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Abstract 

HDV antigenomic RNA is processed in two distinct pathways; it can be cleaved 

at the polyA site and polyadenylated to become mRNA for the delta antigens, or the RNA 

can be cleaved by the antigenomic ribozyme to become full-length antigenomic RNA that 

is used for synthesis of genomic HDV RNA. The polyA site is located just 33 nucleotides 

upstream of the ribozyme cleavage site. If processing occurs primarily at the upstream 

polyA site, there may not be enough full-length antigenomic RNA to support replication. 

On the other hand, ribozyme cleavage downstream of the polyA site could inhibit 

polyadenylation by interfering with polyadenylation complex assembly. Thus, it appears 

that HDV may need a mechanism to control RNA processing so that both products can be 

generated in the proper amounts during the infection cycle.  

A model has been proposed in which the choice between ribozyme cleavage and 

polyadenylation is determined by alternative RNA secondary structures formed by the 

polyA sequence (Wadkins and Been 2002). One of the hypothetical structures, AltP2, is a 

pairing between part of the upstream polyA sequence and the 3’ end of the ribozyme 

sequence. For this model, the same upstream sequence that forms AltP2 could also form a 

stem loop, P(-1), within the leader, by pairing with sequences located farther upstream. A 

processing choice is possible because AltP2 is predicted to inhibit ribozyme cleavage and 

favor polyadenylation resulting in mRNA production, whereas P(-1) would inhibit 

polyadenylation and favor ribozyme cleavage resulting in full-length replication product.  
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The P(-1) vs. AltP2 model was tested using an antigenomic HDV ribozyme 

construct with the 60-nucleotide sequence upstream of the ribozyme cleavage site. This 

leader sequence contains the proposed polyA sequence elements. In vitro analysis of this 

construct revealed that the kinetic profile of ribozyme self-cleavage was altered in two 

ways. Relative to the ribozyme without upstream sequences, the fraction of precursor 

RNA that cleaved decreased to about 50%, but the active ribozyme fraction cleaved 

faster. Native gel electrophoresis revealed that the active and inactive precursor RNAs 

adopted persistent alternative structures, and structure mapping with Ribonuclease T1 

and RNase H provided evidence for structures resembling P(-1) and AltP2. 

Sequence changes in the 5’ leader designed to alter the relative stability of P(-1) 

and AltP2 increased or decreased the extent of ribozyme cleavage in a predictable way, 

but disrupting AltP2 did not completely restore ribozyme activity. The analysis of 

deletion and base change variants supported a second alternative pairing, AltP4, formed 

by the pyrimidine-rich sequence immediately 5’ of the ribozyme cleavage site and a 

purine-rich sequence from the 5’ side of P4. A similar approach was used to test if the 

effect of disrupting both AltP2 and AltP4 might be additive, and the results suggested 

that ribozyme precursors with 5’ leader sequences could fold into multiple inactive 

conformations, which can include, but may not be limited to, AltP2, AltP4, or a 

combination of both. 

Luciferase expression constructs with HDV polyA and ribozyme sequences were 

used to investigate the effects of RNA structure and ribozyme cleavage on 
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polyadenylation in cells. One hypothesis was that P(-1) could inhibit polyadenylation by 

making the polyA sequence elements less accessible to polyA factors, but sequence 

changes designed to alter the stability of the stem loop had no effect on polyadenylation. 

The model also predicts that the ribozyme sequence downstream of the polyA site could 

affect polyadenylation, possibly in two different ways. Ribozyme cleavage could 

interfere with polyadenylation by uncoupling transcription from processing, however, the 

ribozyme sequence might also influence polyadenylation in a manner independent of the 

ribozyme cleavage activity. As such, the AltP2 structure could potentially have a positive 

effect on polyadenylation either by inhibiting ribozyme cleavage or by making the polyA 

signal sequences more accessible to the polyA factors. To distinguish between the effects 

of ribozyme cleavage and alternative RNA structures, luciferase expression levels from 

constructs with an HDV polyA sequence followed by the active wild-type ribozyme or 

the inactive C76u version of the ribozyme were compared. For the wild-type HDV polyA 

sequence, the active ribozyme reduced expression, whereas the inactive ribozyme control 

had no effect on expression. However, for the modified leader sequences, which were 

efficiently polyadenylated in the absence of ribozyme, there were changes in expression 

that appeared to be independent of ribozyme cleavage. Based on these findings, two 

alternative models are proposed. One model predicts that protein factors might affect 

antigenomic RNA processing, and the other model suggests that additional alternative 

structures, such as AltP4, might influence the choice between ribozyme cleavage and 

polyadenylation.
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Chapter 1. Introduction  

1.1 Hepatitis Delta Virus 

1.1.1 Discovery 

The Hepatitis Delta Virus (HDV) was discovered in 1977 by Dr. Mario Rizzetto 

(Rizzetto et al. 1977). When this novel antigen was detected in liver biopsies from 

patients with Hepatitis B, it was initially thought to be a defective Hepatitis B virus. 

However, after additional investigation, Rizzetto and others realized that this subviral 

pathogen was a unique, self-replicating, animal virus with an outer envelope composed of 

lipid and HBV surface antigens (Rizzetto 1983). These envelope proteins provided by 

HBV are required for virus transmission, and thus, they are absolutely necessary for the 

formation of fully infectious HDV particles (Makino et al. 1987). 

1.1.2 HDV Infection 

It is well documented that HDV infection increases the severity of liver disease 

caused by HBV (Bonino et al. 1991; Smedile et al. 1991). However, the outcome largely 

depends on whether the two viruses infect simultaneously (coinfection), or whether a 

chronically infected HBV carrier is newly infected with HDV (superinfection). 

Coinfections are usually acute and self-limiting; less than 5% of coinfections result in a 

chronic HDV infection. In contrast, HDV superinfection of an HBV carrier often results 

in the rapid onset of fulminant hepatitis, which progresses to cirrhosis, hepatocellular 

carcinoma, and in most cases, death from hepatic failure. Another factor that affects the 

severity and symptoms of liver disease is the HDV genotype. HDV isolates from all over 

the world have been sequenced and subdivided into eight major clades based on sequence 
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variation, which can be as much as 40% (Deny 2006; Le Gal et al. 2006). Currently, no 

vaccines exist for HDV, but vaccines that prevent HBV infection can also provide 

protection against HDV infection.  

1.1.3 HDV RNAs 

There are three species of HDV RNA found in infected hepatocytes. Two of these 

RNAs, the genome and the antigenome complement, are circular molecules that are 

approximately 1700 nucleotides in length. There is a high degree of self-complementarity 

within these circular RNAs, and this enables them to fold into long unbranched rod-like 

structures with nearly 70% of the nucleotides involved in base pairing (Chen et al. 1986; 

Wang et al. 1986; Kuo et al. 1988a). These full-length replication products are located in 

the nucleus, and the ratio of genomic to antigenomic RNA is approximately 15:1 (the 

number of copies of each RNA per cell is estimated to be 300,000:20,000 respectively) 

(Chen et al. 1986). The third RNA species is the mRNA for the delta antigen protein. 

This mRNA is approximately 800 nucleotides long and linear. It has a 5’ cap and a 3’ 

polyA tail, which are characteristic features of mature eukaryotic messenger RNAs. The 

delta antigen mRNA is located in the cytoplasm, and it is present in very small amounts 

(often 500-6000 times less than the genomic RNA) (Chen et al. 1986; Hsieh et al. 1990). 

1.1.4 Delta Antigen Proteins 

The delta antigen (HDAg) is the only protein encoded by HDV (Lai 1995). 

However, two forms of HDAg are produced, and they differ in both size and function. 

HDAg-S is the small form of the delta antigen (195 amino acids). It is produced first, and 

it appears to play a role in virus replication (Kuo et al. 1988a; Glenn et al. 1992). The 
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large form, HDAg-L (214 amino acids), is produced during later stages of infection, 

when a specific RNA modification occurs in the antigenomic (plus strand) RNA. The 

adenosine at nucleotide position 1012 is converted to guanosine, via inosine, by a cellular 

double-stranded RNA adenosine deaminase. This A to G conversion changes the UAG 

stop codon for the small HDAg into UGG the codon for tryptophan, which allows 

translation of an additional 19 amino acids present in HDAg-L (Polson et al. 1996). The 

C-terminal extension in HDAg-L contains an important cysteine residue at position 211 

that can be prenylated (Glenn et al. 1992), and this post-translational modification 

enables the HDV RNA to be packaged into new virus particles and secreted (Chang et al. 

1991; Glenn et al. 1992). In addition, there is evidence that the HDAg-L suppresses 

replication (Chao et al. 1990; Chang et al. 1991; Glenn et al. 1992; Ryu et al. 1992). 

Thus, the intracellular ratio of HDAg-S to HDAg-L may determine the extent of viral 

replication, assembly and transport (Lai 1995; Polson et al. 1996). 

1.2 HDV RNA Synthesis 

1.2.1 Synthesis of full-length replication products 

Both of the HDAg proteins appear to play important roles in the virus life cycle, 

but there is no evidence that either form has the intrinsic polymerase activity needed for 

replication. This implies that the RNA-dependent replication of HDV is carried out by a 

host polymerase; but to date, no RNA-dependent RNA polymerase has been identified in 

animals. Instead, it appears that a DNA-dependent host polymerase is capable of using 

HDV RNA as a template. Recent studies have indicated that the delta antigen interacts 

with Pol II in such a way that may convert Pol II into an RNA-dependent RNA 
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polymerase (Yamaguchi et al. 2001; Gudima et al. 2004; Lai 2005). In addition, 

immunoprecipitation assays demonstrated that Pol II is able to bind to the terminal stem 

loop regions of full-length genomic and antigenomic RNAs, which may resemble a 

double stranded DNA template when folded into the rod-like conformation (Greco-

Stewart et al. 2007). These reports are consistent with earlier work from Taylor’s lab that 

suggested Pol II was responsible for replicating both the genomic and antigenomic HDV 

RNAs (Fu and Taylor 1993). However, other labs have claimed that host polymerases  

Pol I and Pol III also interact with HDV RNA (Macnaughton et al. 2002; Greco-Stewart 

et al. 2009). They suggested that these polymerases might also play a role in HDV 

replication, but attempts to verify this have been inconclusive.  

1.2.2 Synthesis and 3’ processing of the delta antigen mRNA 

Although there is some disagreement about which host enzyme(s) are used for 

virus replication, it has been generally accepted that Pol II synthesizes the mRNA for the 

HDV delta antigen (Fu and Taylor 1993; Modahl and Lai 1998; Filipovska and Konarska 

2000; Modahl et al. 2000). The 3’ processing, in particular, has been considered strong 

evidence that the HDAg mRNA is a product of Pol II transcription. The delta antigen 

mRNA contains the following minimal sequence elements required for polyadenylation: 

the highly-conserved hexanucleotide sequence (AAUAAA), a CA dinucleotide cleavage 

site downstream of the signal sequence, and a U-rich sequence downstream of the 

cleavage site (Hsieh and Taylor 1991; Chen et al. 1995). These sequences are recognized 

by components of the host’s polyadenylation complex, which have been shown to be 

associated with the carboxy-terminal domain (CTD) of Pol II (Dantonel et al. 1997; 
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McCracken et al. 1997). Furthermore, there is evidence that the CTD of Pol II has a 

direct role in the cleavage step of the polyadenylation reaction (Hirose and Manley 1998). 

1.3 Rolling-circle Replication 

The model for HDV replication is a double rolling-circle mechanism (Fig. 1.1) 

(Chen et al. 1986; Lai 1995). Upon infection, the genomic (minus strand) RNA enters the 

cell and serves as the template for synthesis of the antigenomic RNA. Then, during a 

second round of the rolling-circle mechanism, the antigenomic RNA becomes the 

template for replication of the genomic RNA. Due to the nature of this mechanism, the 

primary replication products, which are proposed to be longer-than-unit-length linear 

molecules (possibly linear multimers), must be processed before they can be used as 

templates for replication. The genomic and antigenomic RNAs both contain ribozymes 

that can process the primary replication products into monomer-length linear RNAs. 

After the RNA has been cleaved by the ribozyme, the two ends of the RNA must be 

ligated to form the circular replication templates. Studies of HDV ribozymes, in vitro, 

have shown that cleavage occurs via a transesterification reaction that produces ends with 

a 5’ hydroxyl group and 2’,3’-cyclic monophosphate group (Kuo et al. 1988b; Sharmeen 

et al. 1988), but the mechanism for the ligation reaction has not yet been determined.  
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Figure 1.1: HDV Rolling-circle replication model 

In the first round of rolling-circle replication, the antigenomic RNA strand (blue) is synthesized 
from the genomic template (green). The polymerase begins transcription at one end of the rod-
shaped genome. It transcribes the antigenomic ribozyme sequence (blue rectangle), which cleaves 
the RNA. The polymerase continues around the genomic template and transcribes a second 
antigenomic ribozyme. The second ribozyme also cleaves and the 3’ end remaining after this 
cleavage event is ligated to the 5’ end of the RNA that was created when the first ribozyme 
cleaved. The ligated circular antigenomic RNA will eventually become a template for replication 
of the genomic RNA via an identical rolling-circle mechanism. 

5'

5'

5'

5'

5'

Replication Begins
Polymerase synthesizes 1st Antigenomic ribozyme

1st Antigenomic ribozyme cleaves
Polymerase continues

Polymerase synthesizes 2nd Antigenomic ribozyme

+

Polymerase continues for
another round of replication

Completed Antigenomic
strand is ligated

2nd Antigenomic ribozyme cleaves
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1.4 Structures of the ribozymes 

1.4.1 Shared features 

The genomic and antigenomic ribozymes share several common features that are 

necessary for cleavage activity (Fig. 1.2 (a) genomic and (b) antigenomic). Both 

ribozymes have a cytosine (C75 genomic and C76 antigenomic) that is known to play an 

important role in the catalytic mechanism, and only one nucleotide 5’ of the cleavage site 

is required for RNA cleavage. The ribozymes also have a similar secondary structure, 

which is described as a nested double pseudoknot. There are five duplex elements: P1, 

P1.1, P2, P3, and P4. One pseudoknot is formed by P1 and P2, and a second one is 

formed by P3 and P1.1. Sequence comparison, mutagenesis, and nuclease probing were 

initially used to identify P1, P2, P3 and P4, and to determine their contributions to 

ribozyme cleavage (Perrotta and Been 1991; Rosenstein and Been 1991; Been et al. 1992; 

Perrotta and Been 1993). Later, P1.1 was revealed in the crystal structure of the genomic 

ribozyme, and subsequent mutagenesis data confirmed that it was necessary for genomic 

and antigenomic ribozyme activity in vitro (Ferre-D'Amare et al. 1998; Wadkins et al. 

1999; Nishikawa and Nishikawa 2000). 

1.4.2 Structural differences 

Despite similarities, the predicted structure for the antigenomic ribozyme is not 

identical to the structure of the genomic ribozyme. A comparison of the two secondary 

structures reveals the following minor differences: 1) L3 in the genomic ribozyme is one 

nucleotide longer than L3 of the antigenomic ribozyme, 2) P2 in the antigenomic 
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Figure 1.2: The nested double pseudoknot structure of the genomic and antigenomic 
ribozymes from HDV is required for ribozyme activity, and it appears to be a 

conserved motif in ribozymes from a variety of other organisms. 
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Figure 1.2 (continued): The sequences of the genomic (a) and antigenomic (b) HDV ribozymes 
fold into a nested double pseudoknot structure that contains five duplex elements called P1, P2, 
P3, P4 and P1.1. Nucleotide numbering begins from the ribozyme cleavage site with negative 
values for the 5′ sequences. Lowercase letters are used to denote vector-derived sequence. A 
cytosine (C75 genomic and C76 antigenomic) and one nucleotide 5’ of the cleavage site are also 
required for the self-cleavage reaction. Other ribozymes with similar pseudoknot structures have 
recently been discovered. The structure of the human CPEB3 ribozyme (c) closely resembles that 
of the HDV ribozymes, but in others, only the ribozyme core (d) is conserved (Webb et al. 2009). 
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ribozyme is 2 base pairs longer than the genomic P2, 3) the antigenomic ribozyme has an 

adenosine bulge in P2 that is important for cleavage activity (Perrotta et al. 1999) but the 

genomic ribozyme lacks this feature. More significant differences in the structures of the 

two ribozymes are found in P4 and the adjacent 5’ sequence. The most notable are the 

purine-rich bulge in the 5’ side of the antigenomic P4 stem loop and the CAA insertion 

between P1.1 and P4 in the genomic ribozyme structure, which is referred to as a pedestal 

(Ferre-D'Amare et al. 1998) 

1.5 Cleavage reaction mechanism 

1.5.1 Phosphodiester cleavage 

The cleavage mechanism used by HDV is similar to that used by other small self-

cleaving ribozymes (Doudna and Cech 2002). RNA cleavage results in a 5’-hydroxyl 

group and a 2’,3’-cyclic phosphate group, which suggests that the mechanism involves 

attack of the adjacent 2’-hydroxyl group on the phosphorus at the cleavage site to form a 

new phosphoester linkage and release of the 5’ bridging oxygen to form a new hydroxyl 

group. Divalent cations are required for optimal ribozyme activity (Kuo et al. 1988b; 

Sharmeen et al. 1988; Wu et al. 1989). Both structural and catalytic roles for divalent 

cations are possible (Pyle 2002; Sigel and Pyle 2007), and although it is difficult to 

distinguish between these roles, it appears that the metal ion does have a catalytic role in 

the HDV ribozyme cleavage mechanism (Nakano et al. 2001; Nakano et al. 2003; 

Perrotta and Been 2006; Perrotta and Been 2007; Defenbaugh et al. 2009).  
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1.5.2 Catalytic Cytosines 

HDV ribozyme catalysis also involves RNA side chains; in particular, cytosine 75 

(C75) in the genomic ribozyme (and C76 in the antigenomic ribozyme), which were known 

to be important for cleavage activity (Suh et al. 1993; Tanner et al. 1994; Perrotta and 

Been 1996). Mutagenesis and exogenous base rescue experiments support the hypothesis 

that C75 in the genomic ribozyme (Perrotta and Been 1996) and C76 in the antigenomic 

ribozyme (Perrotta, Shih, and Been, 1999; Shih and Been, 2001) participate in the rate-

determining step of the reaction. In the HDV ribozymes, a mutation that changes C75 or 

C76 to a U completely abolishes ribozyme activity, but cleavage can be rescued by the 

addition of imidazole or exogenous cytosine. 

1.6 A common HDV ribozyme motif 

A search of the human genome revealed a self-cleaving RNA sequence located in 

the first intron of the Cytoplasmic Polyadenylation Element-Binding protein 3 gene 

(CPEB3) (Salehi-Ashtiani et al. 2006). Additional studies revealed that the minimal 

CPEB3 ribozyme sequence is 72 nucleotides in length, and it is conserved in mammals. 

Despite differences in both length and primary sequence, the CPEB3 ribozyme (Fig. 

1.2c) adopts a secondary structure similar to the double nested-pseudoknot formed by the 

HDV ribozymes (Rosenstein and Been 1990; Perrotta and Been 1991; Salehi-Ashtiani et 

al. 2006). Furthermore, the CPEB3 and the HDV ribozymes use the same cleavage 

mechanism (Salehi-Ashtiani et al. 2006). Recently, another group identified HDV-like 

ribozymes in a number of additional organisms; these include two nematodes, an 

arthropod, a bacterium, an insect virus, some plant species, several marine organisms, 
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fungi, and a unicellular eukaryote (Webb et al. 2009). There was no apparent sequence 

similarity among the newly discovered self-cleaving RNAs, but the structure of the 

ribozyme core (Fig. 1.2d) was highly conserved. Thus, the nested double pseudoknot 

ribozyme structure, first found with the HDV ribozymes, is more common than once 

thought. 

1.7 Alternative pathways: polyadenylation and replication 

1.7.1 Model I 

Taylor’s lab initially proposed that both a polyadenylated mRNA and a full-length 

antigenomic RNA could be produced from a single transcription event (Hsieh and Taylor 

1991). In this model, transcription begins at the 5’ end of the delta antigen mRNA, and it 

continues through the polyadenylation sequences. After the polyadenylation sequences 

are transcribed, the RNA is cleaved at the polyA site and the polyA tail is added. 

Typically, the 3’ product of this cleavage reaction is highly unstable and rapidly 

degraded, but Taylor’s model predicts that, in HDV, the 3’ product is stabilized by self-

cleavage of the antigenomic ribozyme located 33 nucleotides downstream of the 

polyadenylation site. As a result, the 3’ product is not degraded, and the polymerase is 

able to continue around the circular genomic RNA. As transcription (replication) 

continues, polyadenylation is suppressed, which allows the polymerase to transcribe a 

second ribozyme sequence. Self-cleavage by this second ribozyme produces a full-length 

antigenomic RNA molecule with ends that can be ligated to form a circular template for 

replication of genomic RNA, and the polymerase continues around the circular template 

to produce additional copies of the full-length antigenomic RNA. According to this 
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model, each initiation event would thus yield one mRNA and many full-length 

antigenomic replication products. 

1.7.2 Model II 

Modahl and Lai developed an RNA transfection technique that somewhat 

resembled natural HDV infection (Modahl and Lai 1998). This technique allowed them 

to specifically detect delta antigen mRNA that had been transcribed from the transfected 

RNA. Using this approach, they made several observations that conflicted with Taylor’s 

model. They detected mRNA synthesis throughout the HDV lifecycle, and they noticed 

that the amount of mRNA and full-length antigenomic RNA increased in parallel. They 

also demonstrated that HDAg mRNA could be synthesized and processed in the absence 

of full-length antigenomic RNA synthesis, and vice versa. They considered these 

discoveries to be evidence that the two RNA species are produced independently and in 

parallel. They also predicted that HDV uses different polymerases for replication and 

mRNA transcription, and as a result, that the choice between these two processes is made 

prior to transcription initiation. Based on their observations and interpretations, Modahl 

and Lai proposed a new model in which HDV uses host Pol II for the transcription and 

polyadenylation of delta antigen mRNA and Pol I for producing the full-length 

antigenomic replication template (Modahl and Lai 1998). 

