to be functional as they are endonucleolytically active and can interact 

with N-hDicer to form RLCs (see sections 6.1.1.1, 6.1.2.1, Figure 10-12). 

Recently, the crystal structure of full length human Ago2 was solved (Schirle et al., 2012; 

Elkayam et al., 2012). Several factors might have abolished crystallization of the hAgo2 protein 

that was used in this study. First of all, there seem to be two types of hAgo2 (RNA-free and RNA-

bound) in the preparations. Second, the RNA-free hAgo2 is less stable as it seems more flexible. 

Third, the hAgo2 expressed in High Five insect cells could be differently posttranscriptionally 

modified than hAgo2 from Sf9 cells (see Figure 54). Finally, the addition of 0.12 M phenol 

combined with a basic pH of 9.0 was shown to be critical for crystallization (Schirle et al., 2012; 

Elkayam et al., 2012). Such high pH’s in combination with this high amounts of the organic 

compound phenol were never added to the crystallization conditions during this work.  

7.1.2 Purification and endonuclease activity of the hDicer 

Human Dicer expression in insect cells using the native gene coding sequence resulted in low 

expression rates. In order to increase expression rates, a hDicer gene optimized for expression 

in Sf9 insect cells with an additional C-terminal Strep-tag was ordered form Geneart (5.2.1.1, 

10). Indeed, expression rates increased, but this 223 kDa large multidomain protein could not be 

purified in a reproducible manner and often resulted in polydisperse N-hDicer protein and low 

amounts of functional monomeric protein (Zhang et al., 2004; 6.1.1.3; 6.1.5.3). In addition, the 

hDicer protein contains 48 cysteine residues that could form disulfide bonds, which may result 

in different oligomers. Although, the purification of N-hDicer was carried out under reducing 

conditions, gradient centrifugations (GraFix preparations) and subsequent negative-stain EM 

analysis revealed that hDicer still forms various oligomers and tends to aggregate (6.1.5.3). This 

could not be overcome to date. Other groups working on human Dicer detected, that it runs 

abnormally fast through SEC and elutes at 440 kDa, which would correspond to a homodimer 

(MacRae et al., 2008). Additionally, on negative-stain micrographs different oligomers of hDicer 

could be detected, thus it seems that sample heterogeneity is a general problem during hDicer 

purification (Wang et al., 2009b; Lau et al., 2009; Lau et al., 2012a). Moreover, the purified 

recombinant Dicer showed a prominent degradation pattern (6.2.1; Figure 47). These 

degradation products co-eluted with N-hDicer on SEC and were able to bind hTRBP2 and hAgo2. 

Western blot and mass spectrometry analyses revealed that the 140 kDa fragments contain the 

N-terminal domains ranging from the N-terminus to the PAZ domain of human Dicer, whereas 

the ca. 100 kDa fragments contain the RNase III domains and the C-terminal dsRBD of hDicer. 

This observation is in good agreement with experiments from other groups, which could 

reconstitute an active and functional human Dicer enzyme by co-expression of an N-terminal 

and a C-terminal fragment of human Dicer (Noland et al., 2011; Ma et al., 2012). It was 

mentioned that the prominent degradation bands result from a protease sensitive loop in the 



Discussion 

121 

RNase III domains, but an exact location (sequence) of this region has not been published so far 

(Lau et al., 2012b). Interestingly, purified endogenous human Dicer shows the same prominent 

degradation pattern (personal communication Anne Frohn). It seemed that the cleavage does 

not alter the function and structure of hDicer (Noland et al., 2011; Ma et al., 2012; Lau et al., 

2012b). As higher sample heterogeneity in negative-stain micrographs was observed when 

using Dicer samples with higher degree of degradation, the addition of protease inhibitors and 

EDTA was tried to reduce degradation and mostly obtain the full length protein. The purified N-

hDicer was endonucleolytically active and interacts with the other RLC components hAgo2 and 

hTRBP2, thus, is functional. 

7.1.3 Preparation and RNA-binding abilities of the dsRBP hTRBP2 

Human TRBP2 could be expressed and purified in from E. coli BL21 (DE3) Star cells in 

meaningful amounts (6.1.1.2). SEC combined with MALS revealed that hTRBP2 monomers and 

homodimers stay in equilibrium at salt concentrations varying from 0-1 M NaCl (6.1.1.2). It has 

been shown that hTRBP2 exists as homodimer in solution in vivo and in vitro using yeast two 

hybrid screening in most cases (Cosentino, et al., 1995; Duarte et al., 2000; Gatignol et al., 1996; 

Daher et al., 2001; MacRae et al., 2008). It seems that the homodimerization is mediated by 

strong interactions that cannot be easily disrupted by high salt concentrations (Figure 8). Later 

investigations showed that hTRBP2 homodimer only dissociates at really low concentrations (1 

M TRBP2) into monomers (Yamashita et al., 2011). SEC analysis revealed that recombinant 

hTRBP2 forms larger complexes upon addition of siRNA duplex1 (see Figure 13). These 

observations are in agreement with other groups finding that hTRBP2 forms larger complexes 

containing at least one siRNA duplex and up to six MBP-hTRBP2 molecules when performing 

native gel shift assays (Gredell et al., 2010). To date it is not known which of these complexes are 

functionally relevant. ITC experiments revealed that the siRNA duplex binding by hTRBP2 is an 

enthalpy driven and not entropy driven process (Figure 13). Therefore most likely, hTRBP2 

interacts with the siRNA phosphate backbone through ionic interactions or hydrogen bonds. 

This hypothesis was structurally and experimentally confirmed later as two groups were able to 

crystallize dsRBD1 of hTRBP1 (PDB-ID: 3LLH) and dsRBD2 of hTRBP2 in complex with a 10-nt 

GC-duplex (PDB-ID: 3ADL). They could show that these dsRBDs interact with the siRNA 

phosphate backbone via salt and hydrogen bridges (Figure 44; Yang et al., 2010; Yamashita et al., 

2011). Moreover, the hTRBP2 siRNA duplex interactions were analyzed in detail using ITC by 

Yamashita et al., 2011. They obtained a Kd of 0.24 nM for hTRBP2-siRNA duplex interaction, 

which is about the same value that could be obtained in this study. In further agreement with 

their results is, that hTRBP2’s first and second dsRBDs were shown to be able to interact with 

siRNA duplexes, whereas the third dsRBD cannot interact with siRNA duplexes, although no Kd 

values for the single domains were obtained in this study (see Figure 13). Another group also 
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obtained a similar Kd value of 0.29 nM for hTRBP2 binding to a 19-nt duplex (Chakravarthy et al., 

2010). As the Kd value of the recombinant hTRBP2 to the siRNA duplex used in this study is 

similar to those obtained by other groups, a fully functional binding to dsRNA of hTRBP2 was 

assumed (6.1.2.2; Yamashita et al., 2011; Chakravarthy et al., 2010). As described above, based 

on SEC and combined SEC/MALS experiments of recombinant hTRBP2, it was assumed that 

hTRBP2 exists in equilibrium between homodimer and monomer under various salt 

concentrations (see Figure 13). From EMSA and SEC experiments it is not clear if hTRBP2 binds 

siRNA duplexes as a monomer or a dimer. In 2011, Yamashita et al. performed ITC 

measurements with hTRBP2 and a siRNA and assigned TRBP2 binding to siRNA as monomers. 

Under the conditions used during ITC measurements, only about 1M TRBP2 solution was 

present within the cell chamber and the authors defined that at this concentration TRBP2 exists 

as a monomer (Yamashita et al., 2011). TRBP2, when present in a higher concentration exists as 

a homodimer and also at these concentrations binds siRNAs. So it is still unclear if TRBP2 binds 

siRNAs as a monomer or a dimer. The ITC measurements of Yamashita et al. 2011 observed a 

stoichiometry of 1:1, so it could not be detected if an hTRBP2 monomer binds one siRNA duplex 

or if an hTRBP2 homodimer binds two siRNA duplexes. As hTRBP2 exists in equilibrium 

between homodimer and monomer in solution both scenarios are possible. SEC revealed that 

hTRBP2 forms different oligomers with molecular masses of 90-180 kDa upon addition of siRNA 

duplexes (Figure 13). This would exclude binding of one hTRBP2 monomer to one siRNA duplex 

(60 kDa) and indicate that hTRBP2 homodimer or higher oligomers bind to siRNA duplexes. To 

fully address this question, additional ITC measurements would be necessary.  

7.1.4 Purification and homogeneity analysis of RLC 

By combining the individually purified N-hDicer, N-hAgo2 and hTRBP2 proteins followed by 

subsequent SEC the RLC could be reconstituted in vitro (Figure 10; 6.1.1.4). As N-hDicer is very 

unstable and heterogeneous as single protein and binding partners were known to stabilize 

Dicer, a co-purification strategy was employed. This resulted in higher amount of purified RLC 

(0.3 mg vs. 2 mg), which was used for biochemical and structural analysis (Figure 11; 6.1.1.4; 

6.1.5.3; MacRae et al., 2008; Wang et al., 2009b). Using SEC combined with MALS and GraFix 

combined with negative-stain EM analysis it became clear that the in vitro reconstituted RLC is 

heterogeneous in size (6.1.3.1; 6.1.5). Additionally, the different methods to analyze the size of 

the RLC resulted in different observed molar masses of the RLC. Using SEC and SEC/MALS-

analysis molar masses of 400 kDa and 324 ( 60) kDa, respectively could be determined. Those 

two results give rise to a stoichiometry of 1:1:1 or 1:1:2 for hDicer, hAgo2 and hTRBP2 in the 

RLC. One could conclude that hTRBP2 can bind as a monomer or a dimer. The molecular mass of 

324 kDa and the very high polydispersity ( 60 kDa) of the RLC indicate a non-stoichiometric 

incorporation of individual components. Thus, a coexistence of different complexes and 
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subcomplexes in solution was assumed, which was confirmed by gradient centrifugation and 

negative-stain EM analysis (Figure 19, Figure 20). SEC experiments of the complex performed by 

other groups revealed a molecular mass of about 500 kDa and subsequent mass spectrometry 

analysis uncovered a molecular mass of 368 kDa for the RLC. With this precise method it could 

be determined that the RLC consists of hDicer, hAgo2 and hTRBP2 at a 1:1:1 ratio and that the 

RLC assembly requires hTRBP2 dissociation (MacRae et al., 2008). The observations made in 

this study can also be due to the limitations of the used methods to determine this relative small 

size difference. Furthermore, a diffusion of hTRBP2 from the RLC can be detected when 

analyzing the RLC by gradient centrifugation and subsequent SDS-PAGE analysis (6.1.5.1). This 

disassembly might by induced by the low concentrations of the RLC used during gradient 

centrifugation or by unspecific RNA contaminations. RNA contaminations seemed to be a 

problem, as addition of RNase A to the complex prior to centrifugation abolished disassembly 

(Figure 20). A disassembly of the RLC at low concentration was also observed by others (Wang 

et al., 2009b).  

