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ABSTRACT 

RNA silencing is gene regulatory process mediated by 2 1 to 25 nt RNA which ori,' ~ ~ t n a t c  

from longer single- or double-stranded RNA transcripts. After synthesis, the 2 1 to 25 nt RNAs 

are incorporated into argonaute containing RNA-protein complexes acting either prc- or post- 

transcriptionally - silcncing heterochromatin or silencing RNA transcripts. respectivcly. 

Plants can be infected with viral satellites. which are small infectious agents comprised of 

200-400 nt single-stranded RNA genomes. These satellite genomes lack obvious protcin coding 

regions and adopt characteristic secondary structures. Viral satellites depend on helper viruses for 

replication as the latter provide the RNA-dependent RNA polymerase. One viral satellite system 

is the Cucumber Mosaic Virus (CMV) and its Y-Satellite RNA (Y-Sat). This hclper virus (CMV) 

and satellite (Y-Sat) pair can infect a range of plants including tobacco, causes particular tobacco 

strains to yellow. In a recent study, Wang et al. (PNAS 101 :3275-3280) demonstratcd that 

symptoms of the CMV Y-Sat were no longer evident despite an accumulation ofY-Sat RNA. 

This symptom suppression was due to an endogenously expressed strong RNA silencing 

suppressor called PI IHC-Pro. 

I cloned and sequenced 698 small RNA from infected and non-infected plants. Analyzing 

the cloning data I observed a sharp discrepancy between the size distribution of cloned small 

RNAs in the histogram versus the autoradiograni of 5' radiolabelled RNA in PIIHC-Pro(+) 

CMVIY-Sat(+) plants. Using enzymatic assays and a new band-shift assay I proved that viral 

small RNA in PIIIIC-Pro expressing plants were not modified on the 2'-hydroxyl of their 3' 

terminus, but commonly cloned endogenous micro RNAs were modified. The analysis ot'thcse 

results was greatly facilitated by my software called Ebbie, an automated sequencing data 

analysis pipeline using a dynamic web page, which assists the process of annotating cloned small 

RNAs. These tindings imply a separation between the multiple small RNA biogenesis pathways 

for RNA silencing in plants v i a  sub-cellular localization andlor recruiting distinct sets of proteins 

by each pathway. My research also showed that all small RNAs in plants have a 3' terminal 

modification, a significant difference between animal and plant RNA silencing pathways. 

Keywords: RNA silencing; virus infection; small RNAs; 2'-0-Methyl; RNA silcncing 

suppressor HC-Pro; software Ehhic. 
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INTRODUCTION 

The Nobel Prize in Physiology or Medicine in 2006 was shared by Andrew Z. Fire 

(Stanford University, California, USA) and Craig C. Mello (Universily of Massachusetts Medical 

School in Worcester, USA). The honour was given to these lv o principal investigators for 

denionstraling in the nematode C'c7cr?orhcrhcliti.~ clcgcrr1.v that double stranded RNA directs 

cleavage of messenger RNAs in a lionio1ogoi1~ manner. This process was lermed RNA 

interference in animals. Earlier experiments in plants demonstrated lhal gene silencing occurs at 

the transcriptional andlor post-transcriptional level, two processes caused by homologous- or viral 

induced genc silencing. I'd like to dedicate my thesis to the planl biologisls who discovered RNA 

silencing. The next paragraphs v i l l  provide an historic overview of some gene silencing 

experiments in plants as \veil as in the namatode C'crcrmrhcrhclitis elegcrr~s discussing some key 

experimenls of more than a decade of research on RNA silencing. 

1.1 Homologous gene silencing 

The term homologous gene silencing was coined when DNA sequcnccs wcrc introduced 

into genonies and the newly introduced sequence and homologous sequences were found not 

expressed or 'silenced'. In the early 1990's there iverc many examples when protein coding 

genes, repetitive DNA elements or viral sequences ivere artificially introduced into plants and the 

newly introduced sequences were silenced (see Introduction starting at 1.1.1). Following these 

observations, the question arose if this gene silencing was the result of silencing the genomic loci 

from which they originated - termed transcriptional gene silencing - or if the genomic locus was 

[ranscribed by an RNA polymerase and the message was subsequently degraded in either the 

nucleus or h e  cytoplas~n - termed post-transcriptional gene silencing. 

1 . 1 . 1  Post-transcriptional gene silencing 

Experiments studying the pigmentation of petunia flowers were some of the early 

experiments where researchers encountered post-transcriptional gene silencing. Pelunia flower 

pigmentalion is comprised of anthocyanins anti flavonols, which are synthesized by the flavonoid 

pathivay (for review see (Gro te~o ld ,  2006)). By expressing chalcone synthase, the tirst enzyme 



required in the Ilavonoid pathway, it was expected to enhance floral coloration. 

Surprisingly, two research groups noticed that the introduction of additional copies of the 

chalcone synthase in Petunia, the initial enzyme required in the flavonoid pathway, did not result 

in the expected enhancement of floral coloration (Napoli, et al., 1990; van der Krol, et al., 1990). 

On the contrary, additional copies of the chalcone synthase gene resulted in no change of flower 

colouring or even a 25 % reduction in the colouring of transformed plants. Further molecular 

analysis revealed that chalcone synthase messenger RNA levels were reduced. Napoli and 

colleagues termed this phenomenon "co-suppression" and speculated on its ~nechanism. Van dcr 

Krol and colleagues presented the idea of RNA strands interfering with the transcription process 

itself, e.g. by forming a triple helix made up of double-stranded DNA and single-stranded RNA. 

As a possible mechanism both groups entertained the idea of DNA methylation being the cause 

tor suppressing messenger RNA (mRNA). 

Following the initial research on the co-suppression of chalcone synthase in Petunia, van 

Blokland and colleagi~es isolated cell nuclei from Petunia plants and provided the active RNA 

polymerases with [a-"PI UTP resulting in radiolabelled transcripts. Following purification of 

these radiolabelled transcripts, they are used on micro array chips to confirm the transcript's 

sequence. Thus. if a radiolabelled chalcone synthase transcript is confirmed using thc micro array, 

it is silenced post-transcriptionally in the cell. This assay termed nuclear run-on experiment is 

able to distinguish between transcriptional and post-transcriptional gene silencing (Eick. et al., 

1994). Using nuclear run-on experiments, the research group did not find a differcncc in the 

expression levels of chalcone synthase rnRNA and other non-suppressed mRNAs. Thus, they 

concluded that the reduction of chalcone synthasc was not caused by transcriptional inactivation 

but rather thc suppression had to occur post-transcriptionnlly due to increased mRNA turnover 

presumably in the cytoplasnl (Vanblokland, et al., 1994). 

1.1.2 Transcriptional gene silencing 

The soil bacterium Agrohcrclcri~~m lwnieji!fircietw can cause various tumors within a plant. 

The bacterium infects plants with a plasmid sequence termed trnnsfcrred DNA (T-DNA), which 

is incorporated into the plant's genome and encodes virulent proteins causing diseasc symptoms. 

Various plasmids have been isolated and classified based on their pathogenesis: Ti (tumor- 

inducing) or Ri (root-inducing) plasniids. These pathogenic plasniids were extensively studied to 

elucidate the mechanism by which the pathogenic DNA scquence is inserted into the host's 

genome. Using this observation, geneticists used this bacterial system to introduce their own 



gcnes into plants (Schell, Van Montagu, 1977). A typical Ti-plasriiid is comprised of the 

transgene of interest and a selectable marker which are both flanked by a 25 bp T-DNA repent 

scqilencc 5'-TGACAGGATATATTGGCGGGTAAAC-3' (Wang, et al., 1984). Thc T-DNA 

portion of the bacterial plasmid is incorporated into the host's genornic DNA. IJsing a selectable 

marker such as kanamycin-resistant gcne thc successli~lly transformed plmt will survive in media 

containing kanamycin. 

Matzke and colleagi~es used two homologous T-DNAs to introduce two antibiotic 

resistant genes into tobacco plants. Initially kanamycin resistant gene termed T-DNA-I was 

transformed into tobacco plants. Subsequently the same plants were transformed with a T-DNA 

l~omologous to T-DNA-I containing hygroniycin resistance (T-DNA-11). Sonlc of these 

seclucntially transformed tobacco plants exhibited a loss of filnction for kanamycin resistance, thc 

primary transformation. Using methylation sensitive restriction cnzyme (S,v/ll) assays, Matzhc 

and colleagues provcd that SslII successfillly cleaved the promoter region of T-DNA-I from the 

primary transformed plants. In double transformed plants, Ss/ll was unable to cleave at the same 

position, indicating a complete nietliylation of the T-DNA-I promoter region occurred. Thns, this 

research clearly denionstrates that Iiornologous DNA, in this case T-DNA-I1 was able to silence 

T-DNA-I at the transcriptional level (Matzke, et al., 1989). 

1.1.3 Viral-induced gene silencing 

Wassenegger and collcagues noted that many examples in the literature show hypo- or 

hypermethylation of genomic DNA during cell development (for rcvicw, see (Cedar, Razin, 

1990: Razin, Cedar, 199 1 )). But, little progress was made in elucidating the ~nolecular 

mechanisms of tie novo DNA methylation. Wassenegger and colleagues studied thepo/a/o 

.spint/lc tuber viroid (PSTVd) in tobacco plants. This RNA viroid amplifies vici an  asymmetric 

rolling-cyclc by which the (+)-strand serves as ternplate for generating multimeric linear copies of 

the (-)-strand which serves as template for generating more (+)-strand viroid RNA. This process 

can be inhibited by a-amanitin which binds to the funnel-shaped cavity of RNA polymerase I1 

(Bushnell, et al., 2002). suggesting that this process depends on RNA polymerase I1  for 

transcription (Muhlbach, Sanger, 1979). 

Wassenegger and colleagues inserted niultiple copies of the PSTVd DNA into T-DNA 

plasmids and transformed them into thc tobacco genome using Agrohuclerilw~. The melhylation 

state of genomic DNA was monitored using Southern hybridi~ation and nietliylation sensitive 

restriction enzymes (~t lspl ,  H~xilI,  l he l l l ) .  Once the viroid RNA started replicating 



autonomously, the genoniic PSTVd DNA became methylated. To  prove that homologous gene 

silencing was possible using these artificially introduced sequences, a secondary transformation 

using a truncated PSTVd DNA was performed. This truncated PSTVd DNA can not initiate self- 

replication but was soon methylated. The niethylation was restricted to the PSTVd DNA 

sequence and no other methylation state changes could be observed in four genes tested or the T- 

DNA flanking tlie PSTVd sequence. As tlie PSTVd DNA was only metliylated once autonomous 

replication of the viroid RNA starts, the authors concluded that the t/e tiovo DNA mctliylation of 

thc (partial) PSTVd DNA locus required RNA as an intermediate and that post-transcriptional 

processes are important for silencing (Wassenegger, et al., 1994). 

1.1.4 DNA methylation and histone mcthylation 

Up to 30 % of cytosines can be niethylated in plant geriomes. Cytosine is mctliylated on 

the 5-position of  tlie pyrimidine ring and is not distributed randomly throughout tlie genome. 

There are at least three DNA methylation patterns: CpG, CpNpG and CpHpH (where N is A, C, 

G or 7' and 1-1 is A; T or C) (Cao, Jacobsen, 2002). Besides DNA metliylation, the linear genomic 

DNA in eukaryotes is packaged into higher structures, where the DNA wraps around proteins 

called histone. The lysine residues of histones are often methylatecl contributing to the 

transcriptional silencing of genomic regions (Zilberman. el al., 2003). Both DNA methylation and 

histone metliylation contribute to the silencing of parts of the genome often referred to as 

heterocliromatin. Open and accessible regions of the genome are referred to as euchroniatin 

(Allison, 2007). 

Figure 1.1: DNA and histone modifications. 

Depicted here are two conlrnon methylation events: S-methylcytosine (directly rnethylating a DNA 
base) and niethylated lysine (methylating a lysine residue within histones). 



There are two types of methylation, which require distinct methytransferases. 

Maintenance methylation retains the niethylation pattern during replication, in other words the 

newly synthesized DNA strand will show the same niethylation pattern as the parent strand. Dc 

irovo methylation is the process by which a very limited DNA locus is methylated. Maintenance 

niethylation is catalyzed by the DNA methyltransferasc Dnmt I, whereas Dn1nt3a and Dnmt3b 

catalyze de rnovo methylation (Brown, 2002). 

Methylation sensitive DNA restriction enzymes are often llsed to ve r i f~~  the methylation 

state of genomic DNA. This approach has thc disadvantage of only comparing overall rcstriction 

enzyme cleavage patterns and relies on a negative result, e.g. a band appears in one experiment 

and not in another, and therefore the DNA might be methylated. An alternative methodology 

providing n positive signal is the bisulfite treatment of isolated DNA by which cytosine bases arc 

converted into uracil unless the cytosine is methylated on the 5 position of the pyrimidine ring ( 5 -  

methylcytosine). Thc trcatcd DNA is then PCR amplified and uracil bases are replaced by 

thymine. Sequencing individual PCR sequences gives a reliable reflection of the methylation 

pattern of the amplified DNA sequence (Frommer, et al., 1992). 

1.2 Mechanism of gene silencing 

Plant biologists and researchers in C. L'IL'SLIIIS established that double-stranded RNA was 

required for gene silencing by means of transcriptional and post-transcriptional gene silencing. 

The sizc of the foreign DNA greatly varied from experiment to experiment but did not affect the 

gene silencing results (for references, see Introduction 1.1). It was also known that doublc 

stranded RNA played a major role in the process of transcriptional (Wasseneggcr, et al., 1994) or 

post-transcriptional gene silencing (Fire, et al., 1998). But, how this double stranded RNA of 

various lengths could affect gene expression on various levcls was still a mystery. 

There were already some hints that small RNAs coil Id play a major role in RNA 

silencing. In C. eleguns a lethal mutation in liir--l was linkcd to normal teliiporal control of LIN- 

14 messenger RNA. Lirr-4 temporally down-regulates LIN- 14 in the first larval stage (L I ). Lee 

and colleagues wcre able to locate the till-4 regulatory clement in four CYmnorhahdi/is species 

and ruled out a protein coding region. Interestingly, all four C'aenorhnhc/i/w clones functionally 

rescued the t in4  null allele of C', elegatrs. Within the functional region was a 22 nt RNA element 

coniplementnry to the 3' UTR of LIN-14 suggesting an anti-sense mechanism by which t in4 

regulates expression levels of LIN- 14 (Lee, et a]., 1993). 



1.2.1 Link between small RNAs and post-transcriptional gene silencing 

In 1999, Hamilton and Baulcombe performed multiple experiments linking the gene 

silencing effects to small RNAs -25 nts in length. First in analogy to Napoli el nl. 1990 and van 

der Krol el id. 1990, tomato plants were transformed with a tomato 1 -aminocyclopropanc- 1 - 

carbosylate osidase (ACO) cDNA. Two of five toniato plants exhibited transgene-induced post- 

transcriptional gcne silencing effect and showed in Northcrn hybridization experiments high 

levels of -25 nt antisense small RNA when probing with sense ACO probes. 

'I'hree similar esperiments all showed these -25 nt small RNAs to be responsible for 

post-transcriptiotial gene silencing, even when thc gene silencing was of viral cause. Thc authors 

postulated that the -25 nt RNA serve "as molecular markers" for gene silencing (Hamilton. 

Baulcombe, 1999). 

In 2000. Reinhart and colleagues also identified a 21 nt RNA designated Id-7 that 

regulates developmental timing in the nematode C. ekegirms. /el-7 anneals to the 3' untranslatcd 

region of various messenger RNAs (lin- 14, lin-28, lin-4 1 and daf- 12), thus causing transcriptional 

inhibition of these messenger RNA (Rcinhart, et al.. 2000). In 2001, it became clear that there 

was a multitude of 2 1 to 25 nt RNAs both in plants and animals, that could be utilized in a 

general mechanism by \vhich small RNAs assume a rangc of regulatory rolcs (Lagos-Quintana, et 

al., 200 I :  Lau, et al., 2001 Lee, Ambros, 200 I). 

Folio\\ ing the discovery of -25 nt RNA (Hamilton. Baulcombe, 1999), the same research 

group identified a second class of small RNA in plants that were 2 1 to 22 nt in Icngth ([lamilton, 

et al., 2002). The researchers transformed green fluorescence protein (GFP) into Nicoliuncr 

herr~hcn~licr~icr. Transgenic plants typically display a localized green fluorescence at the site of 

injection which peaks after two to three days and then dissipates. This silencing effect is 

associated with two distinct classes of small RNA ranging in length between 2 1 to 22 nts and 25 

nts. Esprcssing various viral RNA silencing suppressors, the amount of GFP messenger RNA 

was inversely related to the abundance of small RNA. For example, the viral RNA silencing 

suppressor P I9 from of ~oirier~o bushy S I Z ~ ~ I  V I ~ I I . P  caused a compete elimination of GFP relatcd 

small RNAs 5 and 1 1 days post induction resulting in the translation of GFP and subsequently a 

fluorescent signal. 

Establishing two sizes of small RNA involved in gene silencing, Hamilton and colleagues 

addresscd the question of small RNA originating from transposable elements in Arubic/oj).sis 

~h~rlirrnir and A'i~*olitmcr he~l~hrnninm. Using Northern hybridization, all three tested transposable 



elements which showed 24 to 26 nt RNA, but no 21 to 22 nt RNA. To establish a link between 

the 24 to 26 nt long RNA and DNA methylation, the research group used methylation sensitive 

restriction enzymes ( H ~ ~ e l l l  and Sm3A I) to digest the A~'t~hidop.si~ AtSN I transposable element 

in wild-type and silencing-defective mutants. PCR amplification using AtSN 1 specitic primers 

resulted in PCR products in wild-type and most silencing-defective mutants, except the silencing- 

defective mutant stk3. This result suggests that at least two distinct silencing patllways exist 

w it 11 in A l-uhitlopsis . 

1.3 Small RNA biogenesis in animals 

Halfa decade of research into small RNAs in plants and animals revealed two main 

classes of regulatoly small RNAs: silencing and micro RNAs (siRNA and miRNA). The former 

is generated from double stranded RNA transcripts \vhile the latter is generated from single 

stranded RNA transcripts that fold back on themselves forming an imperfect steni-loop structure, 

often referred to as hairpins (Jones-Rhoades. et al., 2006). 

1.3.1 RNA silencing in animals 

RNA silencing is a multi-facetled regulatory mechanism in plants. In animals, the major 

post-transcriptio~ial RNA silencing pathway is called RNA interference (RNAi). The first RNAi 

experiments in animals were done by Fire and colleagues. Their model organism Ctrc~norht~h~l'ilisi~i.~ 

c1qp1r.s encodes the ~mc-22 gene which encodes n myofilament protein. Low levels of this protein 

result in severe twitching of the namatode. Thus, if the 2mc-22 gene could be silenced, the worm 

would twitch. The research group injected single stranded sense or antisense RNA corresponding 

to z / 1 ~ - 2 2  niRNA into the nematode with no observable consequence. Only when double stranded 

RNA was injected did the worm twitch severely, demonstrating that the uric-22 was silenced 

(Fire. et al., 1998). 

Further research into the mechanism of RNAi revealed, that this pathway is triggered 

when double stranded RNA encounters thc RNase I11 enzyme Dicer. Dicer is found in the 

cytoplasni where it cuts long dsRNA into 2 1 - 25 nts long double stranded silencing RNAs 

(siRNA). In analogy to miRNA, one strand of the siRNA-duplex is incorporated into RISC. 

Unlike typical miRNAs in animals targeting the 3'UTR causing inhibition of the mRNA. siRNA 

guide RlSC to mRNAs for an endonucleolytic cleavage event, leading to the degradation of 

niRNA thus silencing gene expression posttranscriptionally. 

Besides primary siRNA derived from Dicer cleavage i t  has been postulated that there is a 



class of secondary siRNA, whose synthesis rcquire RNA-dependent RNA polymerases. 

Analyzing small RNA populations in C. e l cg~ns ,  Pak and Fire established that the vast majority 

of siRNAs are actually secondary siRNAs (Pak, Fire, 2007). 

1.3.2 Micro RNA biogenesis in C.elegans 

Micro RNAs (niiRNAs) are transcribed from genomic DNA bj* RNA polymerase I 1  (Lcc, 

et al., 2004). The transcript folds into a characteristic imperfectly paired stem loop structure 

termed primary miRNA (pri-miRNA) (Lim, et al., 2003). This long pri-miRNA is recognized by 

ribonuclease Drosha and truncated to a shorter hairpin, which in turn is exported from thc nuclcus 

to the cytoplasm requiring Exportin 5 as protein factor (Bohnsack, et al., 2004; Lund, et al., 2004; 

Yi, et al., 2003). In the cytoplasm, the hairpin is fi~rther cleaved by Dicer and RDE-4 (R2D2 in 

other a~iinials), creating the miRNA/niiRNA* 19 bp duplex RNA with a 2 nt overhang on cach 

end (Liu, et al., 2003; Tabara, et al., 2002). The miRNA of this duplex is incorporated into the 

RNA-induced silencing complex (RISC) while the miRNA* degrades rapidly (Schwarz, et al., 

2003). A core component of RISC is an argonaute protein, which cleaves the targeted mRNA 

(I,iu, et al., 2004: Song, et al., 2004). Besides the core component, many other proteins, including 

Dicer. arc thought to be includcd in RISC. Current sizc estimates of a 11atii.e RISC rangcs from 

sevcral hundred kDa to 80s  (Filipowicz, 2005). 

The mature micro RNA has a 5' phosphate and a 3' Iiydroxyl (Li~ii,  et al.. 2003). The 2 1 

nts long miRNA contains a 7 nt seed scquence which contributes the bulk of miRNA - mRNA 

binding energy. Mutational changes within the seed sequence can alter the target mRNA 

completely (Scliwarz, et al.. 2006). This sced sequcncc is important in genome evolution of 

animals as tlie 3'UTR and the corresponding miRNA co-evolvc. lising comparative gcnonic 

analysis in mammals, Far11 and colleagues uncovered evidence for selective avoidance, whcreby 

genes avoid certain 7niers in their 3'UTR avoiding the translational inhibition by miRNA guided 

RISC. These 7mers are often sufficient for 1iiiRNA-directcd translational inhibition of mRNAs 

(Farh, ct al., 2005). flow tlie binding of micro RNAs to the 3'UTR causes translational inhibition 

is still debated (Chu, Rana, 2006; Liu, et al., 3005; Mendell, 2005). 

Many rescarcli groups established the importance of miRNAs in the development of' 

organs and organisms by governing the temporal and spatial expression of mRNAs. This proccss 

guides cell difrerentiation, but it is not clear if miRNA are the cause or reaction of this process 

(Bartel, 2004: Jones-Rhoadcs, et al., 2006). Figure 1.2 shows the miRNA pathway in animals and 

how miRNAs affect translation of 1nRNAs. 



Figure 1.2: Micro RNA pathways in Celegans. 

Micro RNAs (miRNAs) are  transcribed from genomic DNA. The single stranded RNA folds into a 
characteristic hairpin termed primary miRNA (pri-rniRNA). In animaIs, Drosha reduces the length 
of the pri-miRNA obtaining the precursor miRNA (pre-miRNA); the pre-miRNA is exported into the 
cytoplasm by Exportin5 where the pre-miRNA is cleaved by Dicer obtaining the miRNAJmiRNA* 
duplex. The miRNA is incorporated into an  argonaute containing RNA-induced silencing coniples 
(RISC). Through the complementary between miRNA and the target mRNA, RISC is guided to the 
target mRNA and causes translational inhibition (Filipowicz, 2005). 
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1.4 Small RNA biogenesis in plants 

RNA silencing in plants is described in the literature using multiple names, depending on 

the double stranded RNA's origin. The main idea is the existence or generation of endogenous or 

exogenous double stranded RNA which is cleaved into 2 1 to 25 nt long RNA duplexes by Dicer- 

like proteins. Of the short duplex one strand is incorporated, or 'loaded', into an argonaute protein 

containing RNA-protein complex. The latter complex might recruit other protein factors and is 

the biologically active complex acting either pre- or post-transcriptionally - silencing 

heterochromatin or silencing RNA transcripts, respectively. 