1.7.3 Model III 

Taylor’s lab recently published a new model for HDV antigenomic RNA 

processing that was based on the results of experiments where they measured the 

accumulation of polyadenylated RNA and RNA cleaved by the ribozyme in cells that had 
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been transfected with a DNA template that encoded a greater-than-unit-length HDV 

antigenomic RNA (Nie et al. 2004). Unlike their previous model, where the HDAg 

mRNA and the full-length antigenomic RNA were produced from a single transcription 

initiation, their new model predicts that polyadenylation and ribozyme cleavage are 

alternative, and likely mutually exclusive, events. In some ways this is similar to the 

model proposed by Modahl and Lai, but a major difference is that the model from 

Taylor’s lab predicts Pol II is the only polymerase used. If Pol II is responsible for 

producing both the HDAg mRNA and the full-length antigenomic RNA, then, a choice 

between polyadenylation and ribozyme cleavage must be made at some point during the 

synthesis of the antigenomic RNA. It was suggested that the choice would likely occur 

after the transcript is greater than unit-length, and that the recruitment of different host 

factors determined how a particular RNA transcript was processed.  

1.8 Preventing polyadenylation of the full-length antigenomic RNA  

In HDV, the polyadenylation signals for the HDAg mRNA are located 33 

nucleotides upstream of the ribozyme cleavage site used for replication. Therefore, it 

seems that HDV would need a way to suppress polyadenylation during transcription of 

the full-length antigenomic RNA. Taylor’s lab predicted that the intramolecular base 

pairing in the long, unbranched structure of the RNA could inhibit mRNA processing, but 

when they tested this hypothesis, it became evident that the rod-like conformation alone 

was not sufficient (Hsieh and Taylor 1991). Taylor’s lab later demonstrated that the delta 

antigen was also involved in suppressing polyadenylation (Hsieh et al. 1990; Hsieh et al. 
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1994). They found that both the small and large HDAgs could inhibit polyadenylation by 

binding to antigenomic RNA that was folded into a long unbranched rod-like structure.  

Lai claimed that the results of experiments from his lab contradicted the Taylor 

model for polyadenylation inhibition (Modahl and Lai 1998). They argued that HDAg 

mRNA accumulated throughout the HDV lifecycle, and they considered this to be 

evidence that polyadenylation is not suppressed by either form of the HDAg. Instead, 

they suggested that the choice between producing HDAg mRNA and the full-length 

replication template is made before transcription of the antigenomic RNA begins. 

However, this was based on their hypothesis that the full-length antigenomic replication 

template is transcribed by Pol I and the HDAg mRNA is a product of Pol II, which has 

not been confirmed.  

1.9 A new model for HDV antigenomic RNA processing based on 
alternative RNA structures 

Our lab has proposed a different model in which alternative secondary structures 

affect the processes of ribozyme cleavage and polyadenylation and, thereby, help regulate 

synthesis of the HDAg mRNA and replication of HDV antigenomic RNA. Work from 

our lab has provided evidence that the activity of both the genomic and antigenomic 

HDV ribozymes can be affected through interactions with sequences outside of the 

ribozyme domain. Experiments designed to determine the minimum sequences required 

for cleavage activity revealed that the presence of additional sequences either 3’ or 5’ to 

the ribozyme sequence could inhibit activity (Perrotta and Been 1990; Perrotta and Been 

1991). However, it was also shown that adding chemical denaturants or raising the 
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temperature could destabilize the inhibitory interactions and enhance ribozyme cleavage 

(Perrotta and Been 1990; Rosenstein and Been 1990).  

1.9.1 Alternative secondary structures formed by the genomic sequence: P(-1) 
and Alt 1 

Bevilacqua and members of his lab also investigated the effects of adjacent 

sequences on HDV genomic ribozyme cleavage activity (Chadalavada et al. 2000; 

Chadalavada et al. 2002; Diegelman-Parente and Bevilacqua 2002). When they tested 

constructs with sequences upstream of the genomic ribozyme, they discovered that the 

sequence from -1 to -30 had an inhibitory effect on ribozyme cleavage (Chadalavada et 

al. 2000). This result suggested that the 30-nucleotide upstream sequence might be able 

to pair with part of the ribozyme sequence, so mFold, an RNA folding program, was used 

to predict potential structures for this construct. A pairing interaction between part of the 

upstream sequence and the 3’ end of the ribozyme was identified, and they called it Alt 1. 

Since the sequence at the 3’ end of the ribozyme is critical for function, it seemed 

reasonable that Alt 1 could inhibit ribozyme activity. The alternative Alt 1 pairing 

interaction was further characterized, and the results were consistent with the Alt 1 

hypothesis (Chadalavada et al. 2000). When specific nucleotide changes were made in 

sequences that were predicted to form Alt 1, ribozyme cleavage was reduced by changes 

designed to stabilize Alt 1, whereas ribozyme activity increased when changes designed 

to destabilized Alt 1 were introduced. An increase in ribozyme activity was also observed 

when DNA oligonucleotides, complementary to the upstream attenuator sequence, were 

added in trans.  
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Increasing the length of the upstream sequence from 30 nucleotides to 54 

nucleotides also appeared to modulate the inhibitory effects of the Alt 1 interaction 

(Chadalavada et al. 2000). When the sequence of the construct with the 54-nucleotide 

upstream sequence was folded with mFold, the upstream sequence was predicted to form 

a very stable stem loop, which Bevilacqua’s group called P(-1). They predicted that P(-1) 

could prevent Alt 1 from forming and, thereby, allow the ribozyme to fold correctly into 

its active conformation. Based on this hypothesis, they suggested that the formation of 

P(-1) might be a key step in the folding pathway for genomic ribozyme in vivo.  

1.9.2 Structural features conserved in antigenomic RNA despite lack of 
sequence similarity 

After Bevilacqua’s lab discovered Alt 1 and P(-1) in the genomic sequence, they 

searched the sequence upstream of the antigenomic ribozyme for conserved sequences 

that would suggest that the antigenomic RNA might be able to form similar structures. 

Since the only similarity between the genomic and antigenomic sequences was that both 

had a pyrimidine-rich sequence immediately 5’ of the ribozyme cleavage site, they 

concluded that the sequence upstream of the antigenomic ribozyme did not form Alt 1 or 

P(-1). However, a search for structure, rather than sequence, revealed a region of the 

upstream sequence that could potentially pair with the 3’ end of the antigenomic 

ribozyme to form a structure similar to the genomic Alt 1 (Wadkins and Been 2002). This 

upstream sequence could also pair with a sequence farther upstream of the antigenomic 

ribozyme to form a hairpin structure that resembled P(-1) formed by the genomic RNA. 

Thus, while the genomic and antigenomic sequences differ, the potential to form similar 

structural elements is conserved. However, unlike the genomic strand, the sequence that 
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forms P(-1) in the antigenomic strand includes important polyadenylation signals 

required for HDAg mRNA processing. This raises the possibility that the choice between 

polyadenylation and ribozyme processing is somehow coordinated by the RNA 

secondary structures formed in these antigenomic sequences. 

The HDV antigenomic RNA can either be polyadenylated and used as the mRNA 

for the HDAg, or it can be cleaved by the ribozyme and used as a replication template. 

However, the close proximity of the polyadenylation site and the ribozyme cleavage site 

could potentially be problematic for the virus. Constitutive processing at the polyA site, 

which is located just 33 nucleotides upstream of the ribozyme cleavage site, would 

prevent the production of the full-length antigenomic RNA needed for replication. On the 

other hand, ribozyme cleavage downstream of the polyadenylation site could interfere 

with mRNA processing. Thus, for the antigenomic RNA, the formation of alternative 

secondary structures that influence polyadenylation and ribozyme cleavage could be 

biologically significant.  

1.9.3 A model for HDV antigenomic RNA processing based on the alternative 
structures P(-1) and AltP2  

A model proposed in our lab (Wadkins and Been 2002) (Fig. 1.3) describes how 

AltP2 and P(-1) could potentially regulate processing of the HDV antigenomic RNA. The 

AltP2 conformation (equivalent to the genomic Alt 1) is predicted to inhibit ribozyme 

cleavage. In addition, formation of AltP2 in the antigenomic RNA could potentially 

expose polyadenylation sequence elements and promote mRNA processing. The 

formation of P(-1) in the antigenomic RNA might favor ribozyme cleavage, just as the 

genomic P(-1) does, by preventing the upstream sequence from pairing with the 3’ end of 
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the ribozyme and acting as an attenuator. However, an important difference for the 

antigenomic sequence is that polyadenylation may be inhibited by the formation of P(-1); 

when the polyadenylation signals are involved in a hairpin structure, they may not be 

recognized by 3’ processing factors (Wadkins and Been 2002). 

In the following chapters I tested several features of this model. In chapter 2, the 

effects of the alternative secondary structures P(-1) and AltP2 on ribozyme cleavage were 

examined in vitro. Stabilizing P(-1) appeared to enhance both the rate and the extent of 

ribozyme cleavage, whereas stabilizing AltP2 had an inhibitory effect on ribozyme 

activity. In chapter 3, the results of structure mapping studies with RNase T1 and RNase 

H are presented, and they provide support for the formation of RNA secondary structures 

that resemble P(-1) and AltP2. An additional interaction between the upstream sequence 

and the ribozyme, AltP4, was identified, and the inhibitory effect of this interaction on 

ribozyme cleavage is described in chapter 4. Finally, in chapter 5, luciferase expression 

assays were used to study the effects of alternative RNA secondary structures and 

ribozyme cleavage on polyadenylation in cells. Some of the data support the model in 

that ribozyme cleavage downstream of the wild-type polyA site inhibited luciferase 

expression. However, for constructs with modified polyA sequences, the evidence 

suggested that other factors were responsible for the decrease in luciferase expression; 

both the wild-type ribozyme and the inactive C76u ribozyme inhibited expression to the 

same extent. From the studies described here, it has become apparent that the sequence 

upstream of the antigenomic ribozyme is able to form a variety of pairing interactions, 

which can affect ribozyme cleavage, polyadenylation, or both. 
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Figure 1.3: A hypothetical model for the regulation of antigenomic ribozyme activity 
and polyadenylation in HDV 
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Figure 1.3 (continued): This model, originally proposed by Wadkins and Been (Wadkins and 
Been 2002), describes how alternative RNA secondary structures might determine how the 
antigenomic RNA of HDV is processed. The antigenomic RNA proceeds down the replication 
pathway (top) when the 5’ leader folds into P(-1). The structure of P(-1) may have two separate 
functions. First, it is predicted to prevent pairing interactions between the upstream sequence and 
the ribozyme sequence that inhibit ribozyme cleavage. Second, the stem loop structure of P(-1) 
might prevent processing at the polyA site upstream of the ribozyme cleavage site, which 
otherwise would prevent production of full-length antigenomic RNA. The antigenomic RNA 
proceeds down the polyadenylation pathway (bottom) when the 5’ leader forms AltP2 by pairing 
with the 3’ end of the ribozyme sequence. The AltP2 structure may also have two functions, 
which make it a more favorable substrate for polyadenylation. First, AltP2 is predicted to inhibit 
ribozyme cleavage downstream of the polyA site, which otherwise might interfere with the 
assembly of the polyadenylation factors. Second, the polyA sequences may be more accessible to 
polyadenylation factors when they are not forming the P(-1) stem loop. 
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Chapter 2. The polyA sequence alters both the extent and rate 
of self-cleavage of the antigenomic ribozyme 

The antigenomic RNA of hepatitis delta virus contains a ribozyme self-cleavage 

site 33 nucleotides downstream of the delta antigen mRNA polyA site. To test the 

hypothesis that close proximity of these two processing sites can affect ribozyme activity, 

an antigenomic HDV ribozyme precursor that included the upstream polyA sequence 

elements was characterized. Relative to the ribozyme without upstream sequences, the 

kinetic profile of ribozyme self-cleavage was altered in two ways. First, the fraction of 

precursor RNA that cleaved decreased to about 50%. The extent of reaction could, 

however, be increased or decreased with sequence changes in the polyA site region. 

These mutations were predicted to alter the relative stability of competing secondary 

structures within the precursor, and the precursor RNAs adopted persistent alternative 

structures that are separated in native gel electrophoresis. Second, the active ribozyme 

fraction cleaved at rates that were faster than those of the ribozyme without polyA 

sequence elements. Modulation of ribozyme activity, through competing alternative 

structures, could be part of a mechanism that allows a biologically relevant choice 

between maturation of the mRNA and processing of replication intermediates. 

2.1 Introduction 

HDV is proposed to replicate its RNA genome by a double rolling-circle 

mechanism (Branch and Robertson 1984; Taylor 1992; Lai 1995). In this model for 

replication, RNA synthesis generates longer-than-unit-length products that are processed 

by a cis-cleaving ribozyme in each strand to yield monomer-length antigenomic and 
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genomic RNAs. These linear monomers are circularized and serve as templates for 

additional rounds of replication. In addition to serving as a template for replication, the 

genomic RNA strand is the template for the transcription of the mRNA for the delta 

antigens. In the antigenomic RNA, the polyA site is 33 nucleotides upstream of the 

ribozyme cleavage site (Hsieh et al. 1990; Hsieh and Taylor 1991). Thus, the two 

processing sites are very close to each other, and yet, these alternative processing paths 

must be distinct since a polyadenylated product cannot serve as a template for replication 

and ribozyme cleavage would be predicted to interfere with mRNA maturation (Bird et 

al. 2005; Rigo et al. 2005). 

The model for replication and mRNA transcription in HDV that uses different 

cellular RNA polymerases (Macnaughton et al. 2002) is attractive because RNA 

processing is closely linked to RNA synthesis (McCracken et al. 1997; Calvo and Manley 

2003). However, work from Taylor’s lab has provided more convincing evidence that 

RNA Pol II synthesizes both of the antigenomic RNA products (Moraleda and Taylor 

2001; Nie et al. 2004). In the most recent model from Taylor’s group (Nie et al. 2004), 

RNA Pol II initiates synthesis at a single promoter region in the folded genomic RNA, 

and the resulting transcript can be polyadenylated to generate the mRNA or processed at 

the ribozyme site to generate the replication intermediate, but not both. This model 

differs from an earlier model where they suggested that a single Pol II initiation could 

first yield a polyadenylated mRNA, and then, by not terminating, continue synthesis to 

yield ribozyme-processed full-length products (Hsieh and Taylor 1991). Nevertheless, in 

all of these proposed models, RNA Pol II is responsible for synthesis of the mRNA, and 
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therefore, ribozyme self-cleavage in that transcript could interfere with polyadenylation. 

The model from our lab predicts that alternative pairing interactions between the 

upstream polyA sequence and the ribozyme sequence could influence ribozyme cleavage 

(Wadkins and Been 2002), and that hypothesis was tested here. 

In vitro studies of the HDV antigenomic ribozyme and its catalytic mechanism 

have focused on the activity of a small, or minimal, cleavage domain (Fig. 2.1a). This 

form of the ribozyme does not include the upstream polyA signals. However, there was 

early evidence that sequences 5' to the cleavage site could affect HDV ribozyme activity 

(Kuo et al. 1988b; Perrotta and Been 1990). Subsequently, the Bevilacqua lab more 

thoroughly investigated and characterized the effect of upstream non-ribozyme sequence 

on genomic HDV ribozyme activity (Chadalavada et al. 2000; Chadalavada et al. 2002). 

In those studies, they identified both a base-pairing interaction between the upstream 

sequence and the ribozyme sequence (Alt 1) and a competing hairpin within the upstream 

sequence (P(-1)) that would interfere with Alt 1 formation.  

Recent analysis of the antigenomic sequence revealed that the polyA sequence 

upstream of the ribozyme also has the potential to form secondary structures resembling 

those noted for the genomic ribozyme (Wadkins and Been 2002). The polyA sequence 

could form both a hairpin, P(-1), involving nucleotides –57 to –16 (numbering is relative 

to the ribozyme cleavage site) (Fig. 2.1b), and an alternative pairing of nucleotides –30 to 

–12 in the upstream sequence with nucleotides 74 to 88 of J4/2 and the 3' side of P2 in 

the ribozyme (Fig. 2.1c). This alternative pairing is similar to the pairing in the genomic 

sequence called Alt 1 (Chadalavada et al. 2002), but here we called it AltP2 following a 



 

 25 

 

Figure 2.1: Sequence and secondary structure of the self-cleaving domain of the 
antigenomic HDV ribozyme 
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Figure 2.1 (continued) a: PEX1, lowercase letters indicate vector-derived sequence. b: PAH1 
with the upstream sequences drawn in a hypothetical P(-1) hairpin stem-loop. Nucleotide 
numbering begins from the ribozyme cleavage site with negative values for the 5' sequences. 
PolyA sequence elements, the AAUAAA hexamer, the polyA cleavage site at -33 (Hsieh et al. 
1990), and the U-rich region between P(-1) and P1 are labeled. c: A proposed alternative pairing 
designated as AltP2.  
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nomenclature similar to that used by Pan and Woodson for the Group I intron (Pan and 

Woodson 1998). As described for the genomic sequence, the 5' side of AltP2 and the 3' 

side of P(-1) share a common sequence, so only one of the two pairings is presumed to 

form in a transcript. For the antigenomic RNA sequence, an AltP2-like (Alt 1, in the 

genomic ribozyme (Chadalavada et al. 2002)) interaction would prevent ribozyme 

cleavage while a P(-1)-like structure could reduce the efficiency of polyadenylation 

(Berkhout et al. 1995; Das et al. 1999; Klasens et al. 1999). 

To examine the effect that the upstream polyadenylation sequences might have on 

ribozyme activity, the antigenomic ribozyme construct PEX1 was modified by the 

addition of 60 nucleotides of wild-type sequence 5' to the cleavage site to generate the 

precursor PAH1 (Fig. 2.1b). Both the ribozyme and upstream sequences were based on 

HDV isolate US-2 (ID 261991). This longer construct formed at least two different 

folded populations, in about equal amounts, that could be physically separated. One 

population cleaved rapidly while the other did not cleave to any appreciable level under 

the same conditions after prolonged incubation. Mutations that favored one proposed fold 

over the other changed the amount of cleaved RNA in a predictable manner. 

Furthermore, combinations of mutations predicted to stabilize both folds returned the 

ratio to that of the wild-type sequence. Somewhat unexpectedly, the rate constant for the 

cleavable fraction of the longer precursors was greater than that for precursors containing 

just the ribozyme domain. These results suggest that the 5' sequences inhibited cleavage 

activity in one folded population and enhanced the cleavage rate of the other population. 
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2.2 Results 

2.2.1 Wild-type sequence upstream of the ribozyme affects both self-cleavage 
rate and extent of cleavage 

The in vitro self-cleavage activity of the PAH1 precursor, which contained the 

polyA sequence elements, was compared to the shorter ribozyme, PEX1 (Fig. 2.1). The 

PEX1 precursor cleaved with first-order kinetics and a rate constant of ~15 min-1 (in 10 

mM Mg2+, pH 7.5, 25°C) (Fig. 2.2a). In this set of experiments, a higher endpoint was 

observed for data collected by hand mixing (~90%) than for data collected with the rapid 

quench instrument (~70%). However, when fit to a first-order exponential, both sets of 

data gave similar values for kobs. For the PAH1 precursor, following addition of MgCl2, 

slightly less than half was cleaved in the first few seconds (Fig. 2.2b), and there was little 

additional cleavage thereafter (reactions were allowed to continue for up to 24 hours, data 

not shown). 

PAH1 appeared to form functionally distinct populations that were kinetically 

stable; a variety of different preincubation conditions failed to increase the extent of 

cleavage, and the "slow-cleaving" fraction remained slow (kobs ≤10-3 min-1 at 25°C). If, 

after the initial phase at 25°C, the reaction was briefly heated to 95°C, most of the 

remaining precursor fraction did cleave (data not shown). Although the extent of 

cleavage of PAH1 was lower than PEX1 under the same reaction conditions, the fraction 

that cleaved did so about 3 times faster than PEX1 (Fig. 2.2a,b). This increased rate 

constant was not a data-fitting artifact due to the lower endpoint of the reaction. 

Moreover, ribozyme variants that cleaved to ≥70% at this faster rate are described below. 
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Figure 2.2: Upstream sequence alters the extent of reaction and the cleavage rate of 
the antigenomic ribozyme 

a: Cleavage of PEX1 precursor (25°C, 10 mM Mg2+, pH 7.5). The data shown were collected 
both by hand mixing (circles, 90% cleaved) and on a rapid quench instrument (squares, 69% 
cleaved). In other experiments, with data collected manually, the extent of cleavage also ranged 
from 70 to 90% (not shown). b: Cleavage of PAH1 (25°C, 2 mM Mg2+, pH 7.5). Data was 
collected manually (circles, 49% cleaved) and by rapid quench (squares, 42% cleaved). The first 
30 s of 4 hr reactions collect by hand are shown. The rate constant for cleavage in the slow phase 
was estimated to be no greater than 10-3 min-1. The rate constant for the initial reaction is reported 
only for the data collected on the rapid quench instrument. 
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 These results suggested that roughly half of the PAH1 precursor adopted an 

active-ribozyme fold that cleaved faster than the shorter PEX1 precursor, while the 

remainder behaved as if trapped in a kinetically-stable inactive fold. An alternative 

interpretation, that this result represented the equilibrium between cleavage and ligation, 

is addressed in the discussion. It was also noted that there was no enhancement in the 

cleavage rate of PEX1 when the upstream fragment of RNA was isolated from a PAH1 

transcription reaction and added in excess to a reaction with PEX1 (data not shown). 

2.2.2 Stabilizing AltP2 reduced the extent of ribozyme cleavage 

Mutagenesis, to alter sequence and stability of hypothesized pairings, was used to 

test alternative structures in PAH1 precursor RNA. With PAH1, the extent of cleavage 

was less than that of the shorter precursor (PEX1), which suggested that wild-type 

sequence upstream (5') of the cleavage site inhibited formation of an active ribozyme. In 

studies with the genomic sequence, Bevilacqua and co-workers (Chadalavada et al. 2000; 

Chadalavada et al. 2002) found that a short segment of 5' sequence could form an 

alternative duplex with the 3' end of the ribozyme. This pairing prevented ribozyme 

formation and inhibited cleavage. To test the hypothesis that the sequence upstream of 

the antigenomic ribozyme had a similar effect, sequence changes predicted to alter the 

stability of the putative P(-1) and AltP2 pairings were introduced into PAH1.  

Introducing additional base pairs predicted to stabilize the alternative pairing 

(AltP2) would be predicted to reduce the extent of antigenomic ribozyme cleavage. 

PAH2, the construct with a stabilized AltP2 (Fig. 2.3a), differed from PAH1 at five 

positions in the upstream sequence that would form the 5' side of AltP2 (C-19a, C-21u,     
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U-22c, G-23u, and G-25u). For the PAH2 precursor, < 1% of the RNA cleaved in the initial 

phase of the reaction (Fig. 2.4a,b), and no additional cleavage was observed with longer 

incubation (≤ 2% after 4 and 24 hrs at 25°C, data not shown). Considering that no 

mutations were made in the ribozyme domain, these results were consistent with the 

hypothesis that the formation of an alternate pairing (such as a stabilized AltP2) inhibited 

ribozyme activity in PAH2. 