In addition to the problem to obtain a stable RLC, it was recently discovered, that hTRBP2 

can be phosphorylated at 4 Serine residues by the mitogen-activated protein kinase (MARP) Erk. 

Phosphorylation of hTRBP2 leads to increased stabilization of hDicer-hTRBP2 complex, which in 

turn enhances miRNA production (Paroo et al., 2009). In contrast, when comparing the influence 

of wild type hTRBP2 and a phospho-mimic mutant of hTRBP2 on recombinant hDicer, no 

difference in cleavage activities could be detected (Chakravarthy et al., 2010). Nevertheless, 

phosphorylation of hTRBP2 could enhance Dicer cleavage activity by other mechanisms that are 

not known so far. These experiments raise the possibility that phosphorylated hTRBP2 leads to 

hDicer-hTRBP2 stabilization. Human TRBP2 expressed in bacteria is not phosphorylated, 

whereas hTRBP2 expressed in insect cells exhibits phosphorylation (Paroo et al., 2009). 

However, it has been stated that insect cells phosphorylate hTRBP2 irregularly (Chakravarthy et 

al., 2010). In order to enhance binding of hTRBP2 to hDicer and the RLC a phospho-mimic 

mutant of hTRBP2 should be produced in the future, as bacterial produced hTRBP2 seems to be 

incorporated in sub-stoichiometric amounts into the RLC (see Figure 20). This could also lead to 

an increased RLC sample homogeneity. 

The heterogeneity of the RLC made it hard to solve the structure of this complex by means of 

X-ray crystallography and EM (6.1.4; 6.1.5). In order to improve RLC sample quality, 

fluorescence-based thermal shift assays were performed and the conditions of the best results 

applied to purification and GraFix preparations to increase homogeneity (6.1.3.2). Some of the 

stabilizing agents detected during fluorescence-based thermal shift assays improved RLC sample 

quality, but the results were inconsistent and often not reproducible (6.1.5). The diversity of 

purifications of the N-hAgo2-N-hDicer complex revealed inequal yields of this complex 

independent of used buffers. Thus it seems that the expression of N-hAgo2 and N-hDicer seems 
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to be highly sensitive to subtle changes in the transfection, temperature, virus and the 

expression time, within High Five and Sf9 insect cells. Furthermore, it was shown that these 

proteins of the miRNA pathway could be regulated by posttranslational modifications. Human 

Dicer might be phosphorylated at Tyr664 and Ser1016, whereas the consequences of these 

modifications on stability and conformation are not known and a detailed analysis has not been 

carried out so far (Rush et al., 2005; Dephoure et al., 2008). For the human Ago2 protein, various 

modifications have been detected. One is the hydroxylation of Pro700, which stabilizes Ago2 (Qi 

et al., 2008). On the other hand, polyubiquitination of hAgo2 marks the protein for degradation 

by the proteasome and thus has a destabilizing effect (Rybak et al., 2009). The first confirmation 

of a suspected phosphorylation of Ago2 came from the work of Zeng et al., 2008. They showed 

that Ser387 is phosphorylated in vivo and that this modification is enhanced under stress and 

leads to P-body localization (Zeng et al., 2008). In 2010, more putative phosphorylation sites in 

hAgo2 were detected, which have an influence on hAgo2s stability and RNA-binding ability 

(Rüdel et al., 2010). Since insect cells are able to post-translationally modify proteins, it is 

possible that these modifications occur, but lead to inhomogeneous populations as detected for 

hTRBP2 (Chakravarthy et al., 2010). In addition, overexpression of proteins is stressful for the 

cells and this could induce post-translational modifications that might mark the overexpressed 

proteins for degradation. Thus, different modification patterns of the overexpressed N-hDicer 

and N-hAgo2 proteins could be the reason for the different yields and these modifications can 

have influences on the protein stability itself. The post-translational modifications for N-hDicer 

was not analyzed in detail, only phosphorylation of hAgo2 was analyzed and a different 

phosphorylation pattern than the one observed in HEK 294 cells could be detected (Figure 54). 

Especially, Tyr529 phosphorylation could be detected, which was shown to influence RNA-

binding of hAgo2 and may be important for the results obtained during antisense siRNA and 

siRNA duplex binding assays of the RLC (see Figure 14; Rüdel et al., 2010). Finally, it could be 

that higher oligomeric RLC complexes are functional, because native endogen RISCs are larger in 

size. 

7.1.5 siRNA-loading ability of the RLC 

The human RLC comprising hDicer, hAgo2 and hTRBP2 was shown to be able to dice long 

RNA precursors, load the substrate duplexes onto hAgo2, unwind these duplexes and mediate 

target RNA slicing (Gregory et al., 2005; Maniataki & Mourelatos, 2005; MacRae et al., 2008). 

However, later studies revealed that human RLC assembly is uncoupled from dicing in Hela cells 

(Yoda et al., 2010). The endonucleolytic activities of the recombinant N-hDicer and N-hAgo2 

proteins could be shown and as the RLC mostly facilitates loading of hAgo2, the in vitro 

reconstituted RLC was analyzed for siRNA-binding and N-hAgo2 loading by SEC (Figure 12; 

Figure 14; 6.1.2.3). It could be shown that the RLC binds siRNA duplex1 and the RLC changes 
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elution from SEC upon siRNA duplex1 binding. When antisense siRNA1 or siRNA duplex2 were 

applied to the RLC, the siRNA guide or duplex are loaded onto N-hAgo2. Subsequently, the N-

hAgo2-siRNA guide or siRNA duplex2 complexes disassemble from the N-hDicer-hTRBP2 

complexes (Figure 14). Thus, the in vitro reconstituted RLC is functional in Ago2 loading with a 

guide or duplex siRNA and disassembles upon this loading (Figure 14; Maniataki & Mourelatos, 

2005). A different behavior between duplex1 and duplex2 can be detected, both duplexes are 

bound by the RLC, but only siRNA duplex2 is loaded onto hAgo2 (Figure 14). The siRNA duplex1 

has a lower affinity than the siRNA duplex2 to hAgo2 (personal communication Jochen Deckert, 

Roche Kulmbach). The so-called nucleotide binding loop within the MID domain of hAgo2 

determines that U and A nucleotides are favored at the 5’-end of the guide strand (see Figure 54, 

Frank et al., 2010). The siRNA duplex2, containing the favored 5’-uridine in the guide strand is 

incorporated into Ago2 within the RLC, whereas the siRNA duplex1 containing a 5’-cytosine 

within the guide strand is bound by the RLC, but most likely not loaded onto hAgo2 (no 

disassembly of N-hDicer-hTRBP2 and N-hAgo2-siRNA duplex complexes). The siRNA duplex1 

contains the antisense siRNA1, which is loaded onto N-hAgo2, whereas the duplex is not and 

therefore it seems that single stranded RNAs are preferably loaded onto N-hAgo2. However, a 

part of the purified N-hAgo2 seems to be already loaded with small RNAs from insect cells (see 

7.1.1) and this could probably explain why not all N-hAgo2 molecules are loaded with antisense 

siRNA1 or siRNA duplex2 (Figure 14 A and C). Furthermore, mass spectrometry analysis of the 

purified Ago2 protein from High Five insect cells revealed that the protein is phosphorylated at 

Thr526 and Tyr529, which may prevent proper binding of the 5’-end of the siRNAs within the 

MID domain of Ago2 (see Figure 54). 

Additionally, central mismatches (siRNA has only perfect complementary base pairing) and 

ATP were shown to promote loading in HeLa cells and since the used siRNAs do not have these 

structural preferences and no ATP was added, this could also explain the imperfect loading of N-

hAgo2 (Yoda et al., 2010; 6.1.2.3). However, the same study also revealed, that recombinant 

hAgo2 does not need ATP for loading and that there are differences in ATP dependence of 

endogenous (ATP-dependent) and recombinant RISCs (ATP-independent) (Yoda et al., 2010). 

The ATPase assay that was performed in this study also showed that no ATP is needed for 

binding of the RNAs nor for loading of some of these siRNAs (antisense siRNA1 and siRNA 

duplex2) onto N-hAgo2. Furthermore, these findings of ATP-independent Ago2 loading are in 

agreement with recent observations found for C. elegans and D. melanogaster Dicer. The authors 

revealed that Dicer hydrolyse ATP to ADP only in the presence of long dsRNA (= substrate RNA) 

and not in the presence of RNA products, which were used in this work (Welker et al., 2011; 

Cenic et al., 2011). In order to test if human Dicer behaves like its homologs, ATPase assays in 

the presence of siRNA substrates (long dsRNAs or pre-miRNAs) have to be carried out.  
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Finally, no unwinding of the siRNA duplexes2 by N-hAgo2 can be detected. Structural 

preferences like seed or 3’-mid mismatches were shown to facilitate unwinding, whereas the 

siRNA duplex2 is perfectly complementary (Yoda et al., 2010; 5.1.13). Generally, human Ago2 

endonucleolytically cleavs perfect complementary passenger strands, which is Mg2+-dependent 

and no Mg2+-ions were added to the reaction, thus no strand separation can be detected (Wang 

et al., 2009 b). A binding of the RLC could be obtained, but because the affinity to hAgo2 is low 

this RNA is not transferred to hAgo2. Thus the siRNA is protected, and this supports the idea 

that the RISCs are also important for RNA-transfer and protection. Furthermore it could be that 

this siRNA duplex is handed over to another RLC. However, this hypothesis has not been tested 

so far. In addition, it is known that in case of miRNA, loading really occurs within the miRLC and 

when the unwinding of a miRNA duplex is blocked, a duplex should remain in the miRLC (Liu et 

al., 2012). Thus it could also be that the unwinding of siRNA duplex1 is blocked (see above) and 

that this duplex stays bound to the RLC because of that. However, it was not tested which of the 

RLC components is bound to siRNA duplex1. Due to the low affinity of human Dicer to its 

substrate RNAs (700  100 nM) and the high affinity of hTRBP2 to small siRNA duplexes (0.24-

0.29 nM) one can exclude that the siRNA is bound to Dicer (Chakravarthy et al., 2010). However, 

in the RLC these affinities to small siRNA could be different. The affinity of hAgo2 to siRNAs is 

not known, thus either hTRBP2 or hAgo2 can bind the siRNA duplex1. A binding to hTRBP2 

seems more likely, because loading onto hAgo2 leads to RLC disassembly. However, the RLC-

siRNA duplex1 was used for further studies, because the RLC binds this siRNA, the siRNA duplex 

increases RLC stability and does not induce disassembly of the RLC. 