Primary transcripts are typically generated by RNA polymerase 11, in the case of mRNAs. 

or RNA polymerase IV, in the case of transposable and repetitive elements (Onodera, et al., 

2005). These primary single stranded transcripts are converted into double stranded RNAs by 

RNA-dependent RNA polyrnerases. 



1.4.1 RNA-dependent RNA polymerases in plants 

Plant genomes encode RNA dependcnt RNA polymerascs termed RDR. RNA dependcnt 

RNA polymerascs of viral origin are termed RdRp (Wasseneggcr, Krczal, 2006). Sequencc 

alignments of RDRs and RdRps show substantial differences which could bc attributed to two 

indcpendent evolutionary appearances of these polymerases or the high viral mutation rate 

encrypts honlology. Tlic latter explanation is supported by studies focusing on the catalytic 

clolnain of RDRs, RdRps and DNA-dependent RNA polymerases. As a11 groups share a common 

core motif, these enzymes are thought to be of ancient origin (lyer, et al., 2006). 

Ar~ ih idop i s  encodes six RDRs ranging from approxiniately 100 to 130 kDa in size. 

RDR I was discoverecl in Chinese cabbage upon viral infection (Astier-Manifacier, Cornuet, 

1971) and its polymerase activity studied it1 vitro (Schicbcl. ct al., 1993). RDR 1's in vilw role 

reniains ambiguous as does RDR3a. RDR3b and RDR3c. 

RDR2 and RDR6 were studied in more detail and are linked to some RNA silencing 

pathnays in plants. RDR2 is involved in ~k t ~ o v o  methylation of gcnomic DNA (Xie, et al., 2004; 

Zilbernian, et al., 2003) and RDR6 is linked to post-transcriptional silencing (Ciasciolli, ct al., 

2005b). Further details on these two RDRs are given in the sections below. 

An interesting conccpt of transitive silencing involvcs RDR6. IIere, a mesenger RNA is 

cleavcd by a niicro RNA. The resulting cleaved messenger RNA is amplified in a primer 

independent manner and cleaved by DCL4, resulting in secondary trans-acting silencing RNAs 

(ta-siRNAs). The ta-siRNAs are incorporated into RlSC thereby amplifying the effect of the 

primary miRNA. The newly synthesized ta-siRNAs are also not complementary to the original 

miRNA, rather they are generated e w y  2 1 nts 5' and 3' of the original cleavagc site (Petorsen, 

Albrechtsen. 2005). 'The section 'Small RNAs from DCL4 cleavage' discusses the concept of 

transitive silencing in more detail. 

1 A.2 Dicer-lilte proteins in plants 

Besides RDRs, another important ribonuclease termed Dicer in animals is involved in 

small RNA biogcnesis. Dicer and dicer-like enzymes belong to thc RNase 111 family of double 

stranded RNA specific endoribonucleases, an ancient class of enzymes found in all domains of 

life. In higher eukaryotes, Dicer and dicer-like proteins are multi-domain proteins containing an 

RNase I11 domain, a double stranded RNA binding domain and range in size from 135 to 200 k r h  

(Shi. et al.. 2006). In animals, Dicer liberates thc prc-miRNA froni its terminal loop whereas in 



plants Ilicer-like enzymes (DC'I,) take over the hnction of both Drosha and Dicer. In animals, 

endogenous small RNAs are used for house-keeping fimctions and development of tissucs, 

whereas plants used the ability of DCL's to cleave double stranded RNA. As will be discussed 

below, niost plant viruses are single stranded RNA viruses, which propagate vici a double 

stranded RNA stage, and plants evolved to cut them cfficicntly. If plants are always able to cut 

viral RNA efficiently, viruses would be unable to propagate in plant cells, e.g. the coat protein 

messenger RNA was constantly degraded thus no virus particles wcre made. thus no spread of thc 

virus. Viruses fought back and acquired protcins that \vould undermine the plants RNA silencing 

machinery. These proteins are called RNA silencing suppressors and they act in various ways, as 

will be discussed below. One can imagine this being a never ending battlc between the DCL's in 

plants trying to stop viral infection and viruscs stopping the plant's DCL's (Itaya, et d . ,  2007). 

Ar~ihidojzis was annotated to contain four dicers (Finnegan, et al., 2003; Schauer, et al.. 

2002). Margis and colleagues designed DCL2 and DCL3 specilic primers and PCR amplified 

reverse transcribed messenger RNA. The research group found two alternatively spliced 

transcripts of DCL2 which differ in the RNA helicase region potentially altering the specificity of 

DCL2. Investigating other available monocot plant genomes, a paralog of DCL3 termed DCL3b 

was observed. DCL3b in 0r;yzu ~ ~ i t i v ~ r  has a 57 % amino acid identity to DCL3a and its double 

stranded RNA binding domain diverged significantly from all other Diccr-like proteins. Orycr 

srrliv~r encodes six dicer genes (dcll ,  dc12a, ~k126 ,  LL-130, tkc13h and dcN) (Margis, et al., 2006). 

Currently, there is no genetic data available deciphering thc role of alternatively spliced diccr-likc 

ribonucleases (in the case of DCL2) or the two DCL3 paralogs. Thus, for the remaindcr of the 

introduction I will focus on the main four dicers. 

1.4.2.1 Small RNAs from DCLl cleavage 

111 plants. primary miRNAs are also transcribed by RNA polymerase I 1  and fold into 

characteristic hairpin structures (Kurihara, Watanabe, 2004; Lee, et al., 2004). The hairpins only 

requirc one ribonuclease to obtain the miRNAImiRNA* duplex which is termed Dicer-like 

(DCL). Most plants encode at least four distinct dicer-like proteins: DCLI, DCL2, DCL3 and 

DCL4. Each one was found to be predominantly responsible to cleave certain types and sizes of 

small RNA. DC1,l is located in the nucleus and essential for generating the n1iRNA/miRNA* 

cluples (I-Iiraguri, et al., 2005: Park, et al., 2002). 

Associated with DCLI and miRNA biogenesis is IlEN I (HUA ENHANCER]). henl 

mutants showed multifaceted developmental defects in Artrhidopsis (Boutet, et al., 2003; Park, ct 



al., 2002). HEN1 has a S-Adenosyl Methionine (SAM) binding pocket, methylates 

miRNA/miRNA* duplexes in vitro (Yu, et al., 2005) and does not require guide RNAs to 

methylate its targets (Omer, et al., 2002). In Arabidopsis this 3' terminal methylation prevents 3' 

uridylation (Li, et al., 2005). Figure 1.3 shows the micro RNA pathway in plants and how 

miRNAs affect stability of nlRNAs. 

Figure 1.3:  micro RNA pathways in plants. 

i\llicro RNAs (miRNAs) a re  transcribed from genomic DNA. The single stranded RNA folds into a 
characteristic hairpin termed primary miRNA. In plants, only one protein cleaves the pri-miRNA, 
which is referred to as Dicer-like protein (DCLI), resulting in the miRNAhiRNA* duplex that is 
immediately methylated by HENI. Through an uncharacterized mechanism, the miRNNmiRNA* 
duplex is exported into the cytoplasm. In both animals and plants one strand of the duplex is 
incorporated into Ago1 containing RISC, which causes translational inhibition of target mRNAs in 
animals and cleavage of target nlRNAs in plants. 
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Micro RNAs both in animals and plants are incorporated into RISC. In three quarters of 

all cases, the strand with the lower 5' terminus melting temperature is loaded into the RISC 

(Khvorova, et al., 2003; Schwarz. et al., 2003). A key component of RISC is ARGONAUTE 1 

(AGOI), a protein part of an ancient protein class that contains both RiiA binding and RNA 

cleavage domains (Boutet, et al., 2003). Argonaute proteins are comprised of a PIWI and PAZ 

domain and are found in all domains of life (Archaea, Bacteria and Eukaiyotes) (Parker, Barforcl, 

2006). In plants, argonaute proteins are 1 15 to 140 kDa in size (Swiss-Prot). Unlike miRNA 

RISC in animals that causes translational inhibition, the miRNA RISC complex in plants causes 

mRNA degradation. The target rnRNA is recognized by a near perfect 2 1 nt long complementary 



match between the lniRNA and the niRNA (I,lave, et al., 2002). 

1.4.2.2 Small RNAs from DCL3 cleavagc 

RNA polymerase IVa transcribes repetitive genomic regions that are converted by RDR2 

into double stranded RNA (Pontes, et al., 2006). These double stranded transcripts from repeat 

associated genomic loci arc cleaved by DCL3 into short 22 nt long silencing RNA duplexes with 

a 2 nt overhang on each side. As these silencing RNAs are repeat associated, they are termed in 

the literature as repeat-associated silencing RNA, short repeat associated silencing RNAs (m- 

siRNA). The type of DNA niethylation guided by 24 nt RNAs is ternied RNA-dependent or 

RNA-directcd DNA niethylation (RdDM). When RdDM targets a promoter region i t  is called 

transcriptional gene silencing (TGS) (Mette, et al., 200 1). 

RDR2 and DC1,3 were first linked to DNA niethylation patterns whcn Xie and colled, ' clues 

studied AtSN I (the Arcrhi~k~psis thaliana short interspersed element I). r.&2 and d d 3  were 

identified in lowering the asynmctric CpHpFl methylation by about 75 % and 50 %, respectively 

The levels of histone niethylation at H3K9 dccreased by - 50 % in both rh.?  and rk13 and 

increased by - 50 % for H3K4 methylation. Because of thc low DNA and liistone niethylation 

patterns, transcription levels of AtSN I were 3 to 9 times higher in cld3 and r d r  mutants, 

rcspectively, whcn compared to wild-type Arcrhitlopsis (Xie, et nl., 2004). 

The exact mechanism by which the RNA-induced initiation of transcriptional gene 

silencing (RITS) acts on genomic loci is undcr active investigation. Pontcs and collcngues 

demonstrated that RDR2, DCL3, AGO4 and NRPDl b, the largest subunit of RNA polymerabe 

IVb, co-localize with ra-siRNAs within thc nucleolus (Pontes, et al., 2006). They flirther postulate 

that the proteins found in the nucleolus fonn the processing centre in which the single stranded 

RNA polymerase IVa transcripts are converted into double stranded RNA by RDR2. DCL3 is 

responsible for cleaving the now double stranded RNA into 22 bp long RNA helixes with a 2 nt 

overhang on each side. One strand of the duplex is loaded into the AG04-containing RITS 

(Zilberman, et al., 2004). The loaded RITS relocates to the nucleoplasm where it associates with 

RNA polymerase IVb to guide thc chromatin remodeler DRDI as well as de rrovo cytosine 

methyltransferase DRM2 to the genomic repcat regions. The exact mechanism or rolc cacli 

protein plays in this process is still unknown. I propose, as RNA polymerase Vlb is still 

associated with the loaded RITS the polymerase melts the double stranded genomic DNA and 

once thesc is a match between the ra-siRNA in RITS and the genomic DNA thc c h  rrovo cytosine 

methyltransferase DRM2 is recruited by RITS to methylate cytosines as illustratecl in Figure 1.4. 



Figure 1.4: Chromatin silencing guided by small RNAs. 

RNA polymerase IVa (RNA pol 4a) transcribes RNA from repeat associated genomic regions. An 
endogenous RNA-dependent RNA polymerase RDRZ converts the single stranded transcripts into 
double stranded RNA. The double stranded RNA is cleaved by Dicer-like 3 (DCL3) into 24 nt double 
stranded RNA. A single strand 24 nts in length (ra-siRNA) is incorporated into RITS. By an 
enigmatic mechanism, RITS guides transcriptional silencing of repeat associated genomic regions. 
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1.4.2.3 Smal l  RNAs f r o m  DCL4 cleavage 

DCL4 has multiple roles in plant cells: typically DCL4 generates 2 1 nt RNA associated 

with trans-acting silencing RNAs and silencing RNAs for RNA interference. Upon infection, 

DCL4 also engages in cleaving invading RNAs (Blevins, et a]., 2006b). 

RNA interference is the most effective and commonly used technique to silence plant 

genes post-transcriptionally. Typically, an inverted repeat corresponding to the target sequence is 

introduced into the plant and the double stranded RNA is cleaved by a dicer-like protein. One 

strand of the silencing RNA duplex leads RISC to the target rnRNA, which is cleaved and 

subsequently degraded. In the literature this process is historically referred to as inverted-repeat 

post-transcriptional gene silencing (IR-PTGS) or, more recently, RNA interference in plants 

(RNAi) (Beclin, et al., 2002). 

Which of the dicer-like proteins in plants cleaves these inverted repeats is still not clear 

as no mutant defective in the inverted-repeat-pathway has been isolated. Two lines of evidence 

support the idea of DCL4 responsible for the RNAi pathway: first the size of RNA DCL4 cleaves 

is 2 1 nts - RNAi associated small RNAs are 2 1 nts. Second, DCL4 was required for accumulation 

of siRNA derived from a moderately expressed inverted repeat (Dunoyer, et a]., 2006). 

Another RNA silencing pathway in which DCL4 plays an important role is in the 



biogenesis of trans-acting silencing RNAs (ta-siRNA) which are important for general housc- 

kceping duties in plant development, e.g. forju\~enile-to-adult phase transitions (Vaucheret, 

2005). Ta-siRNA are generated lieom lniRNA cleaved transcripts that are converted by RDR6 into 

double stranded RNA substrates for DCL4 (Ciasciolli, et al., 2005a). DCL4 mutants lack ta- 

siRNAs and accumulate ta-siRNA targct mRNAs (Xie, et al.. 2005). 

I t  is intcresting to note that Dunoyer and colleagues established that plant RNAi and the 

generation of ta-siRNA are two distinct processes requiring DCL4. as a double mutant of DCL4 

and RDR6 showed normal levels of RNAi related siRNAs but a lack of ta-siRNAs (Dunoyer, et 

al., 2006). 

During viral infection, DCL4 targets viral dsRNA producing siRNAs that in turn target 

the viral RNA. Blevins and colleagues studied the cytoplasmic tobamovirus ORMV and found 

only viral siRNAs generated by DCL4. The same research group did not find any viral siRNA 

accumulation dependence on host RNA-dependent RNA polymerases (RDRI. -2, -3a, -3b, -3c 

and RDR6). However there was a link between virus induced gene silencing, RDR6 and DCL4 

(Blevins, et al., 2006a). 

Blevins el crl.'s research would suggest that DCL4 resides in the cytoplasm. In contrast 

Hiraguri and colleagues located DCL4 in the nucleus using GFP-tagged DCL4 (Hiraguri, et a].. 

2005). The latter experiment was performed i n  non-infected plants. I t  would be interesting to 

observe the locali7ation of GFP-tagged DCL4 in tobamovirus challenged plants. 

Figure 1.5 shows a sumnary of RNA silencing pathways involving DC1,4 



Figure 1.5: Multiple RNA silencing pathways involving DCL4. 

Inverted-repeat post-transcriptional gene silencing (IR-PTGS), also known as  plant RNAi, is the 
process by which introduced DNA is transcribed into RNA which folds into a hairpin. DCL4 
recognizes the double stranded RNA and generates 21 nt double stranded siRNAs. A single strand of 
the siRNA duplex is incorporated into RISC, which is guided to the siRNA's target mRNA. Trans- 
acting siRNAs amplify the effects of miRNA-guided mRNA cleavage. The cleaved mRNA serves as 
template for RNA-dependent RNA polymerase (RDR6) amplification. The now double stranded 
RNA is recognized by DCL4, cleaved into 21 nt siRNAs which target the original mRNA. During a 
viral infection, a viral RNA-dependent RNA polymerase (RdRp) converts the single stranded viral 
genome into double stranded RNA. This double stranded RNA is digested by DCL4 into siRNAs that 
target the intruding viral RNA. 
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1.4.2.4 Small RNAs from DCL2 cleavage 

Like DCL4, DCL2 also plays a dual role in plant cells. In uninfected plants, DCL2 is 

involved in natural anti-sense silencing RNAs. Upon infection, DCL2 also engages in cleaving 

invading RNAs (Deleris, et al., 2006). 

Natural anti-sense silencing RNAs (nat-siRNA) are derived from genomic regions where 

two neighboring genes are encoded on opposite DNA strands (termed cis-antisense gene pairs). 

Once these genes are transcribed, starting from opposite sites, the overlapping transcript gives 

rise to nat-siRNA. The biogenesis of nat-siRNAs involves a number of enzymes, including DCL2 

and RDR6. Nat-siRNAs are 24 nts in length and guide cleavage of one of the parent transcripts, 



depending on which nat-siRNA was incorporated into RISC. Interestingly, the effect of nat- 

siRNAs is amplified as secondary phased 2 1 nt siRNAs are generated involving DCL l (Borsani, 

et al., 2005). As cis-antisene gene pairs are common in plant and other genomes, nat-siRNA 

might exemplify wide spread gene regulation. Nat-siRNAs also contribute to plant stress 

adaptaion (Vaucheret, 2006). 

Upon viral infection Arabidopsis' DCL2 generates -22 nt RNA, which are incorporated 

in to RISC and conduct the cleavage of primary viral RNA. Borsani and colleagues determined 

that DCL4 and DCL2 have redundant activities but act hierarchicaly during viral infection 

(Borsani, et a]., 2005). How the two different splice forms of DCL2 influence these pathways is 

currently unknown. Figure 1.6 illustrates RNA silencing pathways involving DCL2. 

Figure 1.6: RNA silencing pathways involving DCL2. 

Natural anti-sense silencing RNAs (nat-siRNA) are  derived from genomic regions where two 
neighbouring genes are  encoded on opposite DNA strands (termed cis-antisense gene pairs). The 
overlapping transcripts a re  converted into double stranded RNA by RDR6 and cleaved into 21 nt 
long nat-siRNAs by DCL2. Another role for DCL2 is during viral infection, where, like DCL4, DCLZ 
will cleave viral double stranded RNA. In the viral siRNA generation, DCL4 and DCL2 overlap, but 
show a hierarchical order: DCL4, then DCLZ. 
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1.5 Comparison of plant and animal immune systems 

Plants and animals share some aspects of non-specific immune defence against invading 

parasites, bacteria or viruses. Both use external tissue to protect the inner cells and organs. In tlic 

case of plants, the outer bark consists of alternating layers of perider~ns and rhytidome. In 

aninials. the outer layer is comprised of epithelial tissues. I n  case of wounding, plants respond 

rapidly by depolarization of  cell membranes, release of host or pathogen cell wall Sragmcnts. 

Long term immune responses include complex biosynthetic reactions, formation of boundary 

tissues and activation of the RNA silencing machinery. As discussed earlier, a key component of' 

the plant's i~nniune system are multiple layers of RNA silencing machinery and partially 

overlapping DCI, activities. Thus far, six DC1,'s have been annotated in rice (Margis, et al., 2006) 

and it will be interesting to explore the evolution of DCL's in other plant genomes once they 

become available. 

Animals on the othcr hand do not use the RNA silencing machinery as their main 

inimunc system. Aninials will rcspond to invading parasites, bacteria and viruscs I S ~ L I  non-specific 

immune defense mecl~anisms including an inflammatory response, accumulation of white blood 

cells and increase of body temperature to prevent the growth of bacteria. Besides the non-specilic 

imniune response, tliere is a specific imniune response. There, B-cells produce specific antibodies 

against the invading pathogen, called antigens. B-cells are also matured in the thymus where they 

mature to T-cells, which also fight invading germs (Janeway, et al., 2004). 

1.6 Plant viruses 

Viruses are infectious agents that rely on tlic host cells to supply components for their 

o\vn replication. There are a multitude of viruses infecting different plant species and tlicir 

genetic information is encoded mostly, but not solely, by single-stranded RNA. Other fortiis of 

cncoding hereditary information are by means of double-stranded RNA (e.g, wound tumor virus), 

single-stranded DNA (c.g. gemini virus) or double-stranded DNA (e.g. cauliflowcr mosaic virus). 

The hereditary nucleic acid is typically encapsidated by a protcctive protein coat or shell. 

These proteins are often referred to as capsid or coat proteins. The infectious mature virus particle 

is often referred to as virion and can adopt various shapcs, e.g. spherical or rod-shapcd. 

TI-ansmission of plant viruses vnrics, c.g. entering plants V ~ L I  wounds or insccts act as an 

intermediate invertebrate host of a virus. If tlic plant virus is comprised of multiple components, 

e.g. a tripartite genome, all three components have to enter the host ccll simultaneously. Once a 



host cell has been infected, the virus takes advantage of the host cell's cnergy met a b o I '  lsln to 

multiply within the cell. The infection is usually recognized by a mosaic-like leaf pattern 

(clilorosis) or stunted growth (necrosis) (Walkey. 199 1). 

Most viruses encode viral RNA-depcndent RNA polymerases (RdRps) to ensure 

amplification of their genome with a high error rate (lo-") to rapidly evolve viral genonies 

undermining the host's anti-viral defense system (Crotty, et al., 200 I ) .  RdRps have also been 

linked to acquiring new genes from viruses or the host and recombination of viral genotncs 

through strand switching during replication (Hill, et a]., 1997). 

1.6.1 The cucumber mosaic virus 

One such plant virus is the cucumber mosaic crrcornoviru.~ (ICTV 10.0.4.0.001) naturally 

infecting c~rcurnber, tomato and spinach. The cucon~ovirus is transmitted by an insect or by 

mechanical inoculation and can infect a wide varicty of hosts, inducing tobacco (VIDE Database, 

http://image.fs.uidaho.edu/vide/). 

In the early 1970's a lethal necrosis in tomato plants afflicted the French Alsace (Marrou, 

1973; Marrou, et al., 1973). Waterworth and colleagues discovered that the cucumber niosaic 

virus (CMV) and its satellite RNA caused thcse symptoms in tomato (Waterworth, ct al., 1978; 

Sleat, et al.. 1994). In tobacco, depending on thc strain and satellite, CMV causes yellow or white 

chlorosis due to loss of chlorophyll or chlorophyll and santhrophyll, respectively (Sleat. 

Palukaitis, 1990; Zliang, et al., 1994). 

The helper virus CMV is comprised of a tripartite positive single-stranded RNA gcnorne 

(Lot, et al., 1974). CMV RNA I is 3,357 nts in length and encodcs a putative RNA hclicase 

(Refseq: NC-002034). CMV RNA I1 is 3.050 nts in Icngth and encodes two proteins: a n  RNA 

dependent RNA polymerase and the 2b protein, a putative RNA silencing suppressor (Refscq: 

NC-002035). CMV RNA 111 is 2,2 16 nts long and encodes the 3a protein, a putative niovement 

protein. and the caspid protein required for packaging all infectious RNA molecules (Refseq: 

NC-001440). The CMV does not require a DNA stage for amplification. Figure 1.7 shows the 

CMV tripartite genome and the protein(s) each RNA encodes. 



Figure 1.7: Tripartite CMV protein coding genome. 

The tripartite CMV single stranded RNA genome eucodes a RNA helicase ( la) ,  a viral IWA 
dependent RNA polyn~erase (2a), a putative RNA silencing suppressor (2b), a protein essential for 
viral movement (3a) and a capsid protein for packaging the viral agents (3b). 

1 a. RNA helicase 
CMV RNA 
3,357 nts 

CMV RNA 
3,050 nts 

CMV RNA Ill 
2,216 nts 

3a, movement protein 3b, capsid protein 

1.6.2 Satellites of cucumber mosaic virus 

When analyzing plants infected with CMV, researchers often found a fourth 334 to 39 1 

nts long parasitic RNA molecule termed Satellite RNA that requires CMV as helper virus for its 

own replication (Gould, et al., 1978). CMV's satellite RNA parasitic nature was demonstrated in 

field studies in Spain. Aranda and colleagues sampled over eight years six different sites and 

found various isolates of the helper virus CMV but only one form of the satellite RNA (Aranda, 

et al.. 1997). 