2.2.3 Stabilizing P(-1) increased the extent of ribozyme cleavage 

Two constructs predicted to have more stable P(-1) structures, PAH3 and PAH4, 

were also tested. In PAH3, three base changes (A-50c, U-51a, and A-52g) were made in the 

5' side of the proposed P(-1) (Fig. 2.3b). These changes were predicted to increase the 

number of base pairs in P(-1), and these changes increased the extent of cleavage of the 

precursor RNA to > 70% (Fig. 2.4a,b). The rate constants for cleavage of PAH3 were 

indistinguishable from those of PAH1 (Fig. 2.4). Thus, the only apparent difference 

between the cleavage kinetics of PAH3 and PAH1 was the extent of cleavage of the 

PAH3 RNA in the first seconds of the reaction. In PAH4, mutations were introduced in 

the 3' side of P(-1) to again increase base pairing in P(-1) (C-21u, G-23u, and insertion of 

an (a) between -22/-21; Fig. 2.3c). PAH4 behaved much like PAH3; it cleaved to ~70% 

with a kmax = 71±3 min-1. The results from the studies with both PAH3 and PAH4 

supported the idea that stabilizing the P(-1) hairpin structure in the 5' sequence favored 

the formation of the active ribozyme structure. Cleavage activity was the same when 

changes were made to either the 5' or 3' side of the predicted P(-1) suggesting that the   

P(-1) structure, more so than its sequence, was responsible for this effect.
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Figure 2.3: Potential secondary structures of P(-1) and AltP2 in the modified 
precursors 



 

 33 

Figure 2.3 (continued): Sequences and hypothetical secondary structures are presented for just 
the P(-1) and AltP2 of (a) PAH2, (b) PAH3, (c) PAH4 and (d) PAH2c. Lowercase letters in the 
boxed areas denote the mutations made in the wt 5’ leader sequence. Nucleotide numbering is as 
in PAH1 (Fig. 2.1) and was not modified to account for nucleotide insertions and deletions that 
were introduced into the variants. 
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Figure 2.4: Changes in the upstream (5') sequence can alter the extent of self-
cleavage 

a: Cleavage of PAH2 (triangles) and PAH3 (diamonds) compared to the wt PAH1 (circles). The 
data for PAH3 (and PAH1) were collected on a rapid quench instrument. PAH2 cleavage was 
nearly undetectable. PAH3 cleaved to 81% with a rate constant (42±2 min-1) that was similar to 
PAH1 (47±2 min-1). Reaction conditions were 2 mM Mg2+, pH 7.5, and 25°C. b: Cleavage of 
PAH4 (closed diamonds) and PAH2c (closed inverted triangles). PAH4 data collected by rapid 
quench generated rate constants of 41±2 min-1. Data for PAH2, PAH3 and PAH2c for this 
experiment were collected by hand mixing, so only the extent of cleavage could be determined in 
those reactions. 
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2.2.4 Competition between P(-1) and AltP2 

According to the proposed pairing schemes, P(-1) and AltP2 share a common 

sequence. If so, it should be possible to restore a higher extent of cleavage in a precursor 

with the PAH2 changes that had increased base pairing in AltP2, by also increasing the 

number of base pairs in P(-1). A more stable P(-1) would be predicted to compete with 

the stabilized AltP2. Additional changes were introduced into only the 5' side of P(-1)  

(U-41c, U-42c, G-44a, C-46a, A-48Δ, A-49Δ, U-51g, G-54u, and U-55c) (Fig. 2.3d). In this 

construct (PAH2c), both P(-1) and AltP2 would be capable of more extensive base 

pairing than the wild-type structures. Consistent with the prediction, these changes 

increased cleavage of the precursor RNA from the 1% seen in PAH2 to 45±5% (PAH2c, 

Fig. 2.4b). The reaction was too fast to extract a rate constant from data collected in hand 

mixing experiments; however, PAH2c cleaved faster than PEX1, and probably as fast as 

PAH1.  

2.2.5 Active and inactive conformations were resolved by non-denaturing 
polyacrylamide gel electrophoresis 

Four of the precursor RNAs, PAH1, 2, 3 and 4, were analyzed by non-denaturing 

polyacrylamide gel electrophoresis (Fig. 2.5). Prior to loading, the samples either 

received no additional treatment after the stored RNA was thawed, or the RNA was 

renatured as for the cleavage reactions. In a third sample, Mg2+ was added to the 

renatured precursors for 1 min before EDTA was added to stop the reaction. The 

untreated wild-type precursor RNA (PAH1) ran as a diffuse set of two darker bands and 

at least one additional much lighter band (noted with asterisks, Fig. 2.5). After 
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renaturation, there was a change in distribution within that set, and the faster-migrating 

band was most abundant (asterisk 1). This darker band was identified as the active 

ribozyme species because it decreased in intensity with Mg2+ treatment, and two new fast 

migrating product bands appeared. About half of the total amount of precursor cleaved 

(~54% in the example shown). There was no noticeable change in the intensity of the 

slower migrating precursor band, and thus, it appeared to be an inactive form (asterisk 2). 

These data also indicate that the precursors adopted these different folds prior to the 

addition of Mg2+. 

PAH2, PAH3, and PAH4 precursor RNAs were resolved under the same 

conditions used for PAH1 (Fig. 2.5). For the poorly-cleaving PAH2, the renatured RNA 

ran predominantly in the position of the slower of the two dark bands of precursors 

(asterisk 2), and little, if any, cleaved when Mg2+ was added. The better-cleaving PAH3 

and PAH4 precursors migrated predominantly in two bands if untreated (asterisks 1 and 

2). However, the renaturation step converted most of the RNA to the faster species 

(asterisk 1), which then cleaved with the addition of Mg2+. These data were entirely 

consistent with the interpretation that stabilization of P(-1) (PAH3 and PAH4) enhanced 

formation of the active ribozyme, while stabilization of AltP2 (PAH2) favored a structure 

incapable of cleavage. Importantly, the results suggest that the base changes predicted to 

increase pairing in P(-1) or AltP2 stabilized conformations that also formed in the wild 

type PAH1 sequence. 
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Figure 2.5: Non-denaturing polyacrylamide gel electrophoresis 

Migrations of PAH1, PAH2, PAH3, and PAH4 precursors are shown (left to right panels, 
respectively). The RNA either received no treatment (lanes labeled Untreated), or it was heated 
and renatured as in the cleavage reactions (lanes labeled Renatured and +Mg2+). The reactions 
with Mg2+ (2 mM) were terminated with EDTA after 1 min and the percent conversion to product 
is given below the image. Asterisks mark positions of the two darker and one faint precursor 
bands referred to in the text.  

 



 

 38 

2.3 Discussion 

In the antigenomic RNA sequence of HDV, ribozyme cleavage and mRNA 3' 

processing may be competing events. To test if antigenomic HDV ribozyme activity 

might be influenced by upstream sequences required for polyadenylation, a ribozyme 

precursor that included an additional 60 nucleotides of 5' sequence was examined. 

Evidence that the upstream sequence alters ribozyme activity was seen in the ribozyme 

cleavage kinetics; the longer precursor cleaved faster, but the extent of the reaction was 

reduced to ~50%. The extent of cleavage in several precursor variants correlated with the 

potential for base pairing between two competing structural elements, whereas the 

enhanced cleavage rate of the active fraction appeared largely unaffected by sequence 

changes in those same regions. In all constructs tested, the slow-cleaving fraction was 

remarkably stable in MgCl2-containing buffers at 25°C; cleavage of that fraction was 

estimated to be at least 104-fold slower than cleavage of the more active fraction.  

Previous studies with a genomic HDV ribozyme construct, similar in length to the 

antigenomic PAH1 used here, revealed biphasic kinetics with 36% of the RNA cleaving 

fast (50 min-1) and the remainder cleaving slowly (0.12 min-1) (conditions were 37°C, 10 

mM Mg2+, pH 8.0) (Brown et al. 2004). The kinetic profile for the antigenomic PAH1 

construct, which cleaved to ~50%, can also be viewed as biphasic but with a very slow 

second phase. Alternatively, a kinetic profile that levels off without the reaction going to 

completion could result from an approach to equilibrium between cleaved and religated 

RNA. If correct, this explanation for the kinetic profile would be exciting because 

ligation of ribozyme cleavage products by the HDV ribozymes, in a reverse reaction, has 
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not been demonstrated. Indeed, invoking a role for AltP2 in bringing the 5' and 3' ends of 

the linear cleavage products together for ligation could be an attractive solution to the 

biological problem of circularizing the unit-length RNA during HDV replication (Taylor 

1992; Lai 1995). However, the endpoint of ~50% seen with the PAH1 precursor does not 

appear to be the result of ligation activity. Varying the RNA concentration did not change 

the endpoint, nor were precursors regenerated from isolated products (unpublished data). 

More compelling, however, is that in the native gel analysis, different folded populations 

of the precursor formed prior to the addition of Mg2+ to the reaction, and only one of 

those populations cleaved when Mg2+ was added. 

The data presented here are most consistent with the idea that there are 

alternatively folded populations of polyA site-containing precursor RNA. In one 

population, a pairing such as AltP2 can turn off ribozyme activity by preventing the 

active structure from forming. In the other population, a feature of the upstream sequence 

can favor formation of the native ribozyme structure that leads to the higher observed 

cleavage rates. These in vitro effects could be consistent with a model in which 

interactions between sequences associated with the polyA region and the ribozyme 

influence relative usage of the two processing sites.  

The Bevilacqua lab (Chadalavada et al. 2000; Chadalavada et al. 2002) previously 

had shown that, with the genomic HDV ribozyme, sequences upstream of the cleavage 

site interact with ribozyme sequence. In the antigenomic sequence, sequence co-variation 

in individual isolates of HDV did not strongly support unique alignments of base pairs in 

P(-1) and AltP2 (Wadkins and Been 2002). Multiple pairing alignments of the sequences 
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appeared possible, in which case P(-1) and AltP2 may represent examples of possible 

secondary structures involving the 5' sequences. Moreover, in this case, mutations and 

compensatory mutations do not necessarily define the true competing secondary 

structures because the assay only reports that another structure was prevented from 

forming correctly. Thus, while the evidence is consistent with the hypothesis that AltP2 

will interfere with ribozyme activity, we cannot say for certain that interference of 

ribozyme activity is due to formation of AltP2 as drawn. Despite this uncertainty, 

mutations predicted to increase AltP2 stability decreased the extent of cleavage. 

Likewise, a more stable P(-1)-like structure increased the fraction of precursor that 

cleaved. Base pairing, not a specific sequence, in P(-1) appeared to be the important 

feature that enhanced the extent of cleavage.  

The rate constant for PAH1 cleavage at 25°C (~ 1 s-1) was higher than previously 

seen with the shorter ribozymes from HDV. Nevertheless, the increase relative to PEX1 

was modest (about 3 fold). This increase may or may not be another example of flanking 

"extra-ribozyme" sequences (or domains) stabilizing the core ribozyme and leading to 

enhanced cleavage rates. More dramatic examples of that effect in small ribozymes have 

been seen with the hairpin (Walter et al. 1998), hammerhead (Khvorova et al. 2003), and 

glmS ribozymes (Winkler et al. 2004; Wilkinson and Been 2005; Roth et al. 2006), where 

the rate enhancements by flanking sequences stabilizing an active structure are typically 

much larger. Also, additional interactions that could contribute to the stability or rigidity 

of the HDV ribozyme core have not been identified. Bevilacqua and coworkers have 

proposed a model for the genomic HDV ribozyme in which the 5' sequence contributes to 
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a higher observed cleavage rate by favoring the pathway leading to the native fold of the 

ribozyme (Chadalavada et al. 2000; Chadalavada et al. 2002; Brown et al. 2004). A 

similar model may be applicable to the antigenomic sequence, but our data do not address 

this issue.  

Both the enhancement of cleavage rates and the formation of stable non-ribozyme 

structures could be of consequence to the biology of the virus. The sequence coding for 

the ribozyme is near one end of a duplex rod formed by base pairing in the HDV RNA. 

Rapid cleavage of the ribozyme during replication may ensure that the ribozyme acts 

very soon after it is synthesized. If not, a large hairpin that forms the end of the rod-like 

structure could sequester the uncleaved ribozyme sequence leading to the accumulation 

of primary replication products. Assuming a transcription rate of about 10 to 20 

nucleotides per second, a slow-cleaving ribozyme sequence could be sequestered as an 

inactive duplex within 5 to 10 seconds after the completion of the ribozyme domain. 

Although such pairing could prevent unwanted re-cleavage by the ribozyme after the 

circles are generated, it would presumably interfere with processing of the initial 

transcript (Taylor 1992; Lazinski and Taylor 1995b; Lazinski and Taylor 1995a). With a 

half-life on the order of one second, a newly synthesized ribozyme could cleave before 

the polymerase transcribes around the hairpin end of the circular genomic RNA. The flip 

side, however, is that high ribozyme activity during transcription of the mRNA could 

reduce polyadenylation efficiency. Such an effect could occur even though the ribozyme 

is downstream of the polyA site (Bird et al. 2005; Rigo et al. 2005). Thus, inhibition of 
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ribozyme activity under some conditions may be required to facilitate efficient 

polyadenylation and mRNA maturation.  

2.4 Materials and Methods 

2.4.1 Enzymes and reagents 

T7 RNA polymerase was purified by M. Puttaraju from an over-expressing clone 

provided by W. Studier (Davanloo et al. 1984). Oligodeoxynucleotides were ordered 

from Integrated DNA Technologies. Other enzymes and chemical supplies were 

purchased from commercial sources.  

2.4.2 Plasmids 

The plasmid pPAH1 was prepared by inserting a synthetic double-stranded DNA 

containing 149 nucleotides of wild-type HDV sequence into the plasmid pTZ18R; it 

contains both the antigenomic HDV core ribozyme sequence present in PEX1 (Perrotta et 

al. 1999) and a 60-nucleotide sequence upstream of the ribozyme cleavage site. This 

DNA duplex was constructed using three pairs of oligodeoxynucleotides that were 

annealed, ligated, and inserted into EcoRI and BanI cut plasmid. The DNA was 

transformed into Escherichia coli (JM83), and the correct DNA sequence was confirmed 

by sequencing miniprep DNA as previously described (Perrotta and Been 1992). Plasmid 

DNA for transcriptions was prepared from 250 ml cultures and purified by CsCl 

equilibrium density ultracentrifugation with ethidium bromide. Variants of PAH1 were 

made by oligodeoxynucleotide-directed mutagenesis of a uracil-containing single-

stranded pPAH1 template (Kunkel et al. 1987; Vieira and Messing 1987; Perrotta and 

Been 1991). Plasmid DNA for each mutant was prepared as described above.  
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2.4.3 Transcriptions 

Transcription of BanI cut plasmid DNA with T7 RNA polymerase yielded the 

149-nucleotide PAH1 sequence with 7-nucleotide and 5-nucleotide vector-derived 

sequences at the 5' and 3' ends, respectively. RNA for ribozyme cleavage reactions was 

made in transcription reactions (25 µL, 15 min, 37°C) that contained 40 mM Tris-HCl 

(pH 7.5), 15 mM MgCl2, 5 mM dithiothreitol, 2 mM spermidine, 1 mM each ATP, UTP, 

and GTP, 0.5 mM CTP, 6 µg DNA, 25 µCi [α32P]-CTP, and 300 U T7 RNA polymerase. 

Reactions were terminated with an equal volume of formamide stop mix containing 100 

mM EDTA, and the products were separated by electrophoresis on a 6% polyacrylamide 

gel containing 7 M urea. Following electrophoresis, precursor RNA was located by 

autoradiography and excised from the gel. RNA was eluted in 0.1% SDS and 1 mM 

EDTA, desalted by G25 gel-filtration, ethanol precipitated, and stored in 0.1 mM EDTA 

at -20°C.  

2.4.4 Ribozyme cleavage assays 

For the hand-mixing experiments, radiolabeled precursor RNA in 0.1 mM EDTA 

was heated at 95°C for 3 min and cooled to room temperature. The buffer conditions 

were adjusted to 40 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM spermidine (TES), and 

the RNA was preincubated at 37°C for 15 min followed by 25°C for 10 min. An aliquot 

was removed for a zero time point before MgCl2 was added to initiate the cleavage 

reaction (at 25°C). Final concentrations in the cleavage reactions were 40 mM Tris-HCl 

pH 7.5, 1 mM EDTA, 0.5 mM spermidine, and [MgCl2] necessary for a final [Mg2+] 

given in the text assuming stoichiometric chelation by the EDTA. Aliquots of the 
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reactions were removed and stopped with an equal volume of formamide stop mix 

containing 100 mM EDTA. The products of the cleavage reactions were separated by 

electrophoresis on 6% polyacrylamide gels containing 7 M urea. The gels were dried, and 

the fraction of precursor cleaved was quantified with a Molecular Dynamics 

Phosphorimager and ImageQuant software.  

Rapid-mixing reactions were performed on a Chemical-Quench-Flow apparatus 

(KinTek Corporation Model RQF-3). Radiolabeled RNA was renatured and preincubated 

in TES as described above, and an aliquot was removed as a zero time point. Cleavage 

reactions were initiated by rapid mixing with a 2X solution of MgCl2 in TES and 

quenched by rapid mixing with two volumes of 50 mM EDTA. Final concentrations in 

the cleavage reactions were 40 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.5 mM 

spermidine, and [MgCl2] necessary for a final [Mg2+] given in the text assuming 

stoichiometric chelation by the EDTA. Aliquots of the quenched reactions were mixed 

with an equal volume of formamide and separated by electrophoresis on 6% 

polyacrylamide gels containing 7 M urea. The gels were dried, and the fraction of 

precursor cleaved was quantified as above. 

2.4.5 Native Gel Electrophoresis 

RNA samples were mixed with an equal volume of stop mix (15% glycerol      

and 100 mM EDTA) and separated on 6% polyacrylamide gels (37.5 to 1 ratio of 

acrylamide:bisacrylamide) run in 0.1 M Tris Acetate (pH 7.5) with 5 mM EDTA at      

low power (2.5 W) and low temperature (4°C) for 12-16 hours. 
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2.4.6 Curve fitting 

Non-linear, least-squares fitting with KaleidaGraph (Synergy Software) was used 

to analyze the kinetic data. The fraction cleaved (f) at each time point (t) was fit to the 

equation for a first-order exponential equation, f = F (1-e-kobs(t)), to obtain the observed 

first-order rate constant (kobs) and an endpoint (F) for each reaction. Estimates of the kobs 

of the slow phase were made from the slope of the line following the burst (divided by 

the remaining fraction of total precursor) or by fitting the complete data set to the sum of 

two exponential equations. 
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3. Structure mapping reveals that the antigenomic ribozyme 
leader sequence forms at least two alternative base-pairing 
structures   

In HDV, the 60-nucleotide sequence immediately upstream (5’) of the 

antigenomic ribozyme can modulate ribozyme cleavage in vitro. Hypothetical competing 

secondary structures were proposed for a sequence in the 5’ leader; it could pair either 

with another upstream sequence to form P(-1) or, alternatively, with the ribozyme 

sequence to form AltP2. P(-1) would not interfere with ribozyme activity, but AltP2 

would form an inhibitory interaction that it would prevent ribozyme cleavage. Structure 

mapping studies of ribozyme precursors with either the wild-type 5’ leader sequence, or 

leader sequences specifically modified to stabilize either P(-1) or AltP2, provided support 

for these alternative structures. In addition, the results from these solution structural 

studies support a model in which non-ribozyme leader sequences can influence ribozyme 

activity through the formation of alternative secondary structures.  

3.1 Introduction 

Formation of alternative structures through interactions with 5’ or 3’ sequences 

outside of the ribozyme domain can interfere with the formation of the active ribozyme 

structure and inhibit cleavage activity (Kuo et al. 1988b; Perrotta and Been 1990; 

Chadalavada et al. 2000; Chadalavada et al. 2002). Here, the focus is on previously 

identified interactions involving the 60-nucleotide sequence upstream of the antigenomic 

ribozyme cleavage site in the wild-type construct, PAH1 (Brown et al. 2008). When 

PAH1 was analyzed in vitro for ribozyme cleavage activity, half of the precursor RNA 
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was cleaved by the ribozyme and the other half formed a kinetically-stable inactive 

structure. Based on these results, hypothetical structures were proposed for two 

alternative pairings, AltP2, which was predicted to inhibit ribozyme activity and P(-1), 

which was predicted to favor ribozyme activity (Fig. 3.1).  

In this chapter, two different RNA structure mapping approaches were used to test 

for the formation of P(-1) and AltP2 in the construct with the wild-type sequence (PAH1) 

and in constructs with modified 5’ leader sequences designed to favor either P(-1) (PAH3 

and PAH4) or AltP2 (PAH2). RNase T1 cleaves preferentially at unpaired G residues, 

and it was used to probe structures of both the 5’ leader and the ribozyme domain of all 

four constructs. In a second approach, targeted oligodeoxynucleotide probes and     

RNase H were used to test for the formation of specific structural features in the 5’ 

leaders of PAH1 (wild type), PAH3 (stabilized P(-1)), and PAH2 (stabilized AltP2). The 

results of these solution-based structure studies support alternative base-pairing structures 

formed by the 5’ leader sequence. Furthermore, the evidence suggests that one structure 

resembles the proposed AltP2, in that it involves a pairing interaction with part of the 

ribozyme sequence and disrupts P2 of the ribozyme structure, and that the other structure 

is a hairpin, similar to the proposed P(-1). 
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Figure 3.1: Hypothetical alternative secondary structures formed by PAH1 

The wild-type PAH1 precursor RNA is predicted to form two alternative secondary structures 
that share a common upstream sequence. a: In the AltP2 structure, this upstream sequence base 
pairs with the sequence at the 3’ end of the ribozyme, which otherwise would form half of the P2 
duplex in the ribozyme. Since the formation of AltP2 disrupts P2 of the native ribozyme 
structure, it is expected to have an inhibitory effect on ribozyme cleavage. b: In the alternative 
structure, P(-1), the upstream sequence that forms AltP2 base pairs with another sequence in the 
5’ leader to form a hairpin. Formation of P(-1) is expected to prevent the inhibitory AltP2 
structure from forming. Note that numbering is from the ribozyme cleavage site; the 5’ leader is 
numbered 3’ to 5’ from the ribozyme cleavage site with increasing negative numbers, and the 
ribozyme sequence is numbered conventionally. 
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3.2 Results 

3.2.1 RNase T1 structure mapping data consistent with P(-1) 

RNase T1, which cleaves preferentially after single-stranded G residues in RNA, 

can be used to probe the structure of RNA (Donis-Keller et al. 1977). For structure 

mapping studies, RNA is digested with RNase T1 under both denaturing and non-

denaturing conditions. Under denaturing (sequencing) conditions, all of the G residues in 

a sequence should be accessible to T1. Under conditions favoring native structure (non-

denaturing conditions), G residues involved in base pairing interactions are protected 

from T1 attack. By comparing the products of these two reactions, one can obtain 

information about the pairing status of an RNA sequence.  