7.1.6 In vitro reconstitution of minimal hDicer-hTRBP2 complexes 

Initially, the hDicer-hTRBP2 interaction was demonstrated by immunoprecipitation using a 

Dicer antibody and subsequent mass spectrometry of the interacting proteins (Chendrimada et 

al., 2005; Haase et al., 2005). Additionally, full length human Dicer-TRBP2 complexes can be 

reconstituted in vitro and were subjected to structural analysis (Lau et al., 2009; Chakravarthy et 

al., 2010; Ma et al., 2012; 6.2.1). Although, the human TRBP2 stabilizes Dicer (6.1.5.3; 6.2.1), the 

analysis of such a big 260 kDa complex by X-ray crystallography is challenging and was not 

successful to date. Using yeast-to-hybrid screens the hTRBP2 binding site could be localized to 

amino acids 261-431, which is the domain between the DExD/H and helicase domains, of human 

Dicer (Daniels et al., 2009). Based on these yeast-two-hybrid screens, minimal hDicer-hTRBP2 

complexes were prepared in vitro for analysis by means of X-ray crystallography (6.2.2). With 

this procedure pre-crystalline formations (spherulites) could be obtained (6.2.4), but no 

diffracting crystals could be produced to date. However, this initial crystallization hit can be 

used for further optimization using the DTB2-T1 complex, where no extensive optimization was 

carried out yet (Figure 33). The minimal hDicer-hTRBP2 complexes are homogeneous and 
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stable, but form heterotetramers (6.2.2). These heterotetramers seem not functional, because 

full length Dicer-TRBP complexes function as heterodimer (Lau et al., 2009; Chakravarthy et al., 

2010; Ma et al., 2012). To investigate the human Dicer interaction domain in more detail, human 

Dicer fragments containing amino acids 261-414 (DTB3) or amino acids 261-415 (DTB4) were 

used to prepare minimal hDicer-hTRBP2 complexes. Interestingly, no complex could be formed 

(see Figure 51), thus the amino acids 416-431 seem to be important for human Dicer interaction 

with hTRBP2 in vitro. However, an experiment showing that amino acids 416-431 of human 

Dicer are sufficient to bind to human TRBP2 has to be carried out in the future. The DTB1-T1 

complex containing dsRBD2 and dsRBD3 of hTRBP2 was expected to bind single stranded and 

siRNA duplexes, but the DTB1-T1 complex can only incorporate siRNA duplexes (Figure 31 A). 

In contrast, the free T1 fragment is able to bind single stranded and double stranded siRNA 

(Figure 31 B). Hence, the DTB1 seems to prevent binding of single stranded siRNA by T1 and the 

hTRBP2-hDicer-interaction could influence hTRBP2 siRNA selection. 

7.1.7 EM structure of human RLC 

The obtained 3D reconstruction of the RLC (22.6 Å resolution) was compared with another 

RLC reconstruction (33 Å resolution; Wang et al., 2009b) and the hDicer-hTRBP2-complex 

reconstruction (20 Å resolution; Lau et al., 2009; Lau et al., 2012a) at different orientations 

(Figure 40). The EM reconstruction of the human Dicer-TRBP2 complex was calculated by Lau et 

al. 2009 in 2009 and was renamed as EM reconstruction of human Dicer by Lau et al. in 2012. 

Thus, it is unclear if this EM reconstruction corresponds to human Dicer alone or the Dicer-

TRBP2 complex. Here this reconstruction is named as reconstruction of the hDicer-hTRBP2 

complex. The calculated 3D reconstruction of the RLC obtained in this study adopts a C-shape 

with an elongation at the head facing to the base (Figure 40 B). In contrast, the RLC structure 

obtained by Wang et al., 2009 has a triangular architecture. Here an agglomeration of density, 

which the authors identified to correspond to hAgo2, connects the head with the base of the RLC 

(Figure 40 C; Wang et. al., 2009). The obtained EM structure of the RLC of this study has a more 

open architecture and a connection between the head and the base branch is missing (Figure 40 

B). Superposition of the two EM structures clearly shows that the two structures are similar, but 

the new structure has a way more open conformation (see Figure 55). Additionally, in the RLC 

reconstruction of this study the domains are more defined, whereas the other RLC 

reconstruction has a lower resolution were such details are not visible. The Dicer-TRBP2-EM 

reconstruction appears as a L-shaped structure that contains a vertical platform and a 

perpendicular base branch (Figure 40; Lau et al., 2009; Lau et al., 2012a). This L-shape structure 

most likely results from an initial L-shaped model that the authors used to reconstruct the EM 

map (Lau et al., 2009). In contrast, the 3D-reconstruction of the RLC of this study was build by an 

ab inito reconstruction method and the other RLC structure by random conical tilt (RCT) method 
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followed by projection matching refinement (Wang et al., 2009b). However, the two RLC 3D-

reconstructions and the 3D-reconstruction of the hDicer-hTRBP2 complex superimpose quite 

well with each other. Both RLC structures are much bigger in size and the bases are oriented in a 

different conformation than the hDicer-hTRBP2 structure (see Figure 40). An agglomeration of 

density between the head and the base of the RLC structure obtained by Wang et al. is the main 

difference between this RLC structure and the hDicer-hTRBP2 structure (see also Figure 55). 

Comparison of the RLC structure of this study with the hDicer-hTRBP2 structure reveals an 

elongated base and extra density at the head region in the RLC structure (comparison of Figure 

40 A and B, Figure 55).  

 

 

Figure 40: Comparison of 3D reconstructions of the human Dicer-TRBP2 complex and human RLC 
complexes in different orientations.  
A: 3D reconstruction of human Dicer-TRBP2 complex (Dicer) at different orientations (EMDB-ID: 1646). 
B: 3D reconstruction of the human RLC calculated during this study at different orientations (6.1.5.2). C: 
3D reconstruction of the human RLC at different orientations (Wang et al., 2009b). 

To map the different RLC components of the RLC structure, reference density maps of the 

subcomplexes were aimed during this study (6.1.5.3). To date no reliable 3D reconstructions of 

the RLC subcomplexes or hDicer could be obtained, because of the sample heterogeneity (Figure 
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25). However, class sums were calculated. Some of the class sums of N-hDicer (e.g. numbers 5 to 

9 of Figure 26 A) and the N-hDicer-hTRBP2 complex (e.g. numbers 5, 11, 16, 19 of Figure 26) 

have high similarity with the class averages the previously calculated 3D structure of hDicer-

hTRBP2 complex. It is hard to determine the localization of the single components of the RLC 

based on these class sums. Therefore, we used biochemical knowledge and the results observed 

by others, which calculated reference density maps or used a domain-mapping technique 

combined with negative-stain EM analysis, to map the different hDicer domains into the hDicer-

hTRBP2-complex and RLC EM-maps (Wang et al., 2009b; Lau et al., 2009; Lau et al., 2012a; Lau 

et al., 2012b). Using calculations of reference maps the, the RIG-I like DExD-helicase domain of 

hDicer could be located within the base branch of the hDicer-hTRBP2 complex or of the previous 

RLC (see Figure 41 B; Wang et al., 2009b; Lau et al., 2009). A new mapping technique, which is 

called DOLORS (domain localization in electron microscopy), clearly identified the hDicer PAZ 

domain to be positioned in the head, that the RNase III heterodimer is positioned in the body, 

whereas the DUF 238 domain is located close to the RNase domains in the body of the hDicer-

hTRBP2 reconstruction (Figure 41 B). These findings contradict earlier speculations about the 

positioning of the hDicer domains within the EM maps, where it was hypothesized that the 

RNase domains are located in the head and that the PAZ domain is located in the body region 

(see Figure 6; Wang et al., 2009b; Lau et al., 2009). The positioning of the catalytic core adjacent 

to RIG I like DExD-helicase domain is in good agreement with established biochemical 

properties. The close spatial arrangement of the DExD-helicase domain to the RNase domains, 

can easily explain an inhibition by DExD-helicase domain and activation by hTRBP2 on hDicers 

catalytic activity that is mediated by the RNase heterodimer (Haase et al., 2005; Ma et al., 2008; 

Chakravarthy et al., 2010). Fitting of the structure of G. intestinalis Dicer, the H. sapiens RIG-I 

domain and the A. thaliana DUF-238 domain into the 3D reconstruction of hDicer-hTRBP2 

complex (Lau et al., 2009; Lau et al., 2012a) leaves only one free space for hTRBP2, which is 

located adjacent to the RNase domains (Figure 41 B). However, there is no free density for the 

missing structural domains left and thus, the reconstruction seems too small. This observation 

that the reconstruction seems to small, is in agreement with another 3D reconstruction of 

hDicer, which had an L-shaped structure, but more density at the head and the base regions and 

thus would be able to fit all missing structural elements (Wang et al., 2009b). Based on these 

results and superposition with the hDicer-hTRBP2 reconstruction, the single domains of hDicer 

were fitted into the new and the old RLC maps (Figure 41). Additionally, a hDicer fragment 

containing the RNaseIIIa, RNaseIIIb heterodimer and the dsRBD was identified to bind to the 

PIWI lobe of Ago (Sasaki & Shimizu, 2007; Tahbaz et al., 2004). Therefore, the structure of 

hAgo2 was fitted into the new and the old RLC maps in an orientation that the PIWI domain of 

hAgo2 can interact with hDicers RNase domains. Additionally, when hAgo2 is oriented that way 

a bound guide strand is free to complementary bind to an mRNA target (Figure 41).  
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Figure 41: Comparison of Dicer-TRBP2 and RLC reconstructions.  
A: Domain organization and structures of Dicer domains and structure of human Ago2. B: 3D 
reconstruction of human Dicer-TRBP2 complex (Dicer) at different orientations (EMDB-ID: 1646). C: 3D 
reconstruction of the human RLC calculated during this study at different orientations (6.1.5.2). D: 3D 
reconstruction of the human RLC at different orientations (Wang et al., 2009b). B-D: Docking of the atomic 
models of the PAZ, the Platform and the RNase III domains of G. intestinales Dicer (PDB-ID: 2QVW), the H. 
sapiens RIG-I domain (purple, PDB-ID: 4A2P), the A. thaliana DUF238 domain (PDB-ID: 2KOU) and the H. 
sapiens Ago2 (PDB-ID: 4EI1) into the density maps. The pictures were generated using Chimera. The head, 
platform and base of each reconstruction are indicated. A possible location of hTRBP2 is indicated by 
green circles. 
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As mentioned above, the new and the old RLC reconstructions are quite similar, but the new 

one resembles a far more open conformation and individual domains can be separated. All 

structural elements can be fitted in both maps, leaving space for the missing hDicer domains and 

hTRBP2. The possible location of hTRBP in the new RLC reconstruction is indicated by a green 

circle (Figure 41). This density was visible in some reconstructions, but missing in others. We 

determined that hTRBP2 is incorporated into the RLC stoichiometrically and therefore we 

assumed that hTRBP2 is localized here (Figure 20; Figure 41 C).  