A search for 'cucumber mosaic virus satellite RNA' in NCBl's GcncBank rcvcals 126 

sequenced CMV satellite RNAs (search performed Feb. 15, 2007). Closer examination ofthe 

CMV satellites revealed that all isolates share a common 5' and 3' terminus, with 10 or 8 nt 

sequence identity, respectively. Hidaka and colleagues established that certain satellites could bc 

translated into short poly-peptides in vrlro (Hidaka. et al., 1990). However, none of these products 

were ever detected iir vivo.  Furthermore, when comparing different satellite isolates, thesc 

pcptides were not conserved and a third position mutation bias, reminiscent of protein coding 

regions. was not observed (Masuta, Takanami, 1989). 

If the single stranded satellite RNA docs not cncode proteins then the secondary and 

tcrtiary structure of this molecule must be important for its biological fi~nction. Gordon and 



Symons studied a 336 Satellite isolate they termed Q-sat-RNA. The Q-sat-RNA was probed with 

nucleasc S I and RNase TI and found it  to be highly structured with 52 % of all residues base 

paired and seven m j o r  stems forming (Gordon, Synions, 1983). Later, closely related B2- and 

B3-sat-RNA were Souncl not to fit the proposed model that well. and different cleavage patterns 

were observed in regions of identity (Hidaka, et al., 1988). 

In 1997 Rodrigues-Alvarado and Roossinck did a con~prehensive study on another isolatc 

named D4-sat-RNA by combining irr silica: in vilro, in vivo and in viriorrs modification studies of 

adenines and cytosines using dimethyl sulfate (DMS). In essence, their in virion model sho\vs a 

highly structured 5' terminus, an alternatively folded or unfolded central region and a highly 

structured 3' terminus (Rodriguez-Alvarado, Roossinck, 1997). Figure 1.8 sho\vs the schematic 

representation of the D4-sat-RNA secondary structure as determined by Rodriguez-Alvarado and 

Roossinck. 

Figure 1.8: Schen~ata  of  D4-sat-RNA. 

The ( ) represent the nucleotides of  the determincd it1 viron secondary RNA structure of  cucun~ber 
mosaic virus D4-sat-RNA (Rodriguez-Alvarado, Roossinck, 1997). Clearly visible is the highly 
str~lctured 5' part of  the D4-sat-RNA, the unstructured centre part and the structured 3' terminus. 
The 5' and 3' termini are labelled. 

D4-sat-RNA 
in viron structure determined by 
Rodriguez-Alvarado,G. et al. 1997 



Masuta and colleagues filrther characterized CMV's Y-sat-RNA. Expressing thc Y-sat- 

RNA alone in transgenic tobacco plants did not induce yellow chlorosis (Masuta, Takanami, 

1989). Further research revealed two distinct regions in thc satellite of CMV causing necrosis in 

tomato and yellowing in tobacco (Devic, et al., I9S9; Devic, et al., 1990). In the case of Y-Sat 1 

CMV infecting tobacco, Jaegle and colleagues noticed that not all CMV satellite strains cause the 

same intensity of yellowing in tobacco. While studying mutant forms of the satellites, Jaeglc and 

colleagues determined two nucleotides at position 18511 86 in thc Y-Sat sequence to cause 

yello\\ ing in tobacco plants. If these two nucleotide positions werc altered, the yellowing in 

tobacco was eliminated, but not the necrosis in tomato (Jaegle, et al., 1990). 

Masuta and colleagues observed that most wild type tobacco species are susceptible to 

yellowing by Y-Sat and CMV infection but found two species that did not show the typical 

yellowing: ~Vico/icrrru ckeveltrndii and N. dehmqi. which show a green mosaic phenotype instead 

(Masuta, et d . ,  1993). A! higelovii shows the typical yellowing phenotype upon infection with Y- 

Sat / CMV. Masuta and colleagues crossed a non-yellowing ( N  c~levdtm~lii) and a yellowing 

species ( N ,  Aigclo~.ii) which resulted in a F1 generation. Crossing the F I plants resulted in a F2 

generation, which upon infection of Y-Sat / CMV resulted in yellow mosaic plants, intermediate 

plants and green mosaic plants with a segregation of 1 :2: 1 .  Crossing the F2 plants with the green 

mosaic phenotypic parents ( N .  c~lc~vc.lunt/ii) resulted in intermediate and green phenotypic plants 

in a ratio of 0: 1: I (yellow : intermediate : green). Crossing the F2 with the yellow mosaic plants 

( N ,  higdovii) resulted in plants showing a ratio of I: l :O (yellow : intermediate : green) after 

infection with Y-Sat 1 CMV. From these observations, Masuta and colleagues conclirded that Y- 

Sat / CMV target a single incompletely dominant gene in tobacco. 

1.7 Viral infection: plant defense and counter defense 

Viral infections arc common to all organislns. Various stl-ategics have been employed to 

combat infection: from digestion of foreign DNA in the casc of intruding phage to immune 

systems with T and B memoly cells that help memorize previous intruders. Plant developed a 

different kind of anti-viral defense niechanis~n. As previously discussed, dicer degrades double 

stranded RNA (from either single or double stranded transcripts). Most plant viruses are 

comprised of RNA genomes. There are some DNA viruses which have to ultimately go through 

an RNA stage in order for the encoded message to be translated. Thus, plants evolvcd to degradc 

viral RNA into short 2 1 to 24 nt long RNA in order to direct sequence specific degradation of 

viral messenger RNA. 



1.7.1 KNA silencing suppressors 

One very successful strategy of overcoming the plant's anti-viral defence system is to 

block any of the lna.jor players involved. Tombusviruses encode a RNA silencing suppressor 

called p19, which binds double stranded RNA helixes I9 base pairs in length with great affinity 

(Kc, = 170 pM) and specificity. As mentioned bcfore, Dicer-like cleavage of double stranded 

precursor RNA results in 19 base pair helixes with 2 nt 3' overhang on each sidc. p l 9  is specific 

for RNA. not DNA, and is size specific for 19 base pair helixes. I t  tolerates helixes of 17 to 22 

base pairs but does not bind to longer or shorter constructs in \.itro. Figure I .9 shows the crystal 

structure of C ' L I I ' I I U ~ ~ O I I  r111g .spot \'iru$ p I9 bound to silencing RNA duplex at 1.85 A (Ye. et al., 

2003a). I t  should be notcd that the assumed biological molecule is a homo-dimer - Figure 1.9 

only shows a single p19 unit. The length of double helix p 19 can accommodate is dictated by 

tryptophan. shown as side chain with an electron density cloud. The indole ring of tryptophan 

scrves as a bracket to measure the length of the RNA double helix. This and othcr stacking 

interactions as well as hydrogen bond formation betwecn the amino acid side chains and the 

phosphate backbone build this strong RNA-protein interaction. 

The RNA binding domain of p l 9  is almost identical to that of ribosomal protein LI 

binding to ribosomal stem-loop structure (Vargason, et al., 2003). 'I'on~busviruses might have 

acquired this domain during RdRp dependent strand switching during viral replication. 

The RNA silencing suppressor p19 clearly acts by binding to 19 bp RNA helixes with a 

3' 2 nt overhang on each side (l9hr2). In my opinion, this can only be the first step in  the RNA 

suppressor cycle of pl9.  If pl9's sole role is soaking up cleavage products of Diccr-likc proteins, 

the plant cell would burst open with pl9-siRNA complexes, a loose-loose situation for plant cell 

and virus. To ensure turnover, a feasible hypothesis could be that 1319 binds the siRNA double 

helix with 2 nt overhang and presents this very overhang to cellular nucleases. p l9  rcleases thc 

cleaved blunt end I9 bp RNA helix, which is now no longer recognized by RlSC as siRNA 

duplex, and binds to the next cleavage product of Dicer-like proteins. The evidcnce for this 

hypothesis is currently spotty, but blunt end 19 bp RNA helixes in Dr~osuphil~~ embryo lysate do 

not cause RNAi (Elbashir, et al., 200 1). An experiment in support of thc hypothesis could be to 

measure the accumulation of internally radiolabelled 19 nt long small RNA that were originally in 

a 2 1 nt duplex in cell free extract from infected plants expressing p l9 .  



Figure 1.9: RNA silencing suppressor p19. 

The suppressor binds double stranded RNA 21 nt in length. Shown here is the solved X-ray structure 
with the protein depicted as a green ribbon cartoon. The assumed biological molecule is a homo- 
dimer. p19 and the RNA double helix interact via multiple non-specific amino-acid - phosphate 
backbone interactions. Tryptophan 39, labelled in  red, dictates the length of double stranded RNA 
helix p19 can accommodate. (Reference: Figure generated by Ebhardt using PyMOL; pdb id: 1R9F 
(Ye, et al., 2003a)). 

1.7.2 Helper component proteinase 

Potyviruses encode one long polypeptide that is cleaved by viral proteinases to yield the 

different functional enzymes, one of which is the Helper Component Proteinase (HC-Pro). I t  was 

initially isolated from tobacco vein mottling virus (TVMV) and potato virus Y (PVY) infected 

tobacco plants. The molecular weight of a unit of the isolated Helper component (HC) was 

approximately 55 kDa. Berger and colleagues identified HC as an essential enzyme for viral host- 

to-host transmission by aphids (Berger, et al., 1989). Further biochemical studies revealed that 

HC-Pro is capable of cleaving its own C-terminus for release from the precursor polypeptide 

(Carrington, et al., 1989a; Carrington, et al., 1989b). Cronin and colleagues discovered in a 

mutant screen, that HC-Pro was also involved in viral long-distant movement in the host plant's 

phloem (Cronin, et al., 1995). Atreya and Pirone showed that HC-Pro was essential for aphid 

transmission and regulation of virulence in potyvirus infected plants (Atreya, Pirone, 1993). 

HC-Pro is the second enzyme in the long potyvirus peptide. As seen in Figure 1.10, the 

PIIHC-ProlP3-fragment contains at least two proteases: PI and HC-Pro. It was observed on many 



occasions that PI enhances the RNA silencing effects of HC-Pro (Anandalakshmi, et al., 1998; 

Kasschau, Carrington, 1998; Pruss, et al., 1997). In light of this finding, the materials and 

methods section ol'some HC-Pro studies are anibiguous in ternis of using Pl/tlC-Pro or only IIC- 

Pro. 

Figure 1.10: PI - HC-Pro - P3 potyvirus polypeptide. 

The N-terminus of the potyvirus polypeptide is con~prised of at least two proteases: PI and HC-Pro, 
which self-cleave to release themselves as functional units. The four dots at the C-terminus represent 
the continuation of the polypeptide. 

Most of the initial experiments were done using plants infected with potyviruses. If HC- 

Pro is taken out of this context, there are conflicting results regarding disease symptoms. For 

esample when Plll-1C-Pro was expressed in transgenic tobacco plants, P I/HC:-Pro amplified thc 

disease symptoms of CMV and Potato Virus X (Pruss, et al., 1997). 111 contrast, Wang and 

colleagues showed that CMVIY-Sat symptoms were eliminated in transgenic tobacco plants 

csprcssing P IIHC-Pro (Wang, et al., 2004). 

Brigneti and colleagues expressed a green fluorescent protein (GFP) transgene in tobacco 

plants. Typically, the GFP transgene is silenced post-transcriptiormlly. Upon infection of these 

plants with Potato Virus Y (PVY) and the Cucumber Mosaic Virus (CMV), fluorescence levels 

went up. This phenomenon \\/as traced to the ability of PVY's HC-Pro and CMV's 2b to inhibit 

the post-transcriptional gene silencing of the host plant (Brigneti, et al., 1998). Two other labs 

identified HC-Pro as post-transcriptional gene silencing suppressor (Knsschau, Carrington, 1998) 

as well as the transgene - and virus-induced gene silencing (Anandalakshmi, et al., 1998). 

'I'he mechanism by which PIIHC-Pro acts as RNA silencing suppressor is debated i n  thc 

literature. The initial experiments purifying IiC-Pro was done using an oligo-dT colunln, a tributc 

to HC-Pro's ability to bind nucleic acids (Pirone, Thornbu~y, 1984). Maia and Bernardi show it7 

vi/r.o that I-IC-Pro binds to ssRNA, DNA and dsRNA (Maia, Bernardi, 1996). Lakatos and 

colleagues demonstrate that siRNA duplcxes are bound by recombinant IK-Pro (Lakatos, ct al., 

2006). The conclusion of this thesis will discuss some of these publications in more detail. 



1.7.3 Research prior to this study 

Wang and colleagues hypothesized that RNA silencing is involvcd in viroid and viral 

satellite pathogenicity (Wang, et al., 2004). To support this hypothesis with experimental data, 

Wang and colleagues expressed the viral RNA silencing suppressor P IIIK-Pro as transgene in 

tobacco plants. Transgenic and non-transgenic plants were then challenged with CMVIY-Sat 

wlicre Y-Sat infection causes yellowing in tobacco. Following infection, non-transgenic plants 

developed yellowing symptoms after 17 days post induction (dpi) and severe systemic chlorosis 

after 25 dpi. None of the 2 1 plants expressing P IIHC-Pro showed any of these symptoms, 

supporting the hypothesis that RNA silencing is involved in viral satellite pathogenicity. Northern 

hybridization experiments using a Y-Satellite probe showed high levels of Y-Sat specific siRNAs 

in infccted plants. In PlItIC-I'ro(+) plants. the Y-Sat specific siRNA levels wcre evcn higher than 

in I' I 11-1C-Pro(-) plants. 

These results confirm that P IIHC-Pro docs not interfere with the cleavagc oSsiRNAs 

from double stranded transcripts and supported the hypothesis that RNA silencing is involvcd in 

viral satellite pathogenicity. The question how the RNA silencing suppressor PIIHC-Pro 

functions was not addressed. It also presented a paradigm: in the Northern hybridization 

experiments of infected plants, levels of Y-Sat derived siRNAs were higher in Pl/HC-I'ro(+) 

CMVIY-Sat(+) than in PIIHC-Pro(-) CMVIY-Sat(+) plants. But, the PIIHC-Pro(+) plants did 

not show any Y-Sat related disease symptoms. Therefore, my rescarch addressed the question oi' 

how PIIHC-Pro acts as a RNA silencing suppressor. 

1.8 Small RNA cloning and sequencing 

DNA sequencing is used ubiquitously: from deciphering genomes (Ng, ct a]., 2000) to 

determining the primary sequcnce of s~nal l  RNA. The first small RNAs were cloned from C'. 

elegum, Drosopliila and humans in 2001 and ever since small RNA cloning proved to be a vital 

aspect of small RNA research (Lagos-Quintana, et a]., 2001; Lau, et al., 2001; Lee. Ambrcx. 

2001). The process of small RNA cloning appends known primers to each end of the small RNA 

using T4 RNA ligasc. The resulting constructs arc then reverse transcribed and PCR amplified 

(Figure 1 . I  I). Cloning and sequencing of thcse PCR products dctennines the full sequence of the 

cloned sinall RNA and is a conventional approach that gives this information. 



Figure 1 . 1  1 : Small RNA Cloning Scheme. 

Small RNAs are isolated by size from a sample of total RNA. Then, 3'- and 5'-cloning primers (5-CP, 
3-CP) are ligated onto the small RNA using T4 RNA ligase aud converted into cDNA by reverse 
transcriptase. The cDNA is ligated into a plasmid, transformed into bacteria and plasmids from 
single colonies isolated for DNA sequencing. The resulting DNA sequence contains the original small 
RNA sequence flanked by two cloning primers (5-CP and 3-CP). 

small RNA - 
1 Ligation 

Plasmid 
Cloning into plasmid 1 Plasmid 

ACCGAGAGAATCGTAGGCACCTGAAAGATATGGCTGCACGTTGCG-AWAGGTGAGAC 

RNA ligase 

The crucial first and second step of the RNA cloning protocol involves T4 RNA ligase, 

which joins the 5' phosphate of an acceptor RNA to the 3' hydroxyl of the donor RNA (see Figure 

1.12). The multi-step reaction mechanism includes the initial adenylylation of a lysine residue in 

the enzynlatic core of the T4 RNA ligase. Then the enzyme binds a donor RNA and the adenosine 

monophosphate is transferred from the lysine to the 5' phosphate of the RNA via a 5'-5' linkage. 

The T4 RNA ligase now binds the acceptor RNA and facilitates the phosphor-disester bond 

formation between the acceptor RNA's 3' hydroxyl and the 5' adenylylated donor RNA. The two 

RNA molecules are covalently bound and the T4 RNA ligase is available for another reaction. 

(Bryant, Benkovic, 1982; Cherepanov, de Vries, 2002; Ho, et a]., 2004; Wang, Silverman, 2006). 

RNA ligase is specific to ligating two RNA molecules. Does the enzyme tolerate 

deoxynucleotides? Nandakumar and colleagues addressed the specificity of RNA ligase 

(Nandakumar, Shuman, 2004). The researchers conclude from their experiments that RNA ligase 

is able to join a 3'-hydroxyl RNA to a 5'-phosphate RNA or DNA. Investigating changes to the 2'- 

OH on the 3' terminus, the researchers observed a modest decrement of ligation efficiency when 

the researchers introduced a 2'-0-CH3. Earlier experiments already established that T4 RNA 

ligase can ligate a 5' adenylylated DNA sequence to an RNA 3' hydroxyl (Sugino, et al., 1977). 



Figure 1.12: T4 RNA ligase reaction mechanism. 

T4 RNA ligase is adenylylated at a lysine residue. The enzyme then binds a donor RNA and transfers 
the AMP onto the donor RNA. By binding the acceptor RNA, the close proximity of the 3' hydroxyl 
and the adenylylated 5' terminus of the donor RNA will lead to phosphor diester bond. The two RNA 
molecules are covalently bound and the T4 RNA ligase is available for another ligation. 

1.8.2 Polynucleotide kinase 

To visualize the ligation reaction on an autoradiogram, T4 polynucleotide kinase is 

routinely used to transfer a radioactive gamma phosphate from ATP onto the 5' hydroxyl of a 

RNA or DNA strand (forward reaction). If the 5' terminus is phosphorylated, polynucleotide 

kinase will first remove the 5' phosphate leaving a 5' hydroxyl and subsequently perform the 

forward reaction (this process is also known as exchange reaction). Figure 1.13 visualizes both 

mechanisms of T4 polynucleotide kinase (Eastberg, et a]., 2004; Wang, et al., 2002). 



Figure 1.13: Polynucleotide kinase. 

Polynucleotide kinase carries out a forward reaction, which transfers the gamma phosphate of an 
ATP molecule onto a 5' hydroxyl DNA or RNA strand. If the 5' terminus is phosphorylated, 
polynucleotide kinase first removes the phosphate and then carries out the forward reaction, a 
process known as exchange reaction. 

Forward Reactlon Exchange Reactlon 

ADP 

1.8.3 Analysis of sequencing data 

ADP 

To  learn more about the effects of PlIHC-Pro on small RNAs, the total population of 

small RNAs from tobacco plants were cloned and sequenced. A four point comparison strategy 

was used to identifjr individual and compound affects. Cloning and sequencing is currently the 

only available methodology to determine the sequence of a small RNA. Mainstream techniques 

such as microarrays (Lim, et al., 2005) and Northern analysis (Valoczi, et al., 2004) require prior 

knowledge of the primary small RNA sequence. 

Another novel approach of sequencing DNA is the massive parallel signature sequencing 

developed by Solexa. The DNA sequence of interest is appended on each side with PCR 

amplification primers using DNA ligase. The DNA anneals on a glass chip, which contains a 

dense lawn of primers. Then the bound DNA is PCR amplified in a so-called bridge amplification 

step. The DNA n~olecules are then denatured and are available for another round of PCR 

amplification. This process is iterated until clusters of DNA ~nolecules are amplified on the glass 

chip. For the actual DNA sequencing step, primers, fluoresently labelled nucleotides, which are 



reversely blocked on their 3' terminus. and DNA polymerase is added. After each cyclc the exccss 

reagents are removed, the fluoresence signal is determined and the 3' tcrminus imblocked for 

another addition of reversely blocked flouresent nucleotidcs (Solexa sequencing technology, 

Illumina Inc.. San Diego. CA.). The process is iterated and will lead to a short 20 to 30 nt long 

sequence, a portion of which is the annealing primer. Thus. massively parallel signature 

sequencing can give estimates of total slnall RNA numbers, but i t  does not providc complete 

primary sequencc information (Lu, et al., 2005). 

A recent development in DNA sequencing is the advent of comniercially available 454 

sequencing generating large numbers (500,000) of DNA sequences up to 300 nts in Icngth, which 

essentially follows the traditional cloning protocol without inserting the cloning fragment into a 

bacterial vector (Margulics, et al., 2005). 

As a result of the conventional small RNA cloning strategy it is obvious that the small 

RNA sequencc is found bctwcen the 5-CP and 3-CP. 'l'herefosc, n scq~lencing text filc containing 

singlc or concatenated sniall RNA sequcncea would be scanned for matching 5-CP and 3-CP 

pairs. To our knowledge, no software performing this task was available publicly. Othcr DNA 

sequencing progranis are concerned with automated base calling. e.g. phred (Ewing, Green, 1998; 

Lwing, et al., 1998). The closest DNA sequence analysis tools are vector-trimming programs, 

\\hich reniovc external vector sequences from thc DNA sequcncc (Chou, Holnies, 200 1; Li, 

Chou, 2004). Removing the vector from sniall RNA sequencing data leaves the sniall RNA 

sequence surrounded by their 5-CP and 3-CP. Other shortfalls of vector removal progranis are 

that they do not determine thc clirectionnlity of the insert and fail at excising multiple inserts. 

Also, once the vector is removed there is typically no fitrther analysis of the remaining sequence, 

e.g. reliable storage and BlastN search. Finding no easily accessible rcsearch tool to cnter and 

analyze small RNA sequences I developed Ehhir. This tool has since been expanded and utilized 

for a number of high-throughput sequencing projects by the Unrau lab. 



2 EBBIE: ANALYSIS AND STORAGE OF SMALL RNA 
CLONING DATA USING A DYNAMIC WEB SERVER. 

To facilitate the analysis and comparison of newly acquired sequencing data I developed 

Ebbie: an automated analysis and storage pipeline using a dynamic web server. Figure 2.1 shows 

a concept overview of Ebbie. In essence, a single or multiple small RNA sequences are excised 

from a DNA sequencing file using 5' and 3' constant sequence regions. Then, each sequence 

obtains a unique ID and is deposited into the MySQL database in the correct 5' - 3' direction. The 

length of the cloned small RNA is automatically counted and the sample source determined from 

the first letter of the sequencing file. 

Figure 2.1 : Ebbie - Concept Overview. 

A sequencing text file containing single or  concatenated small RNA sequences is searched for 
matching 5-CP and 3-CP pairs. The sequence in between these flanking sequences is excised, a 
unique ID, orientation, length of insert and sample source automatically determined. All these facts 
are recorded in a MySQL database and each newly isolated small RNA sequences is analyzed using 
BlastN to locally installed databases. The new annotation is deposited into the MySQL and BlastN 
databases and the process repeated until no further unannotated sequences remain. 
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2.1.1 External software 

Blast v2.2.9 is a heuristic local alignment tool essential for comparing query sequences 

to large databases (Altschul, et al., 1997). When installed locally, it proves to be a powerful and 

versatile tool for comparing new sequences to personalizcd local databases. For our published 

study, a blast-database containing 1,9 19 small RNA sequences (43,724 nucleotides) From the 

Artrhick)p.vis small RNA cloning pro-ject (Gustafson, et al., 2005) was installed locally. Que~ying 

this database using BlastN, overlaps of at least 8 consecutive base pairs were detectable using 

default parameters [-e Expectation value (E) default = 10.0; -W Word size, default = I 1; -S Query 

strands to search against database where 3 is both, I is top, 2 is bottom default = 3;  -F Filtcr qucry 

sequcnce (DUST with blastn) default = TI. This was sufficient for our cloning project of 698 

small KNA clones. For larger databases, optimized Blast parameters might be necessary. If 

genomic sequence data is available. BLAT (Kent, 2002) or other non-heuristic alignment 

algorithms such as Smith-Waterman (Watcrrnan, Eggert, 1987) might be considered for 

annotating small RNAs to a genome. 