RNase T1 digestion data were consistent with the formation of P(-1) in the 5’ 

leaders of PAH1(C76U), PAH3(C76U), and PAH4(C76U), but not in PAH2(C76U). 

Under denaturing conditions, all of the G residues in the 5’ leader sequences of these 

constructs were cleaved to a similar extent (Fig. 3.2a,b,c,d (D+ lane)), but under non-

denaturing conditions favorable for secondary structure formation, different T1 cleavage 

patterns emerged. For the wild-type PAH1(C76U) construct (Fig. 3.2a (N+ lane)), G 

residues that form the upper stem of P(-1) (G-25, G-29, G-30, G-43, G-44, G-45, and G-47) were 

resistant to T1 attack. However, T1 cleavage did generate bands at positions 

corresponding to G-18, G-54, and G-56 indicating that these G residues in the predicted 

lower stem of P(-1) were single stranded under the reaction conditions used. For 

PAH2(C76U) (stabilized AltP2), T1 cleavage was observed in what would be the 5’ side 

of P(-1) at positions G-43, G-44, G-45, G-47, G-54, and G-56 (Figure 3.2b (N+ lane)). Also in 
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PAH2(C76U), G residues in what would be the 3’ side of P(-1), G-30 and G-29 were 

protected from T1 cleavage, but G-18 was not. When PAH3(C76U) and PAH4(C76U) 

(stabilized P(-1)) were analyzed under non-denaturing structure mapping conditions, T1 

nuclease cleavage was not detected for any of the G residues in the 5’ leaders of these 

constructs (Fig. 3.2c,d (N+ lanes)).   

Taken together, these data provide evidence for a P(-1)-like structure, which can 

be stabilized or destabilized by modifications in the 5’ leader sequence. In the wild-type 

5’ leader sequence, the upper duplex in P(-1) appears to form a stable structure that is 

resistant to T1 cleavage, but the shorter lower duplex either is not stable or forms only 

transiently. In PAH3(C76U) and PAH4(C76U), base changes predicted to stabilize the 

duplex made the entire duplex less accessible to T1 cleavage. In contrast, for the 

PAH2(C76U) construct, base changes in the 3’ side that are predicted to destabilize the 

duplex made the 5’ side more accessible to T1. 

3.2.2 RNase T1 structure mapping data consistent with the AltP2 interactions 

Probing the ribozyme domain of PAH1(C76U) and PAH2(C76U) with T1 

revealed a subtle structural difference in P2 that would be consistent with formation of 

AltP2, or a similar alternative pairing. As expected, when PAH1(C76U), PAH2(C76U), 

PAH3(C76U), and PAH4(C76U) were digested with T1 under denaturing conditions, all 

of the G residues in the ribozyme domains were cleaved to a similar extent (Fig. 3.3a,b 

(D+ lanes)). However, under native conditions, there was evidence of slightly different 

structures among the variants. T1 cleavage was detected at positions G11 and G12, within 

the predicted P2 in both PAH1(C76U) (wild type) and PAH2(C76U) (stabilized AltP2), 
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Figure 3.2: T1 mapping of the 5’ leader domain in PAH1, PAH2, PAH3, and PAH4 
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Figure 3.2 (continued) a-d: T1 Ribonuclease structure mapping of the 5’ leader sequences in 
PAH1(C76U) (a), PAH2(C76U) (b), PAH3(C76U) (c), and PAH4(C76U) (d). Lanes are labeled 
according to treatment conditions: L, hydrolysis Ladder; D, Denaturing conditions without (-) or 
with (+) T1; and N, Non-denaturing conditions with (+) or without (-) T1. Numbering is as 
described in the legend of Fig 3.1. A summary of the probing data and the proposed P(-1) 
secondary structures for the 5’ leader sequences are below the corresponding T1 structure 
mapping data. For PAH2, 3 and 4, the bases that were changed are denoted by red lowercase 
letters, and an inserted base in PAH4 is in parenthesis. G residues that are single stranded in both 
PAH1 and PAH2 are enclosed by magenta boxes. G residues that are single stranded in the PAH2 
construct, but not in the others, are enclosed in teal boxes.
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and it was noted that the T1 hits were stronger in PAH2(C76U) than in PAH1(C76U) 

(Fig. 3.3a (N+ lanes)). In contrast, there was no detectable cleavage at those two positions 

in PAH3(C76U) or PAH4(C76U) (Fig. 3.3b (N+ lanes)). It also appeared that the 

differences in T1 cleavage were limited to the P2 region. The T1 cleavage detected at 

positions G28, G51, and G58 was observed in all four constructs, and G residues at other 

positions were protected (Fig. 3.3a,b (N+ lanes)). (Note: bands in common in the N+ and 

N- lanes are predominantly at CA or CC sequences and could be due to RNase A 

contamination.)  

For the PAH1(C76U), PAH2(C76U), PAH3(C76U), and PAH4(C76U) constructs 

examined here, the differences in T1 cleavage at G11 and G12 would be consistent with the 

formation of a stable P2 in PAH3(C76U) and PAH4(C76U) that protects G11 and G12 

(Fig. 3.3b, structure), and also, disruption of P2 in PAH2(C76U) that leaves G11 and G12  

accessible to T1 (Fig. 3.3a, structure). For the wild-type construct, PAH1(C76U), the T1 

hits at G11 and G12 were weaker than for PAH2(C76U). One interpretation is that 

PAH1(C76U) can form alternative structures: either P2, or another, such as AltP2. It is 

noteworthy, that the data imply that the formation of P2 in the ribozyme domain, instead 

of AltP2, can be favored by base changes outside the ribozyme domain that stabilize     

P(-1) in the 5’ leaders of PAH3(C76U) and PAH4(C76U). 
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Figure 3.3: T1 mapping the ribozyme domain in PAH1, PAH2, PAH3, and PAH4 
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Figure 3.3 (continued) a: RNase T1 structure mapping of the ribozyme domain in PAH1(C76U) 
and  PAH2(C76U). b: RNase T1 mapping of the ribozyme domain in PAH3(C76U), and 
PAH4(C76U). Lanes are labeled according to treatment conditions: L, Hydrolysis Ladder; D, 
Denaturing conditions without (-) or with (+) T1; and N, Non-denaturing conditions with (+) or 
without (-) T1. Numbering is as described in the legend of Fig 3.1. The C76u mutation is denoted 
by the red lowercase u. A summary of the probing data and the proposed secondary structures for 
the ribozyme domain are below the corresponding T1 structure mapping data. G residues that are 
single stranded in all of the constructs are denoted by black boxes. G residues that are single 
stranded only in PAH1 and PAH2 are denoted by a teal box. 
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3.2.3 Oligodeoxynucleotide-directed RNase H digestion of the 5’ leader 
sequences provided independent evidence for P(-1) and AltP2  

RNase H, which specifically digests the RNA in an RNA-DNA duplex (Hausen 

and Stein 1970), can be used to test for RNA secondary structures (Donis-Keller 1979; 

Zarrinkar et al. 1996). Here, this technique was used to test for the formation of the P(-1) 

hairpin structure in the 5’ leaders in PAH1, the wild-type ribozyme, and in the PAH3 and 

PAH2 ribozymes with modified 5’ leader sequences designed to stabilize P(-1) or AltP2, 

respectively. Oligodeoxynucleotides, complementary to either the 5’ side, the 3’ side, or 

the hairpin loop of P(-1), were used as probes. If the 5’ leader forms P(-1), the single- 

stranded sequence in the hairpin loop should be accessible to annealing of the probe, 

whereas sequences forming the stem are predicted to be less likely to form a 

heteroduplex. The loop sequence, upon forming a heteroduplex, would become a 

substrate for RNase H and be digested, whereas sequences in the stem would not. Briefly, 

for the experiments performed here, 3’-end-labeled RNA and one of the probes, in 

excess, were incubated together. Then, the RNase H was added to cleave the RNA 

sequences that had formed heteroduplexes. 

The RNase H mapping results for PAH1(C76U) were consistent with the P(-1) 

stem loop structure. When probes complementary to stem-forming sequences were 

present, the RNA was not readily cleaved by RNase H. However, if the probe was 

complementary to the loop, the RNA was cleaved (Fig. 3.4). For the reaction with the 

probe complementary to the loop sequence, cleavage product was observed in the first 

minute of the reaction, and essentially all of the RNA had been cleaved after 10 min (Fig. 

3.4 P(-1)loop). This result is consistent with a relatively unstructured loop sequence that 
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is available to form a heteroduplex. In the reactions with probes complementary to either 

the 5’ or 3’ side of the stem (Fig. 3.4 1P(-1)5’ and 1P(-1)3’), much of the precursor RNA 

had not been cleaved 10 min after the RNase H was added. It is worth noting, that the two 

probes designed to pair with the stem region of P(-1) were longer than the one directed at 

the loop (15 and 16 nucleotides vs. 11 nucleotides), and that both extended into the lower 

part of the proposed stem that that been cut with T1. This suggests that both sequences 

proposed to form P(-1) are involved in stable secondary structure, and it is not 

unreasonable to propose that they are paired to each other, as drawn. 

The oligodeoxynucleotide-directed RNase H digestion patterns were also 

consistent with the P(-1) and AltP2 pairings in PAH3(C76U) and PAH2(C76U), 

respectively. The digestion pattern for PAH3(C76U) (stabilized P(-1)) resembled that of 

the wild-type PAH1(C76U) construct. With probes that were complementary to the stem 

sequences, the RNA was not cut by RNase H; almost all of the precursor RNA was still 

intact after 10 min (Fig. 3.5a, 3P(-1)5’ and 3P(-1)3’). However, for the probe that was 

complementary to the loop sequence, digestion product was generated within 20 s, and 

most of the precursor had been cleaved after 10 min (Fig. 3.5a, P(-1)loop).  

The RNase H cleavage pattern for PAH2(C76U) (stabilized AltP2), on the other 

hand, was quite different from the other two constructs. For PAH2(C76U), the sequence 

on the 5’ side of the stem was highly susceptible to oligodeoxynucleotide-directed 

cleavage by RNase H; nearly all of the precursor RNA had been cleaved after 1 min (Fig. 

3.5b, 2P(-1)5’). The sequence that would form the loop and the sequence on the 3’ side of 

the stem were not cleaved; most of the precursor was still intact after 10 min (Fig. 3.5b, 
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P(-1)loop and 2P(-1)3’). This RNase H cleavage pattern would be more consistent with 

the disruption of P(-1) and the formation of an alternative pairing interaction, such as 

AltP2 (Fig. 3.5b, structure), where the sequence from the 3’ side of the P(-1) stem is 

paired with a sequence in the ribozyme and, thus, unavailable for heteroduplex formation. 
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Figure 3.4: RNase H analysis of the wild-type 5’ leader in PAH1(C76U) 

RNase H structure mapping of the 5’ leader in PAH1(C76U) with the 5’ leader sequence and 
secondary structure located below the gel data. The region of complementarity for each 
oligodeoxynucleotide probe is superimposed on the P(-1) sequence: 5’ side of the stem (1P(-1)5’, 
red), 3’ side of the stem (1P(-1)3’, blue), and the terminal loop (P(-1)loop, black). Asterisks 
denote probes for which the complementary sequences were susceptible to RNase H. Xs denote 
probes for which the complementary sequences were not cleaved by RNase H. 
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Figure 3.5: RNase H analysis of the 5’ leaders in PAH3(C76U) and PAH2(C76U) 

RNase H structure mapping of the 5’ leaders in PAH3(C76U) (a) and PAH2(C76U) (b) with 5’ 
leader sequences and secondary structures located below the gel data. The region of 
complementarity for each oligodeoxynucleotide probe is superimposed on the P(-1) sequence: 5’ 
side of the stem in PAH3 (3P(-1)5’, green), 3’ side of the stem in PAH3 (3P(-1)3’, blue), 5’ side 
of the stem in PAH2 (2P(-1)5’, purple), 3’ side of the stem in PAH2 (2P(-1)3’, orange), and the 
terminal loop in both PAH3 and PAH2 (P(-1)loop, black). Asterisks denote probes for which the 
complementary sequences were susceptible to RNase H. Xs denote probes for which the 
complementary sequences were not cleaved by RNase H. 
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3.3 Discussion 

Previously, it was reported that the PAH1 precursor, with the wild-type 5’ leader 

sequence, formed two distinct populations, one with ribozyme cleavage activity and the 

other without. It was also shown, that the active and inactive precursors were folded into 

different structures, which could be resolved by native gel electrophoresis. The structure 

mapping studies described here provide evidence for the formation of the P(-1) and AltP2 

structures proposed in our model.  

When the wild-type PAH1(C76U) construct was analyzed with RNase T1, under 

native conditions (non-denaturing conditions favorable for secondary structure 

formation), the results were consistent with the formation of alternative structures. Leader 

sequence G residues G-25, G-29, G-30, G-43, G-44, G-45, and G-47 were resistant to T1 

cleavage, but G-18, G-54, and G-56 were not (Fig. 3.2a (N+ lane)). This T1 cleavage pattern 

would be consistent with the formation of the upper portion of the P(-1) structure, but not 

the lower stem. The reduced T1 cleavage at positions G-25, G-29, and G-30 could also be 

considered evidence for the alternative structure, AltP2 (Fig. 3.1a). In addition, the low 

intensity of the band at G-18, relative to the bands at G-54, and G-56, as well as the absence 

of a band for G-23, would be consistent with the formation of an alternative pairing 

interaction with sequences in the ribozyme.  

The interpretation of T1 mapping data for the ribozyme domain in PAH1(C76U) 

was also consistent with alternative structures. Some of the data were consistent with the 

structure of the active ribozyme, while other data were more consistent with the AltP2 

structure. T1 cleavage at positions G28, G51, and G58 (Fig. 3.3a, PAH1(C76U) (N+ lane)) 
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is consistent with the native ribozyme structure, where G28 and G58 are located in loop 

regions, and G51 is part of a poorly defined internal bulge. However, some T1 cleavage 

was also detected at positions corresponding to G11 and G12, which could be considered 

evidence for the AltP2 structure (Fig. 3.1a). G11 and G12 form part of P2 in the ribozyme, 

but in some of the PAH1(C76U) RNA, these residues appeared to be unpaired (Fig. 3.3a, 

PAH1(C76U) (N+ lane)). Thus, for the PAH1(C76U) construct, it seems possible that a 

pairing interaction between part of the 5’ leader and the sequence at the 3’ end of the 

ribozyme, such as the one predicted to form AltP2, disrupts P2 in some of the precursor 

RNA, while the rest of the RNA folds into P(-1) and the active ribozyme conformation.  

One way to minimize the ambiguity in the structure data that results from two 

competing structures is to force a specific structure to dominate. When ribozyme 

constructs with sequence modifications designed to stabilize either P(-1) (PAH3(C76U) 

and PAH4(C76U)) or AltP2 (PAH2(C76U)) were used, the T1 data was consistent with a 

single major structure for each. For PAH2(C76U), the construct with sequence 

modifications in the 5’ leader designed to stabilize pairing interactions between the 

upstream sequence and the 3’ end of the ribozyme, the T1 cleavage pattern provided 

evidence for the AltP2 structure, but not P(-1). In the 5’ leader sequence of 

PAH2(C76U), T1 cleavage was detected at positions G-43, G-44, G-45, G-47, G-54, and G-56, 

but G-29 and G-30 were resistant to T1 attack (Fig. 3.2b (N+ lane)). This cleavage pattern 

indicated that the upstream sequence did not form P(-1); instead, it appeared that part of 

the upstream sequence had paired with the ribozyme sequence, while the rest of the 

upstream sequence was left single-stranded. When the ribozyme domain of PAH2(C76U) 
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was mapped with T1, cleavage at G11 and G12 (Fig. 3.3a, PAH2(C76U) (N+ lane)) 

indicated that P2 had not formed. These results are consistent with the upstream sequence 

pairing with the sequence at the 3’ end of the ribozyme and forming a structure, such as 

the proposed AltP2 (Fig. 3.3a, structure).  

The interpretation of the T1 mapping data for constructs with sequence 

modifications designed to stabilize P(-1) was also straightforward, and the data provided 

additional support for the hypothesis that the precursor RNA can adopt a conformation in 

which the upstream sequence is folded into P(-1) and the ribozyme is folded into the 

active conformation. The sequence modifications in PAH3(C76U) and PAH4(C76U) 

were designed to eliminate the internal bulge in P(-1) and, thereby, stabilize the stem loop 

structure. When PAH3(C76U) and PAH4(C76U) were analyzed, all of the G residues in 

the 5’ leader sequences were resistant to T1 nuclease cleavage (Fig. 3.2c,d (N+ lanes)). 

Unlike PAH1(C76U), the absence of a band for G-23 for PAH3(C76U) and PAH4(C76U) 

is not evidence of alternative pairing interactions between -18 to -23 of the upstream 

sequence and the ribozyme. Instead, it is because in PAH3(C76U), G-23 can base pair 

with A-50c in the 5’ leader sequence, and PAH4(C76U) has a G-23u base change. As such, 

the T1 mapping results for PAH3(C76U) and PAH4(C76U) are considered evidence that 

the 5’ leader sequences in these constructs form stable stem loop structures. In addition, 

when the ribozyme domains in PAH3(C76U) and PAH4(C76U) were analyzed, T1 

cleavage was detected at positions G28, G51, and G58, but there was no evidence of T1 

cleavage at positions G11 and G12 (Fig. 3.3b PAH3(C76U) and PAH4(C76U) (N+ lanes)). 
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This result suggested that stabilizing P(-1) prevented the upstream sequence from pairing 

with the 3’ end of the ribozyme, thus allowing the ribozyme to fold correctly.  

The formation of a P(-1)-like structure in the 5’ leaders of PAH1(C76U) and 

PAH3(C76U), as well as an alternative structure in PAH2(C76U), was also supported by 

RNase H structure analysis with oligodeoxynucleotide probes complementary to 

sequences predicted to form either the stem or the loop of P(-1). For PAH1(C76U) and 

PAH3(C76U), the RNase H mapping data was consistent with the formation of a stem 

loop structure. Sequences in the stem region were resistant to oligodeoxynucleotide-

directed RNase H cleavage, whereas the sequence in the loop region was not  

(PAH1(C76U) Fig. 3.4 and PAH3(C76U) Fig. 3.5a). For PAH2(C76U), the RNase H 

cleavage data indicated that the probe complementary to the sequence on the 5’ side of 

the stem was able to able to form a heteroduplex with the RNA, while probes 

complementary to the loop sequence and the 3’ side of the stem were not (Fig. 3.5b). 

These results indicated that 5’ leader sequence of PAH2(C76U) did not form the P(-1) 

stem loop structure; instead, they were more consistent with a pairing interaction, such as 

AltP2, that involves the sequence in the 3’ side of the stem and a sequence in the 

ribozyme.  

The results of the RNase T1 and RNase H structure mapping are consistent with 

the P(-1) and AltP2 structures. However, the formation of alternative pairing interactions 

that share a common sequence can complicate the interpretation of data obtained by these 

structure-mapping techniques. This was especially true for PAH1(C76U), the ribozyme 

construct with the wild-type 5’ leader, which can form either P(-1) or AltP2. However, 
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the additional structural data obtained for the ribozyme constructs with sequence 

modifications designed to stabilize one of the alternative structures was more 

straightforward to interpret. As such, the structural analysis of PAH2(C76U), 

PAH3(C76U), and PAH4(C76U) provided more convincing evidence that the P(-1) and 

AltP2 structures could be formed by sequences upstream of the ribozyme.  

Overall, the alternative secondary structures proposed in our P(-1) vs. AltP2 

model are supported by the structure mapping results for PAH1(C76U), PAH2(C76U), 

PAH3(C76U), and PAH4(C76U). Furthermore, when the structure data for each of these 

constructs is compared to the corresponding ribozyme cleavage data (Brown et al. 2008), 

it appears that when the 5’ leader folded into P(-1) the ribozyme is active, but when the 

precursor RNA is folded into the AltP2 conformation, the ribozyme is inactive. For the 

wild-type PAH1 construct, which can apparently form either P(-1) or AltP2 in 

approximately equal amounts, half of the precursor RNA is cleaved by the ribozyme. For 

constructs that favor the P(-1) conformation (PAH3(C76U) and PAH4(C76U)) more than 

half of the precursor RNA is cleaved, whereas for the construct that favors the AltP2 

conformation (PAH2(C76U)) none of the precursor RNA is cleaved. Thus, there is a 

correlation between structure and function (ribozyme activity), which would be 

consistent with our P(-1) vs. AltP2 model. 
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3.4 Materials and Methods 

3.4.1 Constructs 

PAH1, PAH2, PAH3, and PAH4, all with the inactive C76u version of the 

ribozyme (Perrotta and Been 1996), were used for the experiments described here. The 

sequences of the 5’ leaders in these constructs were previously described (Chapter 2).  

3.4.2 Transcriptions 

Precursor RNAs for T1 structure mapping and RNase H mapping were prepared 

by transcription of BanI cut PCR-generated DNA templates with T7 RNA polymerase. 

Conditions for making unlabeled RNA were 40 mM Tris-HCl (pH 7.5), 15 mM MgCl2,   

5 mM dithiothreitol, 2 mM spermidine, 10 mM each ATP, UTP, GTP, and CTP, 15 µg 

DNA, and 1000 U T7 RNA polymerase in a final volume of 75 µL, and incubation was 

for 15 min at 37°C. Reactions were terminated with 75 µL of formamide stop mix 

containing 100 mM EDTA, and the products were separated by electrophoresis on a 6% 

polyacrylamide gel containing 7 M urea. The precursor RNA band was located by UV 

shadowing, excised, eluted from the gel in 1 mM EDTA and 0.1% SDS, ethanol 

precipitated, and stored at -20°C in 0.1 mM EDTA. 