The new positioning of Dicer domains within the reconstructions necessitates a new model 

for the RISC-loading processes (see also section 4.3.2; Wang et al., 2009b). The known structural 

elements of hDicer were positioned into the new RLC reconstruction as shown in Figure 41 and 

hTRBP2 and hAgo2 are indicated by green and blue circles, respectively (Figure 42). Although, 

the dicing process seems to be uncoupled from the loading process, the RLC is able to cleave a 

pre-miRNA (4.2.1; 4.3.1; MacRae et al., 2008). The 2-nt 3’-overhang of the pre-miRNA is bound 

by the PAZ domain, that is oriented to the RNaseIII heterodimer in a spatial arrangement that a 

about 22-nt small RNA can be produced (Figure 42 A). Thereby a small RNA having two 2-nt 3’-

overhangs is produced (Figure 42 B). The small RNA-product can by directly transferred to 

Ago2’s PAZ domain or another domain of hAgo2 (Figure 42 E). When the small RNA has to be 

repositioned for correct loading, the small RNA product is first transferred to the DEXD-helicase 

domain of hDicer and can then be loaded onto hAgo2 (Figure 42 C and D). Additionally, it seems 

that hAgo2 also has to undergo a repositioning of the PAZ domain in order to get loaded with a 

small RNA or hAgo2 binds to the RLC in a different fashion than proposed earlier (Figure 41). 

Using this model an involvement of hTRBP2 (marked with green ring) on hDicer processing, 

hDicer stability, RNA repositioning and transfer to hAgo2 is easily imaginable (Haase et al., 

2005; Chendrimada et al., 2005: Chakravarthy et al., 2010: Noland et al., 2012). Moreover, it 

seems that the main transfer processes occur in the body of the RLC. We could detect 

heterogeneity or flexibility in the flexible arm regions in the head (Figure 24). The fitting 

identified that one arm seems to contain hDicers PAZ domain as well as an additional unknown 

domain of hDicer (probably the C-terminal dsRBD) and that the second flexible arm contains 

hAgo2 (6.1.5.2; Figure 24). Thus these hDicer domains and hAgo2 can engage different 

conformations within the RLC. In order to address the question whether the observed effect is 

caused by conformational flexibility or is a heterogeneity artefact, extensive computational 

sorting is necessary that has not been finished so far.  

In summary, the presented EM reconstruction of the human RLC allow to obtain a more 

detailed information about the structure and localization of the individual components of the 

RLC. The newly proposed model for the RISC-loading process is in agreement with actual 

biochemical data as well as structural results and presents a mechanism for the small RNA 

duplex transfer onto human Ago2. However, new reference density maps of the RLC 
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subcomplexes and human Dicer have to be calculated to confirm the proposed model. 

Additionally, flexibility or heterogeneity that could be detected in EM analysis has to be 

investigated in more detail in order to excise individual structures of the RLC in different 

conformations to fully detect and understand the single steps of the RISC-loading processes.  

 

 

 

Figure 42: Model for human RISC-loading processes.  
Docking of the atomic models of the PAZ (pink), the Platform (cyan) and the RNase III domains (orange) of 
G. intestinales Dicer (PDB-ID: 2QVW), the H. sapiens RIG-I domain (purple, PDB-ID: 4A2P), the A. thaliana 
DUF238 domain (dark-pink, PDB-ID:2KOU) and a pre-miRNA (dark-blue, PDB-ID: 3A6P) or siRNA duplex 
(PDB-ID: 1R9F) into the electron density maps. A: Dicer processing of a pre-miRNA. The 2-nt 3’-overhang 
is bound to the appropriate binding pocked in PAZ domain of hDicer and the pre-miRNA oriented, that the 
catalytic center generates a 22-nt long product. B: A hDicer-product containing RLC. C: Repositioning of 
the small RNA from the RNase III domains to the DEXD-helicase domain. D and E: Human Ago2-loading 
either from hDicers DExD-helicase domain (D) or directly after hDicer processing (E).  
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7.2 Crystal structure of dsRBD2 of human TRBP2 

In order to investigate the structure of consecutive dsRBDs, the full length hTRBP2 protein 

with and without RNA was subjected to crystallization trials (6.1.4). However, this approach 

failed to produce protein crystals and therefore hTRBP2 fragments were prepared. These 

fragments either contained the second and the third dsRBDs (dsRBD2 and dsRBD3) or the 

dsRBD3 of hTRBP2 (6.3). Initial crystallization of these fragments in the presence or absence of 

single stranded or double stranded siRNAs failed (6.3). The method of in situ proteolysis led to 

diffracting crystals of the T1 fragment (aa157-366) containing dsRBD2 and dsRBD3 of hTRBP2 

(6.3.1, Dong et al., 2007). The crystal structure revealed that the asymmetric unit of the crystal is 

composed of four monomers of the dsRBD2 and does not contain the dsRBD3 of hTRBP2. Thus, 

the Chymotrypsin that has been added to the preparation prior to crystallization, quantitatively 

cleaved of the C-terminal dsRBD3 of hTRBP2 (6.3.1). In the future, other proteases that do not 

cleave of the C-terminus should be used. However, it is not known if the dsRBD3 of hTRBP2 will 

crystallize using other proteases. Unfolding experiments identified that the dsRBD2 of hTRBP2 

is more thermo stable than dsRBD1 (Yamashita et al., 2011). A higher thermostability of the 

dsRBD2 could also be the reason why this domain crystallized, while the dsRBD3 did not 

crystallize.  

7.2.1 dsRBD2 of hTRBP2 has a canonical dsRBD fold that has high flexibility in 

the RNA-binding regions 

The crystal structure of the second dsRBD (dsRBD2) of hTRBP2 comprising amino acids 

157-226 could be solved at 2.28 Å resolution (6.3.1). The asymmetric unit of the hexagonal-

shaped crystals is occupied by four dsRBD2 monomers, which superimpose well (6.3.2; Figure 

38). Each monomer shows a canonical dsRBD (----) fold, where the two -helices pack 

against one side of the three-stranded antiparallel -sheet (Figure 38; Kharrat et al., 1995; 

Bycroft et al., 1995). In order to compare the structure with other dsRBDs a sequence alignment 

and a superposition was carried out (Figure 43). Several amino acids of diverse dsRBDs are 

conserved along the entire domain and the most conserved part is located in the C-terminal part 

of the domain (Figure 43 A). Using mutagenesis analysis, three different regions that are 

important for dsRNA-binding were uncovered. These regions are highly conserved among 

diverse dsRBDs. Region 1 was defined to contain a highly conserved Glu (E) in the 1-helix, the 

region 2 contains the GPxH motif in the loop between the 1- and 2-strands and region 3 

contains the KKxAK motif in the 2-helix (Figure 43; Green & Mathews 1992; Bycroft et al., 

1995; Ramos et al., 2000; Yang et al., 2010; Ryter & Schultz, 1998; Green et al., 1995; McMillan et 

al., 1995; Patel et al., 1996). Differences from that consensus can be detected in the dsRBD3 of 

hTRBP or hPACT. Because of those differences in amino acid sequence which results in reduced 
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RNA-binding affinity, these dsRBDs are referred to as type B dsRBDs (St Johnston et al., 1992; 

Krovat & Jantsch, 1996; Yamashita et al., 2011).  

 

 

Figure 43: Sequence alignment of various dsRBDs and superposition of the crystal structure of 
dsRBD2 of hTRBP2 with other dsRBDs. A: Sequence alignment of different dsRBDs with the secondary 
structure of the dsRBD2 of hTRBP2 on top. Complete conserved residues are colored in white with a red 
background. Conserved amino acids are colored in red with white background. The three regions 
important for RNA-binding are marked. B: Superposition of the crystal structures of dsRBD2 of hTRBP2 
with other dsRBDs. In the right part of the picture the amino acids that were shown to be important for 
dsRNA-binding of hTRBP2 are shown in all structures as sticks. 

Apart from the importance for dsRNA-binding, other conserved hydrophobic residues were 

shown to be important for stabilization of the overall domain. These are mainly aliphatic, but 

also aromatic residues equally distributed over the domain (Krovat & Jantsch 1996; Bycroft et 

al., 1995, Ramos et al., 2000; Ryter & Schultz 1998). A superposition of several dsRBDs shows 

that especially the loop region between the 1- and 2-strands (RNA-binding region 2) can vary 

(Figure 43). When comparing all residues that were shown to be important for dsRNA-binding 

in hTRBP2, several differences in the orientation of these conserved residues can be obtained 

(Figure 43). Interestingly, one of the structures shown in the superposition of Figure 43 is the 

crystal structure of the dsRBD2 of hTRBP2 in complex with a short CG-duplex (PDB-ID: 3ADL). 

Single superposition of the two structures revealed that the overall structures of the dsRBD2 

and the dsRBD2 when bound to RNA (3ADL) are similar (r.m.s.d. = 1.14 Å for 70 amino acids), 
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however especially the RNA-binding region 2, containing His188 which is important for RNA-

binding, varies (Figure 44). When bound to RNA the loop faces the RNA, while in the absence of 

RNA the loop is oriented contrarily (Figure 44 A). In addition to this loop other residues that are 

important for RNA-binding have a different conformation, when or when not bound to RNA. The 

structure of the dsRBD2 of hTRBP2 does not allow His188 and Lys210 to interact with the RNA, 

because these residues are oriented away from the dsRNA (Figure 44 C). All the other residues 

that were shown to be important for dsRNA-binding in TRBP2 (Gln165, Glu166, Lys214 and 

Arg215) would be able to interact with the dsRNA, although if differently oriented.  

It has been shown that hTRBP2 only binds dsRNA, but not dsDNA (Gredell et al., 2010). The 

dsRBD2 binds to the phosphate backbone and 2’ OH groups of the ribose, which are not present 

in DNA (Figure 44). Especially, residues of the RNA-binding regions 1 and 2 interact with the 

2’ OH groups. For example, Glu166 makes hydrogen bonds with the 2’OH group of the RNA. 

Thus, hTRBP2 is able to discriminate between dsRNA and dsDNA. Furthermore, hTRBP2 was 

shown to preferably bind to CG-rich dsRNA sequences (Gatignol et al., 1991; Lee et al., 1996) and 

it was proposed that hTRBP2 senses the asymmetry of an siRNA and therefore must be able to 

sequence specific recognizing small (Gredell et al., 2010). Double stranded RNA adopts an A-

form RNA helix form containing a wide and flat minor groove and a tight and deep major groove 

(Saenger, 1984; Dickerson et al., 1982; see Figure 44). The bases of the RNA are accessible in the 

minor groove, but not in the major groove. Residues from the RNA-binding region 1 and 2 of 

dsRBD2 of hTRBP2 could be able to recognize the bases of a dsRNA. The side chain of Glu165 of 

hTRBP2 were indeed shown to interact with the O2 atom of guanine or the N3 atom of cytosine 

via hydrogen bonds (Figure 44). In contrast, only hydrogen bonding of His188 to the ribose 

could be determined for the second dsRBD2 of hTRBP2 (Figure 44). Residues from the RNA-

binding region 3 recognize the major groove of potentially bound dsRNA. Thus, hTRBP2 is able 

to specifically distinguish between dsRNA and dsDNA via direct interactions with the 

characteristic dsRNA regions. Furthermore, using residues of the RNA-binding region 1 hTRBP2 

recognize CG-sequences and can thus mediate its CG-specificity for dsRNA (Yang et al., 2010). 
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Figure 44: Crystal structure of the second dsRBD of hTRBP2 reveals that hTRBP2 can undergo 
structural rearrangements upon RNA-binding.  
A:. B: Comparison of the crystal structures of dsRBD2 of hTRBP2 (colored in blue) and dsRBD2 of hTRBP2 
in complex with 10-nt GC-duplex (colored in grey, PDB-ID: 3ADL). Especially the loop between 1 and 2-
strands is oriented differently. C and D: Superposition of monomer C of dsRBD2 of hTRBP2 (colored in 
blue) with the dsRBD2 of hTRBP2 in complex with RNA (colored in grey, PDB-ID: 3ADL) with all residues 
important for RNA-binding shown in stick mode (colored according to molecule). The residues important 
for RNA-binding are oriented differently depending on whether RNA is bound or not.  