2.1.2 Components of Ebbie 

MySQL v4. I .  l Oa-Max was chosen as a database due to its compatibility with Perl. Perl 

v5.6.0 was chosen as a programming languagc because of its strength in analyzing and 

manipulating strings. Perl serves well in creating dynamic web pages (Castro, 2001), interacting 

with MySQI, databases (DuBois, 2001) and conini~~nicating with the operating system. Most 

I A u x  systems are distributed with these programs. Ehhie was originally implemented on a 

standard PC with Linux Novell SuSE 9.3 operating systcm (standard PC: AMD Athlon 1.1 GFlz 

processor with 256 KB cache, 5 12 MB RAM, 60 GB HD) using the root's web server directory. 

The dynan~ic web tool was since implemented under user accounts on the 

Iittp://bioinfol-matics.org/ebbie 1,inus server and local server http://unrau 1 .mbb.sfu.cal-acbl~;~rdtJ 

(the latter PC runs Linux Novell SuSE 10.0 operating system with Intel D 3 Gl  lz, x86-64 

architecture with 2,048 KB cash, 2 GB RAM and 230 G B  HD). 

2.1.3 Flowchart of Ebbie 

Ebhir is comprised of eight perl-cgi scripts. They share four common libraries, \vhicli 

contain common subroutines, e.g, querying the MySQL database and drawing a table with the 

results. Figure 2.2 shows Ehhie's functions and the perl-cgi scripts required for each. 



Figure 2.2: Flowchart of Ehhie. 

Indicated are Ebbie's functions and the cgi-scripts required for each. Ehbie's front page is created by 
indcs.html. From the main page, several scripts can be called. DNA sequencing tcxt files are 
uploaded and analyzed by ebbie.cgi. Other featurcs include database rcvicw/manipulation tools and 
a logbook 

Ehhic's front page is created by index.html. The database information is submitted to 

indcxcgi, Ehhic's main page. Index.cgi can update the currently used cloning primers (5'-cloning 

primer: 5-CP and 3'-cloning primer: 3-CP). From the main page, several scripts can be accessed. 

The Logbook lists all analyzed f'ilcs (tablc crcated by logbook.cgi). DNA sequencing tcxt filcs arc 

uploadcd and analyzed by ebbie.cgi when Sc~peiicc. Aiiul~~sis is selected. If a single insert is 

found, annoch.cgi is called to deposit the insert into the MySQL database. If multiple inserts arc 

found. ebbie2.cgi and annoch2.cgi are used to add these entries to the MySQL databasc. From 

Ehhir's niain page a range of database reviewlmanipulation tools can also be accessed: View All, 

I,o.rl (e FOZI~IJ (tables created by viewall.cgi) and Animlcrlion Chcmge (which also uses annochxgi 

to ~ ~ p d a t e  a database entry). For a detailed discussion of these functions see test below. 

2.1.4 Dcscription of Ebbie 

Ehhie's dynamic web pages are platform and browser independent (browsers tested: 

Mozilla Firefox 1.0.4 on Linux and Windows XP operating system, Safari 2.0 for Macintosh, MS 

Internct Explorer 6.0 on Windows XP). With Ehhie v3.0.9 a login was implemented. Thc login 

serves as database name and Ehhie subsequently works with this database. As seen in Figure 2.3, 

Ehhie's main page has four basic fimctions. I:irst, it retrieves the current 5'- and 3'-cloning 

primers (5-CP, 3-CP) from the selected MySQL database and displays their sense and antisense 



seqnence. The user can edit these sequences as required. All sequences entered into these test 

fields are capitalized. Second, the user can brojvse the local computer's file manager to selcct and 

analyze a DNA sequencing test file. Ehhic maintains a log of all proccssed files that can be 

reviewed by clicking on the Di.sp1~1y logbook function. Through Ehbic's main page, three online 

database management tools are available: iinrro/u/ion C'h~rirgc, Vic,v All entries of database and 

Losl R Found. 

The uploaded file name serves as tlic primary id for the MySQL databasc cntry. If no filc 

is selected or if the idalready exists in the database. an error message is displayed and the process 

aborted. If a file is valid (i.e. id is new and unique), the DNA sequence data is converted into a 

string, capitalizing the characters A, C', G and T.  All other characters remain unchanged. Perl's 

index function is used to confirm that at lcast one 5-CP and 3-CP pair exists, if this condition is 

not nict or if perl's index fimction identifies an uneven number of 5-CP and 3-CP pairs, then an 

appropriate error message is generated in the logbooh. The algorithm starts at the 5' end ofthc 

DNA sequence and finds tlie first occurrence of a 5-CP (or antisense 3-CP). Moving in the 3' 

direction, the nest 3-CP (or antisense 5-CP) is located. An insert is depositcd into the MySQL 

database. i f a  sequence of length > 0 is found between the two primer pairs. If no inset1 is found 

in the DNA sequencing text-tile, a message is displayed and recorded in the logbook. 

2.1 A.1 Database selcctiorl 

With Ehhie v3.0.9, a login was implclncnted. Each login uscr namc is associated with a 

databasc. Thus, once logged on, Ehhic will use tlie sanie database until the uscr logs out and logs 

in \\.it11 a different user name. This feature is advantageous to keep various small RNA cloning 

projects separate. Also, the user can choose the DNA sequencing file names wisely and use thc 

same database with different samples from the sanie cloning pro-ject (see sample source 

description below). 

Each MySQL database is accompanied by a BlastN database. The latter database is a 

dynamic test file to which each new entry is appended in FASTA format. 

The 'DNILI/JLI.\CJ I ~ I I ~ ~ L ' I I I ~ ~ I I I  To(?/: iirlrloltlliori Churlget allows the user to change only 

two fields of each insert: 'trnno/~i/ion' and 'gro~rp', all othcr ticlds (rro, id, ssqzrerrcc. Irrrg/li. 

or.icn/~r/iorr and ~trmple ,sozrrce) cannot be edited from the web interface in ordcr to preservc thc 

integrity of the database. This restriction was deliberately chosen to niauimize the integrity of 

primary data. 



Figure 2.3: Screenshot of Ebbie's front page. 

The user is able to (1) review the current cloning primer pairs and update them if necessary. (2) 
Sequencing file analysis by uploading a text file containing the sequencing data and keeps a logbook 
of events. (3) Database management tool: Annotation Change. A database entry is retrieved and 
annotations can be updated. (4) Database management tools: View All and Lost & Found. 

Ebble v3.0.10 

Before you dPlt: 

Yow curcut clooiog primus for bLabasc qpmer u c  rccordcd as 
Yow 5' cloriagprhnn is. 5'-ATCmAGGCACCTGAAA-3' ankws-: 5' -777l7A~CTACCfAT-3 '  
Yollr 3' clomvgpnuur s ~' -GAAGAGCCTACGACGA-~'~~~J~M: Y - T O T O Z A m - 3 '  

If you waot lo change the mmmt recorded p m e n .  please do so here 

Please enter yow 5' clomg primer here 5'dP-3' 
Please enkr yow 3' clornngpnmer here TI---3' 

Sequtnct Analysis: 

~ - . .... 

Database Management Tool: Annotation Change. 

By enlenng the MySQL number of a d RNA. the cuncn! c n q  1s rcmevcd and nvo annolaMn Eeld can be alrered goup and 
annomon Pmary sequence !dormaEon carnor be ahred 

Munb.rof m n :  Idofvlssfl: 

I 
Fmd l n m l  by Number I 

I-------- 
Fnd inmi byld I 

--- -- -- - - - - - -- - - - - -- - -- - - - 

Database Management Tool: Vlew AU and Lost & Found. 
Fmd cntncs m darabasc egesner Use - as Adcard for s d e  chnrac~er 

Renew dl en&s m database euesner 
% as Adcard for mulhple characfcrs More complex quenes cur be 
rchcved by d c c t l y  hxn  the second pull dorm menu 

Losf 8 Found / -- 

2.1.4.2 Analysis of inserts 

Once an insert is found, Ebbie: 

- deposits the id and sequence insert into the dynamic BlastN database, 

- deposits the insert into the MySQL database, in the correct sense specified by the 
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orientation of 5-CP and 3-CP, 

- determines the inserts leilglh, 

- determines its id based on the file name. and 

- determines its .uunple SOZIYCC', which is inferred from thc first character of the file 

name. 

Thc latter function relies on grcp to determine thc initial charactcr and then assigns the 

sample source by referencing an external test tile. This sample source assignment can easily be 

manipulated by cditing the external test file (/ebbie/mod/source.nt). Currently, tile names starting 

with 1 .  2. ... 9 have an automatic sample source assigned; other file names will result in 'zirikrlo,vn' 

sample source. 

Following thc autoniatcd sequence deposition, the sequence inscrt is subject to BlastN 

searchcs against locally installed databases. In our case. thc BlastN searches included thc BlastN 

database from thc Arahitlopsis smRNA-cloning project (Gustafson, et al., 2005): the genomes of 

Y-Satellite plus its helper virus Cucuniber Mosaic Virus (NCBI Genbank accession numbers for 

viral genomes: NC - 002034. I, NC-002035.1, NC-00 1440. I, D 10038. I) and a complete BlastN 

database of all previously found inserts. The latter dynamic BlastN database extends each time a 

ncw insert is found, allowing for rapid identification of new groups. Each BlastN analysis is 

scanned by p e p ,  probing for 'No /~i/sfi)zirid.' in which case it will only print one linc onto the 

screen, indicating the unsuccessfully searched database. Otherwise, thc coniplctc BlastN analysis 

is displayed on the web page to facilitate user-mediated annotation. Figure 2.4 shows the analysis 

of a clone, in this case finding a complete match against three previous cntrics. 

The user can now till out three additional annotation fields: 

Gr-otp pull-down nienu: The group pull-down menu offers standard RNA types found 

previously during data entry and analysis. A no(. group can bc added through the accompanying 

test field if a grolp is identified by local BlastN analysis. Once submitted, this rielv grozp 

dcscription is siniultaneously addcd to the small RNA annotation in the MySQL database, thc 

BlastN dynamic databasc and the gi-ozp pull-down menu. The latter menu is sorted alphabctically 

and is made available for subsequent g7~21j)  annotations. This form of annotation proved quite 

po\vcrful in the analysis of our set of small RNA. 

,4i7no/~l/ion field: a tcxt ficld allowing for user generated comments based on the 

automatic BlastN searches or external BlastN searches (our BlastN searches were limited by the 



amount of RAM available on the server). 

Figure 2.4: Analysis of a small RNA sequence using Ebbie. 

The first table shows the MySQL database entry, which is created automatically once a cloned small 
RNA is found (entering idlfilename, sequence of small RNA in correct 5'-3' orientation, length and 
sample source). The group annotation pull-down menu offers the user a choice from a variety of 
group annotations. A new group can be named in the adjacent text field. Further annotation details 
can be added in the annotation text field. The orientation field offers three choices: NIA, antisense 
and sense. 

51s 18. As41 sense 

31s 51s nnhsmse 

no id sequence length sunpla tourre s o u p  annolacion 

57 4mimaM TATCACCGATTACTTGCTGTCGC 23 Medicago mvlclhrla 

Reference: 
Alcsch~l, SCephCn F., Thorns L. hdden, Alc3andro A. ScMLLer. 
Jlnghur Zhsng, Zheng Zhang, Webb nrller, and Davld J. Lrpmn (1997). 
"Gapped BLAST and PSI-BLAST: a m u  gencratlon o t  pcoccln dscabue search 
PZOQC-", Nuclelc kl& Rcs. 25:3389-3402. 
Database: /hoac/aehhardc/cbbl~/bIasc/11)lrnaa.2 

7873 sequence=; 975.807 total lecccrs 

Ouary- 4mlrnu. cur 
(23 leccers) 

Scqucnces producing sxgnttrcnnc alrg-nc-: 

chr-mlr-43 HI000049h Caenorhabdtrls brlpgsae mrR-43 stern-loop 2 0.004 
=el-mlP-43 HIHlTU000014 Cacnorhe.8dltls elcpaw mlR-43 30 0,004 
cbr-mlr-43 nI0000496 Caenorhabdttls brlggaae mlR-43 stem-loop 3 0.004 
ccl-mlR-43 HIllA~000iIl9 C~nachahdlcls elegem mlR-43 - 30 0.OOY 

.Fbr-ml~-43 HI0000498 C a e n o ~ W d l L I s  hrlggsae mlR-93 sccm-loop 
Length - 95 

Orientation pull-down menu: allows the selection of three categories: NIA, sense and 

antisense to classify the BlastN search results. This feature is also used when working with 



multiple inserts -all non-annotated inserts in the MySQL database will have a "NULL" entry in 

this column. Once the insert is annotated, thc "NULL," will be replaced by the above mentioned 

choices. 

Once annotated, the insert's MySQL entry is updated by pressing the submit button. 

Consecutively, Ehhic's deposit algorithm appends the newly annotated entry to the BlastN test 

file in FASTA format. The flat file is stlbseqi~ently formatted into BlastN lTles for subsequent 

BlastN analysis. The newly created web page displays the MySQL entry (id, sequence, lengfh. 

gr011p and rmorarion) and allows the user to return to Ehh i ' s  main page or make annotation 

changcs to newly discovered group members. 

An example: ribosomal RNA group 01 

We classified a group as two sequences overlapped by 12 or more consecutive base pairs. 
?. I his empirical overlap proved to be stringent in retrospect; a I6 base pair non-gapped overlap 

would have resulted in 32 groups. The pcrcentage overlap score from BlastN is sometimes 

misleading, as a BlastN search might not align the whole qucry sequence to any given subjcct, 

thus misleading the user about the percentage identity. 

During our small RNA cloning project of virally infected tobacco plants", Ehhie 

identified 33 groups among 700 small RNA sequences. The first group Ehhic. identified in 

infectedlnon-infected tobacco plants was a 24 nt small RNA resulting from the 5' start of the 

small ribosomal RNA.  This accumulation is an intriguing fact and does not seem random, 

considering that 18s ribosomal RNA is approximately 1,800 nts in Icngth. This group was further 

investigated (sec Chaptcr 4 starting at page 62). 

2.1.4.3 Multiple inserts 

If the numbcr of  inserts in the sequencing file exceeds one, all inserts are auto~natically 

inserted into the MySQL database in the correct 5'-3' orientation, together with their Ier~gfl~ and 

sumpfe source. The id for each insert is specified uniquely by appending to the end of the 

filename a ilnique insert number. The user is notified of the numbcr of primer pairs found and the 

number of inserts deposited into the MySQL database. To analyze individual sequences. a pull- 

down menu displays all inserts found in the current sequcncing tile. Following the selection of an 

insert, the user can analyze each one individually (as described in the previous section above). As 

long as unannotated inserts are in the database. the user can select from thc pull-down menu 

remaining unannotated cloned small RNA sequences. 



2.1.4.4 Logbook function 

Tlie logbook fi~nction is accessible from Ehhie's main page. Each time a tile is uploaded 

and analyzed by Ebbie, the system time is recorded. togethcr with the lilenamc. Once tlic filc is 

analyzed, a comment is recorded depending on the outcome of the analysis: 'Sorry, there was no 

insert found', 'Single insert found.', 'There wcre x primer pairs and y inserts deposited into z' 

(where x is the number ol*prinier pairs found, I, the number of inserts depobited and z tlie database 

used) and 'Number of 5'- and 3' -cloning primers not even!'. The latter comment is displayed in 

red, as tliis file may need manual intervention to rescue its content before subjecting it again to 

the insert escision algorithni. 

2.1.4.5 Review database 

All entries in the selected database can be reviewed and ordered by id, letig~li, graorip and 

t~urtih~r. fields using the 'View All' button. For each database, Ehhie will remember the last 

selection of this pull-down menu. This feature is useful while generating a database and allows a 

quick survey of tlie database during data entry. 

2.1.4.6 Lost & found 

The Losl R Foritid function allows the uscr to use one or more wildcard characters for 

qucrying the database. I-' is used for single character and '%' for niultiple character wildcard. 

From a pull-down menu the user selects a category. e.g. id, and in the adjacent test field the query 

is cntered, e.g. '3%'. In tliis esample, all entries with the starting character of '3' are displayed, 

For more coniplex queries, a second pull-down menu is available, wliicli includcs 

AND/OR BOOLEAN operators. For example, all small RNA belonging to the class of "Y-Sat 

RNA" AND Icngtli of "2 1" nucleotides can be selected. 

2.1.4.7 Change annotation 

To update tlie ~titio/u/ioti of individual inserts, a chtrtige ut7no/u/ioti script was 

implemented. Tlie script searches for either the i do r  nunihcr. of the insert. The id is useful once a 

new grroirp is identified in a BlastN search. l 'he rizrrriher is convenient after reviewing the 

database. Oncc a ttut~iher. or it1 has been submitted, the record of tlie it1 is retrieved from the 

database (rio, i d  .SPC/II~I~LV, lerigltt, s~iniplc. sowce. group and ~rtino/~r/iorr). With Ehbic v3.0.10 thc 

BlastN search against locally installed databases is repeated and printed below the annotation 

fieltls. This gives the user a sensc of certainty that the RNA sequence was annotated correctly in 



the first placc and any annotation ambiguity can be resolved. The user can then choose a standard 

g r w ~ ~ p  description from the group pull-down menu or add a ilcw group. 'The ',4i1i1o/~l/ioil fieldf mill 

display the current annotation in the text field, allowing the user to add supplerncntary 

information to it. Once adjustments are made. the new mi?otutioi~ can be submitted and the 

corresponding fields in the MySQL database are updated. Further, if the group annotation is 

changed, the BlastN flat file will be editcd to reflect the current gruz~p annotation. The user is 

unable to use a wild card character for the c/lunge nimotcrtion function. 

2.1.5 Limitations of Ebbie 

The algorithm will esperiencc difficulties if low complexity or ambiguous repetitive 5-  

CP or 3-CPs primer sequences are used, which should be avoided by the correct design of primer 

pairs. Similar fimdamental problems arc encountered when cloning RNA using poly(A)- 

polymerase to extend thc 3' end of a sequence \vhich niay already contain poly(A) residues. 

Additional wet lab experiments (e.g. primer extension assays) need to be conducted in order to 

deterniine the RNA's trae 3' end length. Also. no wild card characters are allowed when 

identifying 5-CP and 3-CP primers within thc DNA sequence file. to ensure the quality of the 

DNA read. Imperfect primers can be identified by a subsequent ~nanual examination of sequence 

files that are tlagged as  having uneven or no primer pairs in the logbook. 



3 EXTENSIVE 3' MODIFICATION OF PLANT SMALL 
RNAS IS MODULATED BY HELPER COMPONENT- 
PROTEINASE EXPRESSION. 

In a previous study. Wang and colleagues infected tobacco plants with Y-Satellite and its 

helper virus Cucunlber Mosaic Virus (Y-SatlCMV) causing the wild-type tobacco plants to 

yellow. Infection of tobacco plants expressing the strong RNA silencing supprcssor PIIHC-Pro 

(HC-Pro fro111 here on) did not show the yellowing phcnotype (Wang, et al., 2004). This implies 

that Y-SatICMV uses the endogenous RNA silencing pathway to cause disease sympton~s. Using 

Northern hybridization experiments wild-typc infected plants sliowcd low levels of s~nal l  RNA 

(21122 nt in size) originating from Y-Sat. In HC-Pro expressing infected tobacco plants, the levels 

of Y-Sat sniall RNA were I0 times higher, yet did not causc the yellowing syniptoms. To esplore 

this paradox, where small amounts of Y-Sat small RNA cause yellowing in HC-Pro(-) plants and 

appreciable amounts of Y-Sat small RNA in MC-Pro(+) caused no obvious phcnotype, small 

RNA from abovc mentioned plants were isolatecl. cloncd and sequenced. Furthcr, my research 

aimed to address the question how PIIIIC-Pro acts as a RNA silencing suppressor. 

3.1 Small RNAs from tobacco plants 

For n two variablc experiment, in this case IIC-Pro expression andlor infection with 

CMVIY-Sat. only one variable is changed at a time. Exploring all options leads to a four-poinl- 

coniparison-study. allo\ving the researcher to attribute for the changcd variable. Thus, small RNA 

were isolatcd from four different groups of tobacco plants, namely HC-Pro(+)/uninfected, HC- 

Pro(-)/uninfected, HC-Pro(+) CMVIY-Sat(+) and HC-Pro(-) CMVIY-Sat(+) representing the 

four possible scenarios for comparison. 

3.1.1 5' radiolabelling of small RNAs from tobacco plants 

All small RNA samples were 5' radiolabellcd with or without prior phosphatasc treatment 

using polynucleotide kinase and [ " P J ~ A T P .  Thc radiolabelled small RNA samples were 

analyzed on a 23.75 % denaturing PAGE, with the resulting autoradiogram shown in Figure 3.1. 

The intensity of phosphatase treated RNA samples was on average 2.5 times more intcnsc than 

those RNA that were initially not treated with phosphatase. This observation confirms published 



results indicating that mirco- and silencing RNA are 5' phosphorylated. There is a dominant 24 

nts band for all plant samples. Y-SatlCMV infected tobacco plants show an additional band at 

2 1122 nts. 

Analyzing the 5' radiolabelled RNA from all four plants in a native PAGE, it shows that 

upon infection with CMVIY-Sat a slower migrating band corresponding to double stranded small 

RNAs is visible. This indicates that upon viral infection more duplex small RNAs are formed 

than available RISC are available. 

Figure 3.1 : 5' Radiolabelling of Small RNA from (un-)i~lfected tobacco plants. 

(A) Four tobacco plant small RNA extracts were radiolabelled using polynucleotide kinase (PNK) 
with iln excess of ly32PIATP. The sanlples were either untreated (-) o r  pretreatcd with CIP (+) 
before labcling, which resulted in ~lear ly  identical gel mobility and relative labeling intensities. To 
obtain approximately equal labeling intensities, the samples pretreated with C I P  were diluted by an 
average of 2.5-fold relative to the samples that were untreated. The RNA size markers in the first two 
lanes indicate the mobilities of 24- and 18-nt RNA species. The ratio of the background intensity to 
the intensity of the 24-nt band in each sample was within 2-fold for the uninfected plants. A similar 
background ratio was observed for the infected plant samples. (B) 5' radiolabelled RNA was run into 
a native 10 O h  PAGE. Indicated a re  the single- and double stranded RNAs. 

lane 1 2 3 4 5 6 7 



3.1.2 Cloning and sequencing of small RNAs from tobacco plants 

For cloning, the small RNA were gel purified and appended on the 3' terminus with :in 

adenylylated DNA oligo (App16.5) using T4 RNA ligase. Following this ligation, the RNA-DNA 

hybrid was gel purified and appended on the 5' terminus with an RNA oligo (r17.50) using 1'4 

RNA ligasc. Then, the construct was reverse transcribed, PCR amplified and cloned into the TA 

cloning vector pCR2.0. The transformed bacteria (E.coli .JMI09) were plated agar plates 

containing Ampicillin and X-Gal. The latter component is ~ ~ s e d  for bluelwhite screening of 

colonies. Most pUC vectors encode the first 146 aa of P-galactoside. I ra  fragment is successfully 

cloned into the polycloing site, the 146 aa fragment will not be enzymatically active, thus the 

bacterial colonies appear white (Ullmann, et al.. 1967). PCR products from individual colonies 

were evaluated for containing inserts of appreciative length by agarose gel electrophoresis and 

send for DNA sequencing to determine Ihe primary sequencc of the cloned small RNA. 

In total 698 small RNA sequences from all four plant types were deposited into the 

MySQL database using Ehhie. These sequences were classified into four major groups based on 

their annotation: riboso~nal or transfer RNA fragments, cucumber mosaic virus, Y-Satellite and 

plant sequences. The latter group included sequences that were easily identifiable, such as micro 

RNA or messenger RNA fragments, and small RNA with unknown annotation. Plotting thc 

Icngth dislribution of these small RNAs and colour coding the four major groups resulted in the 

following histograms (see Figure 3.2). 

Looking at the size distribution of cloned s m l l  RNA from uninfectcd plants (Figure 3.2 

top panels), i t  is notable that the amount of 24 nt RNA is appreciatively lcss than what would be 

expected from the 5' radiolabelling (Figure 3.1 lanes 3 to 6). 2 1/22 nt s~nal l  RNA are twicc as 

abundant than 24 nt small RNA in the histogram of cloned small RNA. This is in contrast to five 

times morc 24 nt over 21/22 nt RNA in the 5'  radiolabelling. Comparing the uninfected plants. 