3.4.3 Preparation of 3' end-labeled precursor RNA  

RNA was labeled at the 3' end with [5'-32P]pCp (Bruce and Uhlenbeck 1978; 

Perrotta and Been 1990). The [5'-32P]pCp was prepared in a 25 µL reaction that contained 

1 nmol of 3' CMP, 100 pmol of [γ32P]ATP and 30 U of T4 polynucleotide kinase in 50 

mM Tris–HCl (pH 7.6), 10 mM MgCl2, and 10 mM 2-mercaptoethanol. The reaction was 

incubated at 37°C for 30 min and then heated to 70°C for 5 min. Two micrograms of 
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RNA were labeled in a 20 µL reaction containing 5 µL of the [5'-32P]pCp and 10 U of T4 

RNA ligase in 50 mM Tris–HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, 1 mM ATP and 

0.06 mg/ml acetylated BSA. The labeling reaction was incubated at 37°C for 30 min and 

stopped by adding an equal volume of formamide stop mix containing 100 mM EDTA. 

The labeled RNA was gel purified, precipitated and stored at -20°C in 0.1 mM EDTA.  

3.4.4 RNase T1 structure mapping  

For the alkaline hydrolysis ladder, 3' end-labeled RNA in 50 mM NaHCO3 (pH 

9.0), 1 mM EDTA and 0.25 mg/ml yeast tRNA was heated for 2 min at 95°C. An equal 

volume of 4.5 M NaAcetate (pH 3.5) was added, and the RNA was ethanol precipitated. 

To generate a G-ladder, 3' end-labeled RNA was denatured for 2 min at 95°C in a 

reaction containing 9 M Urea, 30 mM NaCitrate, 1.5 mM EDTA and 0.3 mg/ml yeast 

tRNA. The reaction mix was then cooled to 55°C for 1 min before adding RNase T1 to 5 

U/ml. After incubating at 55°C for 30 min, the tubes were placed in dry ice. For RNase 

T1 cutting under native conditions, 3' end-labeled RNA was heated to 95°C for 2 min in 

0.1 mM EDTA and then adjusted to 40 mM Tris–HCl (pH 7.5), 1 mM EDTA, 0.5 mM 

spermidine. The reaction mix was preincubated at 37°C for 15 min followed by 25°C for 

10 min before RNase T1 was added to 0.5 U/ml. After 30 min at 25°C, an equal volume 

of formamide with 100 mM EDTA was added and the tubes were placed in dry ice. The 

products of the alkaline hydrolysis, T1 sequencing, and T1 structure mapping reactions 

were separated by electrophoresis on an 8% polyacrylamide gel containing 7 M urea. 
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3.4.5 RNase H mapping  

The following oligodeoxynucleotides were used for RNase H mapping:  

1P(-1)5’ (5’AAACCCGCTTTATTCAC3’) is complementary to -56 to -40 in PAH1,  
1P(-1)3’ (5’AGCGAGACGCGAGCCT3’) is complementary to -31 to -16 in PAH1,  
2P(-1)5’ (5’AAACCCGCTTTATTCAC3’) is complementary to -56 to -40 in PAH2,  
2P(-1)3’ (5’AGCTAAGAGAGAGCCT3’) is complementary to -31 to -16 in PAH2,  
3P(-1)5’ (5’AAACCCGCTTGTCTCAC3’) is complementary to -56 to -40 in PAH3, 
3P(-1)3’ (5’AGCGAGACGCGAGCCT3’) is complementary to -31 to -16 in PAH3,  
P(-1)loop (5’GTGAGTGG3’) is complementary to -39 to -32 in PAH1, 2, and 3. 

3’ end-labeled precursor RNA and an unlabeled oligodeoxynucleotide probe were 

heated separately in 0.1 mM EDTA at 95°C for 3 min and cooled to room temperature. 

The buffer conditions were adjusted to 40 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM 

spermidine (TES) and the RNA and oligodeoxynucleotide probe were incubated 

separately at 37°C for 15 min. The RNA and oligodeoxynucleotide probe were then 

mixed and incubated at 37°C for an additional 15 min before 5X RNase H Buffer and 1 U 

of RNase H (USB Corporation) were added. Final conditions in the RNase H cleavage 

reactions were 40 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM spermidine, 20 mM KCl, 

10 mM MgCl2, 0.1 mM DDT, 1 µM oligodeoxynucleotide probe, trace amounts of 

labeled RNA, and 0.04 U/µL RNase H. The reactions were incubated at 37°C and 

aliquots were removed and stopped with an equal volume of formamide stop mix 

containing 100 mM EDTA. The products of the cleavage reactions were separated by 

electrophoresis on 6% polyacrylamide gels containing 7 M urea. 
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Chapter 4. Identification of a second inhibitory pairing, 
involving the upstream sequence and P4, suggests that multiple 
and extensive interactions can limit ribozyme formation in the 
longer precursor 

The possibility of multiple alternative (Alt) interactions between 5’ leader 

sequences and ribozyme core sequences was suggested by the finding that antigenomic 

HDV ribozymes containing a 60-nucleotide leader sequence do not cleave to completion, 

even when the previously characterized AltP2 is disrupted. This incomplete cleavage 

leaves open the possibility that upstream sequences, not involved in AltP2, may also 

inhibit ribozyme activity, or that additional non-productive interactions involving wild 

type or modified AltP2-forming sequences were created. The analysis of deletion and 

base change variants supported a second alternative pairing, AltP4. AltP4 is predicted to 

form with the pyrimidine-rich sequence immediately 5’ of the ribozyme cleavage site and 

a purine-rich sequence from the 5’ side of P4. Consistent with that hypothesis, base 

changes that were predicted to stabilize P4 in the ribozyme, or disrupt the inhibitory 

AltP4 interaction, or both, increased the extent of ribozyme cleavage. To test if the effect 

of disrupting both AltP2 and AltP4 might be additive, these same P4 modifications were 

tested in ribozyme constructs designed to also disfavor AltP2 formation. Although three 

of the four combinations did not show additional cleavage, the one with a significant 

deletion of P4 together with stabilization of P(-1), cleaved to completion during 

transcription. Together these results suggested that ribozyme precursors with 5’ leader 

sequences could fold into multiple inactive conformations, which can include, but may 

not be limited to, AltP2, AltP4, or a combination of both. 
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4.1 Introduction 

The kinetically-stable inactive structure formed by the PAH1 precursor may 

involve multiple pairing interactions between the 60-nucleotide 5’ leader sequence and 

the ribozyme. AltP2 is one potential alternative pairing that can inhibit ribozyme 

cleavage in PAH1 (Brown et al. 2008). However, sequence modifications that were 

designed to disfavor formation of the inhibitory AltP2 interaction did not fully restore 

ribozyme activity. There is more than one possible interpretation of this result. The 

sequence modifications made in the 5’ leader of PAH1 to generate PAH3 and PAH4, that 

were designed to stabilize P(-1) and disfavor the formation of AltP2, may have created 

new inhibitory interactions in those ribozymes. Another explanation for this incomplete 

rescue result is that the 5’ leader sequence in PAH1 may form multiple alternative 

interactions that inhibit ribozyme cleavage. It is possible that these alternative inhibitory 

interactions could form and act independently; however, multiple alternative pairings 

could also potentially form in the same precursor RNA.  

Two related deletion approaches were used to identify and delineate upstream 

sequences that inhibit ribozyme cleavage. The assumption was that if specific 5’ leader 

sequences inhibit ribozyme cleavage, then ribozyme activity should be restored when the 

inhibitory sequences are deleted. For terminal deletion analysis, individual constructs are 

made by successive deletion of short blocks of nucleotides from the 5’ end of the RNA. 

This approach was used to quickly identify 5’ leaders that inhibited ribozyme cleavage. A 

5’ leader with 16 nucleotides was found to inhibit ribozyme cleavage, and this PAH(-16) 

construct was further analyzed by a single nucleotide deletion approach. A potential 
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interaction between -16 to -1 of the 5’ leader sequence and the P4 sequence in the 

ribozyme was revealed. To further characterize this interaction, called AltP4, 

modifications were made in P4 of the ribozyme or in -16 to -1 of the upstream sequence, 

and the effects of these modifications on ribozyme cleavage were measured. 

4.2 Results 

4.2.1 Terminal Deletion Analysis suggests the existence of additional 5’ leader 
sequences that inhibit ribozyme activity 

To identify sequences in the 60-nucleotide leader of PAH1 that inhibit ribozyme 

cleavage, ribozymes with 5’ leader sequences shortened from 60 nucleotides to 33, 23, 

16, or 7 nucleotides were made (Fig. 4.1). The shortened 5’ leaders in these constructs 

lack the sequence required to form P(-1), so the hypothesis was that potential interactions 

between the 5’ leader and the ribozyme could be favored due to the lack of competition 

with P(-1) formation. A comparison of the cleavage profiles of PAH(-33), PAH(-23), 

PAH(-16), and PAH(-7), to that of PAH1 (Fig. 4.2), revealed additional upstream 

sequences that inhibit ribozyme cleavage.  

PAH(-33), the construct with the 33-nucleotide leader sequence, cleaved to 

approximately 56% in the initial burst phase of the reaction. This was slightly more than 

the 50% cleavage consistently seen with starting ribozyme PAH1. In the simplest 

prediction of the P(-1) vs. AltP2 model, PAH(-33) might be expected to cleave less than 

PAH1 because it cannot form P(-1) but it can still form AltP2. However, it is possible 

that the -33 leader could also form a hairpin structure, resembling a mini AltP(-1) (see 

discussion), which may account for the increase in cleavage observed here. 
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Figure 4.1: Constructs with 5' leader sequences of varying lengths were used to 
identify upstream sequences that inhibit ribozyme cleavage 
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Figure 4.1 (continued): The 5’ leader sequence of PAH1 was truncated at specific positions to 
create a nested set of constructs with upstream sequences ranging from 33 to 7 nucleotides in 
length. a: The 60-nucleotide leader in PAH1 contains upstream sequences that may form either 
P(-1) or AltP2. b: The 33-nucleotide leader in PAH(-33) lacks the upstream sequence needed to 
form P(-1) but still contains the upstream sequence needed to form AltP2. c: The 23-nucleotide 
leader in PAH(-23) lacks part of the sequence needed to form AltP2 but may still be able to form 
a partial AltP2-like interaction with the 3' end of the ribozyme. d: The 16-nucleotide leader in 
PAH(-16) and e: the 7-nucleotide leader in PAH(-7) both lack the upstream sequences that are 
needed to form either P(-1) or AltP2. These constructs were tested in ribozyme cleavage reactions 
to identify 5’ leader sequences that inhibit ribozyme activity.  
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Figure 4.2: Terminal Deletion Analysis reveals 5’ leader sequences that inhibit 
ribozyme cleavage. 

The extent of cleavage for each of the ribozyme constructs with shortened 5’ leader sequences 
was compared to PAH1, the wild-type construct with the 60-nucleotide 5’ leader. Reaction 
conditions were 2 mM Mg2+, pH 7.5 and 25°C. PAH (-33) (purple squares) and PAH(-7) (red 
inverted triangles) cleaved to 56% and 59%, respectively, in the burst phase of the reaction. The 
extent of cleavage for these constructs was greater than the 50% cleavage observed for the wild-
type PAH1 construct (black circles). PAH(-23) (green triangles) and PAH(-16) (blue diamonds) 
only cleaved to 14% in the burst phase of the reaction, which was less than that of PAH1. These 
results indicated that a sequence in the 5’ leaders of PAH(-23) and PAH(-16) can inhibit 
ribozyme activity.  
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When the 5’ leader was shortened to 23 nucleotides (PAH(-23)), only 14% of the 

RNA cleaved in the initial phase. The 23-nucleotide leader in PAH(-23) could potentially 

form only a part of AltP2, so it was not predicted to inhibit ribozyme cleavage to the 

same extent as the full-length AltP2 formed by the 5’ leader sequences in PAH(-33) and 

PAH1. This result suggested that additional inhibitory interactions may form in the 

PAH(-23) precursor. This idea seemed to be confirmed with PAH(-16) where just 16 

nucleotides of leader sequence gave the same cleavage profile as PAH(-23). However, 

deletion of an additional 9 nucleotides of the 5’ leader, leaving just 7 nucleotides of 

native HDV sequence (PAH(-7)), resulted in an increase of the burst to 59%. This 

suggested that a second inhibitory sequence may be located between -16 to -7 of the 

leader.   

Decreasing the length of the 5’ leader sequence had two effects on ribozyme 

activity. First, it altered the extent of ribozyme cleavage. The fraction of precursor that 

cleaved varied among the deletion constructs; however, it did so in a way that was not 

completely consistent with the AltP2 hypothesis. This result suggested that additional 

inhibitory interactions between the 5’ leader sequence and the ribozyme were possible. 

Second, the kinetics of the reaction changed. The cleavage profiles of the deletion 

variants had two phases; after the initial burst that occurred in the first seconds of the 

reaction, there was additional slow cleavage of the remaining precursor. Two phases are 

never seen for PAH1, unless the reaction conditions are altered. A second cleavage phase 

suggested that the inhibitory structures formed by the deletion variants are kinetically less 

stable than those formed in PAH1.    
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4.2.2 Nested-Fragment Cleavage reveals multiple pairing interactions 
between the 5’ leader sequence and the ribozyme that inhibit ribozyme 
activity 

A method we call nested-fragment cleavage can be used to map, to the nucleotide 

position, flanking sequences that are either required for, or that inhibit, ribozyme activity 

(Forster and Symons 1987). In this procedure, a pool of end-labeled ribozyme precursor 

fragments, that decrease in length by 1-nucleotide increments, are incubated under 

ribozyme self-cleavage conditions, and the products are fractionated by high-resolution 

gel electrophoresis. Bands corresponding to sequences that cleave will decrease in 

intensity in the gel, relative to an un-reacted control lane, and the labeled cleavage 

product will accumulate at its normal position. When this occurs, a “window” forms, and 

the edges of the window can be used to determine the sequences of precursors that can 

and cannot cleave. Two kinds of information can be immediately obtained with this 

technique. First, sequences that are too short and missing essential sequences will not 

cleave, thus, a minimal ribozyme sequence can be defined. For the HDV ribozymes, the 

minimal sequence is just 1 nucleotide 5’ of the ribozyme cleavage site (Perrotta and Been 

1991). Second, precursors that contain inhibitory flanking sequences also will not cleave. 

Here, this technique was used to identify sequences in the 5’ leaders of HDV ribozyme 

precursors that inhibit ribozyme cleavage. 

Analysis of PAH1 precursor fragments, with 5’ leaders ranging from 1 to 60 

nucleotides, revealed that none of the precursors cleaved more than the others. No 

window developed, and the accumulation of 3’ product was the only indication that some 

ribozyme was active. This cleavage pattern was not considered to be consistent with a 
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model in which the 60-nucleotide leader forms only P(-1) or AltP2 (data not shown). For 

PAH(-33), which would be predicted to form AltP2 but not P(-1), essentially the same 

pattern was seen; cleavage product accumulated, but no clear windows developed in the 

region of the gel that corresponded to specific fragments (Fig. 4.3a, PAH(-33)). While the 

absence of a window in the -16 to -33 region would be consistent with the AltP2 model, 

as these are the sequences predicted to inhibit activity, the absence of a window in the 

region from -1 to -15 would suggest that this portion of the upstream sequence also 

inhibits ribozyme activity. 

Two potential inhibitory interactions involving the upstream sequence from  

-1 to -15 were identified. This region of the 5’ leader is composed entirely of C and U 

residues, and its pyrimidine-only composition it is conserved among HDV isolates 

((Wadkins and Been 2002), BLAST analysis). There are two purine-rich regions of the 

antigenomic ribozyme sequence that could pair with this upstream sequence, 48 to 58 in 

the P4 stem loop (5’ GAAGGAGGACG 3’), and 78 to 86 in P2 at the 3’ end of the 

ribozyme (5’ AAGGGAGAG 3’). To test for an inhibitory interaction involving -1 to -15 

of the 5’ leader and P4, a modification was made in the P4 sequence of PAH(-33) to 

create PAH(-33)P4S. The P4S (short) modification reduces the length of P4 to 5 base 

pairs (Fig. 4.4b), and it eliminates the purine-rich sequence predicted to form the 

inhibitory interaction with the 5’ leader. The hypothesis was that a window would now 

appear in the region of the gel corresponding to precursors with 1 to 15 nucleotides 

upstream of the ribozyme cleavage site. 

Multiple windows appeared when PAH(-33)P4S was tested in a ribozyme  
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Figure 4.3: Nested-Fragment Cleavage was used to map, to the nucleotide level, 
sequences in the 5' leaders of PAH(-33) and PAH(-16) that inhibit ribozyme activity. 

The bands on the gel represent RNA fragments that differ in length by 1 nucleotide. When these 
RNA fragments are used as precursors in ribozyme cleavage reactions, precursors that contain 
sequences that inhibit ribozyme activity do not cleave, and the bands representing the uncleaved 
precursor fragments appear on the gel. Precursors that do not contain inhibitory sequences 
convert to product, and a “window” appears. The edges of the window mark the boundaries of 
inhibitory sequences. a: The window that appeared on the gel when PAH(-33) P4S was tested 
indicated that the inhibitory interaction formed by the pyrimidine-rich upstream sequence from  
-15 to -7 involves the P4 stem loop of the ribozyme. b: A similar window from -3 to -15 appeared 
when PAH(-16) P4S was tested. Additional windows also appeared for PAH(-33)P4S, and this 
result indicated that the 33-nucleotide 5’ leader sequence in PAH(-33) can form multiple 
interactions that inhibit ribozyme activity. 
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Figure 4.4: Potential secondary structures of the antigenomic P4 stem loop and the 
P4S stem loop variant 

a: A potential stem loop structure formed by the wild-type antigenomic P4 sequence.  
b: Nucleotides 47 to 69 in the wild-type antigenomic P4 sequence were replaced with UUC to 
create P4S, hypothetical structure shown here. The effects of the P4S modification on ribozyme 
cleavage activity was previously reported (Been et al. 1992).  
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cleavage reaction (Fig. 4.3a). RNA bands representing precursors with 7 to 15 

nucleotides of upstream sequence began to disappear in the first 5 seconds of the 

reaction. After one hour, a second window began to appear when precursors with 27 to 

33 nucleotides of upstream sequence cleaved. After 24 hours, most of the PAH(-33)P4S 

precursor RNA had converted to product. These results indicate that multiple sequences 

in the 33-nucleotide leader of PAH(-33) can inhibit ribozyme cleavage, and that over 

time, some of the inactive conformations can refold into the active ribozyme structure. 

4.2.3 Interactions between nucleotides -15 to -1 in PAH(-16) and P4 inhibit 
ribozyme cleavage 

The P4S modification was also made in PAH(-16) to test for an interaction 

between -1 to -15 and the P4 sequence. PAH(-16) and PAH(-16)P4S were both tested 

under the same reaction conditions as those used for PAH(-33) and PAH(-33)P4S. For 

PAH(-16) with the intact P4 stem loop, the precursor bands did not disappear during the 

cleavage reaction, and no window developed (Fig. 4.3b). This indicated that most of the 

RNA remained uncleaved, even after extended incubation times. For PAH(-16)P4S with 

the P4 stem loop deletion, precursor fragments cleaved within the first hour of the 

reaction. A window appeared on the gel, and the boundaries indicated that precursors 

with 3 to 15 nucleotides upstream of the ribozyme had converted to product. These 

results are consistent with the hypothesis that interactions between the 16-nucleotide 

leader in PAH(-16) and the P4 stem loop of the ribozyme can inhibit ribozyme cleavage. 

Since this interaction involves P4 of the ribozyme, it was designated AltP4 to remain 

consistent with the AltP2 naming scheme. Two possible pairings for the AltP4 interaction 

were identified (Fig. 4.5), and a hypothetical structure for AltP4 was drawn (Fig. 4.6).
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Figure 4.5: Potential AltP4 pairings  

The AltP4 interaction is predicted to form between the pyrimidine-rich upstream sequence from   
-16 to -1 and the purine-rich sequence from 48 to 58 in the 3' side of the P4 stem loop of the 
ribozyme. There are multiple possible pairings that could form between the upstream sequence 
(red letters) and P4 (green letters), two examples are shown here.  
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Figure 4.6 The wild-type PAH1 sequence in a hypothetical AltP4 structure  
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4.2.4 Modifications in the P4 sequence that disrupt interactions with the 
pyrimidine-rich upstream sequence support the AltP4 interaction 

To test the hypothesis that AltP4 inhibits ribozyme activity, modifications 

designed to disfavor the AltP4 interaction were made in the P4 sequence of PEX1, PAH1, 

and PAH3. These P4 modifications were predicted to either destabilize AltP4, stabilize 

P4, or both. P4I was created by inverting the sequence from 50-67 in P4 (Fig. 4.7a). This 

modification moves the purine-rich sequence from the 5’ side of the stem loop to the 3’ 

side; as such, it is predicted disfavor formation of AltP4. The sequence changes made in 

P4+3bp (Fig. 4.7b) created 3 additional base pairs in the P4 stem loop, which was 

expected to stabilize P4. To create P4+1bp (Fig. 4.7c), A50 and G51 were deleted and A53 

was changed to a U to create a new base pair. These changes were designed to both 

stabilize P4 and destabilize AltP4. 

4.2.5 Changes to P4 had larger effects on the cleavage rate profiles of PAH1 
with the wild-type 5’ leader than on the PEX1 ribozyme 

First, the P4 modifications were made in the ribozyme construct PEX1 to 

establish the effects of altering the P4 sequence in the absence of a 5’ leader sequence. 

The extent of cleavage and kinetic data revealed that, in PEX1, the P4 modifications had 

a small but noticeable effect (Fig. 4.8). PEX1, with the wild-type P4 sequence, cleaved to 

~76% after 60 minutes. Indeed, all of the constructs with P4 modifications also cleaved to 

about 75-86% after one hour, which is typical for a “complete” reaction for HDV 

ribozyme precursors. However, the kinetic profiles of all of the constructs revealed 

biphasic cleavage-rate curves. As a result, the data was fit to an equation for the sum of 

two first-order decay reactions. Each precursor reveals a rate profile consistent with
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Figure 4.7: Modifications in the P4 sequence designed to destabilize AltP4, stabilize 
the P4 stem loop, or both. 

Sequences and hypothetical structures for the P4 stem loops formed by a: P4I, b: P4+3bp, and   
c: P4+1bp.
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Figure 4.8: Modifications in the P4 sequence of the ribozyme designed to disfavor 

AltP4 have a small effect on the extent of cleavage in the absence of a 5' leader 
sequence. 

The extent of cleavage for each of the PEX1 constructs with P4 modifications was compared to 
PEX1with the wild-type P4 sequence. For ease of comparison, each of the P4 variants was plotted 
on a separate graph along with PEX1 (PEXP4S (a), PEXP4I (b), PEXP4+3bp (c), PEXP4+1bp 
(d)). A small increase in the extent of cleavage during the burst phase of the reaction was 
observed for the constructs with P4 modifications. 
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about half of the RNA (38-57%) cleaving with a rate constant of about 1 min-1 (0.83-1.4 

min-1) followed by a slower phase in which an additional 20-34% of the precursor 

cleaved within an hour. A comparison of the shape of the cleavage rate profiles (Fig. 4.8) 

reveals that, compared to PEX1, all of the P4 modifications used in this study might 

increase the fraction of precursor that cleaves in the initial phase by a few percent. 