The electrostatic surface potential of the crystal structure of the dsRBD2 and the crystal 

structure of the dsRBD2 of hTRBP2 in complex with a short CG-duplex are mainly similar. The 

overall electrostatic surface potentials are mainly basic with the most basic parts in the RNA-

binding regions (Figure 45). The electrostatic surface potentials would allow the dsRNA also to 

bind the dsRNA in a different fashion, namely perpendicular to the molecule. If the dsRNA would 

bind perpendicular, then not all the residues that were shown to be important for RNA-binding 

could interact. Furthermore the dsRNA-interaction interface with the dsRBD2 of hTRBP is 

similar to the interaction sides of other dsRBD2 (Yang et al., 2010). As the interaction side to 

dsRNA is a canonical and conserved characteristic of dsRBDs, it is most likely that the dsRNA 

binds to dsRBD2 of TRBP2 as shown in Figure 43-45.  
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Figure 45: Comparison of the electrostatic surface potentials of TRBP2’s dsRBD2. A: Electrostatic 
surface potential of the dsRNA-binding domain of hTRBP2 in two different orientations (at  5 
kcal/electron units, +5= blue, -5 = red) B: Electrostatic surface potential of the dsRNA-binding domain of 
hTRBP2 in complex with a 10-nt GC-RNA in two different orientations (at  5 kcal/electron units, +5= 
blue, -5 = red; PDB-ID: 3ADL). The RNA is shown in cartoon representation. 

 

In summary, comparison of the structure of dsRBD2 of TRBP2 with the previously solved 

structure of the dsRBD2 in complex with a short CG-duplex reveals that some residues that are 

important for dsRNA-binding can undergo significant structural rearrangements upon RNA-

binding (Figure 43). Additionally, the SAXS structure of the dsRBD2 uncover that the regions 1 

and 2 important for RNA-binding are highly flexible in solution allowing the binding of various 

RNA substrates (Figure 39).  
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Figure 46: The SAXS-damfilt models of the dsRBD2 of TRBP2 indicate a high flexibility of the 
dsRNA-binding regions 1 and 2. Docking of the crystal structure of the dsRBD2 of hTRBP2 (colored in 
blue) and the crystal structure of the second dsRBD2 of hTRBP2 in complex with RNA, whereas the RNA 
was removed (PDB-ID: 3ADL) into a SAXS damfilt model. 

 

7.2.2 The crystal structure of dsRBD2 of hTRBP2 reveals two possible 

dimerization interfaces 

Apart from their function in dsRNA-binding, several dsRBDs are important for protein-

protein interactions. Here, the dsRBDs can bind to other dsRBDs or other domains (Huang et al., 

2009; Patel et al., 1998; Schuldt et al., 1998; Micklem et al., 2000; Zhang et al., 2001; Tremblay et 

al.,, 2002; Gupta et al., 2003; Hitti et al., 2004; Haase et al., 2005; Chendrimada et al., 2005). 

Moreover, some dsRBPs were shown to form homodimers with their dsRBDs (Costinetto et al., 

1995; Lararki et al., 2008). The linker regions between two consecutive dsRBDs are flexible and 

therefore crystal structures of more than one dsRBD are rare. However, when looking at 

symmetry mates of already crystallized dsRBDs, prominent contacts between the 1-and the 3-

strands of two dsRBDs can be detected. Such contacts can also be determined between monomer 

A and D of the dsRBD2 crystal structure (Figure 38 D). Moreover, the crystal structure of the 

dsRBD2-homodimer of A.thaliana HYL1 also uncovers this putative dimerization interface and it 

has been concluded that it is no crystallization artefact. However, validation by mutagenesis 

studies failed, because the mutations led to mainly misfolded protein (Yang et al., 2010). Thus, it 

is still unclear if this is a functional relevant dimerization interface. The available crystal 

structure of the DGCR8 core containing two different dsRBDs gives the only structural insight 

into the interaction surface of two dsRBDs in the context of an intact protein. Here, different 

regions (before and after the conserved dsRBDs motif) mediate the dimerization (Yang et al., 

2010). This is in good agreement with the results obtained here. Although, the asymmetric unit 
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contains four molecules of the dsRBD2 which form two possible dimerization interfaces, this 

domain in solution is monomeric as determined by MALS and SAXS (Figure 36, Figure 39 and 

Figure 46). In contrast, both the full length hTRBP2 protein and the T1 fragment containing 

three and two dsRBDs, respectively exist as homodimer in solution (Figure 8, Figure 36). This 

led to the conclusion that the dsRBD2 seems not directly to be involved in dimerization and 

suggests that the loop regions between the dsRBDs of hTRBP2 are important for dimerization in 

vitro. Thus, most likely the identified dimerization interfaces are only crystallization artifacts 

and not functionally relevant. Additionally, some other groups, localized the dimerization of the 

dsRBD2 of hTRBP2 using yeast-two hybrid screens. Here, dimerization could be detected when 

constructs containing amino acids 152-234 or 152-224 of hTRBP2 are used (Laraki et al., 2008, 

Daher et al., 2001). As no dimerization can be detected when using amino acids 157-226, the 

region comprising amino acids 152-159 or 226-234 seems critical for dimerization. Further 

experiments using different constructs of hTRBP2 are necessary to validate this hypothesis, 

however the results presented here, show that not the conserved dsRBD itself mediate 

dimerization, but that rather the loop regions between these domains are important for such 

interactions.  

In the future it would be important to understand how dsRBDs interact with each other and 

how these interactions collaborate in dsRNA-binding (affinity, specificity, coorparativity) and 

transfer. 
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10 Appendix 

Base sequence of H. sapiens Dicer optimized for expression in Sf9 insect cells, which was 

orderend from Geneart:  