HC-Pro expression causes thc number of cloned ribosomal and transfer RNA fragmenls lo 

decrease significantly. 

The histogram of cloned small RNA from HC-Pro(-) CMVIY-Sat(+) plants (Figure 3.2 

bottom lefi panel) and their 5' radiolabelling (Figure 3.1 lanes 9. 10) agree to the greatcst extend. 

When comparing the 5' radiolabelling a~~toradiogram of small RNAs lion1 HC-Pro(-) (un-) 

infected plants (Figure 3.1, lanes 5 and 6 1 ~ 1 ~  L I S  lanes 9 and 1 O), one observes that upon viral 

infection 21/22 nt small RNAs appear. The small RNA cloning confirms that the majority of 

2 1/22 nt small RNA in infected plants are of viral origin, confirming previous Northern 

hybridization experiments (M'ang, et al., 2004). 



Figure 3.2: Histogram of cloned small RNAs. 

The top two histogranis are from uninfected plants, the bottom two are from Y-SaWCMV infected 
tobacco plants. On the left are  HC-Pro(-) plants, on the right HC-Pro(+) plants. In light green are 
tRNA and rRNA fragments; dark green plant related small RNA sequences; orange are small RNA 
originating from CMV and in red are  small RNA from Y-Sat. 

3.2 Discrepancy between 5' radiolabelling and cloned small RNA 
histogram 

The size distributions in the histogram of cloned small RNA (Figure 3.2) agree well with 

the 5' radiolabelling (Figure 3. I ) ,  except for HC-Pro(+) CMVIY-Sat(+) plants. The HC-Pro(+) 

infected plants showed a bimodal distribution of small RNAs in the autoradiogram of the 5' 

radiolabelling (Figure 3.1, lanes 7 and 8), but only a mono-modal distribution in the histogram of 



cloned small RNAs (Figure 3.2, bottom left panel). This discrepancy was further investigated (sce 

below). 

3.2.1 Ligation expcrimcnts 

Investigating this discrepancy further: a time course of the first 3' adaptor ligation (using 

App 16.5 and T4 RNA ligase) with 5' radiolabelled small RNA from Y-SatICMV infected tobacco 

plants HC-Pro(-)/(+) was carried out. Ligation time points were analyzed on a 23.75 % 

denaturing PAGE and visualized by phosphor imaging. The resulting autoradiograni (Figure 3.3 

A) shows clearly the time dependent accuniulation of ligation products for a control RNA (lanes 

1 to 4) and small RNA populations from HC-Pro(-)/(+) infected plant (lanes 5 to 12). 

The time dependent ligation profile for HC-Pro(-) CMVIY-Sat(+) plants shows a 

bimodal distribution (Figure 3.3 A, lanes 9 to 12). In contrast, HC-Pro(+) CMVIY-Sat(+) plant 

RNAs show n bimodal distribution before ligation (Figure 3.3 A. lane 5) but only a mono-modal 

distribution of time dependent ligation product (Figure 3.3 A, lanes 6 to 8). 

To further visualize the effect of the 3' adaptor ligation, the starting population in to and 

the ligated population in tfi,,,, were visualized in a histogram. In Figure 3.3 B to (blue) ancl tlillnl 

(rcd) overlap in RNA ligations from HC-Pro(-)/CMV/Y-Sat(+), but shows a lack of  large ligation 

products corresponding to the ligation of App16.5 to 24 nt RNA in tlC-Pro expressing infected 

plant samples. Thus, the discrepancy seen between the 5' radiolabclling and thc histogram of 

cloned small RNA is due to the first 3' tcrminus ligation step. 

The ligation results in Figure 3.3 A, lanes 5 to 12 clearly clelnonstrate that the 

discrepancy between the 5' radiolabelling and the histogram of cloned small RNAs is due to thc 

ligation on the 3' terminus of the RNA, the first step in the cloning protocol. It still leaves thc 

possibility that the 24 nt small RNAs did not ligate well because they were blocked on their 3' 

tcrniinus. To address the question if the 24 nt sniall RNA in IIC-Pro(+) CMVIY-Sat(+) plants 

were blocked on their 3' terminus, pel purified 24 nt RNA from all four plant types were ligatcd 

to the 3' adaptor App 16.5 using T4 RNA ligase. A time dependent accumulation of ligation 

product is visiblc in lanes 13 to 28 of Figure 3.3 B. Thus, all 24 nt small RNA are in principlc 

ligatable. 

Taking together all facts accumulated thus far, the 24 nt RNA would have bcen cloned if 

they were the sole component of the ligation reaction. But, the RNA sample from HC-Pro(+) 

CMVIY-Sat(+) plants had two populations of small RNAs. Because the 2 1/22 nt small RNAs 



cloned much more efficiently, they were a bctter substrate for T4 RNA ligase. One possible 

hypothesis is. that in HC-Pro(+) CMVIY-Sat(+) plants the Y-Sat 2 1/22 nt small RNA are not 

modilied on their 3' terminus, thus they are the preferential substrate for T4 RNA ligase over 

modified s~nal l  RNAs. 

Besides the expected longer ligation products (RNA and adenylylated DNA are ligated), 

a second time dependent band migrating faster than the imligated 24 nt RNA. Judging by the 

mobility of the band, the time dependent product might be circular RNA. To psovidc cvidence for 

this hypothesis, the ligation material was suhject to alkaline phosphatase treatment and only the 

band below the unligated material maintained its 5'  radiolabel. This circularization 

(approximately 15 %) is due to T4 RNA ligase basic requirements of a 5' phosphoryl and a 3' 

hydroxyl for ligation. Ideally, the ligation takes place betwecn two RNA molecules, but in 15 % 

of the cases the molecule is ligated in cis. This cis-ligation could be avoided by using a T4 RNA 

ligase mutant that requires a 5' adenylylated nucleic acid moleculc and a 3' hydroxyl. The only 

cis-ligation possible for this T4 RNA ligase mutant is the circularization of the 5' adenylylatcd 

adaptor molecule, not the desired small RNA molecule. This circularization might also be 

concentration dependent, as the 5' pliosphorylated control RNA did not accumulate significant 

amounts of circular RNA species. 



Figure 3.3: 3' Adaptor Ligation. 

(A) The 21- to 24-nt small RNAs from infected HC-Pro(+) or HC-Pro(-) plants (lanes 5-12) or the 24- 
nt small RNAs from both infected and uninfected HC-Pro(+) and HC-Pro(-) plants (lanes 13-28) 
were gel-purified and ligated to a 1 6 4  adenylated DNA oligonucleotide. A synthetic 18-nt RNA 
control ligation is also shown (lanes 1-4). The ligation was analyzed at four time points for all of the 
samples: I min, I h, 2 h, and overnight. The slower-migrating species correspond to ligated RNA- 
DNA ligation products; the faster-migrating bands that emerge during ligation correspond to 
circularized RNA (only these bands remain labelled upon treatment with CIP, indicating the circular 
nature of the RNA). The RNA-DNA ligation product from infected HC-Pro(+) plants that 
corresponds to the 21- to 2 2 4  RNAs is significantly enriched (lanes 5-8) relative to the 24-nt RNAs. 
This effect does not occur in the absence of HC-Pro expression (lanes 9-12). The 24-nt RNAs from 
either infected or uninfected plants [HC-Pro(+) or HC-Pro(-)] preferentially form self-ligated 
circular species, with a 3:I ratio between this circular species and the DNA-RNA ligation products. 
In contrast, the ligation of the 1 8 4  control RNA (having the terminal sequence of ... AAG-3') is 
much faster and only gives a negligible amount of circular product (lanes 1-4). (B) Histograms 
showing the small RNA distribution before ligation (blue) or in the RNA-DNA ligated population 
(red) from viral-infected HC-Pro(+) plants (Left) or HC-Pro(-) plants (Right). 

A 
sRNA orl.: Control Heteroqeneous plant Isolated 24 nt. 
HC-Pro + - + - + - 
CMVN-Sat 
Time 

Lane 

B 
Histograms of heteroqeneous plant sRNA 

HC-Pro + - 
CMVN-Sat + + 



3.2.2 Periodate cleavage experiments 

Following the T4 RNA ligase experiments, it was hypothesized that within the popul a t' \on 

of small RNAs there are subpopulation with differential 3' terminal modification status. To 

csplore the status of a blocked 3' terminus, periodate cleavage experiments were performed. 

Sodium periodate converts the 3' terminal ribose into an unstable dialdehydc, which can bc 

removed in a p-elimination step effectively separating the 3' terminal nucleoside from the TINA. 

This reaction only takes place when both 2' and 3' hydroxyls are unmodified. If untreated and 

periodate treated samples are run into a high percentage denaturing PAGE, the periodate sensitive 

samplc will migrate as an approximately 2 nt shorter fragment. This is due to the loss of the 3' 

terminal nucleoside. e.g. a 2 1 nt 5' phosphorylated RNA is comprised of 2 1 nucleosides and 2 1 

phosphates. Due to the periodate treatment and p-elimination, the treated RNA will now only 

have 20 nucleosides, but still 2 1 negatively charged phosphates. The periodate cleavage reaction 

steps and subsequent p-elimination of an unmodified 3' terminal ribose are shown in Figure 3.4. 

Figure 3.4: Periodate mediated cleavage of  unmodified RNA. 

Shown here is the 3' terminus of an RNA molecule. Thc tcrminal sugar is not modified, thus sodium 
periodate is able to open the cyclic ribose ring in neutral buffer conditions. This cleavage results in 
an unstable dialdehyde, which is cleaved off in formanlidc and heat (99 OC), a process termed P- 
elimination. 

I N al O4 
HEPES pH 7.0 

I formamide, 99 *C 
p- elimina tion 

One typical modification of the  3' terminal is a 2',3'-cyclic phosphate originating from 

endo- or exonucleolytic cleavage of RNA. To prove that T4 polynucleotide kinase could remove 

a cyclic phosphate, a 5' radiolabelled 15 nts RNA substrate with a 3' terminal is a 2',3'-cyclic 

phosphate was generated using DNAzyme 10-23 (Santoro, Joyce, 1997). The cleavage product of 

this reaction was subject to periodate cleavage and proved to bc periodate insensitive (Figure 3.5, 



panel B, to vs. tl). The same cleavage reaction was used, but after the initial cleavage event, the 

entire reaction was phosphorylated using [ 3 2 ~ ] y - ~ ~ ~  and polynucleotide kinase (PNK). After this 

reaction, the 15 nt RNA was gel purified and proved to be sensitive to periodate treatment (Figure 

3.5, panel C, to vs. tl).  Judging from these observations, T4 polynucleotide kinase successfi~lly 

removed the 2',3'-cyclic phosphates. The removal of the cyclic phosphate is done in a two-step 

process by which 2',3'-cyclic phosphate is converted to a 3'-Po4 and then hydrolyzes the 3'-PO, to 

a 3'-OH (Cameron, Uhlenbeck, 1977). 

Figure 3.5: Polynucleotide kinase removes 3' terminal 2',3'-cyclic phosphates. 

(A) The 24.1 1 RNA was targeted by 10-23 DNAzyme to be cleaved into two asynimetric products, 9 
and 15 nts in length, respectively. A red arrow indicates the cleavage site. The 15 nt long fragment 
carries the 2',3'-cyclic phosphate on its 3' terminus, whereas the 9 nt fragment carries a 3' OH on its 
3' end. (B) Following the cleavage of the 5' radiolabelled 24.1 1 RNA, only the undigested substrate 
and the 15 nt fragment carrying the 5' radiolabel are visible in a autoradiogram of the 23.75 % 
denaturing PAGE. The 15 nt fragment was then gel purified (panel B, to) and subject to periodate 
treatment and p-elimination (panel B, tl). As seen in the autoradiogram, no periodate dependent 
cleava e is observable. (C) Following the cleavage of 24.1 1 RNA, the reaction was phosphorylated g using ~ ' P ~ ~ - A T P  and polynucleotide kinase (PNK). Visible are most nucleic acids: 32 nt band is the 
DNAzyme, 24 nt band is the uncleaved 24.1 1 RNA, 15 nt band is the 5' cleavage product and the 9 nt 
band is the 3' cleavage product is not visible in this figure. The 15 nt band was gel purified (panel C, 
to) and subjected to periodate treatment (panel C, tl). The periodate dependent cleavage is alniost 
quantitatively. 

Cleavage of 
24.1 1 RNA with 
DNazyme 10-23 
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Periodate 
Cleavage 
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DNazyme 10-23 using PNK 

Periodate 
Cleavage 
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Another ubiquitous modification of the KNA ribose is the niethylation of the 2' hydrosyl. 

This modification was first detected in ribosomal KNA, especially in functional regions of the 

ribosonle, and is thought to structurally stabilize the ribosomal RNA (Cunningham, et al.. 1991). 

This 2'-0-methylation is facilitated by an RNA-protein complex containing small guide KNAs 

called CID box snoRNAs (small nucleolar KNAs) (Omer, et al., 2000). This post-transcriptinal 

modification is catalyzed by the methyltransferase fibrillarin, which is guided to the target RNA 

by C/D box snoRNAs (Omer, et at., 2002). 

Table 3.1: 3' terminal modifications on ribose of RNA. 

Shown in this table are various modifications of the 2' and 3' position of the 3' terminal ribose. Each 
column represents an enzymatic or chemical assay and its ability to detect the 3' terniinal ribose 
modification. Some experimental results are s l ~ o w ~ ~  in Figure 3.8. 

Ligase PAP 



Small RNA from all four plant types werc first phosphorylated. effectively removing thc 

2',3'-cyclic phosphate, and then subjected to sodium periodate cleavage. A scven nucleotide 

unmodified synthetic RNA was added to each RNA saniple as a control for successful periodate 

cleavage. Figure 3.6 A shows the autoradiogram of size separated periodate cleaved RNA 

samples. In dl samples, the 7 nt  control RNA was cleaved quantitatively and the 24 nt sniall 

RNA arc mostly periodate resistant. In infected tobacco plants. the 2 1/22 nt small RNA was 

periodate resistant in HC-Pro(-) plants (Figure 3.6 A, lanes 9 and 10). In HC-Pro(+) plants, the 

2 1/22 nt band showed sensitivity to periodate cleavage (Figure 3.6 A, lanes 7 and 8). To further 

denionstrate that only 21122 nt are sensitive to periodate treatment, 24 n t  small RNA from all four 

plant samplcs were gel purified and exposed to periodate as seen in Figure 3.6 B (lanes 3, 5, 7 and 

9). This experinlent confirmed, that only a sniall fraction (5 to 12 %) of 24 nt small RNA are 

periodate sensitive regardless of HC-Pro expression within the cell. Thc 7 nt control RNA 

cleavcd quantitatively in all reactions. 

The periodate cleavngc assays on populations of small RNA, albeit by size, support the 

before mentioned hypothesis that not all subpopulations are equally modified on their 3' terminus, 

thus lcading to the discrepancy obscrved during 3' adaptor ligation using T4 RNA ligase. In 

infected plants, the 21/22 nt RNA population is comprised of viral and endogenous sniall RNA. 

To analyze wliicli subpopulation is sensitive to periodatc cleavage, specific sniall RNA were 

isolated from the total population of small IINA. To isolate specilic sn~al l  RNA, 3' biotin-labelled 

DNA probes were designed antisense to conimonly cloned 21/22 nt RNA. namely MIR166, 

MIR168, as well as sense and antisense probcs against Y-Sat sniall RNA frorii region 173 to 193. 

I n  separate reactions, these antisense probes were annealed to total 5' radiolabclled small RNA. 

Following the annealing step, the mixture was incubated with streptavidin and all fragments were 

separated by size in a nativc PAGE (Figure 3.7 A). Thc shifted rnatcrial contained MIR166, 

MIR168 for all four plant samples and Y-Sat small RNA (position 173 to 103) froni infccted 

plants. The s~nal l  RNA were cut from the gel, eluted and tested for periodatc cleavage sensitivity. 

'The resulting autoradiograms of the denaturing 23.75 % PAGE is shown in Figorc 3.7 B and C. 

Y-Sat small RNA were only sensitive to periodate in tIC-Pro expressing infectcd plants (z 50 % 

Figure 3.7 B lanes 3 and 4; Figure 3.7 C lanes 7 and 8). On the contrary, Y-Sat small RNA from 

f-IC-Pro(-) CMVIY-Sat(+) plants were not sensitive to periodate, nor were endogenous micro 

RNA MIR 166 and MIRI 68 in eithcr HC-Pro(-) or HC-Pro(+) plants (Figure 3.7 B lancs 7 to 14: 

I:igure 3.7 C lanes 3 to 6). 



Figure 3.6: Periodate cleavage of small RNA populations. 

(A) Small RNAs were radiolabelled ~ i t h  I'NK (lanes 3, 5, 7, and 9) and then subjected to periodatc 
treatment (lanes 4,6,8, and 10). Only RNA from virally infected HC-Pro(+) plants showcd 
significant sensitivity to periodate (lane 8). A synthetic 7-nt internal control RNA was added to all 
RNA fractions bcforc chemical treatment to confirn~ the efficient periodate-niediated climination of 
the terminal nucleoside from unmodified RNA. A 24-nt RNA marker reacts to completion when 
exposed to periodate, shifting downward by 2 nt in mobility (lanes 1 and 2). Note that the 15-nt 
double bands in the two uninfected samples are also fully sensitive to periodatc (lanes 3-6). 
(B) The 24-nt-long RNAs from both the infected and uninfected plant samples wcre gel-purificd and 
subjected to periodate treatment separately. Quantification of cleavage products indicates that 
cleavage in uninfected plants is weakly dependent on HC-Pro expression 17% and 5% i n  lanes 3 and 
5, respectively, after background subtraction  sing the (-) periodate lanes[. la infccted plants, HC- 
Pro effects a 2-fold increase in periodatc cleavage (12% and 6% in lanes 7 and 9, respectively). 

A 
HC-Pro - + - + + - -  
CMVIY-Sat - + + + +  
Perlodate - + - + - + - + - + 
Lane 1 2 3 4 5 6 7 8 9 1 0  

B 
HC-Pro + + - -  + + - -  
CMVIY-Sat - - - -  + + + +  
Perlodate - + - + - + - +  
Lane 1 2 3 4 5 6 7 8 9  

These experiments confirm that within the total population of small RNAs from I-IC- 

Pro(+) CMVIY-Sat(+) tobacco plants, a subpopulation is not modified on its 3' terminus. No 

other small RNA sample in the four-point comparison study showed a large discrepancy between 

the cloning data's histogram and their 5' radiolabelling autoradiogram. From these observations 

two cunclusions can bc drawn. First. all slnall RNAs are equally modified on their 3' terminus. 

Second, HC-Pro modulates the 3' terminal modification of viral small RNAs, a subpopulation of 

thc total small RNA population. 



Figure 3.7: Periodate cleavage of small RNA species. 

(A) Purification of small RNAs with streptavidin-induced native gel shifts. A single-stranded 5'- 
radiolabelled oligonucleotide (lane 2) beillg aunealed to an al~tisellse 3'-biotin-tagged oligonucleotide 
only shifted ~llargillally in the absence of streptavidin (lane 1). Wllell streptavidill is added, a nearly 
quantitative and large upward gel shift occurs (lane 3) i r r  a native 10 % polyacrylan~ide gel. Specific 
small RNAs (Y-Sat and MIR168) were therefore isolated by annealing radiolabelled small RNAs 
from plants to corresponding biotinylated antisense oligonucleotides, followed by separation using 
native polyacrylan~ide gel in the presence of streptavidill (lanes 4-9). Annealing of the labelled small 
RNAs with a random sequence did not result ill a detectable gel shift, nor did annealing of small 
RNAs from uninfected plants with the Y-Sat probc (data not shown). The signal illtcnsities of thc 
RNA:DNA duplexes relative to those of the total small RNA population a r e  0.62, 1.17,0.25,0.24, 
0.21, and 0.30%, respectively, for lanes 4-9. The same technique was used to isolate 1MIR166 (data 
not shown). (B) Periodate treatment of MIR168 and Y-Sat small RNAs. Lanes 1 alld 2 a r e  the 24- 
and 7-nt control RNA before and after periodate treatment. The 7-nt control RNA was added to all 
samples to servc as an internal control for periodate cleavage. Lanes 3-6 show Y-Sat small RNA from 
infccted HC-Pro(+) o r  HC-Pro(-) plants treated with periodatc (+) o r  nntreated (-). Lanes 7-14 ilrc 
MIR168 with o r  withoat periodate treatment. Periodate cleavage is negligible ia all miRNA samples 
(infected HC-Pro(+) plants show minor cleavage). (C) Periodate treatment of MIR166 and Y-Sat 
small RNAs. MIR166 from infected HC-Pro(+) o r  HC-Pro(-) plants was substantially resistant to 
periodate (lanes 4 and 6). Only the Y-Sat small RNAs from HC-Pro(+) pli111ts were sensitive to 
periotlate (lane 8). 
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3.2.3 Modification of 2' or  3' hydroxyl? 

Having established that most small RNA in plants are modified on their 3' terniinus, two 

questions remained: ( I )  what is the modification and (2) is the modification on the 2' or 3' 

hydrosyl? The first question was answered on February I 1, 2005 when Yu and colleagues 

published that micro RNA are methylated on their 3' ternlinus by HEN I (Yu, et al., 2005). The 

research group observed a S-adenosyl methionine (SAM) binding motif within HEN 1 and \\{ere 

able to show in vih.o the transfer of  a [ l k ]  radiolabelled SAM onto a micro RNA. Together with 

our data, i t  builds a strong case that all small RNA are methylated on their 3' terminus. 

This leaves the second question if thc modification is on the 2' or 3' hydroxyl. Our 

cloning data showed that the niethylatcd snia11 RNA are able to be ligated. This suggests that the 

3' hydroxyl is not modified, as  both T4 RNA ligase and Poly-(A) polymerase strongly prefer a 3' 

hydrosyl to form a phosphodiester bond between adjacent nucleotides. To  explore how efficient a 

methylnted 2' hydrosyl substrate is for ligation with T4 RNA ligase and extension using poyl(A)- 

polymerase, two seven nucleotide RNA molecules were synthesi~ed. These two synthetic liNA 

molecules were identical in sequence and differed only in their 3' tcrminus modification, 2'- 

hydrosyl (2'-OH) or 2'-0-methyl (2'-0-Me). In an extension experiment, poly(A) polytnerase was 

not able to extend the 2'-0-Me substrate. even though the enzyme \\.as active as seen by the 

extension of an internal unmodified 126 nl control RNA (Figure 3.8 A lanes 3 and 4). Poly(A) 

polymerase extended rapidly the 2'-OH synthetic RNA aftcr one hour (Figure 3.8 A lanes I and 

2). T4 RNA ligase was able to append the adenylylated DNA (Appl6.5) to the 2'-0-Me RNA, but 

with lower efficiency (39 % ligation yield after one hour versus 86 % using 2'-OH substrate). 

Thus, an estendcd ligation would facilitate ligation of 2'-0-Me modified sniall RNA. 

3.3 Concluding remarks 

The experiments presented in this chapter clcarly demonstrate that all sniall RNAs in 

plants are modified on the 2' hydrosyl oftheir 3' terminus. I'ogether with in vi/i.o evidence (Yu, et 

al., 2005) this modification is most likely a 2'-0-Me. This discovery \\as made while 

investigating the sniall RNA populations from HC-Pro expressing CMVIY-Sat infected tobacco 

plants in a four point comparison study. As the mjori ty of mature s~nal l  RNAs arc methylated on 

their 2' hydrosyl, the cloning efficiency is lower when compared to an unniodified 2' hydrosyl. 

When HC-Pro interfered with a sub-population of small RNAs, namely the viral siRNAs, the 

ligation efficiency of the unmodified sniall RNAs was greater than the ligation efficiency of 

modified sniall RNA. Thus, the discrepancy between the histogram of HC-Pro(+) CMVIY-Sat(+) 



and the autoradiogram of the 5'  radiolabelling. Further in~plementations of this discovery are 

discussed in Chapter 5 .  