However, large errors in the curve fitting with the double exponential prevent the actual 

amount from being accurately quantified. The largest increase was observed for P4+3bp, 

which both removed the bulge loop and increased the number of Watson-Crick base pairs 

from 12 to 15. These data suggest that, in the absence of the 5’ leader, the modifications 

of the P4 sequence do not greatly affect the overall extent of cleavage, but that they can 

increase the amount of RNA that folds into the active ribozyme in the initial phase of the 

reaction. 

Next, P4 was modified in PAH1 to test for interactions between P4 and the wild-

type 5’ leader. The changes in P4 had a greater effect on ribozyme cleavage in PAH1 

than they did in PEX1 (Fig. 4.9). Again, the data was fit to an equation for the sum of two 

exponential decay reactions. PAH1 (wild-type P4) cleaved to 51(±1)% with a rate 

constant of 19(±3) min-1. This rapid cleavage occurs in the first 10 s of the reaction, and 

there is essentially no additional cleavage (<0.1% in 1 hr). The PAH1 ribozymes with P4 

modifications also cleaved with similar rate constants, 19(±3-9) min-1. These rates are too 

fast to measure accurately by hand, since the reaction is essentially over by the first time 

point (10 s). However, a minimal rate constant based on a half-life of 5 s (the highest it 

could be) would be 10 min-1, which is in agreement with the curve fitting results.  



 

 87 

In contrast, the extent of cleavage increased dramatically compared to the wild-

type PAH1. For the P4 variants, the extent of cleavage ranging from 62-78% in the burst 

revealed that an additional 12-28% of the precursor folded correctly in the initial phase of 

the reaction. Another interesting difference for the P4 variants was the additional slow 

cleavage of precursor RNA following the burst. Thus, the P4 modifications in PAH1 both 

increased the amount of ribozyme cleavage in the initial phase of the reaction and 

appeared to facilitate refolding of inactive precursors during the second phase. These 

results are consistent with the hypothesis that an interaction between P4 and the 5’ leader, 

such as AltP4, can inhibit ribozyme cleavage. Furthermore, these data suggest that 

mutations predicted to disrupt this inhibitory interaction increase cleavage of the PAH1 

construct. It is important to note, however, that this increased cleavage is due to an 

increase in the fraction of RNA that cleaves and not to an increase in the rate of cleavage. 

4.2.6 Disrupting both AltP2 and AltP4 in ribozyme constructs with an intact 
P4 stem loop does not increase the extent of ribozyme cleavage more than 
disrupting AltP2 alone 

The P4 sequence was modified in PAH3 to test for an additive effect of the 

inhibitory AltP2 and AltP4 interactions. The PAH3 construct has changes in the 5’ leader 

designed to stabilize the P(-1) hairpin formed by the upstream sequence and disfavor the 

formation of the inhibitory AltP2 interaction. When previously tested, PAH3 cleaved to a 

greater extent than PAH1. This result suggested that, in the wild-type sequence, AltP2 

inhibits formation of the ribozyme, and that the changes in PAH3 designed to disrupt 

AltP2 allowed more of the PAH3 RNA to adopt the active conformation. However, 

disrupting AltP2 did not result in all of the PAH3 precursor converting to product. The 
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Figure 4.9: Modifications in the P4 sequence of the ribozyme designed to disfavor 
AltP4 increase the extent of cleavage in PAH1 constructs with the wild-type 5' 

leader. 

The extent of cleavage for each of the PAH1 constructs with P4 modifications was compared to 
PAH1 with the wild-type P4 sequence. For ease of comparison, each of the P4 variants was 
plotted on a separate graph along with PAH1 (P4S (a), P4I (b), P4+3bp (c), P4+1bp (d)). In these 
constructs, the P4 modifications increase ribozyme cleavage during the burst phase of the reaction 
and facilitate the refolding of inactive precursors into active ribozymes during the second phase. 
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interpretation of this result was that the PAH3 precursor was able to fold into other 

inactive conformations. Since the modifications in the 5’ leader of PAH3 do not affect 

the pyrimidine-rich sequence from -16 to -1, one hypothesis was that this portion of the 

5’ leader could base pair with the 5’ side of P4 to form AltP4. Modifying the P4 sequence 

in PAH3 would make it possible to test this hypothesis. If AltP4 also inhibits ribozyme 

cleavage in PAH3, then the prediction is that PAH3 constructs with P4 modifications 

designed to disrupt AltP4 would cleave to a greater extent than PAH3 with the wild-type 

P4 sequence. If there is no change in the extent of cleavage, that would suggest that AltP4 

is not the inactive conformation formed by the non-cleaving PAH3 precursor.   

The data presented here and in chapter 2 suggest that at least two alternative 

pairings (AltP4 and AltP2) can interfere with ribozyme formation. Disrupting either 

AltP4 or AltP2 appears to increase the fraction of ribozyme that cleaves, but cleavage 

still does not go to completion. The P4 variants were introduced into the PAH3 ribozyme, 

which has the modified leader sequence (stabilized P(-1)) that interferes with AltP2 

formation, to test if there would be an additive effect with respect to the extent of 

cleavage. The two most likely outcomes, depending on whether AltP2 and AltP4 form 

independently or together, are either an increase in the extent of cleavage or no increase 

over what is seen when AltP2 and AltP4 are disrupted independently. However, the latter 

result would be less definitive because there could be additional reasons why there would 

be no increase.  

All but one of the PAH3 variants had cleavage rate profiles similar to PAH3. In 

these experiments, PAH3 cleaved to approximately 60% in the burst phase (kobs = 16±2 
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min-1), and after 1 hour, approximately 76% of the RNA had cleaved (Fig. 4.10a). The 

cleavage profiles of the PAH3 constructs with the P4 modifications P4I, P4+1bp, and 

P4+3bp were similar to that of the PAH3 construct with the wild-type P4 sequence (Fig. 

4.10). However, PAH3 with the truncated P4 (P4S) cleaved to completion during 

transcription (data not shown). No kinetic studies were performed with this PAH3 P4S 

construct because precursor RNA could not be easily isolated. 

The results of this series of experiments were thus mixed. Three of the P4 

modifications in PAH3 did not increase ribozyme cleavage as might be predicted if AltP2 

and AltP4 were the predominant alternative structures and if they acted independently. 

However, when the P4S modification was made in PAH3, the extent of cleavage 

increased so much that the reaction went to completion during transcription. This result 

strongly suggests that the PAH3P4S ribozyme, in which the potential for the AltP4 

interaction is minimized by a large deletion in P4, can adopt the correct fold much faster 

than the other P4 variants. It is noted that P4S also had the largest effect in the PAH1 

background, but it was still possible to isolate intact PAH1P4S precursor following 

transcription. The other three P4 variations in the PAH3 construct had little effect on 

cleavage, and these results suggest either that the combinations of sequence changes 

created new inhibitory interactions, or that additional interactions remain after AltP2 and 

AltP4 are eliminated.  
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Figure 4.10: Modifications designed to disrupt AltP4 do not further increase the 

extent of cleavage in PAH3 constructs with modifications in the 5’ leader that 
disfavor AltP2. 
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Figure 4.10 (continued): The extent of cleavage for each of the PAH3 constructs with P4 
modifications was compared to PAH3 with the wild-type P4 sequence. For ease of comparison, 
each of the P4 variants was plotted on a separate graph along with PAH3 (P4I (a), P4+3bp (b), 
P4+1bp (c)). Modifications in P4 of these constructs did not enhance ribozyme activity.  
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4.2.7 Elimination of uracil from the pyrimidine-rich upstream sequence 
disrupts AltP4 and increases ribozyme cleavage 

As an alternative approach to test the AltP4 hypothesis, modifications were made 

in the 5’ leader sequence, rather than the ribozyme sequence, to reduce the potential 

interactions between the pyrimidine-rich upstream sequence and P4. In PAH(-16) and 

PAH1, the uracils in the sequence from -16 to -1 were changed to adenosines to create 

PAH(-16)CA and PAH1CA, respectively (Fig. 4.11). An increase in the extent of 

cleavage was observed for PAH1CA (Fig. 4.12a). In contrast to the PAH1 precursor, 

which cleaves to 50% during the initial burst with no additional cleavage during extended 

incubation, PAH1CA cleaved to ~75% in the initial burst, and additional cleavage 

occurred during the second phase of the reaction. After one hour, the extent of cleavage 

for PAH1CA had increased to ~85%, which suggests that some of the molecules of the 

non-cleaving population refolded into the active conformation. In other words, the very 

stable inactive conformation formed by PAH1 is destabilized by the U to A changes in 

the 5’ leader of PAH1CA. 

The extent of ribozyme cleavage for PAH(-16) also increased when the U to A 

changes were made in the leader sequence (Fig. 4.12b). At 10 seconds, the extent of 

cleavage for PAH(-16) was ~10%, but that increased to ~80% for PAH(-16)CA. This 

increase suggests that, when the reaction starts, most of the PAH(-16) precursor is in an 

inactive conformation, whereas a large fraction of PAH(-16)CA is in a more cleavage 

competent structure. PAH(-16) did continue to cleave slowly over the course of the 

reaction; after one hour, ~30% of the RNA had converted to product. This suggests that, 

unlike PAH1, some of the misfolded PAH(-16) precursor can refold during the reaction.  
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These results are consistent with the hypothesis that the pyrimidine-rich sequence 

from -16 to -1 inhibits the ribozyme, possibly through interactions with core sequences 

that prevent the formation of the correct ribozyme structure. However, ribozyme activity 

can be restored in constructs with changes in the upstream sequence designed to disrupt 

these interactions. These results also suggest that interactions involving the 16-nucleotide 

leader in PAH(-16) are less stable than the inhibitory interactions formed by the  

60-nucleotide leader in PAH1. The inactive structures formed by the PAH1 sequence are 

kinetically-stable, whereas the some of the inactive structures formed by the PAH(-16) 

sequence are able to refold, over time, into the active ribozyme conformation.  
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Figure 4.11: U to A mutations made in the pyrimidine-rich sequence from -16 to -1 

To create PAH1CA (a) and PAH(-16)CA (b), U-2, U-3, U-5, U-8, U-9, U-10, U-12, U-13, and U-16 were 
all changed to As in PAH1 and PAH(-16), respectively. 
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Figure 4.12: When U to A mutations are made in the pyrimidine-rich sequence from 
-16 to -1 of PAH1 (a) and PAH(-16) (b), the extent of cleavage during the initial 

burst phase increases. 
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 4.3 Discussion 

The model proposed in chapter 2 identified two alternative structures, P(-1) and 

AltP2, that could be formed by the 60-nucleotide 5’ leader in PAH1. AltP2 was predicted 

to inhibit ribozyme cleavage, and this hypothesis was previously tested (Brown et al. 

2008). However, it became apparent that AltP2 was not completely responsible for 

inhibiting cleavage of the PAH1 ribozyme. To search for additional inhibitory sequences 

in the 5’ leader of PAH1, successive deletions were made from the 5’ end of the leader 

sequence to create PAH(-33), PAH(-23), PAH(-16), and PAH(-7). The assumption was if 

a specific 5’ sequence forms an inhibitory interaction with the ribozyme, then ribozyme 

cleavage should be restored when the inhibitory sequence is deleted. These shortened 5’ 

leaders affected ribozyme cleavage in ways that were not consistent with the AltP2 and 

P(-1) interactions predicted in the original model, and thus provided evidence for other 

interactions that involve 5’ leader sequences.  

PAH(-33) cleaved to a greater extent than PAH1, which was not consistent with 

the model. The 33-nucleotide leader in PAH(-33) was expected to favor AltP2, so the 

extent of cleavage for PAH(-33) was predicted to be less than PAH1. However, when 

PAH(-33) was tested, it cleaved to 56% which was greater than the 50% cleavage 

observed for PAH1. A possible explanation is that the 33-nucleotide leader could fold 

into structures, other than P(-1), that would prevent interactions between the upstream 

sequence and the ribozyme. The RNA folding program, mFold (Zuker 2003), was used to 

predict structures formed by the 5’ leader in PAH(-33). The structure generated indicated 

that the nucleotides from -12 to -33 could fold into a short stem loop (Fig. 4.13), while  
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Figure 4.13: Hypothetical structure for a mini AltP(-1) that could be formed by the 
5’ leader in PAH(-33). 

A structure generated by mFold indicated that nucleotides from -12 to -33 could potentially fold 
into a short stem loop, while nucleotides -1 to -11 remained single stranded (Zuker 2003). 
Formation of this stem loop could interfere with the formation of AltP2, which may explain why 
the extent of cleavage observed for PAH(-33) was greater than expected.  
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nucleotides -1 to -11 remained single stranded. Formation of this stem loop would 

interfere with pairing interactions between the upstream sequence and the ribozyme that 

are necessary to form AltP2, which could partially explain why the extent of cleavage 

observed for PAH(-33) was greater than expected. 

PAH(-23) and PAH(-16) cleaved to a lesser extent than PAH1 even though the 5’ 

leader sequences in these constructs are unable to form AltP2. For these constructs, only 

14% of the RNA cleaved, which was much less than PAH1. Since the 5’ leaders in 

PAH(-23) and PAH(-16) lack the sequence predicted to form AltP2, this implied that a 

different inhibitory interaction could be formed with the 5’ sequence still present. The 

fact that the leader sequences in both PAH(-23) and PAH(-16) inhibited ribozyme 

cleavage to the same extent suggested that the inhibitory sequence was located between   

-16 to -1, a region of the 5’ leader that is composed entirely of C and U residues. Two 

potential pairing interactions with purine-rich sequences in the ribozyme were proposed; 

one pairing involved the 5’ side of the P4 stem loop and the other pairing involved the 

sequence from 78-86 in P2 at the 3’ end of the ribozyme. Nested-fragment cleavage 

analysis of PAH(-33), PAH(-33)P4S, PAH(-16), and PAH(-16)P4S provided evidence for 

the interaction involving the P4 sequence, which was named AltP4. 

One of the potential structures for the AltP4 interaction consists of a 9 base pair 

duplex and possibly a shorter 3 base pair duplex (Fig. 4.5, left). Formation of the longer 

AltP4 duplex may inhibit ribozyme activity by disrupting the ribozyme structure. If the 

sequence in the 5’ side of P4 pairs with the 5’ leader sequence, this would prevent the P4 

sequence from folding into the stem loop that is part of the active ribozyme structure. It is 
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also possible, that the sequence in the 3’ side of P4, which is not predicted to be involved 

in the AltP4 interaction, may then be able to adopt alternative conformations that inhibit 

ribozyme cleavage. One possible alternative structure is a 7 base pair stem with a           

4-nucleotide hairpin loop formed by nucleotides 59 to 76 (Fig. 4.14). Formation of this 

stem loop is likely to further disrupt the overall ribozyme structure. In addition, this 

conformation would allow C76 (the catalytic cytosine in the self-cleavage reaction) to be 

base-paired and unavailable to participate in ribozyme catalysis. The prediction is that 

RNA folded into this conformation would not have ribozyme activity. 

For the shorter duplex formed in the predicted AltP4, there are several possible 

alignments between the three G residues (40-42) and the CU-rich upstream sequence, any 

of which would likely interfere with ribozyme activity. It is important to note that, while 

there is no physical evidence for these pairings, the potential for this interaction is 

conserved among the clinical isolates of HDV (Wadkins and Been 2002). Formation of 

the 3 base pair duplex would disrupt P1.1, which consists of G40 and G41 pairing with C25 

and C24. P1.1 makes up part of the “pedestal” structure of the ribozyme active site (Ferre-

D'Amare et al. 1998), and it is critical for activity (Wadkins et al. 1999). Thus, it is very 

likely that formation of AltP4, especially if it stabilizes alternative interactions with G40 

and G41, would block ribozyme cleavage. 

In addition to modulating ribozyme activity, interactions between the upstream 

sequence and the ribozyme may also affect mRNA processing. The conserved 

pyrimidine-rich sequence from -1 to -16 contains potential binding sites for the Cleavage  
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Figure 4.14: Hypothetical stem loop structure that could be formed by the sequence 

on the 3’ side of P4 

When the sequence that normally forms the 3’ side of P4 in the ribozyme structure is left single 
stranded by the formation of AltP4, the sequence from 59 to 76 could potentially form a short 
stem loop structure. Formation of this stem loop is likely to further disrupt the overall ribozyme 
structure. In addition, C76 (the catalytic cytosine in the self-cleavage reaction) could be base-
paired and unavailable to participate in ribozyme catalysis. 
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Stimulation Factor (CstF), which is involved in 3’ end processing of the delta antigen 

mRNA. CstF has a high-affinity binding pocket that specifically recognizes the 

dinucleotide UU within a U- or GU-rich sequence element downstream of the AAUAAA 

signal sequence and the PolyA cleavage site (Perez Canadillas and Varani 2003). 

Interactions between -16 to -1 of the upstream sequence and the ribozyme that inhibit 

ribozyme cleavage may also make the CstF binding sites less accessible, and thereby, 

inhibit polyadenylation. Thus, the pyrimidine-rich sequence immediately upstream of the 

ribozyme cleavage site may have multiple biological functions in the hepatitis delta virus.  

The identification of the AltP4 interaction suggests that revisions need to be made 

to the original model that predicted only two alternative structures for the 60-nucleotide 

leader sequence in PAH1 (P(-1) and AltP2). For constructs with 5’ leader sequences 

longer than 16 nucleotides, it appears possible that some of the inactive precursors could 

be inhibited by AltP4, while others could be inhibited by AltP2. Furthermore, since AltP4 

and AltP2 involve different sequences in the 5’ leader, it is also possible that both 

inhibitory interactions could form in the same precursor (Fig. 4.15). This third scenario is 

particularly attractive, and it could potentially explain the kinetic-stability observed for 

the inactive structure formed by PAH1. 
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Figure 4.15: Hypothetical structure that includes both AltP2 and AltP4 interactions 

AltP2 (red and blue pairing) and AltP4 (red and green pairing) are formed by different sequences 
in the 5’ leader; therefore, they are not mutually exclusive. Shown here is an example of a 
structure that includes both the AltP2 and AltP4 alternative pairing interactions. 
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4.4 Materials and Methods 

4.4.1 5’ Terminal Deletion Constructs  

The 60-nucleotide leader sequence of the PAH1 construct was modified to create 

PAH(-33), PAH(-23), PAH(-16), and PAH(-7), which contain 33, 23, 16, and 7 

nucleotides of 5’ leader sequence, respectively. The sequences of the 5’ leaders in these 

constructs are as follows:  

PAH(-33) 5’-gACAGGCUCGCGUCUCGCUCCUUCUUUCCUCUUC-3’,  
PAH(-23) 5’-GUCUCGCUCCUUCUUUCCUCUUC-3’,  
PAH(-16) 5’-gaUCCUUCUUUCCUCUUC-3’, and  
PAH(-7)   5’-gCCUCUUC-3’  

DNA templates for these constructs were created by primer directed mutagenesis 

in PCR reactions using pPAH1 as a template. (The lowercase letters in the sequences 

above represent nucleotides that were added by the PCR primers in order to make these 

constructs better substrates for T7 transcription.) 

4.4.2 Constructs used to test the AltP4 interaction 

The P4 variants and the U to A mutations (described below) were made by 

oligodeoxynucleotide-directed mutagenesis of a uracil-containing single-stranded pPAH1 

template (Kunkel et al. 1987; Vieira and Messing 1987; Perrotta and Been 1991). The 

DNA was transformed into Escherichia coli (JM83), and DNA from several colonies was 

isolated using a boiling lysis miniprep protocol modified from (Holmes and Quigley 

1981). Miniprep DNA was sequenced by primer extension with modified T7 DNA 

polymerase and dideoxynucleotides (Sanger et al. 1977; Tabor and Richardson 1987; 

Perrotta and Been 1992) to verify the presence of the sequence modifications. The 
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miniprep DNA was retransformed and plasmid DNA was prepared from overnight 

cultures and purified by CsCl equilibrium density ultracentrifugation with ethidium 

bromide (Maniatis et al. 1982). 

4.4.2.1 Modifications made in the P4 sequence of the antigenomic ribozyme 

The following mutations were made in the P4 sequence of the ribozyme 

constructs to create the P4 variants P4S, P4I, P4+3bp, and P4+1bp. P4S is a truncated P4 

stem loop that was created by replacing nucleotides 47-69 with the sequence UUC  

(5’-GCAUCuucGGAUGG-3’). P4I was created by inverting the sequence from 50-67 in 

the P4 stem loop (5’-GCAUCCGACACCUGCUGCAGGAGGAUCGGAUGG-3). The 

mutations made in P4+3bp created 3 additional base pairs in the P4 stem loop. Three 

nucleotides were inserted into the sequence that forms the 3’ side of the P4  

(5’-GGGCAUCCGAAGGAGGACGUCGUCCuCcuUCGGAUGG-3’). To create 

P4+1bp, A50 and G51 were deleted and A53 was changed to a U to create a new base 

pair (5’GGGCAUCCGAΔΔGuGGACGUCGUCCACUCGGAUGG-3’). 

4.4.2.2 U to A mutations made in the 5’ leader sequence from -16 to -1 

To create PAH(-16)CA and PAH1CA, U-2, U-3, U-5, U-8, U-9, U-10, U-12, U-13, and 

U-16 were all changed to As in PAH(-16) and PAH1, respectively. 

4.4.3 Transcriptions 

Transcription of BanI cut plasmid DNA or DNA templates generated by PCR 

with T7 RNA polymerase yielded precursor RNA used in the Nested-Fragment Cleavage 

Analysis and in the ribozyme cleavage reactions. Radiolabeled RNA was made in 

transcription reactions (25 µL, 15 min, 37°C) that contained 40 mM Tris-HCl (pH 7.5), 
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15 mM MgCl2, 5 mM dithiothreitol, 2 mM spermidine, 1 mM each ATP, UTP, and GTP, 

0.5 mM CTP, 6 µg DNA, 25 µCi [a32P]-CTP, and 300 U T7 RNA polymerase. Reactions 

were terminated with an equal volume of formamide stop mix containing 100 mM 

EDTA, and the products were separated by electrophoresis on a 6% polyacrylamide gel 

containing 7 M urea. Following electrophoresis, precursor RNA was located by 

autoradiography and excised from the gel. RNA was eluted in 0.1% SDS and 1 mM 

EDTA, desalted by G25 gel-filtration, ethanol precipitated, and stored in 0.1 mM EDTA 

at -20°C. For unlabeled RNA, the transcription reaction was increased to 75 µL, the 

[a32P]-CTP was omitted. Following electrophoresis, the RNA was located by UV 

shadowing, excised from the gel, eluted in 0.1% SDS and 1 mM EDTA, ethanol 

precipitated, and stored in 0.1 mM EDTA at -20°C. 