ATGAAGTCCCCCGCTCTGCAGCCCCTGTCTATGGCTGGCCTGCAGCTGATGACCCCCGCTTCCTCCC
CTATGGGCCCCTTCTTCGGTCTGCCCTGGCAGCAGGAGGCTATCCACGACAACATCTACACCCCCCGCA
AGTACCAGGTGGAGCTGCTGGAGGCTGCTCTGGACCACAACACCATCGTGTGCCTGAACACCGGTTCCG
GCAAGACCTTCATCGCTGTGCTGCTGACCAAGGAGCTGTCCTACCAGATCCGTGGCGACTTCTCCCGTA
ACGGCAAGCGTACCGTGTTCCTGGTCAACTCCGCTAACCAGGTGGCCCAGCAAGTCAGCGCTGTGCGTA
CCCACTCCGACCTGAAGGTCGGCGAGTACTCCAACCTGGAGGTCAACGCTTCCTGGACCAAGGAGAGGT
GGAACCAGGAGTTCACCAAGCACCAGGTGCTGATCATGACTTGCTACGTGGCTCTGAACGTGCTGAAG
AACGGTTACCTGTCCCTGTCCGACATCAACCTGCTGGTGTTCGACGAGTGCCACCTGGCTATCCTGGAC
CACCCCTACCGCGAGATCATGAAGCTGTGCGAGAACTGCCCCTCCTGCCCCCGTATCCTGGGCCTGACC
GCTTCCATCCTGAACGGCAAGTGCGACCCCGAGGAGCTGGAGGAGAAGATCCAGAAGCTGGAGAAGAT
CCTCAAGTCCAACGCTGAGACTGCTACCGACCTGGTGGTGCTGGACCGTTACACCTCCCAGCCCTGCGA
GATCGTGGTGGACTGCGGTCCCTTCACCGACCGTTCCGGCCTGTACGAGCGTCTGCTGATGGAGCTGGA
GGAGGCTCTGAACTTCATCAACGACTGCAACATCTCCGTGCACTCCAAGGAGCGTGACTCCACCCTGAT
CTCCAAGCAGATCCTGTCCGACTGCCGTGCTGTGCTGGTCGTGCTGGGCCCTTGGTGCGCTGACAAGGT
GGCCGGCATGATGGTCCGCGAGCTGCAGAAGTACATCAAGCACGAGCAGGAGGAGCTGCACCGCAAGT
TCTTGCTGTTCACCGACACATTCCTCCGCAAGATCCACGCTCTGTGCGAGGAGCACTTCTCCCCCGCCTC
CCTGGACCTGAAGTTCGTGACCCCCAAGGTCATCAAGCTGCTGGAGATCCTGCGCAAGTACAAGCCCTA
CGAGCGTCAGCAGTTCGAGTCCGTGGAGTGGTACAACAACCGTAACCAGGACAACTACGTGTCTTGGT
CCGACTCCGAGGACGACGACGAGGACGAGGAGATCGAGGAGAAGGAGAAGCCCGAGACTAACTTCCCC
TCCCCCTTCACCAACATCCTGTGCGGTATCATCTTCGTGGAGCGTCGTTACACCGCTGTGGTGCTGAAC
CGCCTGATCAAGGAGGCTGGCAAGCAGGACCCCGAGCTGGCTTACATCTCCTCCAACTTCATCACCGGT
CACGGTATCGGCAAGAACCAGCCCCGTAACAAGCAGATGGAGGCTGAGTTCCGCAAGCAGGAGGAGGT
CCTGAGGAAGTTCCGCGCTCACGAGACTAACCTGCTGATCGCTACCTCCATCGTGGAGGAGGGCGTGGA
CATCCCCAAGTGCAACCTGGTCGTGCGTTTCGACCTCCCCACCGAGTACCGTTCCTACGTGCAGTCCAA
GGGTCGTGCTCGTGCTCCCATCTCCAACTACATCATGCTGGCTGACACCGACAAGATCAAGTCCTTCGA
GGAGGACCTCAAGACCTACAAGGCCATCGAGAAGATCCTGCGTAACAAGTGCTCCAAGTCCGTGGACA
CCGGAGAGACTGACATCGACCCCGTGATGGACGATGACGACGTGTTCCCTCCCTACGTCCTGCGTCCCG
ACGACGGTGGTCCCCGTGTGACCATCAACACCGCTATCGGTCACATCAACCGTTACTGCGCTCGTCTGC
CCTCCGACCCCTTCACCCACCTGGCTCCCAAGTGCCGTACCCGCGAGCTGCCCGACGGCACCTTCTACTC
TACCCTGTACCTCCCCATCAACTCCCCCCTGCGTGCTTCCATCGTGGGTCCCCCCATGTCCTGCGTGCGC
CTGGCTGAGAGGGTGGTGGCTCTGATCTGCTGCGAGAAGCTGCACAAGATCGGCGAGCTGGACGACCA
CCTGATGCCCGTGGGCAAGGAGACTGTCAAGTACGAAGAGGAGCTGGACCTCCACGACGAGGAGGAGA
CTTCCGTCCCCGGTCGTCCCGGTTCCACCAAGCGTCGTCAGTGCTACCCCAAGGCTATCCCCGAGTGCCT
GCGCGACTCCTACCCCCGTCCCGACCAGCCCTGCTACCTGTACGTGATCGGCATGGTGCTGACCACTCCT
CTGCCCGACGAGCTGAACTTCCGTCGTCGCAAGCTGTACCCCCCCGAGGACACCACCCGTTGCTTCGGT
ATCCTGACCGCCAAGCCCATCCCCCAGATCCCCCACTTCCCCGTGTACACCCGTTCCGGCGAGGTCACCA
TCTCCATCGAGCTGAAGAAATCCGGTTTCATGCTGTCCCTGCAGATGCTGGAGCTGATCACCCGTCTGC
ACCAGTACATCTTCTCCCACATCCTGCGTCTGGAGAAGCCTGCTCTGGAGTTCAAGCCCACCGACGCTG
ACTCCGCTTACTGCGTGCTGCCCCTGAACGTGGTCAACGACTCCTCCACCCTGGACATCGACTTCAAGT
TCATGGAGGACATCGAGAAGTCCGAGGCTCGTATCGGTATCCCCTCCACCAAGTACACCAAGGAGACTC
CCTTCGTTTTCAAGCTGGAGGACTACCAGGACGCTGTGATCATCCCCCGTTACCGTAACTTCGACCAGC
CTCACCGTTTCTACGTGGCTGACGTGTACACCGACCTGACCCCCCTGTCCAAGTTCCCTTCCCCCGAGTA
CGAGACTTTCGCCGAGTACTACAAGACCAAGTACAACCTCGACCTGACCAACCTGAACCAGCCTCTGCT
GGACGTGGACCACACCTCCTCCCGTCTGAACCTCCTGACCCCTCGTCACCTCAACCAGAAGGGCAAGGC
TCTGCCCCTGTCCTCCGCTGAGAAGCGCAAGGCTAAGTGGGAGTCTCTGCAGAACAAGCAGATCCTCGT
GCCCGAGCTGTGCGCTATCCACCCCATCCCCGCTTCCCTGTGGCGCAAGGCTGTGTGCCTGCCCTCCATC
CTGTACCGTCTGCACTGCCTGCTGACCGCTGAGGAGCTGCGTGCTCAGACCGCTTCCGACGCTGGTGTC
GGTGTCCGTTCCCTGCCCGCTGACTTCCGTTACCCCAACCTGGACTTCGGTTGGAAGAAGTCCATCGAC
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TCCAAGTCCTTCATCTCCATCTCTAACTCCTCCAGCGCTGAGAACGACAACTACTGCAAGCACTCCACC
ATCGTGCCTGAGAACGCTGCTCACCAGGGTGCTAACCGTACCTCCTCCCTGGAGAACCACGACCAGATG
TCCGTGAACTGCCGTACCCTGCTGTCCGAGTCCCCCGGCAAGCTGCACGTGGAGGTGTCCGCTGACCTG
ACCGCTATCAACGGCCTGTCCTACAACCAGAACCTGGCTAACGGTTCCTACGACCTGGCCAACCGTGAC
TTCTGCCAGGGCAACCAGCTGAACTACTACAAGCAGGAGATCCCCGTCCAGCCCACCACCTCCTACTCC
ATCCAGAACCTGTACTCCTACGAGAACCAGCCACAGCCCTCCGACGAGTGCACTCTGCTGTCCAACAAG
TACCTGGACGGCAACGCTAACAAGTCCACCTCCGACGGTTCCCCCGTCATGGCTGTGATGCCCGGCACC
ACCGACACCATCCAGGTCCTGAAGGGTCGTATGGACTCCGAGCAGTCCCCCTCCATCGGTTACTCCTCC
CGTACCCTGGGTCCCAACCCCGGCCTGATCCTGCAGGCCCTGACCCTGTCCAACGCTTCTGACGGTTTCA
ACCTGGAGCGCCTGGAGATGCTGGGCGACTCCTTCCTGAAGCACGCTATCACCACCTACCTGTTCTGCA
CCTACCCCGACGCTCACGAGGGTCGTCTGTCCTACATGCGTTCCAAGAAGGTGTCCAACTGCAACCTGT
ACCGCCTGGGCAAGAAGAAGGGCCTGCCTTCCCGTATGGTGGTGTCCATCTTCGACCCCCCCGTGAACT
GGCTGCCCCCTGGCTACGTCGTGAACCAGGACAAGTCCAACACCGACAAGTGGGAGAAGGACGAGATG
ACCAAGGACTGCATGCTGGCCAACGGAAAGCTGGACGAGGACTACGAAGAAGAGGACGAAGAGGAAGA
ATCCCTGATGTGGCGTGCTCCCAAGGAGGAGGCGGACTACGAGGACGACTTCCTGGAGTACGACCAGG
AGCACATCCGTTTCATCGACAACATGCTGATGGGTTCCGGTGCTTTCGTGAAGAAGATCTCCCTGTCCC
CCTTCTCCACCACCGACTCCGCCTACGAGTGGAAGATGCCCAAGAAGTCCTCCCTGGGTTCCATGCCCT
TCTCTAGCGACTTCGAGGACTTCGACTACTCCTCCTGGGACGCTATGTGCTACCTGGACCCCTCCAAGG
CTGTCGAGGAGGACGATTTCGTCGTCGGTTTCTGGAACCCCTCCGAGGAGAACTGCGGCGTCGATACCG
GCAAGCAGTCCATCTCTTACGATCTCCACACTGAGCAGTGCATCGCTGACAAGTCTATCGCTGACTGCG
TGGAGGCTCTGCTGGGCTGCTACCTGACCTCCTGCGGAGAGAGGGCTGCCCAGCTGTTCCTGTGCTCCC
TGGGACTGAAGGTGCTGCCCGTGATCAAGCGCACCGACCGCGAGAAGGCTCTGTGCCCCACCCGCGAGA
ACTTCAACTCCCAGCAGAAGAACCTGTCTGTCTCCTGCGCTGCTGCTTCCGTGGCTTCCTCCAGGTCCT
CCGTGCTGAAGGACTCCGAGTACGGTTGCCTGAAGATCCCCCCTCGTTGCATGTTCGACCACCCTGACG
CTGACAAGACCCTGAACCACCTCATCTCCGGTTTCGAGAACTTCGAGAAGAAGATCAACTACCGCTTCA
AGAACAAGGCTTACCTCCTGCAAGCCTTCACCCACGCCTCTTACCACTACAACACTATCACCGACTGCT
ACCAGCGTCTGGAGTTCCTCGGCGACGCCATCCTGGACTACCTGATCACTAAGCACCTGTACGAGGACC
CCCGTCAGCACTCCCCCGGTGTCCTGACCGACCTCCGTTCCGCTCTGGTCAACAACACTATCTTCGCTTC
CCTGGCTGTGAAGTACGACTACCACAAGTACTTCAAGGCTGTCTCCCCCGAGCTGTTCCACGTGATCGA
CGACTTCGTGCAGTTCCAGCTGGAGAAGAACGAGATGCAGGGCATGGACTCTGAGCTGCGTCGTTCCG
AGGAGGACGAGGAAAAGGAGGAGGACATCGAGGTCCCCAAGGCTATGGGTGACATCTTCGAGTCCCTG
GCCGGTGCTATCTACATGGACTCCGGAATGTCCCTGGAGACTGTGTGGCAGGTCTACTACCCCATGATG
CGTCCTCTGATCGAGAAGTTCTCCGCTAACGTGCCCCGTTCCCCTGTGCGTGAGCTGCTGGAGATGGAG
CCCGAGACTGCTAAGTTCTCCCCCGCTGAGAGGACCTACGACGGCAAGGTCCGCGTGACCGTGGAGGTC
GTGGGAAAGGGCAAGTTCAAGGGTGTCGGTCGTTCCTACCGTATCGCTAAGTCCGCTGCTGCTCGTCGT
GCTCTGCGTTCCCTGAAGGCTAACCAGCCCCAGGTGCCCAACTCCGCTTGGTCCCACCCCCAGTTCGAG
AAGTAA 

 

Table 3: DNA-oligonucleotides used in this study. 
The sequence of the DNA-oligonucleotides is shown in 5’-3’-direction and the melting temperatures given 
in the table are according to the manufacturer. 

Primer Sequence 5’- 3’ Tm °C 

H.s. Argonaute2   

Ago2_iso_f ATGTACTCGGGAGCCGGCC 63.1 

Ago2_iso_r TCAAGCAAAGTACATGGTGCGC 60.3 

Ago2_Bam_f CGCGGATCCACCATGTACTCGGGAGCCGGCC >75.0 

Ago_Hind_r CCCAAGCTTTCAAGCAAAGTACATGGTGCGCCAGAGT 73.8 

Ago2_601_f CTGCTCTAACCCTCTTGGCGGG 65.8 

Ago2_1261_f CGTGACTGGGCGGGTGCTGCAG 69.6 

H.s. TRBP2   

TRBP2_iso-f ATGAGTGAAGAGGAGCAAGGCTCC 64.4 

TRBP2_iso-r TCACTTGCTGCCTGCCATGATC 62.1 
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TRBP2_Xho_f CCGCTCGAGACCATGAGTGAAGAGGAGCAA 72.1 