Thus Tat.. the biochemical aspects of small RNA pop~tlations were discussed and the small 

RNA cloning data analyzed globally. The following chapter will discuss the results from the 

small RNA cloning pro-ject in more detail. 

Figure 3.8: RNA extension assays. 

(Left) RNA containing a terminal 2 '-0-Mc is resistant to extension by poly(A) polymerase. A 
synthetic 7-nt RNA containing a 2'-0-Me was completely resistant to extension when incubated with 
ATP and polv(A) polymerase (0- and 1-h time points, lanes 3 and 4); an unmodified control RNA 
having the same sequence was nearly completely extended in 1 11 (0- and 1-11 time points, lanes I and 
2). A c o ~ ~ t r o l  126-nt unmodified RNA is efficiently extended by poly(A) polymerase in both 
experiments. (Right) T4  RNA ligase recognizes 2'-0-Me modified RNA as an acceptor substrate. T4 
RNA ligase ligates a 7-nt 2 '-0-Me RNA to an adenylated DNA oligonucleotide, resulting in a 23-nt 
RNA-DNA hybrid (0-, I-, a ~ l d  19-h time points, lanes 5-7). This ligation proceeded 2-3 times slower 
than with the 7-nt unmodified c o ~ ~ t r o l  RNA having the same sequence (lancs 8-10). 

T4 RNA Llgase 
2'-0-Me 2'-OH 

5 6 7 8 9 10 



4 SMALL RNA GROUPS REVEALED BY EBBIE ARE 
STUDIED USING A NOVEL STREPTAVIDIN GEL- 
SHIFT ASSAY 

As discussed in Chapter 2, one of Ehhie 's strength is a dynamic BlastN database, which 

allows for rapid comparison of newly entered small RNA sequences to all previously cloned 

small RNAs of the same cloning project (Ebhardt, et al., 2006). 1 his feature a l l o w  for rapid 

idcntitication of high-abundant small RNA sequences termed groups. Following the discovery of 

sn~al l  RNA groups, the question remains if thesc groups are degradation products of larger RNAs 

or if they arc sn~al l  RNAs associated with RNA silencing. As discussed in Chaptcr 3 ,  the majority 

of siRNAs and miRNAs are modified on their 3' terminus with a 2'-0-Me. Historically, it was 

believed that 21 to 25 nt long RNAs are degradation products of endo- or esonuclcolytic activity. 

Today we know that both statements are true and, at least in plants, one can distinguish 

small RNAs associatcd with the RNA silencing pathway and small RNAs originating from endo- 

or exonucleolytic nucleasc activity by examining their 3' terminus modification. I t  should bc 

noted that even if the s~nal l  RNA of interest is not modified on its 3' end, it only means that it is 

not generated by any RNA silencing pathway. It does not exclude any biological role for these 

s~nal l  RNAs, especially if they occur in large quantities, e.g. rRhU group 01. 

'1.0 elucidate tlic terminal modification of some of these groups, I developed n novel 

streptavidin gel-shift assay, which isolates specific small RNAs from a pool of small RNAs and 

allows further biochemical analysis. Compared to Northern hybridization, the streptavidin gel- 

shift assay has three main advantages. First, the number of small RNA probes per esperiment is 

limited by the lanes in the gel and the available probes themselves. Northern hybridization 

experiments limit the number of probes to one per hybridization. Secondly, one strcptavidin gcl- 

shiti assay is required to quantifj/ relativc ratios of a particular small RNA to the total population 

of small RNAs. In a Northern hybridization esperiment, at least two consecutive hybridizations 

are required to estimate a relative amount to a known non-coding RNA, e.g. 5s rRNA. Thirdly. 

the streptavidin gel-shift assay does not require any transfers of gels to nylon membranes. 'l'he 

autoradiogram is directly generated by the nativc gel minimizing signal diffi~sion effccts typical 

of Northern autoradiograms. 



In this chapter I will first discuss various groups discovered by Ehhir, then discuss the 

streptavidin gel-shill assay and finally present small RNAs associated with CMVIY-Sat infection 

of tobacco plants. 

4.1 Small RNA groups identified by Ebbie 

Once a small RNA sequence was isolated from a DNA sequencing file. the clonc was 

compared to the dynamic database of previously cloned small RNAs using BlastN. The BlastN 

output was printed onto the screen of the dynamic web page (sec Chapter 2, Figurc 2.4) and the 

user is able to interpret the comparison search results. To minimize the annotation of data and 

maximize the information content, small RNA clones with significant overlap were annotated as 

groups. A small RNA group was defined to bc at least two scquences overlappcd by 12 or morc 

consecutive base pairs and resulted in 3 I groups. This empirical cut-off proved vcry effective, as 

a 16 bp cut off would have resulted in 30 groups. The percentage overlap score from BlastN was 

not chosen as cut-off criteria, as BlastN might only align parts of two sequcnccs but still give a 

I00 % score for this partial alignment. 

Out o f698  small RNAs 2 13 were of viral origin and are discussed below. Out of 485 

non-viral sequences, 120 were clustered into 3 1 groups. 'I'hesc 3 1 groups can be further classified 

into five clades: NULL-clade, micro RNA or silencing RNA clade, rRNA clade, tRNA clade and 

a single group of a messenger RNA clade. 

As scen in Table 4.1, thcre is a large group of stnall RNA sequences that could not bc 

annotated. Even morc fascinating is the fact that in this NULL-clnde nine of ten groups are 

comprised of identical small RNA scquences, except group 22. For example, the 18 nt long 

sequencc termed group 08 was cloned 12 times out of 485 non-viral sequences (2.5 %) yet failed 

to show any significant hit when co~nparecl lo the GenBank database from NCBl (BlastN search 

performed in February 2007; low complexity filter OFF, Viridiplantae [ORGN], otherwise 

default parameters). I t  ivould bc interesting to conlpare this NULL-cladc to other largc scale 

sequencing projects using 454-sequencing (Margulics, et al., 2005), as some of'thcse groups arc 

only comprised of 2 members. Even when only considering the larger groups however, four out 

of five groups in the NULL-clade are compriscd of identical sequcnces, which can not be said 

about most silencing RNAs. 

Most groups within the silencing and micro RNA clade wcre identified by Ehhip using a 

locally installed database of miRNAs (version 8.0). Most members of the silencing RNA clade 

wcre assigncd this annotation recently as large-scalc sequencing data became available from Qi 



and colleagues (Qi, et al.. 2006). Qi and colleagues sequenced small RNAs associated with 

Anrhickopi,~ ARGONAUTE4 protein. a key component of RITS, thus linking it to a RNA 

silencing pathway which silences transposable and repetitive DNA elements. 

Reading other small RNA cloning project reports, most research groups discard any small 

RNA originating from ribosomal or transfer RNA (Lau. ct al., 200 1; Rajagopalan, et al., 2006; 

Xie, et a]., 2004). The first group ever identified by Ehhie, was rRNA group 01. rRNA group 0 1 

is thc 5' start of 18s rRNA and was cloned 14 times of which 7 are identical scquenccs and tlic 

remainder were heterogeneous in length. 12 of 14 sequences start at the 5' position of the 18s 

rRNA which is an intriguing fact, as tlie 18s rRNA is 1.768 bp long (GenBank: AJ236016). Is 

this a pathway for ribosomal degradation or regulation indcpcndcnt of tlic RNA silencing 

machinery'? Two other groups annotate with 18s rRNA: rRNA group 18 and rRNA group 27 (see 

Table 4.1). Otlicr rRNA groups, such as group I I was annotated as the 5' start 5S rRNA, whcrcas 

groups 16 and I9 were identified as the 3' end of  25s  and 5S rRNA. respectively. 

One sequence that was cloned twice is annotated as a piece of messenger RNA - mRNA 

group 06. This is a heterogeneous group and might bc a mRNA degradation product. 

Alternatively, while analyzing 454 deep sequencing data thc Bartel lab (Massacliubetts Institute 

of Technology) found a large number of small RNAs matching mRNAs that overlap each other, 

which are being investigated further (Bartel, DP personal communications). 

Table 4.1 : Small RNA groups. 

This table sumniarizes all groups identified by Ebhie. The first column describes the name of tlie 
group and subgroups, e.g. all rRNA srnall RNA groups were sub-classified as rRNA-GroupN. The 
second c o l u n ~ r ~  called Mcnibers provides a number of how rnany mcrnbcrs each group has and if the 
nienibers a rc  honiogeneous (tiom) o r  heterogeneous (Iiet) in length. Cloned sequence is typically the 
longest cloned sequence of the group and tlie last columr~ summarizes the annotation of the snlall 
RNA group. The table is sorted by classes, such as rRNA-groups and siRNA-groups. Group 1 and 1 1  
represent the 5' of 16s  rRNA and 5 s  rRNA, respectively. Group 16 and 19 a re  the 3' tcrniinus of 25s 
I-RNA and 5 s  rRNA, respectively. Note: 'NULL' means no 100 'A, full length annotation \\as 
possible. 

I Name 1 Mernbers / Cloned sequence I Annotation I 
1 gmup 02 

T(iC'T'I '(~I"~TTCi\l~CAAATGTCCAC 
2 - horn I . . , I  .cK1. CCAC 1 NULL 

group 03 
NULL, possibly mRNA. 
antisense 

group 04 
1 CTGTAT I KTGTCGTAATTGCTCC 1 NULL 



Name Members 

2 - ho~n 

Cloned sequence Annotation 
Ai\C'i\C'A(i<i I ,\ACC(;ATAACTATC'T 
/ \ / \CACAGb T/\ACCGA TAACI /\I C'I 

NULL 
- - 

group 07 NULL 

group 08 

group 13 NULL 

3 - het N U L L  group 22 

group 24 N U L L  

N U L L  

2 - het 

MIR l 60 

12 - het 

mRNA, sense 2 - het 



-- - - 

18s  rRNA (pos.: 1.24) 
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4.2 Streptavidin gel-shift assay 

To isolate specific sniall RNAs from a pool of small RNAs, a 3' biotin-labelled DNA 

with a complementary sequence was synthesized. The probe and a total population of 5' 

radiolabelled small RNAs were heated to 90 "C for 90 seconds in a neutral annealing buffer 

containing 50 1nM NaCI. This mixture was slowly cooled-down allowing the probe to anneal to 

the specitic small RNA species of interest. Once roo111 temperature was reached, streptavidin was 

added. Streptavidin and biotin fonn the strongest natural non-covalent bond with a KCI of 48 1M. 

In a native PAGE, this RNA-DNA-streptavidin complex migrates significantly slower than 

double-strandcd RNA. Depending on the purity of the size fractionated small RNA preparation, a 

I finole detection limit is easily achievable (see Figure 4.1 panel A). In an ideal situation where 

only one species of RNA is 5' radiolabelled, thc gel-shift assay can reach a sensitivity of 15 atto 

moles. regardless of adclitional nucleic acids present in the mixture (compare Figure 4.1, panel I3, 

lanes 5 ver..szr.s lane 11). 'The sensitivity of a Northern hybridization under the same conditions in  

our hands show a detection limit of 10 fempto moles, roughly an  order of magnitude less 

sensitive (compare Figure 4.1, panel B, lanes 5 and I I ver:su.s Figure 4.1, panel C, lanes 2 and 9). 



Figure 4.1 : Comparing sensitivity of Strcptavidin gel-shift assay to Northern hyhridiz a t' lon. 

(A) In an autoradiogram of a 10 O/O native PAGE, a coniplementary 3' biotin-labelled probe anneals 
to a 5' radiolabelled RNA (lane 1). The annealed duplex nligratcs significantly slowcr whcn it is 
bound to streptavidin (lanc 2). Lanes 3 to 6 a r e  serial dilutions of a synthesized RNA that is added to 
a pool of sizc fractionated small RNAs prior to appending the 5' radiolahel. Following the 
phosphorylation reaction, the 3' biotin-labelled probc is annealed and streptavidin addcd. The assay 
under these conditions detects at  least 1.9 fmoles of radiolabelled RNA (lane 4). (B) Autoradiogram 
of a 10 % native PAGE whcre 5' radiolabelled RNA is titrated in 5 fold dilutioas with (lanes 1 to 6) 
o r  without (lanes 7 to 12) lion-radiolabelled RNA in the test tube. The seusitivity of the streptavidin 
gel-shift assay under these ideal conditions is liniited to the detection limit of the phosphorimaging 
system, which is betwccn 76 and 15 atto n~oles. (C) Antoradiograni showing a Northern 
hybridizatio~i experiment under identical conditions to (A) and (B). In panel (C) on top, a prohe for 
thc artificial RNA is added and in the bottoni panel a probc for MIR166 was addcd. The  sensitivity of 
the Northern is a t  least 10 to 50 fold lower when compared to the streptavidin gel-shift assaj. 
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4.2.1 Validating small RNA ratios using streptavidin gel-shift assay 

While cloning small RNAs provides the researcher with primary sequence information 

about the small RNA. the cloning protocol dictates the use of poly(A)polymerase (PAP) or T4 

RNA ligase to estcnd the 3' terminus. As discussed in Chapter 3, PAP is not suitable ifthe small 

RNA has a modified 3' terminus. Even 1'4 RNA ligase requires longer incubation times to 

achievc the same ligation efficiency when the 2' hydroxyl is modified with a methyl group. For 

tlicse reasons, it is essential to validate the cloning data and compare tlie ratio of cloned sniall 

RNAs of any given species to an assay that is independent of tlie 3' terminus niodification. 

Figure 4.2 shows the autoradiogram of  a streptaviclin gel-shift assay probing for 

exogenous Y-Sat small RNA (pos.: 173- 193) and the endogenous micro RNA (MIR 168) in 

tobacco plants using in our study. Once Typhoon Strom 820 scanned in the autoradiogram, i t  was 

analyzed using Molecular Dynamics Image (>uant. l'he results show that the endogenous MIRI 68 

was evenly csprcssed in all four tobacco plants in the four-point comparison study at 0.2 YO of the 

total population of sniall RNAs (Figure 4.2, lanes 6 to 9). In CMVJY-Sat infected tobacco plants, 

Y-Sat small RNAs from the yellowing region (Y-Sat pos.: 173-193) were detected. In HC-Pro(-) 

CMVIY-Sat(+) plants, 0.G % of the total population of small RNAs from the Y-Sat rcgion were 

probed (Figure 4.2. lane 4). In HC-Pro(+) CMVJY-Sat(+), this ratio doubles to 1.2 % (Figure 4.2. 

lane 5). The observation of more small RNAs from Y-Sat in HC-Pro(+) plants than HC-Pro(-) 

plants in the Streptavidin gel-shift assay was supported by carlier experiments by Wang and 

colleagues (Wang, et al., 2004). 



Figure 4.2: Comparing snlall RNA ratios of esogenous and endogenous small RNAs. 

Autoradiogram of a 10 % native gel: lanes 1 to 3 show a 5' radiolabelled KNA oligo with its 
cornplcrncntary DNA (lane I), single stranded 5' radiolabelled RNA oligo (lane 2) and 5' 
radiolabelled RNA with its complementary 3' biotin labelled DNA oligo plus streptavidin (lane 3). 
Lanes 4 and 5 probe for sense of Y-Sat (pos. 173-193) in HC-Pro(-) and HC-Pro(+) plants. Lanes 6 to 
9 probe for MlR168 in all tobacco plants in the four-point comparison study. The percentages of 
material shiftcd to the total matcrial arc  given below in percent. 

Marker Y-Sat Y-Sat MIR168 MIR168 MIR168 MIR168 
HC-Pro - + + - + - 
CMVN-Sat + + - - + + 
Streptavidin - - + t + + + + + 

Lane 1 2 3  4 5 6 7 8 9 
Oh shifted material 0.6% 1.2% 0.2% 0.2% 0.2% 0.3% 

4.2.2 Relative ratio of a particular small RNA to the total population of small 
RNAs 

The streptavidin gel-shift assay has hvo major advantages over Northern hybridization 

cxperiments. In Northcrn hybridization experiments cach autoradiogram only gives information 

about a single hybridization probe. In contrast, in a streptavidin gel-shift assay autoradiogram the 

number of probes is limited to the number of lanes in a polyacrylamide gel. In Figure 4.3, for 

csample, ten small RNA probes were simultaneously analyzed. The same experiment using the 

Northern hybridization experiment would hake taken at least tcn times longer, as only one 

radiolabelled probe pcr hybridization can be used. 

Using the streptavidin gel-shift assay ratios of all probed small RNA the total amount of 

small RNA can bc quantified directly from the autoradiogram. This allows for n rapid and more 

precisc determination of relative amounts of certain small RNAs. Traditionally, in a Northern 

hybridization experiment, the Northern membrane \vould be probed for a known RNA, e . F  5s 

rRNA. After this hybridization, the same membrane would be stripped and re-probed with a small 

RNA probe. Finally, the intensities of the two hybridization experiments are compared to each 

othcr and a relativc concentration inferred. 

Figure 4.3 shows in lanes I the singlc stranded radiolabelled synthetic RNA, annealed to 



its complementary 3' biotin labelled probe (Figure 4.3, lane 2) and the complex is shifted by 

streptavidin (Figure 4.3, lane 3). Lanes 4 to 8 show gel-shifts with various endogenous micro 

RNA probes in adult leaves from wild-type tobacco. MIR 166 does not show a strong signal in 

mature leaves when conipared to RNA isolated froni young leaves in our four-point comparison 

study. This observation is in concert with Jung and colleagues who established that the 

MIRI 6YMIR 166 family is involved in lateral meristem formation, leaf polarity, and vascular 

developnient (Jung, Park, 2006). Lane 9 probes the total sniall RNA with a randomized control. 

Lanes 10 to 14 sho\v the slreptnvidin-shift when ~tsirrg complelnentnry probes for various small 

RNA groups identified by Ehbie, as discussed above. 

F i g ~ ~ r c  4.3: Validating ratios of individual so~all RNAs to the total small RNA population. 

A~~toradiogram of a 10 % native gel: lanes I to 3 den~onstrating the stages of the streptavidin gel- 
shift assay: single s t r a ~ ~ d e d  radiolabelled RNA. RNA annealed to biotin-labelled probe and 
streptavidin annealed to the DNA-RNA duplex. Using total size fractionated 5' radiolabelled RNA 
various probes (micro RNAs, a negative control and various rRNA groups) were anuealed and 
streptavidin added. 



4.3 Small RNAs from CMV and its Y-Satellite 

From 422 small RNAs cloned from CMVIY-Sat(+) plants. 2 13 were of viral origin, of 

which 48 from the tripartite CMV genome and 165 from Y-Satellite. As mentioned in the 

introduction, the CMV helper virus provides the Y-Sat with essential proteins required for 

replication, c.g. RdRp, whereas the Y-Sat gcnome does not contributc any proteins for viral 

amplification. Thus, i t  might not be surprising that only 48 small RNAs originated li-om the 8,623 

nt long CMV tripartite gcnonie. In contrast, Y-Sat does not encode any protein coding regions 

and 165 cloned small RNA were niappcd to its 369 nts long genome. To underline the ratios of 

sniall RNAs mapping to the helper virus genome ver.sus the satellite genome a sinlple calculation 

could be made: if each of the 48 or I65 small RNAs were 2 1 nts in length, then the CMV 

tripartite genome was only covered 0. I I times. n liereas the Y-Sat genome has a 9.4 times 

coverage. 

4.3.1 Small RNAs from CMV RNA 

All small RNAs annotated to CMV have a length between 20 and 24 nts (Figure 3.2). 'I'he 

majority, 36 o f 4 8  CMV small RNAs, originated from CMV RNA 111. 19 of 36 small RNAs 

originate froni the (+) strand of CMV RNAIII, whereas 7 of 36 originate from the (-) strand. The 

fhct that there arc small RNAs from both strands suggests that both (+) and (-) CMV RNA are 

generated within the infected plant cell. The model of  rolling-cycle-replication postulates that the 

original (+) strand is converted into a circular (-) strand from which the RdRp generates a 

continuous (+) strand, which is subsequently cleaved into single units of (+) strands. Since more 

than I/3 of all sniall RNAs from CMV RNAlll originates from the (-) strand suggests a greater 

rolc for the (-) strand. 

When aligning all 36 small RNAs to the CMV RNAIII, it becomes apparent that ten 

small RNAs from the (+) and (-) strand do not align 100 % to a givcn CMV RNAlll isolate. Six 

of ten are misaligned at the end, whereas four of ten have a mismatch elsewhere. A possible 

technical explanation is that during the cloning process the terminal bases were exchanged or 

damaged, thus the final DNA sequencing read does not reflect the actual sequence. Morc 

interesting are the examples of small RNAs with internal mismatches. A simple technical 

argument: the tobacco plants were not infected with a pure infectious agent, but rathcr with a 

niixture of two or more CMV strains. A more intriguing biological argument could be made for 

RNA editing of these small RNAs from CMV. Both arguments arc plausible, the latter more 

intriguing. Other large-scale sequencing projects also have difficulties aligning all small RNAs to 



the genome (Qi, et al., 2006; Rajagopalan, et al., 2006). 

When comparing CMV small RNAs to each other, four groups of two show a con~plete 

sequence overlap. Five groups of two and a group of three sequences show a partial overlap in 

their sequence. As these are very poor statistics, it is not inmediately clear if these are functional 

or non-functional degradation products from CMV RNA cleavage by a Dicer-like RNase 111. 

Figure 4.4: Distribution of small RNAs from CMV RNAIII. 

This figure is drawn to scale. The long black line represents the 2,216 nts long ChlV RNAlll wit11 the 
two green lines with arrows representing the capsid and 3a proteins. The red lines are the srnall 
RNAs that match the CMV RNAIII, where lines drawn on the top are sense; the lines on the bottom 
are antisense. The data suggests that the small RNAs are distributed almost evenly across the CIMV 
RNAlIl genome, with a slight enrichment in the region between 500 and 800. 

1 - .  - 2,216 - - 
3a, movement protein capsid protein . 

4.3.2 Small RNAs from Y-Sat 

As expected in CMVJY-Sat infected tobacco plants, a large fraction of small RNA 

mapped the 369 nt long Y-Sat genome, as seen in Figure 4.5 A. The Y-Sat genome and 

numbering is shown in black letters. Small Y-Sat RNA from HC-Pro(+) CMVIY-Sat(+) plants 

are blue. In red and orange are small Y-Sat RNA from HC-Pro(-) CMVN-Sat(+) plants. Bars 

above the Y-Sat genome represent sense small RNA, whereas bars below represent antisense 

small RNA sequences. 57 % ( 13 11230) of all cloned small RNA are from Y-Sat in HC-Pro(+) 

CMVIY-Sat(+) plants, in HC-Pro(-) CMVIY-Sat(+) plants this number is 23 % (341150). These 

cloning data agree well with the previous Northern hybridization data (Wang, et al., 2004) as well 

as with the data presented in this thesis. 

Y-Sat small RNA from HC-Pro(-) infected plants are clustered along the Y-Sat genome. 

76.5 O/o (26134) of these small RNA are from the sense strand of the satellite. There is an 

intriguing triplicate 2 1 nt clone annotated to position 129 to 140, suggesting a high expression of 

this particular small RNA. There are also five cloned small RNA sequences spanning the region 

( 181 to 202) of Y-Sat, which has been mapped to cause yellowing in tobacco (Roossinck. et al., 

1992). The largest cluster of sense small RNA with nine members is located between position 1 I0 

and 150. There are certain regions of the Y-Sat genome from which no small RNA were cloned. 

This could be due to the sample size of only 34 small RNA from Y-Sat (with an average length of 

21.58 nt, the 369 nt Y-Sat genome was only covered twice). 

It is also interesting to note that no small RNA overlaps the endktart of the 369 nts long 



genome. Two small RNAs start at position I whereas a small RNA's 3' terminus matches the 

satellite's 3' terminus. With a small RNA cloning intensity covering the Y-Sat genome 9.4 times, 

it is very likely that there is a biological explanation for this finding. Our small RNA cloning data 

suggests that the Y-Sat small RNAs are derived from the matured and correctly folded single 

stranded Y-Sat RNA and not from the double stranded RNA during the rolling-cycle 

amplification. The secondary structure of the Y-Sat RNA might be important for the correct 

generation of viral siRNA by DCL4 or DCL2 cleavage. 