4.4.4 Ribozyme cleavage assays 

Radiolabeled precursor RNA in 0.1 mM EDTA was heated at 95°C for 3 min and 

cooled to room temperature. The buffer conditions were adjusted to 40 mM Tris-HCl pH 

7.5, 1 mM EDTA, 0.5 mM spermidine (TES), and the RNA was preincubated at 37°C for 

15 min followed by 25°C for 10 min. An aliquot was removed for a zero time point 

before MgCl2 was added to initiate the cleavage reaction (at 25°C). Final concentrations 

in the cleavage reactions were 40 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM 

spermidine, and [MgCl2] necessary for a final [Mg2+] of 2mM assuming stoichiometric 

chelation by the EDTA. Aliquots of the reactions were removed and stopped with an 

equal volume of formamide stop mix containing 100 mM EDTA. The products of the 

cleavage reactions were separated by electrophoresis on 6% polyacrylamide gels 
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containing 7 M urea. The gels were dried, and the fraction of precursor cleaved was 

quantified with a Molecular Dynamics Phosphorimager and ImageQuant software.  

4.4.5 Curve fitting 

KaleidaGraph (Synergy Software) was used to generate the kinetic parameters. 

The ribozyme constructs tested here cleaved with biphasic kinetics. The rate constants 

were determined by fitting the data to the equation ft = F1 × (1 − e−k1t) + F2 × (1 − e−k2t), 

where ft is the fraction cleaved at time t, and F1 and F2 are fraction of the total that 

cleaved at rates of k1 and k2, respectively.  

4.4.6 Preparation of 3’ end-labeled Precursor RNA 

RNA was labeled at the 3' end with [5'-32P]pCp (Bruce and Uhlenbeck 1978; 

Perrotta and Been 1990). The [5'-32P]pCp was prepared in a 25 µL reaction that contained 

1 nmol of 3' CMP, 100 pmol of [γ32P]ATP and 30 U of T4 polynucleotide kinase in       

50 mM Tris–HCl pH 7.5, 10 mM MgCl2 and 10 mM 2-mercaptoethanol; after incubation 

at 37°C for 30 min it was heated to 70°C for 5 min. Two micrograms of RNA were 

labeled in a 20 µL reaction containing 5 µL of the [5'-32P]pCp and 10 U of T4 RNA 

Ligase in 50 mM Tris–HCl pH 7.5, 10 mM MgCl2, 10 mM DTT, 1 mM ATP and 0.06 

mg/mL acetylated BSA. The labeling reaction was incubated at 37°C for 30 min and 

stopped by adding an equal volume of formamide containing 100 mM EDTA. The 

labeled RNA was gel purified, precipitated, and stored in 0.1 mM EDTA at -20°C. 

4.4.7 Nested-Fragment Cleavage assays 

To create the nested set of ribozyme precursor fragments, 3’ end-labeled RNA in 

50 mM NaHCO3 pH 9.0, 1 mM EDTA, and 0.25 µg/µL yeast tRNA was heated at 95°C 
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for 2 min. An equal volume of 4.5 M NaAcetate (pH 4.5) was added, and the RNA was 

ethanol precipitated. The RNA was resuspended in 0.1 mM EDTA and used as precursor 

in ribozyme cleavage reactions (as described above except that the extent of cleavage was 

not quantified for these reactions.) 
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5. The effects of alternative RNA secondary structures and 
ribozyme cleavage on polyadenylation in cells 

A model, in which alternative RNA structures (P(-1) and AltP2) influence 

ribozyme cleavage and polyadenylation, was previously proposed. In this chapter, 

luciferase expression constructs with HDV polyA and ribozyme sequences were used to 

investigate the effects of RNA structure and ribozyme cleavage on polyadenylation in 

cells. The model predicts that the stem loop structure formed by the wild-type HDV 

polyA sequence, P(-1), could inhibit polyadenylation by making the polyA sequence 

elements less accessible to polyA factors. However, when this hypothesis was tested by 

altering the stability of the stem loop, it appeared that the P(-1) structure had no effect on 

polyadenylation. The model also predicts that the antigenomic ribozyme located 

downstream of the polyA site could affect polyadenylation. Ribozyme cleavage could 

interfere with polyadenylation by uncoupling transcription from processing, however, the 

ribozyme sequence might also influence polyadenylation in a manner independent of the 

ribozyme cleavage activity. As such, the AltP2 structure could potentially have a positive 

effect on polyadenylation either by inhibiting ribozyme cleavage or by making the polyA 

signal sequences more accessible to the polyA factors. To distinguish between the effects 

of ribozyme cleavage and alternative RNA structures, luciferase expression levels from 

constructs with an HDV polyA sequence followed by the active wild-type ribozyme or 

the inactive C76u version of the ribozyme were compared. For the wild-type HDV polyA 

sequence, the active ribozyme reduced expression, whereas the inactive ribozyme control 

had no effect on expression. However, for the modified leader sequences, which were 
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efficiently polyadenylated in the absence of ribozyme, there were changes in expression 

that appeared to be independent of ribozyme cleavage.  

5.1 Introduction 

Polyadenylation is a key process in the formation of mature messenger RNA 

(mRNA). The polyA tail is important for mRNA stability (Jacobson and Peltz 1996), 

transport to the cytoplasm (Huang and Carmichael 1996), and subsequent translation 

(Jacobson and Peltz 1996; Tarun and Sachs 1996); as such, it is a regulator of gene 

expression (Nevins 1983; Zhao et al. 1999). The polyadenylation reaction is carried out 

by a large protein complex, which recognizes specific signal sequences in the pre-mRNA. 

These signal sequences include the highly conserved hexanucleotide sequence, 

AAUAAA, which is located 10-30 nucleotides upstream of the polyA cleavage site 

(typically a CA or CU dinucleotide sequence), and a U- or GU-rich sequence located 14-

70 nucleotides downstream of the cleavage site (Proudfoot and Brownlee 1976; McDevitt 

et al. 1986; Gil and Proudfoot 1987; Chen et al. 1995).  

In the first step of the polyadenylation reaction, the cleavage and polyadenylation 

specificity factor (CPSF) binds weakly to the AAUAAA signal sequence. Next, the 

cleavage stimulation factor (CstF) binds to both the CPSF and the downstream U-/GU-

rich element. Binding of CstF helps to stabilize the interaction between CPSF and the 

pre-mRNA; therefore, it is considered the “commitment step” in the polyadenylation 

reaction (Gilmartin and Nevins 1989; Gilmartin and Nevins 1991). After CPSF and CstF 

have assembled, additional protein factors needed to form the functional polyadenylation 

complex are recruited. Finally, endonucleolytic cleavage by CPSF-73 creates the 3’ end 
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of the mRNA (Ryan et al. 2004; Mandel et al. 2006) and the PolyA polymerase (PAP) 

adds a polyA tail of approximately 200 adenosine residues (Christofori and Keller 1988; 

McDevitt et al. 1988; Takagaki et al. 1988).  

In HDV, the sequence surrounding the polyA site for the delta antigen mRNA 

contains sequence elements that are similar to polyadenylation signals found in 

eukaryotes (Fig. 5.1). These include the canonical hexanucleotide sequence (AAUAAA) 

located 10-16 nucleotides upstream from three potential CA dinucleotide cleavage sites. 

All three of the CAs appear to be reasonable cleavage sites, but only the CA located 14 

nucleotides downstream of the AAUAAA sequence is used in polyadenylation in vivo 

(Hsieh et al. 1990). There is also a U-rich sequence located downstream of the cleavage 

sites which could contain a binding site for CstF. Based on these similarities, it is thought 

that HDV RNA can be cleaved and polyadenylated by the same cellular machinery that 

processes host mRNAs. It is also worth noting that all of these HDV polyA sequence 

elements are located in the 60-nucleotide sequence immediately upstream of the 

antigenomic ribozyme sequence, and that the polyA site is just 33 nucleotides upstream 

of the ribozyme cleavage site. 

Together with our evidence that the upstream sequence can interfere with 

ribozyme activity (Brown et al. 2008), the close proximity of the two processing sites 

suggests a model in which alternative structures could modulate not only ribozyme 

activity but polyA processing as well. If processing at the polyA site occurred in every 

transcript, full-length antigenomic RNA would not be produced. Thus, a mechanism to  
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Figure 5.1: The 60-nucleotide leader sequence immediately 5’ of the ribozyme 
cleavage site drawn as a stem loop structure 

The polyadenylation site and corresponding sequence elements, AAUAAA, CA cleavage site, 
and a U-rich sequence, are labeled and highlighted by red lettering. Nucleotide numbering begins 
from the ribozyme cleavage site with negative numbers used for the 5’ sequence.  
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limit polyadenylation to the antigenomic HDV transcript destined to be mRNA, rather 

than genomic strand template, would appear to be necessary.   

In HDV several factors could contribute to limiting polyadenylation and, thus, 

could be involved in a regulatory mechanism. First, the choice between the two 

processing sites may be pre-determined, that is, only promoter initiated (presumably 5’ 

capped) transcripts would be destined for polyadenylation, whereas nascent transcripts 

with 5’ ends generated by ribozyme cleavage would lack the signals necessary for 

polyadenylation. Nevertheless, ribozyme cleavage may interfere with polyadenylation in 

promoter initiated pre-mRNA transcripts. Second, alternative RNA structures involving 

the polyA signals, similar to that seen with HIV, could affect the efficiency of 

polyadenylation. Third, as already alluded to, the efficiency of ribozyme cleavage could 

affect the efficiency of polyadenylation. In this case, a delay in ribozyme cleavage may 

provide the extra time necessary to assemble the polyadenylation complex. These studies 

will only address the last two scenarios.      

In HDV, the 60-nucleotide sequence containing the polyadenylation sequence 

elements could potentially form a stem loop called P(-1), which is reminiscent of the 

polyA hairpin formed by the HIV polyA sequence (Wadkins and Been 2002) (Fig. 5.1). 

In HIV, the secondary structure of the polyA site plays a role in regulating 

polyadenylation, and it has been shown that altering the stability of the hairpin affects 

polyadenylation efficiency (Klasens et al. 1998). Subsequent work from Berkhout’s lab 

indicated that an inverse correlation between the stability of the polyA hairpin and its 

interaction with polyadenylation factors (Klasens et al. 1999). These results were 
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consistent with their hypothesis that RNA secondary structure could mask the polyA 

signal sequences and inhibit binding of polyA processing factors (Graveley et al. 1996). 

Thus, it seems that the P(-1) structure in HDV could possibly play a role in regulating 

polyadenylation of HDV RNA by making the polyA signal sequences less accessible to 

the polyA factors. If so, sequence changes designed to increase the stability of P(-1) 

would be predicted to decrease polyadenylation relative to the wild-type P(-1), while 

sequence changes designed to destabilize P(-1) would be predicted to be polyadenylated 

with equal or greater efficiency than the wild-type sequence. 

The ribozyme sequence downstream of the polyA site may also affect processing 

at the HDV polyA site. It is possible that pairing interactions between the upstream 

sequence and the ribozyme could form alternative structures that prevent recognition of 

the polyA site or block the binding sites of the polyadenylation factors. It is also possible 

that ribozyme cleavage downstream of the polyA site could interfere with assembly of 

the polyA complex. Wild-type and inactive C76u versions of the antigenomic ribozyme 

were used to test these two models. If the regulation of polyadenylation relies primarily 

on the formation of alternative structures, then both the wild-type and C76u versions of 

the ribozyme would be expected to have similar effects on polyadenylation. On the other 

hand, if ribozyme cleavage downstream of the polyA site is part of the regulatory 

mechanism, then an active ribozyme downstream of the polyA site would be predicted to 

inhibit polyadenylation to a greater extent than the inactive C76u ribozyme.  

The Dual Luciferase assay is a standard method used to measure polyadenylation 

in vivo (Jamil 2000; Hague et al. 2008). With this technique, polyadenylation is measured 
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indirectly as part of correct luciferase mRNA processing. It is called a dual luciferase 

assay because an experimental reporter and a control reporter are expressed 

simultaneously within the same system. When the expression from the experimental 

reporter is normalized to the control reporter, it minimizes the variability caused by 

differences in cell viability and/or in transfection efficiency, as well as variations in 

pipetting, cell lysis, and assay efficiency.  

The Dual Luciferase assay makes use of luciferase from two species, firefly and 

Renilla. Both proteins are monomeric, and they do not require any post-translational 

modifications; however, the two luciferase enzymes have different structures, and they 

use different substrates. In the Dual Luciferase Reporter (DLR) Assay System, developed 

by Promega, the substrate for the firefly luciferase is provided first, followed by a buffer 

that both quenches the firefly luciferase reaction and provides the substrate for the 

Renilla luciferase enzyme. An automated dispenser in the luminometer adds the reagents, 

and the amount of light emitted from the enzymatic reactions is quantified. Under the 

assay conditions with excess substrate, the relative amount of light in the two 

measurements is proportional to the relative amount of the two enzymes. The firefly to 

Renilla luciferase signal ratio (Fluc/Rluc) is calculated for individual constructs and these 

ratios are then used for comparative analysis.  

Using luciferase expression as a measure of polyadenylation, the sequence 

elements required for a functional HDV polyA site were identified. Then, the P(-1) stem 

loop structure formed by the HDV leader sequence containing the polyA sequence 

elements was analyzed for effects on polyA processing. Finally, to distinguish between 
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the effects of ribozyme cleavage and the alternative secondary structures, P(-1) and 

AltP2, on polyadenylation in cells, luciferase expression from constructs with either the 

wild-type or inactive C76u version of the ribozyme sequence downstream of the leader 

sequence was compared to the luciferase expression from constructs with only the leader 

sequence. 

5.2 Results 

5.2.1 The AAUAAA polyA signal sequence, the U-rich sequence element 
downstream of the HDV polyA site, and the SV40 polyA enhancer sequence 
are necessary for polyadenylation at the HDV polyA site 

To determine if the sequence immediately upstream of the antigenomic ribozyme 

cleavage site contains all of the elements necessary to form a functional polyA site, the 

SV40 polyA sequences in the firefly luciferase reporter vector pGL3 Control (Promega), 

including the SV40 polyA enhancer, were replaced with the 60-nucleotide leader 

sequence from HDV, which includes the AAUAAA signal sequence, the polyA cleavage 

site, and the U-rich sequence downstream of the PolyA site. For the resulting construct, 

P1, luciferase expression is dependent on 3’ processing at the HDV polyA site. As such, 

detectable luciferase expression would be considered evidence that the 60-nucleotide 

leader sequence from HDV can support polyadenylation, whereas, the absence of 

luciferase expression would suggest that additional sequences might be required for 

efficient 3’ processing. 

Luciferase expression was measured from cells cotransfected with the HDV 

expression construct and the Renilla expression vector, or the pGL3 control vector with 

the SV40 polyA sequences and the Renilla expression vector (positive control), or 
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transfected with only the Renilla expression vector (negative control). When the 

Fluc/Rluc ratio was calculated, the positive control had ratio of 5.3(±0.1), the negative 

control had a ratio of 0.004(±0.001), and the HDV construct had a ratio of 0.007(±0.001). 

A comparison of the Fluc/Rluc ratios for the positive control and the HDV construct 

indicated that luciferase expression decreased almost 1000-fold when it was dependent 

on polyadenylation at the HDV polyA site. Furthermore, the expression from the HDV 

construct was about the same as the background luciferase expression measured from 

negative control and also very close to the minimum detection range of the luminometer.  

To see if a downstream polyA enhancer element might increase luciferase 

expression from the construct with the HDV polyA sequences, a new construct, L1, 

which contained the SV40 polyA enhancer sequence downstream of the wild-type HDV 

polyA sequences, was made. In the L1 construct, the SV40 polyA site was replaced with 

the 60-nucleotide HDV leader sequence, but the downstream SV40 polyA enhancer 

element was left intact. When this construct was tested, higher levels of luciferase 

expression were detected. The Fluc/Rluc ratio for L1 was 0.6(±0.1), which was only 3-

fold less than the Fluc/Rluc ratio of 1.8 for pGL3 control vector with the SV40 polyA 

sequences (positive control) and also well within the detection range of the luminometer. 

Based on these findings, the SV40 polyA enhancer was included in all of the constructs 

for which luciferase expression is dependent on polyadenylation at the HDV polyA site. 

Modifications in the AAUAAA and U-rich sequence downstream of the HDV 

polyA site confirmed that these sequences, which were predicted to be polyA sequence 

elements, were indeed necessary for polyadenylation. For these experiments, the 
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Fluc/Rluc ratios from the constructs with modified polyA sequence elements were 

normalized to the Fluc/Rluc ratio for the wild-type construct L1, which was set equal to 1 

(Fig 5.2). For the modified constructs, a Fluc/Rluc ratio less than 1 would indicate that 

the modified sequences were necessary for expression. The polyA signal sequence 

(AAUAAA) is critical for polyA site recognition in other systems, so the predicted HDV 

polyA signal sequence was tested by changing AAUAAA to AcagAA to create L3 (Fig 

5.2). The normalized Fluc/Rluc ratio calculated for L3 was 0.02(±0.01) (Fig. 5.2), which 

indicates that the AAUAAA sequence is necessary for polyadenylation in HDV. The U-

rich sequence downstream of the polyA site was also examined. The uracil residues in 

this downstream sequence were predicted to be binding sites for CstF, one of the 

polyadenylation factors. To test if the U-rich sequence is an essential component of the 

HDV polyA site, the uracils from -1 to -16 (U-2, U-3, U-5, U-8. U-9. U-10, U-12, U-13, and   

U-16) were changed to adenosines to create L1CA. Luciferase expression from L1CA was 

0.2(±0.1) (Fig. 5.2). Thus, the normalized Fluc/Rluc ratios for both L3 and L1CA were 

less than 1, confirming that the AAUAAA polyA signal sequence and the U-rich 

downstream element are important components of a functional HDV polyA site.  

5.2.2 Altering the stability of the stem loop formed by the polyA sequence 
elements does not affect expression 

Once the minimal sequence requirements for the HDV polyA site had been 

established, the effects of RNA structure on polyadenylation were examined. It was 

previously noted that the wild-type HDV leader sequence containing the polyA sequence 
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Figure 5.2: Modifications in the leader sequence and their effects on luciferase 
expression 

The ratio of firefly luciferase and Renilla luciferase was calculated for the wild-type leader 
sequence (L1) and modified leader sequences (L3, L1CA, L2, and L4) and normalized to the wild 
type (L1 = 1). Constructs are depicted below their corresponding expression data. Expression 
values shown are an average of three or more independent transfections.  
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elements could form a stem loop, P(-1) (Brown et al. 2008). To test for the potential 

effects of this structure on polyadenylation, modifications were made in the L1 sequence 

to either destabilize or stabilize the stem loop. For these experiments, the Fluc/Rluc ratios 

for the modified constructs were normalized to Fluc/Rluc ratio for L1; a ratio greater than 

1 would indicate more efficient mRNA processing than the wild-type construct, and a 

ratio less than 1 would indicate that mRNA processing is less efficient than the wild type.  

The modifications made in the L1 sequence to create L2 (Fig. 5.3a) were 

originally designed to stabilize interactions between the upstream sequence and the 

ribozyme in PAH2 (described in chapter 2). Here, these changes are predicted to 

destabilize the stem loop formed by the wild-type L1 sequence. Relative to L1, 

expression from L2 was essentially the same (normalized Fluc/Rluc ratio = 1.1(± 0.1) 

(Fig. 5.2). For L4 (Fig. 5.3b), the changes made in L1 to stabilize P(-1) were the same 

changes made in PAH4 (described in chapter 2). Luciferase expression from L4 was also 

unchanged (normalized Fluc/Rluc ratio = 1.2(±0.1)). The modifications made in these 

constructs do not appear to affect polyadenylation at the HDV polyA site. This may be 

because the differences in P(-1) stability are not great enough to have an effect, or 

perhaps, because secondary structure is not important in the constructs tested here. 
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Figure 5.3: Sequences and predicted secondary structures of the modified leader 

sequences L2 and L4 

Modifications made in the wild-type leader sequence L1 (∆G=-12.9), were designed to either 
destabilize (a) L2 (∆G=-6.2 or -6.3) or stabilize (b) L4 (∆G=-18.3) the stem loop structure 
formed by the wild-type leader sequence. The structures of L2 and L4 were predicted by mFold 
(Zuker 2003). Red lowercase letters denote the mutations. Nucleotide numbering for the modified 
sequences is the same as in L1; it was not modified to account for the nucleotide insertion in the 
L4 variant.  
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5.2.3 Ribozyme cleavage downstream of the wild-type polyA site has a greater 
effect on expression than the formation of alternative RNA structures 

In HDV, the presence of the ribozyme sequence downstream of the polyA site 

might affect mRNA processing for at least two reasons. Ribozyme cleavage downstream 

of the polyadenylation site could inhibit polyadenylation by preventing the assembly of a 

stable polyadenylation complex. Alternatively, interactions between the leader sequence, 

which contains the polyA sequence elements, and the ribozyme sequence could form 

secondary structures that interfere with the recognition of the polyA site. In order to 

differentiate between these two models, HDV-luciferase expression constructs with either 

the wild-type antigenomic ribozyme (Fig. 5.4a) or the C76u inactive version of the 

ribozyme (Fig. 5.4b) downstream of the polyA sequences were made. The C to U 

mutation at position 76 in the antigenomic ribozyme sequence abolishes cleavage activity 

without altering the ribozyme structure (Ferre-D'Amare et al. 1998). Thus, changes in 

luciferase expression for constructs with the C76u ribozyme would be the result of the 

ribozyme sequence itself and not due to ribozyme cleavage. 