T22_Bam_fw CGCGGATCCATGCTGGCCGCCAAC 71.3 

T157_Bam_fw CGCGGATCCGAGTGCAACCCCGTTGG 72.7 

T226_Bam-fw CGCGGATCCCACACGGTGCCTCTGG 72.8 

T291_Bam_fw CGCGGATCCGGCCCTGCCTGCTGC 74.7 

T99_Xho_rev CCGCTCGAGTCAGCTCCCCCCTTTGAG 72.6 

T227_Xho_rev CCGCTCGAGTCACGTGTGCACTCGAAG 71.0 

T366_Xho_rev CCGCTCGAGTCACTTGCTGCCTGCCATG 72.4 

H.s. Dicer original sequence 

Dicer_iso_f ATGAAAAGCCCTGCTTTGCAACCC 62.7 

Dicer_iso_r TCAGCTATTGGGAACCTGAGG 59.8 

Dcr_164_r CAGAGCTGCTTCAAGCAGTTCAAC 62.7 

Dcr_297_f GGTCAACTCTGCAAACCAGGTTGCTC 66.4 

Dcr_601_f CGCATTTTGGGACTAACTGCTTCC 62.7 

Dcr_1174_f CGACAGCAGTTTGAAAGCGTTGAGTGG 66.5 

Dcr_1391_f CTGGCAAACAAGATCCAGAGCTGGC 66.3 

Dcr_2201_f CCAGTGTTCCAGGAAGACCAGGTTCC 68.0 

Dcr_3002_f CACCTCGACATTTGAATCAGAAGGGG 64.8 

Dcr_3821_f GGATGGATTCTGAGCAGAGCCCTTC 66.3 

Dcr_4641_f CTTGCACACTGAGCAGTGTATTGC 62.7 

Dicer_5401_f TCTGACAGCTGACACTTGTTGAGC 62.7 

Dcr_5680_f GGTCGAAGTTACAGGATTGCCAAATCTGC 66.7 

Dcr_SalI_f TCTGTCGACCATGAAAAGCCCTGCTTTGCAACC 70.7 

Dcr_Not_r TTGCGGCCGCTCAGCTATTGGGAACCTG 71.0 

Dcr_BglII_f GGAAGATCTATGAAAAGCCCTGCTTTGCAACCC 69.5 

H.s. Dicer optimized sequence 

D1_Bam_fw CGCGGATCCATGAAGTCCCCCGCTCTG 72.6 

D_XbaI_rev TCTAGATTACTTCTCGAACTGGGGG 63 

D261_Bam_fw CGCGGATCCACCGACCGTTCCGGCC 74.5 

D264_Bam_fw CGCGGATCCTCCGGCCTGTACGAGCG 84.2 

D414_Xho_rev CCGCTCGAGTCAGTCGGACCAAGACACGTAGTTG 82.1 

D415_Xho_rev CCGCTCGAGTCAGGAGTCGGACCAAGACACGT 83.4 

D432_Xho_rev CCGCTCGAGTCAGTTAGTCTCGGGCTTCTC 72.2 

D439_Xho_rev CCGCTCGAGTCAGTTGGTGAAGGGGGAG 72.2 

SeqD276_fw GGCAAGCGTACCGTGTTCCTG 63.7 

SeqD366_rev GCCGACCTTCAGGTCGGAG 63.1 

SeqD972_fw ATGGTCCGCGAGCTGCAGAAG 63.7 

SeqD1683_fw ATGCTGGCTGACACCGACAAG 61.8 

SeqD2322_fw ATGGTGCTGACCACTCCTCTG 61.8 

SeqD3024_fw GGCAAGGCTCTGCCCCTG 62.8 

SeqD3594_fw GGCAACCAGCTGAACTACTACAAG 62.7 

SeqD4203_fw ATGACCAAGGACTGCATGCTGG 62.1 

SeqD4758_fw GGACTGAAGGTGCTGCCCG 63.1 

SeqD5343_fw ATGCAGGGCATGGACTCTGAG 61.8 

Plasmids   

pGEX_f GCTGGCAAGCCACGTTTGGT 72.4 

pGEX_r CGTCTCCGGGAGCTGCATGT 74.4 

M13_f GTTTTCCCAGTCACGAC 52.8 
M13_r CAGGAAACAGCTATGAC 50.4 
pFastBac_fw GTCCGAAACCATGTCGTAC 56.7 
pFastBac_rev CCTCTACAAATGTGGTATGG 55.3 
T7_fw TAATACGACTCACTATAGGG 50.8 
T7_rev GCTAGTTATTGCTCSGCGG 60.1 
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Table 4: Initial crystallization conditions of the protein-protein complexes, protein-RNA 
complexes, proteins and protein fragments mentioned in this thesis are listed: 

 
Protein/complex  Buffer Protease Crystallization Screens Temp.  
1.5 mg/ml RLC (N-
hDicer-N-hAgo2-
hTRBP2-complex) 

150 mM NaCl, 20mM 
HEPES 7.8 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; PGA; JB Nuc-Pro HTS; 
Ammoniumsulfate; 

20 °C 
and 
4°C 

1.0 mg/ml RLC (N-
hDicer-N-hAgo2-
hTRBP2-complex) 

150 mM NaCl, 20mM 
HEPES 7.8, 5 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); ProPlex; 
PGA;  

20°C 
and 
4°C 

2 mg/ml RLC (CStrep-
hDicer-hAgo2-hTRBP2-
complex) 

150 mM NaCl, 20mM 
HEPES 7.8, 5 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JB Nuc-Pro 
HTS; Ammoniumsulfate; 
ProPlex; PGA 

20°C 
and 
4°C 

1.5 mg/ml RLC (N-
hDicer-N-hAgo2-
hTRBP2-complex) 

150 mM NaCl, 20 mM 
Imidazol pH 6.8, 2% 
(v/v) (v/v) Glycerol, 1 
mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG ; JB 
Nuc-Pro HTS; ProPlex; PGA; 
Ammoniumsulfate; Natrix 

20°C 
and 
4°C 

2.4 mg/ml RLC-siRNA 
duplex1-complex 
(NHis6-Cstrep-hDicer-
Nhis6-hAgo2-hTRBP2-
siRNA duplex1-complex) 

150 mM KCl, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG ; JB 
Nuc-Pro HTS; ProPlex; PGA 

4 °C 

1.8 mg/ml RLC-siRNA 
duplex1-complex 
(Nhis6-Cstrep-hDicer-
Nhis6-hAgo2-hTRBP2-
siRNA duplex1-complex) 

150 mM KCl, 10 mM 
HEPES 7.8, 2% (v/v) 
Glycerol, 2 mM DTT 

none JB Nuc-Pro HTS; Morpheus, 
Natrix 

4°C 
and 
20°C 

0.5 mg/ml RLC-siRNA 
duplex1-complex (N-
hDicer-N-hAgo2-
hTRBP2-siRNA duplex1-
complex –GraFix 
prepared)  

150 mM KCl, 20 mM 
HEPES pH 7.5, 5% 
(v/v) Glycerol, 2 mM 
MgCl2, 5 mM DTT 

none ProPlex; JB Nuc-Pro HTS; 
Morpheus 

4°C 
and 
20°C 

1.3 mg/ml RLC (CStrep-
hDicer-hAgo2-hTRBP2) 
+ siRNA duplex1-
complex (1:1.3) 

200 mM NaCl, 20 mM 
HEPES pH 7.5, 5% 
(v/v) Glycerol, 2 mM 
MgCl2, 5 mM DTT 

none ProPlex; JB Nuc-Pro HTS 4°C 
and 
20°C 

1.7 mg/ml N-hDicer-
hTRBP2 complex 

150 mM KCL, 20 mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG ; JB 
Nuc-Pro HTS; ProPlex; PGA; 
Ammoniumsulfate; 

4°C 
and 
20°C 

 2 mg/ml N-hDicer-
hTRBP2 complex 

150 mM KCL, 20 mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

Chymo-
trypsin 
(1:1000) 

MIDAS, ProPlex; JCSG; 
Morpheus 

20°C 

1.2 mg/ml N-hDicer-
hTRBP2 complex 

150 mM KCL, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG ; JB 
Nuc-Pro HTS; ProPlex; PGA; 
Ammoniumsulfate; 

20°C 

1 mg/ml CStrep-hDicer-
hTRBP2 complex 

150 mM KCL, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG ; JB 
Nuc-Pro HTS; ProPlex; PGA; 
Ammoniumsulfate; 

4°C 

3 mg/ml N-hAgo2 150 mM NaCL, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10);  
Manual screening: Footprint 
Screen 1-3; Crystal Screen 
1&2; Crystal Screen lite 1&2; 

20°C 
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Crystal Screen PEG/ION; 
Magic Screen 1-3; Structure  

6 mg/ml N-hAgo2 150 mM NaCL, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol , 2 mM DTT 

none Manual screening: Footprint 
Screen 1-3; Crystal Screen 
1&2 

20°C 

15 mg/ml, 10 mg/ml, 7 
mg/ml and 5 mg/ml 
hTRBP2 

150mM NaCl, 20 mM 
HEPES pH 7.5, 5% 
(v/v) Glycerol, 2 mM 
DTT 

none Manual screening: 
Footprint Screen 1-3 

20°  

7 mg/ml hTRBP2 150mM NaCl, 20 mM 
HEPES pH 7.5, 5% 
(v/v) Glycerol, 2 mM 
DTT 

none Manual screening: Footprint 
Screen 1-3; Crystal Screen 
1&2; Crystal Screen lite 1&2; 
Crystal Screen PEG/ION; 
Magic Screen 1-3; Structure 
Screen 

20° 
and 
4°C 

7.5 mg/ml hTRBP2 150mM NaCl, 20 mM 
HEPES pH 7.5, 5% 
(v/v) Glycerol, 2 mM 
DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex;  

20° 
and 
4°C 

4 mg/ml hTRBP2 150 mM NaCl, 20 mM 
HEPES, 2 % (v/v) 
Glycerol 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; 

20° 
and 
4°C 

5 mg/ml hTRBP2 + 
siRNA-duplex 1 (1:1.1) 

150 mM NaCl, 20 mM 
HEPES 7.5, 2% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; 

20° 
and 
4°C 

4 mg/ml hTRBP2-siRNA 
+ duplex 1  (1:1.1) 

150mM NaCl, 20 mM 
HEPES 7.5, 2 % (v/v) 
Glycerol, 2 mM DTT 

none Ammoniumsulfate; 20°C 
and 
4°C 

4 mg/ml, 5 mg/ml and 6 
mg/ml 
hTRBP2 + siRNA-
duplex 1 (each in ration 
1:1.1; 1:1.2 and 1:1,3) 

50 mM NaCl, 20 mM 
Tris, 7.5 

none JB Nuc-Pro HTS 20°C 
and 
4°C 

7.35 mg/ml hTRBP2-
siRNA-duplex 1- 
complex 

100 mM NaCl, 20 mM 
Tris pH 7.5, 2 mM 
MgCl2 

none JB Screens (1,2,4,5); JB 
Sscreens (6,7,8,10); JCSG; 
ProPlex; PGA; JB Nuc-Pro HTS; 
Ammoniumsulfate;  

20°C 
and 
4°C 

3.8 mg/ml hTRBP2-
siRNA-duplex 1- 
complex 

150 mM KCl, 10 mM 
HEPES 7.8, 2% (v/v) 
Glycerol, 2 mM DTT 

none JB Nuc-Pro HTS; MIDAS MD; 
MIDAS-MD diluted; Natrix HT; 
Morpheus, JCSG 

20°C 
and 
4°C 

5 mg/ml T1 (hTRBP2 aa 
157-366) 

150 mM NaCl, 20 mM 
Tris pH 7.5, 2 % (v/v) 
Glycerol, 1 mM DTT 

none Manual screening: Footprint 
Screen 1-3; Structure Screens 
1-2; Crystal Screens 1-2; 
Crystal Screens lite 1-2; Magic 
Screens 1-3; JB Screens 1-10; 
Crystal Screen Natrix 

20°C 

5.5 mg/ml T1 (hTRBP2 
aa 157-366) 

150 mM NaCl, 20 mM 
Tris pH, 2% Glycerin, 
2 mM DTT 

Chymo-
trypsin 
(1:500) 

ProPlex; Nuc-Pro HTS; JCSG; 
Ammoniumsulfate; Morpheus; 
Natrix HT; JB_1-2-4-5; JB_6-7-
8-10; PGA 