In HC-Pro(+) plants Y-Sat small RNA are clustered among the wholc Y-Sat genome, 

covering the entire genome. This could be due to the higher coverage (average length 2 1.47 nt, 

the 369 nt Y-Sat genome was covered 7.6 times) or other secondary effects (as discussed later). 

There arc t u o  small RNA starting at position I of the Y-Sat genome and a small RNA ending in  

position 369. Thus, i t  appears that these small RNA are generated from a single-repeat Y-Sat 

genome. In MC-Pro(+) CMVIY-Sat(+) plants, more small RNA were from the antisense strand 

33.6 (%I (44113 I) when compared to 23.5 % in HC-Pro(-) infected plants. Thc yellowing region 

(position 18 1 to 202) is covered by a cluster of 16 sense strand small RNA clones mostly 2 1 nt in  

size and four antisense 21 nt RNA. All clusters appear to be staggered with the starting position 

off set by 1 or 2 nls. 

When comparing both sets of small RNA from the Y-Sat genome, clusters often overlap. 

Also, the staggering is present in both samplcs, making it intriguing to speculate if these small 

IINA were amplified by a viral or the host RNA dependent RNA polymerase (RdRp or IIDII). 

There are also several examples whereby a 2 1 nt small RNA from HC-Pro(-) plants is found in 

one position (e.g. 24-5, 137- 1 17,237-2 17) and a cascade of small RNA from I IC-Pro expressing 

plants is found 5' to the original 21 nt small RNA on the (-) strand. This observation can not 

easily be explained by a four fold higher coverage of the Y-Sat genome in HC-Pro(+) plants. The 

small RNA cluster at position 24-4 shows a ratio of 1 :9. I t  could. however, be explained with an 

amplification effect by which thc small RNA anneal to the Y-Sat genome and serve as primers for 

RdRp or RDR extension. The now double stranded Y-Sat genome could be digested by an 

endonuclease into small RNA fragments. If this process is repeated frequently, it could lead to the 

pattern seen in Figure 4.5 A. 

To cnsure the cloning data accurately retlects the distribution of Y-Sat small RNAs Ibund 

in the total small RNA population, six 3' biotin-labelled DNA oligos were designed to probe for 

scnse and antisense of three Y-Sat genome regions (positions 76 to 99, 173 to 193 and 225 to 

247). Judging from the cloning data, the sense and antisense probe for Y-Sat position 76 to 99 



should have equal intensities in the autoradiogram of the native gel shift. This is indeed thc case 

(Figure 4.5, panel B, lanes 1 and 2). For the yellowing region of Y-Sat, position 173 to 193, a 

ratio of 3 antisense to 13 sense was observed from the cloned data. The intensities in the gel shift 

have a ratio of I to 9 (Figure 4.5, panel B, lanes 3 and 4). l h e  Y-Sat region position 225 to 247 

have a ratio of  13 antisense and 7 sense is seen in the cloning data as well as in the native gel shift 

assay - ratio is 2.3 to 1 (Figure 4.5, panel B, lanes 5 and 6). The samples were probcd with thrce 

non-viral 3' biotin labelled oligos (prl:  group 01 pr2: MIR166 pr3: group 08) as positive control 

(Figurc 4.5, panel B, lanes 13 to 18). Thc gel shift assay and thc cloning data agree very wcll. 

suggesting that no bias was introduced during the cloning procedure. 

4.4 Concluding remarks 

Ehhie was able to assist in annotating the small RNA sequences by comparing each 

newly entered sequence to a dynamic databasc of previously cloned small RNAs (Ebhardt. ct al., 

2005). This process allows for rapid identification of frequently cloned small RNAs. 

The streptavidin gel-shift assay provides the rcsearcher with a valuablc tool to compare 

the previously identified small RNAs and their relative expression levels when compared to total 

small RNA population. As discussed in Chapter 3, this might be important when comparing RNA 

sequencing data from small RNA cloning projects, which typically relies on T4 RNA ligase and 

an unmodified 3' terminus, with an unbiased assay that only requires hydrogen bonding between 

the two nucleic acid strands regardless of the sugar backbone modification. 

Viral small RNAs from our cloning project support previous findings that the Y-Sat 

functions through small RNA production and not vicr expressing proteins or peptides. I t  is even 

more intriguing that no small RNA was found overlaying the 5' and 3' terminal positions, 

suggesting that the Y-Sat small RNAs are derived from a single stranded Y-Satellite. The single 

strandcd Y-Sat folds into a characteristic secondary structure (see Figure 1.8) which either means 

that DCL4 and DCL2, thc two dicer-like plant enzymes in the viral defence pathway. not only cut 

perfectly doublc strandcd RNA but also hair pins. It could also mean that other dicer-likc 

enzymes arc involved in generating Y-Sat small RNAs from hairpin structurcs, such as DCL I, 

which naturally cleaves hairpin micro RNAs. 



Figure 4.5: Y-Satellite small RNA aligned to the Y-Sat genome. 

(A) In black letters is the Y-Sat genome. Blue bars represent small RNA cloned from HC-Pro(+) 
plants, whereas yellowlred bars a re  small RNA cloned from HC-Pro(-) plants. Coloured bars above 
the Y-Sat genome are  from the sense strand; coloured bars below the Y-Sat genome align to the 
antisense strand. 
(B) Autoradiogram of a streptavidin gel-shift assay probing with six Y-Sat small RNA 3' biotin 
labelled DNA oiogos from HC-Pro(+) CMVN-Sat(+) plants (lanes 1 to 6) and HC-Pro(-) CMVIY- 
Sat(+) plants (lanes 7 to 12). As positive control, both plant samples were also probed with p r l  
(group Ol), pr2 (MIR166) and pr3 (group 08) lanes 13 to 18). 
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CONCLUSIONS AND IMPLICATIONS 

For nearly half a dccade of cloning small RNAs from plants, i t  was not obvious that plant 

small RNAs are modified on their 3' terminus. The work presented in this thesis s h o w  that thc 

majority of small RNAs in plants have a modification on their 3' terminal 2' hydroxyl, a major 

difference to 3' termi~ially unmodified animal small RNAs. This modification is infli~enced by 

PI IHC-Pro in a DCL pathway dependent manncr. 

5.1 How does HC-Pro prevent methylation of small RNAs? 

In CMVIY-Sat infected plants therc were two general populations ol'small RNAs: 

endogenous or housekeeping small RN As including micro RN As and exogenous small IiN As 

originating from the viral infection. PIIHC-Pro interfered only with thc 2'-0-methylation of the 

csogenous s~ilall RNAs, whereas the great m:~jority of endogenous small RNAs were rnodificd on 

their 2'-hydrosyl. In P Ill-IC-Pro(+) CMVIY-Sat(+) plants thc endogenous small RNAs were 

modified and tlie exogenous small RNAs were not. This discrepancy lead to thc rapid ligation of 

the 3' adaptor molecule to the unniodified RNA by T4 RNA ligase whereas thc 3' terminal 2 ' 0  

methyl modified endogenous RNAs were cloned with a lesscr cfficicncy. This imbalanced 3' 

adaptor ligation lead to the discrepancy between the 5' radiolabelling and the Iiistograni of tlie 

cloning data. 

5.1.1 Altcrnative models how HC-Pro acts as a RNA silencing suppressor 

The model presented in the work supports thc idea that PI/HC-Pro interferes with tlie 

biogcnesis of small RNAs in plants at a crucial step when a 2'-0-Me is attached to tlie 3' ter~ninal 

ribose by fIEN I (Ebhardt, et al. 2005; Yu, et al., 2005). It should be noted, that recent literature 

report alternative models how HC-Pro achieves its RNA silencing activity. 

In the introduction chapter of this thesis, the viral RNA silencing suppressor p 19 was 

chosen as a model RNA silencing suppressor that preferably binds to 19 bp RNA helises with a 3' 

2 nt overhang on each side, termed ' 19rli2' from here on. This mode of binding 19rh2 was 



supported by native gel-shift assays and two independent c~ystal  structures clearly sho\ving the 

tight binding of p 19 to 19rh2 (Vargason, et al., 2003; Ye. et al., 2003b). Two recent publications 

also claim that the viral RNA silencer HC-Pro also binds 19rh2 (Lakatos, et al., 2006; Merai, et 

al.. 2006). To the bcst of my knowledge. no HC-Pro-19rh2 crystal structure has been solved. (A 

former post-doc Srom the Patel-lab is attcmpting to crystallize thc I-IC-Pro-I9rh2 complcx [Patcl 

DJ personal com~n~~nicat ions] . )  In the past. HC-Pro was shown to interact weakly with nucleic 

acid (Maia, Bernardi, 1996: Pirone, Thornbury, 1984). 

Thus far, iii vilro native gel shift assays are the only evidence for the claim that HC-Pro 

binds 191-112. Merai and colleagues state that IK-Pro binds double-stranded small RNAs 

specifically and size-selectively (Merai. et al., 2006). Their assay constitutes of adding various 

suppressor proteins to radiolabelled small RNA, e.g. I9rh2. Three lines of evidence in their 

publication a rgw against the same mode of binding as RNA silencing supprcsaor p 19. First, I IC- 

Pro isolated from potato virus Y (PVY) or tobacco etch virus (TEV) infccted plants do not show 

the same binding activity to 19 bpR. In Merai el uI. Figure 2, panel B lanes 8 and 9, IIC-Pro Srom 

PVY does not show binding to 191-112 whereas HC-Pro from TEV shows quantitative binding to 

the same construct (with identical results s h o w  in Merai r t  ol. Figure 4, panel A lanes 8 and 9). 

Secondly, the mode of  binding when comparing p19 with I-IC-Pro from TEV is not identical 

using the identical 19rh2. The autoradiogram of their native gel-shift assays s h o ~  that p 19-1 9rh2 

shifts to about half the height of the HC-Pro-TEV-191-112 (Merai er NI. Figure 4, panel A lane 2 

v r r . s~ \  lane 9). Thirdly, in a competition experiment where radiolabellcd 19rh2 was substituted 

with unlabelled 19rh2, two species of RNA-HC-Pro complexes are visible versus only one 

species of RNA-p 19 complex. In summary: I-IC-Pro isolated from two different sources Icad to 

two distinct results. The p 19-19111-2 and the HC-Pro-19hr2 complexes do not sho\v the same 

mobility in any of the native gel-shift assays, thus i t  can be inferred from this data that p l 9  and 

HC-Pro have n differential mode of action as RNA silencing suppressors in vitro. 

Lakatos and col leag~~es studied I IC-Pro and p19 morc in-depth (Lakatos, ct al., 2006). In 

their first experiment Lakatos and colleagues test p19, p2 1 and HC-Pro's ability to suppress 

cleavage of a testcd mRNA, \vhich IK-Pro docs with a I0 times lower cfficicncy than pl9.  This 

assay does not test for the ability of kIC-Pro to block methylation of siRNAs, as this in vi1i.o assay 

is done using insect embryo cxtracts (Drosol~hil~r). In a very clegant second experiment, Lakatos 

and col leag~~es incubate RlSC with the KNA silencing suppressors and monitor the radiolabellccl 

siRNA as a function of RNA silencer concentration. Evcn at very sub nano-Molar protein 

concentrations p19 is able to extract siRNAs from the assembled RlSC and form its own siliNA- 



p19 complex. HC-Pro does not extract siRNAs from the RISC, instead at about 150 nM f o r m  n 

complex comprised of siRNA-DCR2-R2D2 and tlC-Pro. This expcrinient actually supports our 

findings that HC-Pro inhibits a crucial step in the formation of the 3' terminal 2'-0-Me, possibly 

by binding to the pre-siRNA complcx inhibiting HEN 1 from methylating the siRNA duplex. In n 

third experiment, Lakatos and colleagues show gel-shift assays similar to Merai 01 (11. with simila~ 

results: HC-Pro binds weakly 19hr2 at a concentration of 500 nM. Lakatos and colleagues 

showed in an earlicr publication that pI9 binds to 19hr2 with an  affinity of 5 nM (Lakatos, ct a].. 

2004). 

In summary, there is no compelling evidence that IK-Pro and p19 have the samc mode 

of binding 19111-2 iri vilro. On thc contrary, instcad of extracting siRNA from a loaded RISC, like 

p19, tlC-Pro binds to a pre-RISC complex supporting our finding that HC-Pro interferes with the 

siRNA biogencsis preventing IIEN I to methylate thc 3' terminus of siRNAs. 

5.1.1.2 P1 of PIIHC-Pro enhances HC-Pro 

Valli and co l leag~~cs  studied tlie potyvir~~s family and found that PI enhances thc RNA 

silencing effects of I-IC-Pro (Valli, et al., 2006). The potyvirus is a nionopartite genomc and the 

translated N-terminus encodes P III~C-Pro. Using a grecn fl uorcscent protein reporter (35S:GFP), 

~ h c  authors wcre ablc dissect the influencc of jarious constructs by observing thc fluorescence of 

GFP. Using an cmpty control vector, the 35S:GFP sliows its highest levels of tluorcscence 2 to 3 

days post induction (dpi), before the exogenous GFP message is silenced by tlic plant's RNA 

silencing ~machinery. Using a 35S:GFP:P I construct, the authors saw no difference between thc 

additional PI expression and the empty vcctor. When 35S:GFP.HC-Pro was exprcsscd in cells, 

the plants showed a bright tluorescence 6 dpi. The fluorescence signal was even stronger when 

tlie 35S:CiFI':PIlHC-Pro construct was used. indicating a collaborative effort of both PI and HC- 

Pro to suppress the plant's RNA silencing machincry. Unfortunately, these experiments were not 

able to establish a model by which these two proteases act in concert to suppress the host's RNA 

silencing niacliinery. 

5.1.1.3 HC-Pro affects micro KNA biogenesis 

Kasscliau and colleagues expressed tlie PlItlC-Pro RNA silencing suppressor of the 

Turrrip n?o.suic v i r ~ ~ s  under the strong 3 5 s  promoter in A~uhiclop.sis (Kasscliau, et al.. 2003). Out 

of six transformed plants with PIIHC-Pro, three showed very high levels of expression and 

another one showed lower levels of PIIHC-Pro expression. The plants with the h i g h  levels of 



PIIHC-Pro showed the greatest developnlental defects. The plant with a lower level oS P IIHC- 

Pro expression showed less severe levels of expression. Kasschau traced the developlnental 

defects back to the interference of PIIHC-Pro with endogenous miRNAs causing tlic levels of 

miRNA targeted mRNAs to rise (Kasschau, et al., 2003). 

5.2 A uniting model for HC-Pro's affects on small RNA biogenesis? 

When reading the literature on HC-Pro, it is not clear if HC-Pro affects exogenous small 

RNAs to the samc degrcc as endogenous RNAs. On first glance, the results in Ebhardt c/ d., 

2005 claiming that I-IC-Pro predominantly affects mcthylation of exogenous small RNAs and 

Kasschau, el d., 2003 claiming developmental defects due to FIC-Pro's interferencc with 

endogenous miRNAs contradict cach other. E,saniining the results of the lattcr publication closcr, 

i t  bccomcs obvious that the observed developmental defccts arc directly linkcd to thc amount of 

I IC-Pro expressed in the plant: only plants expressing high levels of PI11 IC-Pro also show high 

levcls of developmental defects due to HC-Pro's interference with niiRNA biogenesis. I,ower 

levcls of PI IHC-Pro had a lesser effect on development. 

Therefore, a uniting model for HC-Pro's affects on small RNA biogcnesis must includc 

the conccntration of the RNA silcncing suppressor in the host cell. To generate transgenic plants 

expressing a protein of interest, plant promoters are used to enhance the yield of the prolcin of 

intcrest in certain plant tissues (Schunniann, et al., 2003a; Schunmann, et al., 2003b). 'fhe 

expression levels of the same protein can easily show thrce ordcrs of magnitude difference using 

various promoters (Horstmann, et al., 2004). 

Anothcr factor influencing HC-Pro's affect on small RNA biogcnesis is the sub-cellular 

localization. From GFP-tagged DCL nlicroscopy observations we know that DCLl resides i n  thc 

nucleus (Papp, et al., 2003). As methylation occurs rapidly after cutting the precursor RNA with 

DCL, I IC-Pro must co-locnlizc with tlie respective DCL. 

A uniting model'? HC-Pro interferes with small RNA biogenesis at the step of 2 ' -0-  

methylation. During viral infection, low levels of HC-Pro in the cytoplasm will predominantly 

intcrl'ere with viral small RNAs (Ebhardt, et al., 2005). A strong promoter such as the 35s will 

lead to higher levels of HC-Pro throughout tlie cell, including the nucleus, and affect not only the 

2'-0-nicthylation of exogenous small RNAs, but also endogenous small RNAs (Kasschau, ct al., 

2003). The differential targeting of small RNAs is achicved by localization of HC-Pro. which 

should predominantly accumulate in the cytoplasm. At highcr concentrations of HC-Pro, thc 

RNA silencing supprcssor also enters the nucleus where it interferes with the biogenesis of small 



RNAs. To prove this hypothesis. I would design a PIIHC-Pro construct with a fi~sion GFP using 

different promoters. Using fluorescence microscopy, the sub-cellular localization of HC-Pro 

could be determined. It would also be interesting to determine if the sub-cellular localization of 

HC-Pro changes upon viral infection. 

5.3 Implications of HC-Pro's effects on small RNA biogenesis 

It  was previously shown by genetic experinients that HEN I is a niethyltransferase 

rcsponsiblc for methylating thc 3' terminus of'miRNAs (Yu, et al., 2005). Tlic results prescntcd in 

this work clearly show that HC-Pro interferes with the methylation of viral small RNAs and not 

endogenous micro RNAs. Due to this discrimination of HC-Pro towards viral small RNAs an 

imbalance during thc cloning of small RNAs using T4 RNA ligasc becalnc obi ious. The viral 

unmodified siRNAs were appended more readily M it11 tlic 3' adenylylatcd DNA oligo than 3' 

terminal niodificd endogenous small RNAs. As no other small RNA cloning in our four-point 

comparison study showed any discrepancy bctwecn the 5' radiolabelling and the actual cloning 

data, it can be inferred that all small RNAs are modified on tlicir 3' terminus. These initial 

observations were supported by periodate cleavage assays, showing a sensitivity of viral siRNAs 

in HC-Pro(+) plants, but not in HC-Pro(-) plants. Also, endogenous miRNAs were also not 

sensitive to periodate cleavage, supporting the hypothesis o f a  3' terminal modification. 

This ubiquitous modification of plant small RNAs is not found in animals, a significant 

difference between the two kingdoms. Also. the modification is on the 2' hydroxyl (a 2'-0-Me) of 

the 3' terminus (Ebhardt, et al., 2005) preventing 3'-cnd uridylation activity (Li, et al., 2005). As 

the 3' terminal ~nodification is appended rapidly a f e r  cleavage by Dicer-like RNaselll 

ribonuclcases, i t  is v c ~ y  likely that the methyltransfcrase HEN I is associated with the Dicer-like 

enzymes. Figure 5.1 shows an updated model for small RNA biogenesis in plants. In this modcl 

not all known RNA silencing pathways are shown, which ivere discussed in tlic Introduction 

chapter, but the model emphasizes the association of HEN I to Dicer-like enzymcs (DCLs). 

There are multiple scenarios how HC-Pro could interfere with appending tlic methyl 

group. I t  is unlikely that HC-Pro directly binds to Hen I, as Yu and colleagues did not observc 

binding of Hen I to HC-Pro (Yu, et al., 2006). HC-Pro could bind to cytoplasmic DCL4 or DCL2 

and prcvent HEN I from interacting with the complex. HC-Pro could weakly bind siRNA 

duplexcs and prevent llEN I from methylating RNA. Or i t  could prevent a cofactor binding to 

HEN I thus inhibiting HEN 1 activity. A mode by which HC-Pro binds to n pre-RISC complex. 

thus preventing or inhibiting HEN I from niethylating RlSC associated small RNAs, is very likely 



and supported by in vitro data (Lakatos, et al., 2006). 

Figure 5.1 : Updated model for small RNA biogenesis in plants. 

This schema shows some of the RNA silencing pathways in a plant cell, emphasizing the ubiquitous 
methylation of small RNAs associated with RNA silencing pathways. As the methylation occurs 
rapidly after cleavage of small RNA precursors by Dicer-like enzymes, HENl is most likely 
associated with the Dicer-like enzymes in plants. 
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Each Dicer-like ribonucleases (DCL) in plants is responsible for processing specific 

small RNAs. Our data suggests that HEN I is associated with each DCL and that methylation 

occurs immediately after the cleavage event. It also shows that each RNA silencing pathway 

shows a spacial separation within the cell. For example, DCL I - responsible for miRNA cleavage 

- is localized to the nucleus; HC-Pro does not affect the methylation state of miRNAs. Thus, HC- 

Pro most likely does not reside in the nucleus but more likely to be associated with DCL4 and 

DCL2 in the cytoplasm where i t  interferes with HENl activity. 

Other researchers provide evidence for HC-Pro to bind small RNAs - if HC-Pro was to 

bind all small R.NAs equally, growth defects would be observed, as miR.NAs are essential for 



development of organs. In our hands. no growth defects were observed with the expression of 

MC-Pro in tobacco plants. Thcrefore, if HC-Pro only negatively affects siRNAs and not 

endogenous miRNAs, these two groups of sniall RNAs are in two different complexes, as would 

be expected. The con~plex which harbours miRNAs is harder to access by HC-Pro than the 

siRNA coniplex. If we recall that both are incorporated into an argonaute containing protein 

complex (called RISC), it opens the question why one conlplex is more stable or more resistant to 

HC-Pro binding. At this point a speculative answer is the association of miRNA-RISC with a 

larger protcin complex, making it harder for HC-Pro to access the miRNAs, whereas the viral 

siRNA-RISC is without the added protection of a larger protein complex. 

5.4 Paradox solved? 

Wang and colleagi~es (Wang. ct al., 2004) established that the phenotype of CMVIY-Sat 

could bc rescucd by expressing a strong RNA silencing suppressor I IC-Pro. Usually, a CMVIY- 

Sat infection in tobacco leads to chlorosis and the tobacco leafs yellow. A transgenic tobacco 

plant expressing HC-Pro is protected froni chlorosis after CMV/Y-Sat infection; the plant leafs 

were grcen. This phenotypic result would not have been expected from a Northern hybridization 

experiment when probing RNA from both infected plants with a Y-Sat probe. The I IC-Pro(-) 

plants showed very little amounts of Y-Sat small RNAs. whereas in HC-Pro(+) plants high levels 

of Y-Sat sniall RNAs were detected. There was an obvious paradox from these results: how could 

small amounts of Y-Sat small RNAs lcad to leaf yellowing in HC-Pro(-) plants but large amounts 

of Y-Sat small RNAs in HC-Pro(+) plants showed no apparent yellou ing? 

From thc phenotype observation we know that more small RNAs from Y-Sat do not 

translate into more biological active siRNAs from Y-Sat - the HC-Pro(+) infected tobacco plants 

are green. Thus, the quantity does not matter. But how is quality achieved by biological activc 

small RNAs from Y-Sat in HC-Pro(-) CMVIY-Sat(+) plants'? A possiblc csplanation is the 

importance of Y-Sat's sccondary structure. The secondary structure of the singlc stranded Y-Sat 

could guide DCL,4 and DCL2 to make the correct cut generating a biological active siRNA. I t  

might also stop DCL4 and DCL2 from cutting more than once, as demonstrated by Ciasciolli and 

colleagues (Gasciolli, et al.. 2005a). The result o f  a successfi~l cleavage is the biological active 

siRNA from Y-Sat. which causes yellowing in the plant by either directly targeting an mRNA, 

e.g, chlorophyll synthelase, or by neutralizing endogenous sniall RNAs by forniing a 

coniplementary duplex. 