Constructs with the ribozyme sequences downstream of the wild-type leader 

sequence, L1, were tested. Luciferase expression from PAH1 (wild-type leader, L1 + 

wild-type ribozyme) (Fig. 5.4a) and PAH1(C76U) (wild-type leader, L1 + C76u 

ribozyme) (Fig. 5.4b) was normalized to the luciferase expression from the L1 construct 

(wild-type leader only). The Fluc/Rluc ratio for the L1 construct was set equal to 1, and 

the normalized Fluc/Rluc ratios for PAH1 and PAH1(C76U) were 0.6(±0.1) and 

0.9(±0.1), respectively (Fig 5.5a). These results suggested that, for constructs with the  
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Figure 5.4: HDV ribozyme-luciferase constructs used to differentiate between the 

effects of alternative secondary structures and ribozyme cleavage on 
polyadenylation 

HDV luciferase expression constructs with either (a) the wild-type antigenomic ribozyme, or    
(b) the inactive C76u version of the ribozyme downstream of the leader sequence. PAH1 and 
PAH1(C76U) have the ribozyme sequences downstream of the wild-type leader (L1), for which 
the model predicts either the P(-1) stem loop or an Alt structure such as AltP2. Modifications in 
the upstream sequence of PAH2 designed to stabilize the AltP2 pairing suppressed ribozyme 
activity in vitro, while the modifications in the upstream sequence of PAH4 stabilize the stem 
loop structure of P(-1) and enhanced ribozyme activity in vitro. The C76u mutation blocks 
ribozyme activity in vitro without altering the structure of the ribozyme (Ferre-D'Amare et al. 
1998). 
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Figure 5.5: Effects of ribozyme cleavage and alternative secondary structures, P(-1) 

and AltP2, on luciferase expression 
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Figure 5.5 (continued) a: Wild-type leader sequence L1, and modified leader sequences b: L2 
and c: L4. To distinguish between the effects of ribozyme cleavage and alternative RNA 
structures on polyadenylation, luciferase expression from constructs with either the wild type 
(PAH), or the inactive C76u version of the antigenomic ribozyme sequence (PAH(C76U)) 
downstream of the polyA sequence was compared to that of the construct with no ribozyme 
sequence downstream of the leader sequence (L). Expression values shown are an average of 
three or more independent transfections.  
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wild-type leader sequence, ribozyme cleavage had more of and inhibitory effect on 

polyadenylation than did the formation of alternative secondary structures.  

5.2.4 Stabilizing the P(-1) and AltP2 structures appears to have an inhibitory 
effect on expression  

Although there was no evidence that alternative structures influenced luciferase 

expression in the wild-type constructs, when P(-1) and AltP2 were stabilized, both 

structures appeared to have an inhibitory effect on polyadenylation. HDV-luciferase 

expression constructs were made with either the wild-type or the inactive C76u ribozyme 

sequences downstream of previously analyzed leader sequences L2 and L4, which have 

modifications designed to stabilize either AltP2 or P(-1), respectively. Constructs with 

the L2 leader sequence were tested, and both the wild-type and inactive C76u ribozyme 

sequences had similar effects on luciferase expression. When normalized to L2, the 

Fluc/Rluc ratios for PAH2 (L2 + wild-type ribozyme) (Fig. 5.4a) and PAH2(C76U) (L2 + 

C76u ribozyme) (Fig. 5.4b) were the same, 0.4(±0.1) (Fig. 5.5b). The fact that L2 

constructs with the wild-type and C76u ribozymes were similarly expressed is consistent 

with the model; stabilization of AltP2, alone, inhibits ribozyme activity, so both versions 

of the ribozyme would be expected to be inactive, regardless of the nucleotide at position 

76. However, the decrease in luciferase expression observed for these constructs suggests 

that the stabilized AltP2 structure formed in these constructs may inhibit polyadenylation.  

For constructs with the L4 leader sequence, luciferase expression was also 

reduced by both the wild-type and C76u ribozyme sequences. When normalized to L4, the 

Fluc/Rluc ratios for PAH4 (L4 + wild-type ribozyme) (Fig. 5.4a) and PAH4(C76U) (L4 + 
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C76u ribozyme) (Fig. 5.4b) were the same, 0.10(±0.01) (Fig. 5.5c). The low level of 

luciferase expression observed for PAH4 (wild-type ribozyme) would be consistent with 

the model prediction that stabilization of P(-1) in PAH4 favors ribozyme cleavage, 

which, in turn, inhibits polyadenylation. However, if ribozyme cleavage were the only 

factor that inhibited polyadenylation in PAH4, then the expectation would be that the 

inactive C76u ribozyme would not inhibit luciferase expression to the same extent as the 

wild-type ribozyme, but this did not appear to be the case for PAH4(C76U).  

5.3 Discussion 

In the studies described here, two factors that could potentially affect 

polyadenylation of the delta antigen mRNA in HDV, RNA structure and ribozyme 

cleavage, were analyzed in cells using luciferase expression as a measure of 

polyadenylation at the HDV polyA site. Initial tests of the constructs with the wild-type 

60-nucleotide HDV leader sequence (containing the AAUAAA polyA signal sequence, 

the polyA cleavage site, and the downstream U-rich sequence element) with (L1) or 

without (P1) the SV40 polyA enhancer, indicated that the SV40 polyA enhancer was 

needed for detectable levels luciferase expression. Further analysis of the L1 construct 

with the 60-nucleotide HDV leader sequence (containing the AAUAAA polyA signal 

sequence, the polyA cleavage site, and the downstream U-rich sequence element) and the 

SV40 polyA enhancer confirmed that the AAUAAA polyA signal sequence and the      

U-rich sequence downstream of the polyA site were also necessary for luciferase 

expression. When compared to the wild-type construct, L1, luciferase expression was 

greatly reduced in the L3 construct with modifications in the AAUAAA polyA signal 
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sequence and in the L1CA construct with modifications in the U-rich sequence. Together, 

these results suggest that other sequences, in addition to the minimal polyA sequence 

elements (AAUAAA and U-rich element), might be necessary for efficient processing at 

the HDV polyA site.  

PolyA enhancer sequences, similar to the one from SV40 that was used here, have 

been identified in HIV-1 and cellular systems such as the human C2 complement, 

collagen, and cyclooxygenase-2 or the rabbit β-globin gene (Sadofsky et al. 1985; 

Carswell and Alwine 1989; Levitt et al. 1989; Brown et al. 1991; Valsamakis et al. 1991; 

Moreira et al. 1995; Arhin et al. 2002; Natalizio et al. 2002; Hall-Pogar et al. 2005). 

Although no consensus sequence has been determined for these enhancer elements, they 

are typically U-rich (Legendre and Gautheret 2003). In the antigenomic RNA of HDV, 

there are no obvious U- rich sequences upstream or downstream of the polyA site. One 

possible hypothesis is that HDV may have evolved a less efficient polyA site in order to 

allow more of the HDV antigenomic RNA to be processed by the ribozyme into full-

length replication products. Efficient processing at the polyadenylation site, which is 

located upstream of the ribozyme cleavage site used for replication, would interfere with 

synthesis of full-length antigenomic RNA. However, if a suboptimal polyadenylation site 

limits processing at the polyA site, then more replication products could be generated by 

ribozyme cleavage. 

Secondary structures formed by sequences surrounding a polyA site can also 

influence polyA processing (Berkhout et al. 1995; Das et al. 1999; Vrolijk et al. 2009). 

To determine if, in the absence of the ribozyme sequence, the stem loop structure formed 
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by wild-type leader sequence has an effect on polyadenylation, modifications designed to 

alter the stability of P(-1) were made in the wild-type L1 sequence. The modifications 

made in the L1 sequence to create the L2 construct were predicted to destabilize the stem 

loop. When the L2 sequence was folded with the RNA folding program mFold (Zuker 

2003), two structures were generated (Fig. 5.3a). These structures were different from the 

structure predicted for the wild-type L1 sequence, and they were less stable by about 6.6 

kcal/mol (-6.3 and -6.2 vs. -12.9 for L2 and L1, respectively). As such, the polyA signals 

in L2 may be more accessible to the polyadenylation factors, which could promote 

mRNA processing and increase luciferase expression. However, when the L2 construct 

was analyzed, luciferase expression from this construct with the destabilized P(-1) was 

very similar to that of the wild-type construct; the normalized Fluc/Rluc ratio was 

1.1(±0.1).  

A second construct, L4, was used to test the hypothesis that increasing the 

stability of the P(-1) hairpin could limit access to the polyadenylation sequence elements, 

which was expected to inhibit polyadenylation and, thereby, reduce luciferase expression. 

The structure of L4 predicted by mFold (Fig. 5.3b) indicated that stem loop formed by L4 

was more stable by 5.4 kcal/mol than the stem loop predicted for the wild-type L1 (-18.3 

vs. -12.9 for L4 and L1, respectively). When the luciferase expression measured for L4 

construct was normalized to the wild-type construct, the Fluc/Rluc ratio was 1.2(±0.1), 

which indicated that stabilizing P(-1) did not inhibit polyadenylation.  

Together, the results for these constructs with modifications designed to alter the 

stability of P(-1) indicate that polyadenylation is not inhibited by either destabilizing (L2) 
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or stabilizing (L4) the stem loop structure formed by the wild-type leader, L1. If 

anything, there may have been a very small increase in luciferase expression from the 

modified constructs. However, this increase in expression may have been an indirect 

effect of the sequence changes made in the wild-type sequence to create these constructs. 

In both L2 and L4, modifications were made in the sequence between the polyA cleavage 

site and the downstream U-rich sequence. These modifications increased the number of 

uracils, which may have created a better binding site for CstF. As such, the L2 and L4 

constructs might be slightly better substrates for polyA processing than the wild-type 

construct.   

The P(-1) vs. AltP2 model also predicts that the polyA sequences could 

potentially form an alternative structure, AltP2. The structure of AltP2 could directly 

affect polyadenylation by making the AAUAAA sequence and the polyA cleavage site 

more accessible to CPSF. AltP2, which was shown to inhibit ribozyme cleavage in vitro 

(Brown et al. 2008), could also favor polyadenylation by preventing ribozyme cleavage 

from interfering with assembly of the polyA complex. This potential linkage between 

ribozyme activity and polyadenylation is based on the tether model proposed by 

Martinson’s lab (Rigo et al. 2005). According to their model, an RNA tether holds Pol II 

close to the polyA signal sequences while the polyadenylation complex assembles, and 

severing the tether near the polyadenylation site results in a significant decrease in 

polyadenylation efficiency.  

A model in which ribozyme activity interferes with polyadenylation was 

supported by the luciferase expression data obtained from the constructs with the wild-
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type leader sequence L1, PAH1, and PAH1(C76U). These constructs all contained the 

wild-type 60-nucleotide leader with the AAUAAA polyA signal sequence, the polyA 

cleavage site, and the downstream U-rich sequence. Based on the luciferase expression 

data, it appeared that polyadenylation was inhibited to a greater extent in constructs with 

the active ribozyme downstream of the polyA site than in constructs with the inactive 

C76u ribozyme. Luciferase expression from PAH1 was 40% less than L1, whereas 

expression from PAH1(C76U) only decreased by 10%. These results for the constructs 

with the wild-type leader sequence were consistent with the model. However, when 

constructs with modified leader sequences designed to stabilize either P(-1) or AltP2 

were used to delineate the effects of specific structures on polyadenylation, the result for 

one of the constructs, PAH4(C76U), conflicted with the model.  

PAH4(C76U) has an inactive ribozyme downstream of the leader sequence 

predicted to form a stabilized P(-1) structure. If ribozyme activity is responsible for 

inhibiting polyadenylation, then expression from this construct should have been similar 

to that of the wild-type PAH1(C76U) construct, but it was not. Instead the expression 

from the PAH4(C76U) construct was identical to the PAH4 construct with the active 

ribozyme downstream of the leader sequence. Measures were taken to confirm that the 

PAH4(C76U) DNA used for the transfections was correct. The PAH4(C76U) construct 

was resequenced, new dilutions were made from the verified stock, and the in vitro 

ribozyme activities of PAH4 and PAH4(C76U) were compared. After the sequence and 

activity of PAH(C76U) had been reconfirmed, PAH4(C76U) was retested in multiple 

transfection experiments. The results from these experiments were the same as the 
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original results. Thus, it appears that an unidentified factor is inhibiting polyadenylation 

of the PAH4(C76U) construct.  

In contrast, the decrease in luciferase expression observed for PAH4 (active 

ribozyme) would be consistent with the model. Luciferase expression from PAH4 was 

90% less than that of L4, which would support the hypothesis that ribozyme cleavage 

inhibits polyadenylation. Furthermore, when the expression data for PAH4 is compared 

to that of PAH1, the larger reduction in luciferase expression for PAH4 (90% vs. 40% for 

PAH4 and PAH1, respectively) would be consistent with the enhanced ribozyme activity 

observed for the PAH4 construct in vitro (Brown et al. 2008).  

When stabilized, AltP2 appears to have an inhibitory effect on polyadenylation 

that is independent of ribozyme cleavage. PAH2 and PAH2(C76U) have modifications in 

the 5’ leader sequence that are designed to stabilize AltP2. Since AltP2 inhibits ribozyme 

cleavage in vitro (Brown et al. 2008), the prediction was that AltP2 would also inhibit 

ribozyme cleavage in cells, and as a result, the luciferase expression levels for PAH2 and 

PAH2(C76U) would be the same. Consistent with this hypothesis, the luciferase 

expression levels for PAH2 and PAH2(C76U) were identical, when normalized to L2. 

However, there was a 60% decrease in luciferase expression for the ribozyme-containing 

constructs. Since ribozyme cleavage did not appear to be a factor for PAH2 and 

PAH2(C76U), this result suggests that the stabilized AltP2 structure might be interfering 

with luciferase expression in these constructs. One possible explanation is that stabilizing 

AltP2 may have favored formation of a pairing interaction that includes both AltP2 and 

AltP4. This more extensive pairing could potentially limit the availability of the U-rich 
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sequence that was shown to be important for processing at the HDV polyA site (Fig. 5.2). 

Thus, while the AltP2 structure formed by the wild-type sequence may be a good 

substrate for polyadenylation, a stabilized Alt2 conformation appears to be less favorable.  

The results for the constructs with the wild-type leader sequence are consistent 

with the model, and they suggest that ribozyme cleavage downstream of the polyA site, 

rather than the RNA structure, is the main factor that inhibits polyadenylation at the HDV 

polyA site in these constructs. However, some of the predicted effects of the P(-1) and 

AltP2 on polyadenylation were not supported when these structures were stabilized. 

Therefore, two alternative models are proposed. The “Additional Factor” model predicts 

that protein factors may also be part of the mechanism that regulates polyadenylation. 

These protein factors may include the delta antigens (small and large), polyadenylation 

factors (CPSF, CstF, etc.), or other proteins involved in mRNA synthesis. This model is 

appealing because the luciferase assays used here did not include the small and large 

forms of the delta antigen or RNA-templated transcription from full-length HDV RNAs. 

Thus, additional factors might be identified in a more complete and accurate HDV 

expression system. The other model, a modified version of the original alternative 

structure model, includes AltP4 in addition to P(-1) and AltP2. This model is attractive 

because the pyrimidine-rich sequence from -1 to -16 that forms AltP4 is highly conserved 

among the HDV isolates, and the uracil residues in this upstream sequence appear to be 

important for polyadenylation.  
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5.4 Materials and Methods 

5.4.1 Luciferase Expression Constructs 

To create HDV luciferase expression constructs, the SV40 polyA site in the pGL3 

Control vector (Promega) was replaced by HDV sequences. First the vector sequence was 

modified at the XbaI site by a DNA insert containing additional unique restriction sites, 

including an EcoRI site. Then various HDV sequences were cloned into the vector using 

the newly created EcoRI site and the HpaI site present in the original vector sequence. 

This cloning strategy was used to make firefly luciferase expression constructs with the 

following HDV sequences: 

L1 5’-cccagugaauaaagcggguuuccacucacaggcucgcgucucgcuccuucuuuccucuuc-3’ 
L2 5’-ccccagugaauaaagcggguuuccacucacaggcucucucuuagcuccuucuuuccucuuc-3’ 
L3 5’-cccagugagacaagcggguuuccacucacaggcucgcgucucgcuccuucuuuccucuuc-3’ 
L4 5’-cccagugaauaaagcggguuuccacucacaggcucgcuuauucgcuccuucuuuccucuuc-3’ 
L1CA 5’-cccagugaauaaagcggguuuccacucacaggcucgcgucucgcaccaacaaaccacaac-3’ 
 
PAH1 and PAH1(C76U) 
5’-cccagugaauaaagcggguuuccacucacaggcucgcgucucgcuccuucuuuccucuucggguc 
ggcauggcaucuccaccuccucgcgguccgaccugggcauccgaaggaggacgucguccacucggaug 
g(c/u)uaagggagagcca-3’ 
 
PAH2 and PAH2(C76U) 
5’-ccccagugaauaaagcggguuuccacucacaggcucucucuuagcuccuucuuuccucuucggguc 
ggcauggcaucuccaccuccucgcgguccgaccugggcauccgaaggaggacgucguccacucggaugg 
(c/u)uaagggagagcca-3’ 
 
PAH3 and PAH3(C76U) 
5’-cccagugagacaagcggguuuccacucacaggcucgcgucucgcuccuucuuuccucuucggguc 
ggcauggcaucuccaccuccucgcgguccgaccugggcauccgaaggaggacgucguccacucggaug 
g(c/u)uaagggagagcca-3’ 
 
PAH4 and PAH4(C76U) 
5’-cccagugaauaaagcggguuuccacucacaggcucgcuuauucgcuccuucuuuccucuucggguc 
ggcauggcaucuccaccuccucgcgguccgaccugggcauccgaaggaggacgucguccacucggaugg 
(c/u)uaagggagagcca-3’ 
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5.4.2 Luciferase Expression Assays 

HeLa cell monolayers were grown to confluency in six-well plates (approximately 

106 cells/well). Lipofectamine-mediated co-transfection of 2 µg of firefly luciferase 

plasmid DNA and 10 ng of Renilla luciferase plasmid DNA was performed according to 

the manufacturer’s protocol (Invitrogen). Following transfection, cells were incubated 

overnight at 37°C in 5% CO2. After 24 hours, cells were lysed according to the passive 

lysis protocol using the lysis buffer supplied with the Dual-luciferase Reporter Assay kit 

(Promega). Luciferase activity assays were performed according to the manufacturer’s 

instructions with a Berthold LB9507 luminometer, and the ratio of firefly luciferase to 

Renilla luciferase (Fluc/Rluc) was calculated.  

 



 

 136 

6. Summary and Perspectives 

A model that describes how the choice between ribozyme cleavage and 

polyadenylation in the antigenomic RNA of HDV could be determined by alternative 

RNA secondary structures formed by the polyA sequence (Wadkins and Been 2002) was 

tested in these studies. In this model, competing structures, AltP2 and P(-1), were 

proposed to influence antigenomic RNA processing in different ways. AltP2 formation 

was proposed to inhibit ribozyme cleavage and favor polyadenylation resulting in mRNA 

production, whereas P(-1) formation was proposed to inhibit polyadenylation and favor 

ribozyme cleavage resulting in full-length replication product.  

The results from ribozyme-cleavage studies, done in vitro, support the hypothesis 

that the upstream polyA sequence can influence ribozyme cleavage activity in at least 

two, and possibly more, ways. The fundamental proposal that AltP2 inhibits ribozyme 

cleavage and P(-1) favors ribozyme activity was born out in vitro. However, disrupting 

AltP2 did not restore full activity, and this lead to the discovery of an additional 

inhibitory interaction between the polyA sequence and the ribozyme, which was called 

AltP4. AltP2 and AltP4 are not mutually exclusive; indeed, the simultaneous formation of 

AltP2 and AltP4 may be responsible for the exceptional kinetic stability that was 

consistently observed for the non-cleaving fraction of wild-type precursor. As would be 

expected from the model, which predicted that the P(-1) structure favored the active 

ribozyme structure, increasing the stability of P(-1) increased the extent of cleavage of 

the ribozyme. Unexpectedly, however, the formation of P(-1) also increased ribozyme 

cleavage rates relative to ribozymes lacking the 5’ leader sequence. The basis for the 
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increased cleavage rate has not been uncovered; however, it appears to represent a real 

increase and not an artifact of the kinetics, such as when a single substrate is consumed 

by parallel reaction pathways.  

The P(-1) vs. AltP2 model also predicted that alternative RNA structures might 

influence processing of the delta antigen mRNAs. To test this hypothesis, the effects of 

P(-1) and AltP2 on mRNA processing were analyzed in cells using luciferase expression 

as a measure of polyadenylation. For constructs with the wild-type polyA sequence, 

ribozyme cleavage had an inhibitory effect on polyadenylation. Luciferase expression 

was reduced by ~50%, which is compatible with data from the in vitro ribozyme cleavage 

assays indicating that ~50% of the wild-type precursor RNA is cleaved by the ribozyme. 

Taken together, these results provide support for the P(-1) vs. AltP2 model, and they also 

would be consistent with the work from Taylor’s lab (Nie et al. 2004) that suggests 

polyadenylation and ribozyme cleavage are mutually exclusive in HDV. Although the 

results for constructs with the wild-type HDV polyA sequence supported the model, the 

attempts to further delineate the specific effects of P(-1) and AltP2 on polyadenylation 

indicated that revisions needed to be made to the original model. Two alternative models 

were proposed. One model is that protein factors also influence antigenomic RNA 

processing, and the other model is that additional alternative structures, such as AltP4, 

might also play a role the choice between ribozyme cleavage and polyadenylation. 

The issue of preventing polyadenylation and ribozyme cleavage in the full-length, 

circular antigenomic RNA replication product is another aspect of HDV antigenomic 

processing related to the work described here. Intramolecular base pairing and formation 
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of the rod-like structure could prevent unwanted re-cleavage of the ribozyme (Taylor 

1992; Lazinski and Taylor 1995b; Lazinski and Taylor 1995a). However, work from 

Taylor’s lab indicated that the rod-like structure alone was not sufficient to inhibit 

polyadenylation in the full-length antigenomic RNA but that the HDAg proteins were 

also required (Hsieh et al. 1994). Thus, HDV may use multiple mechanisms to regulate 

ribozyme cleavage and polyadenylation. 

HDV has developed ways to suppress ribozyme cleavage during various stages of 

the virus life cycle; however, a need to prevent ribozyme self-cleavage may not be unique 

to the virus. A sequence coding for an active HDV-like ribozyme was discovered in the 

mammalian gene for the cytoplasmic polyadenylation element binding protein 3 (CPEB3) 

(Salehi-Ashtiani et al. 2006). Even though the ribozyme is located in an intron, self-

cleavage of the RNA could interfere with or alter CPEB3 expression. Additional HDV-

like ribozymes have recently been found in a variety of other organisms (Webb et al. 

2009; Eickbush 2010), and several of these ribozymes are located in or near reverse 

transcriptase-like sequences. Since these elements can insert randomly into the genome, 

ribozyme cleavage could potentially interfere with gene expression. Thus, the need to 

suppress ribozyme cleavage activity, under certain conditions, may be a common theme 

for HDV and other HDV-like ribozymes. 
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