4°C 
and 
20°C 

2.6 mg/ml T1+siRNA-
duplex 1-complex 
(hTRBP2 aa 157-366- 
siRNA duplex1- 
complex) 

150 mM KCl, 10 mM 
Imidazol pH 7.0, 2 
mM MgCl2, 1 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; PGA; JB Nuc-Pro HTS; 
Ammoniumsulfate; Natrix, 
Morpheus 

20°C 

5 mg/ml T2 (hTRBP2 aa 
226-366) 

150 mM NaCl, 20 mM 
Hepes pH 7.0, 2 % 
(v/v) Glycerol, 2 mM 
EDTA;1 mM DTT 

none Manual screening: Footprint 
Screen 1-3 

20°C 

2.5 mg/ml T2 (hTRBP2 150 mM NaCl, 20 mM none Manual screening: Footprint 20°C 
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aa 226-366) HEPES pH 7.0, 2 % 
(v/v) Glycerol, 2 mM 
EDTA;1 mM DTT 

Screen 1-3; Structure Screens 
1-2; Crystal Screens 1-2; 
Crystal Screens lite 1-2; Magic 
Screens 1-3; JB Screens 1-10; 
Crystal Screen Natrix 

5.0 mg/ml T2 (hTRBP2 
aa 226-366) + 0.1 M 
Lys/Cys 

150 mM NaCl, 20 mM 
HEPES pH 7.0, 2 % 
(v/v) Glycerol, 2 mM 
EDTA;1 mM DTT 

none Manual screening: Footprint 
Screen 1-3; Structure Screens 
1-2; Crystal Screens 1-2; 
Crystal Screens lite 1-2; Magic 
Screens 1-3; JB Screens 6, 9, 
10 

20°C 

5.0 mg/ml T2 (hTRBP2 
aa 226-366) 

150 mM NaCl, 20 mM 
Tris 7.5, 2% Glycerin, 
2 mM DTT 

Chymo-
trypsin 
(1:500) 

Ammoniumsulfate 20°C 

5.0 mg/ml T3 (hTRBP2 
aa 291-366) 

150 mM NaCl, 20 mM 
HEPES pH 7.0, 2 % 
(v/v) Glycerol, 2 mM 
EDTA;1 mM DTT 

none Manual screening: Footprint 
Screen 1-3; Structure Screens 
1-2; Crystal Screens 1-2; 
Crystal Screens lite 1-2; Magic 
Screens 1-3; JB Screens 1-10; 
Crystal Screen Natrix 

20°C 

2.5 mg/ml T3 (hTRBP2 
aa 291-366) 

150 mM NaCl, 20 mM 
HEPES pH 7.0, 2 % 
(v/v) Glycerol, 2 mM 
EDTA;1 mM DTT 

none Manual screening: Footprint 
Screen 1-3; Structure Screens 
1-2; Crystal Screens 1-2; 
Crystal Screens lite 1-2; Magic 
Screens 1-3; Crystal Screen 
Natrix; JB Screens 1-10 

20°C 

4 mg/ml T3 (hTRBP2 aa 
291-366) 

150 mM NaCl, 20 mM 
Tris 7.5, 2% Glycerin, 
2 mM DTT 

Chymo-
trypsin 
(1:500) 

Ammoniumsulfate 20°C 

4 mg/ml DTB1-T1 
complex (hDicer aa 261-
432- hTRBP2 aa 157-366 
–complex) 

150 mM NaCl, 20 mM 
Tris pH 7.5, 2 % (v/v) 
Glycerol, 1 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; PGA; JB Nuc-Pro HTS; 
Ammoniumsulfate; 

20° 

2 mg/ml and 3 mg/ml 
DTB1-T1 complex 
(hDicer aa 261-432- 
hTRBP2 aa 157-366 –
complex) 

200 mM KCL, 20mM 
HEPES 7.5, 5% (v/v) 
Glycerol, 2 mM DTT 

none MIDAS Screen; MIDAS Screen 
1:1 diluted 

20° 
and  
4° 

1.2 mg/ml DTB1-T1 
complex (hDicer aa 261-
432- hTRBP2 aa 157-366 
–complex) 

150 mM NaCl, 20 mM 
Tris pH, 2% Glycerin, 
2 mM DTT 

Chymo-
trypsin 
(1:100) 

ProPlex; Nuc-Pro HTS; JCSG; 
Ammoniumsulfate; Morpheus; 
Natrix HT 

20°C 

2 mg/ml DTB1-T1 
complex (hDicer aa 261-
432- hTRBP2 aa 157-366 
–complex) 

50 mM KCl, 20 mM 
HEPES 7.5, 2% 
Glycerin2 mM DTT 

Carboxy-
peptidase 
A (1:100) 

ProPlex; Morpheus, JCSG; 
JB_1-2-4-5 

20°C 

2.5 mg/ml DTB1-T1 
complex (hDicer aa 261-
432- hTRBP2 aa 157-366 
–complex) 

200 mM KCl, 20 mM 
HEPES pH 7.5, 5% 
Glycerin, 2 mM DTT 

Thermo-
lysin 
(1:100) 

ProPlex; Morpheus,; JB_1-2-4-
5; Ammoniumsulfate; 

20 °C 

2.2 mg/ml DTB1-T1-
siRNA duplex1-
complex (hDicer aa 261-
432- hTRBP2 aa 157-366 
– siRNA duplex1 
complex) 

150 mM KCl, 10 mM 
Imidazol pH 7.0, 2 
mM MgCl2, 1 mM DTT 

none JB Screens (1,2,4,5);  JB 
Screens (6,7,8,10); ProPlex; JB 
Nuc-Pro HTS; Morpheus; PGA 

20°C 

3.38 mg/ml DTB1-T3 
complex (hDicer aa 261-
432- hTRBP2 aa 291-366 
–complex) 

150mM NaCl, 20 mM 
Tris 7.5, 2% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; JB Nuc-Pro HTS; 
Ammoniumsulfate; PGA 

20°C 
and 
4°C 
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3.38 mg/ml DTB1-T3 
complex (hDicer aa 261-
432- hTRBP2 aa 291-366 
–complex) 

150mM NaCl, 20 mM 
Tris 7.5, 2% (v/v) 
Glycerol, 2 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; JB Nuc-Pro HTS; 
Ammoniumsulfate; PGA  

20°C 

2.5 mg/ml DTB1-T3 
complex (hDicer aa 261-
432- hTRBP2 aa 291-366 
–complex) 

150 mM NaCl, 20 mM 
HEPES pH 7.5, 3% 
Glycerin, 2 mM DTT 

Carboxy-
peptidase 
A (1:100) 

JB Screens (1,2,4,5);  JB 
Screens (6,7,8,10); JCSG; 
MIDAS; MIDAS diluted;; JB 
Nuc-Pro HTS; PGA; ProPlex; 
Morpheus; Natrix HT; 
Ammoniumsulfate  

20 °C 

3.87 mg/ml DTB2-T1 
complex (hDicer aa 261-
439- hTRBP2 aa 157-366 
–complex) 

150 mM NaCl, 20 mM 
Tris pH 7.5, 2 % (v/v) 
Glycerol, 1 mM DTT 

none JB Screens (1,2,4,5); JB 
Screens (6,7,8,10); JCSG; 
ProPlex; JB Nuc-Pro HTS; 
Ammoniumsulfate; PGA 

20° 

 

 

 

 

Figure 47: Degradation analysis of human Dicer. 
 A: 6% SDS-PAGE analysis of N-hDicer Superdex 200 (10/300) elution fractions. The full length N-hDicer 
(hDicer) protein is denoted on the right of the gel, size marker in kDa in shown in the left (M= marker). B: 
Anti-His Western blot of N-hAgo2 (hAgo2) and N-hDicer (hDicer). The identified proteins are denoted on 
the right of the gel, whereby N-Dicer is an N-terminal fragment of human Dicer of about 130 kDa. The size 
marker in kDa in shown in the left (M= marker). C: Anti-Strep western blot of N-hDicer (hDicer). The 
identified proteins are denoted on the right of the gel, whereby C-Dicer is a C-terminal fragment of hDicer 
of about 100 kDa. The size marker in kDa in shown in the left (M= marker).  
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Figure 48: Comparison of back-projections of the reconstituted RLC to corresponding 2D class  
sums. 
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Figure 49: Limited proteolysis of DTB1-T1 complex. Limited proteolysis of the DTB1-T1 complex with 
Trypsin, Chymotrypsin, Elastase, Proteinase K and Aminopeptidase in a molar ratio of 100:1.   

 

 

 

Figure 50: Purification of DTB1-T3 (A) and DTB2-T1 complexes (B). A: Superdex 75 (26/60) elution 
profile of the DTB1-T3-complex and 15% SDS-PAGE analysis of the peak fractions of the SEC run. B: 
Superdex 75 (26/60) elution profile of the DTB2-T1-complex and 15% SDS-PAGE analysis of the peak 
fractions of the SEC run (M = marker, VV = void volume). 
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Figure 51: SEC with subsequent SDS-PAGE analysis of the DTB4-T3 proteins. Superdex 75 (26/60) 
elution profile of the DTB4-T1 proteins with subsequent 15% SDS-PAGE analysis of the peak fractions. 
Numbers on top of the gel correspond to the fractions of the SEC run (M = marker, VV = void volume). 
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Figure 52: Purification of hTRBP2 fragments T2 (A), T3 (B) and T4 (C). 
Superdex 75 (26/60) elution profile of the T2 (A), T3 (B) and T4 (C) proteins with subsequent 15% SDS-
PAGE analysis of the peak fractions. Numbers on top of the gels correspond to the fractions of the SEC 
runs (M = marker, VV = void volume). 
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Figure 53: Pull-down assay of GST-hTRBP2 and GST-T3-fragment with N-hDicer-N-hAgo2 complex. 
(L= load, W= wash, B= beats before elution, E= elution, M= Marker).  

 

 

 
Figure 54: Analysis of human Ago2.  
A: Urea-PAGE of hAgo2 purified from baculovisus infected High Five cells (left lane = marker, right lane = 
hAgo2. B: Specific 5’-nt binding pocked of hAgo2 MID domains with bound UTP (modified from Frank et 
al., 2011). The residues, which are important for nucleotide binding are shown as sticks. C: Comparison of 
postranslational phosphorylations of hAgo2 purified either from HEK or High Five cells. (modified from 
Rüdel et al., 2010)    
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Figure 55: Superposition of different reconstructed RLC complexes and the hDicer-hTRBP2 
complex. The RLC obtained by Wang et al., 2009 is colored in purple, the Dicer-TRBP2-reconstruction in 
yellow and the RLC of this study in light grey. (modified from Wang et al., 2009b, and Lau et al., 2009, Lau 
et al., 2012a). A: Superposition of RLC obtained by Wang et al., 2009 with hDicer-hTRBP2 complex. B: 
Superposition of RLC obtained in this study with hDicer-hTRBP2 complex. C: Superposition of RLC 
obtained by Wang et al., 2009 with RLC obtained in this study. 
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