Secondary sniall RNAs froni Y-Sat in HC-Pro(+) CMV/Y-Sat(+) plants could arise from 



a primer dependent and a primer independent amplification of the Y-Sat genome. In tlie primer 

dependent amplification, the Y-Sat siRNAs lacking the terminal methyl group could serve as 

primers for the primer dependent amplification of the Y-Sat genome by RdRp or RDRs. In the 

casc of primcr independent amplification, a Y-Sat siRNA actually cuts the Y-Sat single stranded 

RNA genome and the truncated niolecule is amplified by RdRp or RDRs. Once the Y-Sat genomc 

is double stranded, DCL4 and DCL2 will recognize this double stranded RNA as substrate and 

initiate cleavage into 2 1/22 lit long RNA duplexes. The resulting sniall RNAs are not cut in 

registry with the biological active primary Y-Sat siRNAs with their seed sequence leading them 

either to the wrong niRNA, or to no mRNA at all. Thus, all si-RISC loaded with the secondary 

small RNAs from Y-Sat will not be active anymore. As therc are substantially more secondary 

small RNAs from Y-Sat than primary Y-Sat siRNAs in HC-Pro(+) CMVIY-Sat(+) plants, it is 

more likely that any given si-RISC loads the incorrect sniall RNA, thus is not biological active. 

Tliercforc. the plant leafs are still green, even with a large amount of Y-Sat and Y-Sat small 

RNAs detected by Northern hybridization and cloning. 

Support for the primer independent amplification comes from the fact that some siRNAs 

seem to cleave Y-Sat RNA: e.g. Figure 4.5, l'liere are two siRNAs position I to 24; position 12 

would be thc cleavage point and at position 13 starts a new Y-Sat slnall RNA. Another example is 

a small RNA from position 152 to 173 where at position 164 a new Y-Sat small RNA starts. one 

nucleotide position past the expected cleavage site of the 152-1 73 siRNA. All cascades of sniall 

RNA from Y-Sat could be attributed to primer dependent amplification of tlie Y-Sat gcnomc and 

subsecluent cleavage of double stranded RNA by DCL4 or DCL2. 

5.5 Concluding remarks 

The discovery of a ubiquitous modification on thc 2'-hydroxyl of the 3' terminal ribose of 

RNA silencing associated small RNAs in plants was a major discovery and is significant for thc 

biological function of these small RNAs in plants. This is a major difference to tlie kingdom of 

animals where stnall RNAs associated with RNA silencing are not modilied on he i r  2'-hydrosyl 

of the 3' terminal ribose. 



APPENDIX 

Buffers 

I xPCR 1 100 mM Tris, 500 mM KCI. 15 mM MgCI2, 0.1 O h  gelatin. pH 8.3 

Buffer 

I xPNK 

90 mM Tris-base, 45 mM boric acid, 75 mM NaCI, pH 8.5 
Note: This buffer was stored as a 5x stock at room temperature for 1 - 
2 months only. 

Ingredients 

50 mM Tris,HCI (pH 7.9), 100 mM NaCI, 10 mM MgCI2, 1 mM DTT 
Note: A 10xPNK buffer stock without DTT was prepared, 1 mL was 
aliquoted into blue 1.5 mL eppendorf tubes, stored at -20 "C and 10 VL 
of 1 M DTT added before the tube was used. 

I x  T4 RNA 
ligase buffer 

Streptavidin 
Binding 
Buffer 

50 mM Hepes, pH 8.3, 10 mM MgCI2, 3.3 mM DTT, 10 pglml BSA, 
8.3% glycerol 
Note: T4 RNA ligase was purchased from Ambion (Ambion, Austin, 
TX), but the ligation reaction was not performed in the supplied buffer. 

140 mM NaCI, 2.7 mM KCI, 10 mM Na2HP04, 1.8 mM KH2P04, 10 Oh 
glycerol, 2 mM DTT, 

dNTPs and NTPs 

5X NTPs: 

From powder, resuspend lg in 2  nil of H,O. Emperically adjust pH with 1M NaOH lo pIl 

7. (Estimate equivalents of NaOH needed bascd on salt form of' the NTP and charge of3.5 at pH 

7) Measure concentration of these stocks. Use the following molar absorption coefficient (260 

nm): A l l '  = 15,000 M-'  ern-'. CTP = 7,600 bl-' cm", GTP = 1 1,400 M" cm-I. UTP = 10,000 M-' 

cm-I. A 5 s  solution of NTPs contains 40 mM GTP, 25 mM C'I'I', 25 mM ATP and I0 mM U'I'P. 

10s dNTPs for PCR: 

For very large scale PCR, make from powder and don't deplete lab 10s. For smaller 

scale, can purchase 100 mM stocks from Pharmacia. Make up IOX stock 2mM of each dNTP, 

make sure final solution is neutral. 



Phosphorylation of RNA and DNA 

5' labelling of RNA and DNA is essential for visualizing RNA or DNA on a 

autoradiogram. As cliscussed in the introductory chapter and depicted in Figure 1.12, T4 

Polynucleotide kinase performs two reactions: forward and exchange reaction. A typical forward 

reaction was composed of IxPNK buffer, 5 prnoles SOH DNA or RNA, 6.6 pmoles [ y - 3 2 ~ ] ~ ~ ~  

(PerkinFher ,  Boston, MA) and 5 U of T4 polynucleotide kinase (New England Biolabs, 

Ipswich, MA) in a 10 pL reaction volume. The reaction was incubated at 37 "C for no more than 

7 minutes and the reaction stopped by either heat inactivation at 65 "C or adding of an equal 

volume of 2xformarnide loading dye. 

Thc exchange reaction was used for radiolabelling phosphorylated RNA extracted from 

plants, especially for visualizing srnall RNAs in a total RNA preparation. A typical excliange 

reaction from total RNA was composed of IxPNK buffer, 1 ILL total RNA (see 'Small IiNA 

isolation from tobacco' below), 3.3 prnoles [ y - 3 ' ~ ] ~ ~ ~  (PerkinElmer, Boston, MA) and 5 U of 

T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) in a 10 p1, reaction volumc. The 

reaction was incubated at 37 "C for 25 minutcs and the reaction stopped by either heat 

inactivation at 65 "C for 25 minutes or adding of an equal volume of 2xformamide loading dye. 

The reaction was loaded onto a 23.75 % 20 m L  denaturing PAGE (Sambrook, Russell, 2001) and 

run for 90 minutes at 20 W using a BlORAD PowerPac 3000 (BIO-RAD Laboratories, Hercules, 

CA). 



Figure 1-1 : Forward reaction speed. 

Shown here is the speed of a forward reaction. (A) The phosphorylation reaction contained 3.5 
priioles 28.8 DNA primer, 3.3 pmoles [ y - 3 2 ~ ~ ~ ~ ~ ,  10 U polynucleotidc kiriasc and lsPNK buffer i n  a 
20 pL reaction volume. The autoradiogram of the 23 % denaturing PAGE includcs the incubation 
times at 37 O C  above each lane. (B) The time depc~~de~lcy  of DNA oligo 28.8, l y - 3 2 ~ ] ~ ~ ~  and 
inorganic phosphorous (iP) are shown in a diagram. 

time in [min] 
0 1 2 3 4 5 6 7 8 9  



Figure 1-2: Exchange reaction speed. 

Shown here is the speed of an exchange reaction. (A) The phosphoryliition reaction contained 2 pL 
total RNA, 6.6 pnioles [ y - 3 2 ~ ~ ~ ~ ~ ,  I0 U polynucleotide I<inase and IxPNK buffer i n  a 20 p L  reaction 
volume. The autoradiograni of the 23 %, denaturing PAGE includcs the incubation timcs at 37 O C  

above each lane. (B) Time dependency of 24 nt RNA shown in diagram. 

A 
time in [min] 



Oligos 

I Oligo name I Sequence in 5' - 3' direction I 
( 816.5 I AppGAAGAGCCTACGACGA (DNA adaptor) App: 5'-Adenlylyated 1 
I r17.50 I rAUCGUAGGCACCUGAAA (RNA adaptor) I 
1 21.22 I ACTTATCGTAGGCACCTGAAA I 
1 32.21 1 TGATGTTGCGGGTGCCTCGTCGTAGGCTCTTC I 

CTTCAGCCTATCTCCGACTTB (complement to group 08) 
B: 3'-BiotinTEG-CPG (Glen Research, Sterling, VA) 

1 26.5 I AGGGATGCAACACGAGGACTTCCTTB (complement to group 1 9) 1 

24.27 

25.9 

GCCGATTCAGGTGCGTATCAATTB (complement to group 03) 

TGTGCTCACTCTCTTCTGTCATTTB (complement to MIR156) 

1 27.12 I GTTAGTGCTGGTATGATCGCATCCTTB (complement to group 1 1 ) 1 

26.6 

27.1 1 

1 28.37 1 GACTACTGGCAGGATCAACCAGGTATTB (complement to group 0 1) I 

CCTACCATTTGAGCTACATCCCCTTB (complement to group 20) 

ACGAATCGGAGCGACAAAGGGCTGTTB (complement to group 16) 

1 28.39 I ATACTTACCACTATACTACAACGACTTB (complement to group 12) I 

\Tobacco plants 

Plant Transformation: N, tobacuni Wisconsin 38 was transformed by using an antibiotic 

as the selective agent. Analysis of Transgenic Plants: GUS activity in transgenic tobacco was 

measured at 37 "C by the tluorometric 4-1netIiylumbellifel-1yl-~-gIi1ci1ro1iide assay by using 5 k~g 

o f  leaf protein cxtract. 

Virus/Satellite RNA Infection: 7'he Y-Sat culture \vas initiated by mechanicnlly 

inoculating CMV-infected young tobacco with transcript synthesized from an infectious Y-Sat 

clone. Extracts of the CMVIY-Sat-infected tobacco leaves were then used for subsequent 

inoculation (Wang, ct al., 2004). 

Small RNA isolation from tobacco 

Approximately 0.5 g of leaf tissue was collected from healthy tobacco plants or plants 

infccted for 5 weeks with CMV or CMV plus Y-Sat, and ground into fine powder with pestle and 

mortar in thc presencc of liquid nitrogcn and sand. The powder was transferred into a pre-cooled 

tube and suspended quickly with a mixture of 0.5 ml extraction buffer (0. I M LiCI, I % SDS, 

0.01 M ED'I'A, 0.1 M Tris, pl-l 9) with 0.5 tnl phenol that was pre-heatcd in boiling watcr. After 

tlic tube cooled to room tempcrature, 0.5 ml chloroform was added and the mixture was cttractcd 



for LIP to 20 ~ninutcs. The tube was centrifuged and the supernatant transferred to a rresh tube and 

extracted again with 0.5 1111 chlorofonn. Nucleic acids were precipitated from the final 

supernatant using I/ 10 volume of 3M NaOAc and 3 volumes of 100 % cthanol, air-dricd, and 

dissolved in 0.73 ml HzO. To  remove large RNA molecules, the nucleic acid solution was  nixed 

with 0. I9 ml of 4 M  NaCl and 0.58 1111 of 13 % PEG-8000, srored in ice for 30 minutes, and 

centrifuged at 4 OC for 20 minutes. The supernatant was transferred to a fresh tube and the small 

RNA species was precipitated with 1/10 volunic of 3 M NaOAc and 3 volumes of ethanol. The 

pcller from PEG precipitation step was used for large RNA and DNA analysis. 

Stcps for RNA estraction 

- Grind -0.5 g plant tissuc into powder in liquid Nz with assistance of sand. 

Transfer the powder into 2 nil centrifuge tuber and kcep at -80 OC until use. 

- Idcat a mixture of 0.5 ml cxtlaction buffer ( I  00 mM LiCI. I '% SDS, I00 m M  

Tris pH 9, 10 mM EDTA) and 0.5 nil of phenol. Add the mixture into the 

powder. suspend as quickly 21s possible to avoid RNA degradation. 

- Add 0.5 nil of chloroform and extract for up to 20 min. 

- Spin. Transfer the supernatanr. with a wide-bore tip (blue tips with the ends cut) 

into a fresh 2 ml tube, extract with 0.5 ml of chloroform as above. 

- Add 1/10 volume of 3M NaOAc, and 3 volunics of cthanol to the final 

supernatant. mix, and kecp at -20 "C for I hour or longcr. 

- Spin ar 4 "C for 20 min. Air-dried. Dissolvc in H20. 

- Renioval of high-n~olecular-weight RNA 

- Mis total RNA with polyethylenglycol 8000 (PEG-8000) and NaCl to makc final 

concentrations of 5 % PEG and 0.5 M NaCI. Kecp on ice for > I0 min. 

- Spin for I0 min and transfer the supernatant to fresh tubcs. 

- Add NaOAc to 0.3 M and 3 volumes of ethanol. Keep at -20 OC for 1 hour or -80 

"C for 15 niin. 

- Spin at 4 "C for 20 niin. 

- Wash the pellet with cold 80 % ethanol and dry. 

Notes: 



- 'The protocol can be scaled up. 

- Do not try to use too m c h  tissue. Always try to use young tissue when possible. 

- Try to avoid any cell debris. 

- Never over-dry the pellet. In fact, undried pellet is m ~ ~ c l i  easier to dissolve than 

over-dried pellet. 

- Dissolvc the RNA in relatively large volume ( e . g  -0.5 nil for RNA from 1-2 g 

tissue). 

- The final volunie is about I ml for RNA from 1-2 g tissue. 

- Again. try to avoid over-drying. 

Cloning of smRNA 

- 3' adaptor ligation 

- I .0 ILL 5sRNA ligase buffer 

- I .O 111, RNA saniplc (isolated as described abovc) 

- 1.0 pI, AppB 16.5 ( I00 pM \tack - 20 pM final) 

- 1.5 ILL ddt120 

- 0.5 ILL T4 RNA ligase (GE Healthcare, Amersham 40 11//11,) 

- Final volume: 5 ILL. 

Incubate at room temperature for 1 hour. Run on a 15 % denaturing sequencing 

polyacrylamide gel at 70 W for 120 minutcs. Expose to a phosphorimager plate, then cut band 

corresponding to 34-mer (ligation product of 16mcr + 28 = upper limit). Elute overnight in 500 

pL 300 niM NaCI. Add 4 ILL of 5 mg/mL glycogen (Ambion, TX) for a total concentration of 

13.3 pL/mL and add 2 s  volume ot' ethanol and precipitate L'or 1 hour at -20 "C. Spin down at 

13,200 rpni in table centrifuge for 15 minutes at 4 OC. Resuspend pellet in I0 111- ddll,O. 

- 5' adaptor ligation 

- 2.0 ILL 5sRNA ligase buffer- 

- 5.0 pL RNA sample (gel pure from 3' adaptor ligation) 

- 4.3 1iL 1.1 7.50 (93.05 pM stock - 3 1.5 ILM final) 



- 0.4 p1, I0 rnM ATP 

- 1.0 ILL T4 RNA ligase (GE Healthcare, Amersham 40 U/pL) 

- Final volume: 12.7 ILL. 

- Incubate for I hour at room temperature. Repeat steps at for 3' adaptor ligation 

and resuspend in 10 ILL ddH20.  

Rcvcrse Transcription of ligation products 

- 5.0 pL RNA salnple (gcl pure from 5' adaptor ligation) 

- l 1.6 ILL 32.2 1 (25.8 pM) 

- Heat to 80 "C for 2 rnin, then spin to cool. 

- 5.0 ILL First Strand Buffer (GibcoBRL) 

- 7.0 pL 10s dNTPs 

- 0 .3pL  1 M D T T  

- 3.0 pL SuperScript 11 Reversc Transcriptasc (GibcoBRL) 

- Final volume: 3 1.9 ILL. 

Heat to 48 "C for 3 minutes before adding reverse transcriptase. Take 2 IIL bcfore adding 

enzyme for negative control. Incubate both positivc and negative controls at 48 OC for 1 hour. 

Add I pI, o f  0.1 M EDTA, 3.8 111, 1 M KOH. Incubate at 90 O C  for 10 min. Add 8 pL 'l'ris-I ICI 

irntil pH -8, then add I ILL 0.2 M MgCI?. 

PCR amplification 

- 10 p1, 10s dNTPs 

- 6.3 pL oligo 2 1.22 ( 1  5.9 pM) 

- 1.9 ILL oligo 3 1.21 (25.8 pM) 

- 10 ILL DNA from previous step (Note: for control PCR, add to from RT stcp) 

- 61.8 ILL ddHzO 

- 2.0 ILL Taq polymerase ( I0 U/pI,) 

- Final voluine: 100 ILL. 



Run for 22 cycles, taking aliquots at 20 and 22 cycles. Add ED'I'A (to final concentration 

of 2 mM) and NaCl (to final of 300 mM), phcnol/chlorophol.m extract PCR and precipitate with 

2 s  ethanol. Resuspend in I0 pL  ddHzO for a IOsPCR stock. 

Fill in reaction for cloning 

Before TA-cloning using pCR2.1 vector from Invitrogen, extend PCIi products to contain 

an overhang T in a 30 pL PCR reaction: 

- 3.0 111, IOsPCR buffer 

- 5.0 ILL l OsPCR stock from step above 

- 0.6 ILL Taq polymerase 

- 8.4 p1, ddHzO 

- Final volume: 30 pL. 

Use the fresh PCR product for ligation into pCR2. i vector, following precisely thc 

instructions from Invitrogen (Carlsbad, California 92008, U.S.A.). 

Analysis of small RNA sequence 

Applied Biosystems sequencing chromatograms werc manually reviewed by using 

CI-IROMAS (~~~ww.teclinelysium.com.a~~!clironias.litiil). All files having unambiguous sequencc 

within the cloning region were analyzed by Lhhie, a dynamic web sclver that searches for singlc 

or multiplc instances of prinier pairs within the DNA sequencing tile. Ehhie's strength lies in the 

reliable storage of sequencing data and instant scquence analysis of found smRNA clones to 

previously found sniRNA clones, allowing for uncovering of frequent clones. Ebbie is described 

in morc detail in Chapter 2 of this thesis. 

Gel shift isolation of' small RNA 

RNA 15 to 30 nts in length were gel purified on a 12 % denaturing PAGE using 18 and 

24 nt 5' radiolabelled markers, eluted in 300 mlM sodium chloride overnight and prccipilatcd with 

12.5 pg!ml glycogen (Ambion. Austin, TX) in 2.5s Ethanol. The gel purified RNA was 

resuspended in dMzO to a final estimated concentration of 1 pM. 5 pmoles of gcl purified small 

RNA was radiolabelled using an escess of [y-"PIATP (PerkinElmer, Boston, MA) and 5 U of T4 

polynucleotide kinase (New England Biolabs, Ips\vich, MA) in Is PNK buffer. 'l'he rcaction was 



incubated at 37 "C for 25 minutes, followed by 65 OC for 25 minutes to heat inactivate 'I"4 

polynucleotide kinase. T o  the 5' radiolabelled 5 pmoles of RNA. 10 pmoles of anti-sense probe 

(25.9, 26.5, 27.12 or 28.37) was added and tlie mixture incubated at I sTRN at 00 "C for 90 

seconds. After slowly cooling down to room temperature, 4 pg Streptavidin (SIGMA S0677) 

were added, loaded onto a I x TBN 10 % native PAGE and run for 90 minutes at I0 W at 4 OC. 

Streptavidin gel sliift reaction step-by-step: 

- 1 ILL 5sl'BN 

- 1 ILL I-adiolabelled RNA 

- I 1 complementary biotin labelled oligo 

- incubate for 90 seconds at 90 OC in PCR machine 

- slowly cool down reaction 

- 1 I streptavidin; SIGMA S0677, 1 g resuspendcd in 250 111, Binding Buffer 

- incubate for I0 min at room temperature 

- 1 pL 6xnative loading dye (Fermentas) 

'This method has tlie following advantages over the conventional Northern blot 

hybridization approaches: ( i )  The relative amount of a particular sniRNA can be directly 

measured by comparing tlie signal intensity of tlie RNA:DNA duplex with that of tlie total 

smRNA population. ( i i  )The  potential difficulty in detecting short RNA specics by Northern 

hybridization is overcome by perfornring the hybridization in a solution containing a large csccss 

of biotin-labelled DNA probe. For instance, as little as 1-3 fino1 of smRNA can be detected by a 

conventional Northern blot, but tlie streptavidin gel sliift assay outlined here is 10- 100 times more 

sensitive. ( i i i  )The  sniRNA in the shifted RNA:DNA duplex can be recovered for furthcr 

biochemical analysis. 

Periodate treatment 

Radiolabclled RNA was incubated in 25 niM HEPES (pH 7.0) and 50 mM sodiim 

periodate at room temperature for I0 minutes in the dark. The p-elimination of the unstable 

dintdeliyde was performed in formamidel30 mM EDI'A (ratio I vol, aqueous to I vol. 

formamide) at 99 OC for 3 0  minutes. 

Reagents: 



- 2 s  formamide loading dye (5 mM EDTA, Bromophenol Blue (andlor other 

colors], the rest is formamide) 

- I00 mM HEPES buffer, adjusted to pH 7.0 

- 200 mM Sodium Periodatc (Na104) 

- 200 niM Sodium Chloride (NaCI) 

- 5' radiolabelled RNA 

- Protocol: 

- 5' end label RNA I0 PI, reaction 

-- take I pL of phosphorylated RNA and add 9 pL 100 mM HEPES, pH 7.0 

- Note: the amount of RNA can be adjusted, depending how much RNA was 

labelled and how "fresh" your isotope is. 

- take out 5 pL  for to time point, adding to to 5 pI, 200 mM NaCl and I0 ILL 2 s  

forniamide loading dye 

- Note: adding NaCl to the to time point is nice so that the Nai conccnmtions arc 

the same i n  both samples. 

- to remaining RNA, add 5 pI, of 200 mM Na104 

incubate at 22 O C  in the dark for 10 min (e.g. PCR machine) 

- add 10 p1, formamide loading dye 

- heat up sample to 99 O C  for 30 minutes (e.g. PCR machinc) 

- run into high percentage denaturing PAGE, c.g. 23 % for 7mer/24mer, 

Northern hybridization 

A very useful resource was the Bartcl lab's Northcrn hybridization protocol (Rartel, D.P., 

MIr]  http:ll~vcb,wi.mil.edu/bnrteIlp~~b/protocoI~l~~~iRNA~NrlI~r~~~~Protc~cl.pdf). 

A 15 % denaturing PAGE was run and then transferred onto a Nylon membrane as 

described by Ming and colleagues (Ming, el al., 1994). The membrane was then UV-cross-linked 

twice and baked at 80 OC for 45 minutes. 

'To prevent non-specific binding of probes the membrane was incubated in pre- 



hybridization buffer plus 10 ILL of I g/mL salmon sperm DNA !'or at least I hour. A DNA probe 

was radiolabelled using the forward pliospliorylatio~i nietliodology and addcd to the pre- 

hybridization solution. 

(Pre-)Hybridization solution 

Final I Start 1 100 ml (two blots) 1 800 ml(16 blots) 

2.5X SSC 1 20X 1 12.5 ml 

10 mM Na2HP04 pH 7.2 

3.5 % SDS 

The hybridization probc was incubatcd overnight with the Nylon ~ncmbranc and washed 

the next morning. Typically, there were at least two washes using a non-stringent wash. If 

needed, additional ~vashes werc applied, including a more stringent wash. 

1 X Denhardt's Solution 
(Sambrook, Russell, 2001) 

Non-Stringent Wash Solution 

1 M 

10% 

Final 

1 OOX 

I Start / 200 rnl (>two blots) 1 1 L (>six blots) 

1 ml 

35 ml 

1.5X SSC 

8 ml 

280 ml 

1.5 ml 12 ml 

5X Denhardt's Solution I IOOX 1 20 ml 1 50 ml 

12.5 mM NaH2P04 pH 7.5 

2.5 Oh SDS 

Stringent Wash Solution 
- 

Final 

1 M 

10% 

I Start I 200 ml (>four blots) 1 500 m1 (>I2 blots) / 
0.5X SSC 

5 ml 

100 ml 

0.5% SDS 

12.5 ml 

250 ml 

After the washes, thc membranes were packaged into SARAN-wrap and exposed to 

Molecular Dynamics phosphorimager plates. Depending on the strength of the radiolabel, an 



initial scan of the  phosphorimager plate on the Molecular Dynamics Strom 820 (GE Healthcare 

Life Sciences) could be performed an hour after exposure. For better quality scan, exposures 

overnight were appropriate. 
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