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ABSTRACT 
 

 

Hepatitis delta virus (HDV) is edited at a single site in its 1.7kb RNA genome, the 

amber/W site.  The level at which this site is edited determines the relative amounts at 

which two functionally opposing proteins, HDAg-S and HDAg-L, are synthesized.  

Therefore, in order for HDV to control protein levels, it has to control editing levels.  The 

method by which HDV genotype III (HDV-3) regulates editing was not previously 

known.  Here, using in vitro analyses of the RNA in the vicinity of the HDV editing site, 

I show that HDV-3 RNA folds into two secondary structures following transcription: a 

metastable branched double hairpin structure required for editing, and the unbranched rod 

structure characteristic of HDV that is required for replication.  The fraction of RNA that 

folds into these two structures, combined with how efficiently the amber/W site is edited, 

determines overall editing levels in cells.  This is the first study to show that the amount 

of RNA folding into a specific secondary structure regulates the functional outcome of 

that RNA. In another novel finding, I show that the RNA editing enzyme, ADAR 1, binds 

to a stem loop structure on the HDV-3 branched RNA substrate at least 30 base pairs 

downstream of the target adenosine.  That ADAR 1 binds to a structure far removed from 

the editing site demonstrates a new discovery in the field of RNA editing, as binding of 



 iv 

the ADAR protein to its RNA substrate was thought to occur in the base paired region in 

the immediate vicinity of the editing site. 
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INTRODUCTION 
 

Hepatitis delta virus (HDV) is a human pathogen that increases the severity of 

liver disease associated with Hepatitis B virus (HBV) (75).  It is unique among animal 

viruses, being most closely related to plant viroids, and relies on host proteins to 

complete many aspects of its life cycle.  It subverts, using a currently unknown 

mechanism, a cellular DNA dependent RNA polymerase, in order to replicate its RNA 

genome without transitioning through a DNA intermediate (93).  It is edited by a cellular 

adenosine deaminase, ADAR1 (11, 70), and it uses RNA secondary structures to perform 

essential roles throughout its lifecycle (9, 67).  Multifaceted, HDV has and continues to 

advance the fields of RNA editing, RNA replication, and RNA structural biology.  

Defective in its ability to form viral particles autonomously, HDV instead exploits 

the surface antigen protein (HBsAg) of HBV in order to assemble virions (94).  Because 

of this reliance on HBV, HDV must infect either in conjunction with HBV (co-infection) 

or after HBV has already established an infection (superinfection); in both types of 

infection, HDV severely exacerbates (for example: (33)) the disease – inflammation of 

liver cells – caused by HBV.  Liver damage due to HBV and HDV can be either acute or 

chronic.  In an acute infection, patients experience jaundice, vomiting, and dark urine; the 

illness usually clears spontaneously within weeks or months, but in some cases, death 

occurs.  Chronic infections are marked by cirrhosis (scarring) of liver tissue and in some 

cases chronic illness leads to hepatocellular carcinoma (HCC) (64). There is a vaccine 

against HBV, but because it is stimulates an immune response to HBsAg, vaccinated 

individuals are protected from coinfections with HDV but not from superinfections.   



 2 

At 1.7kb, HDV is the smallest known virus to infect man.  It has a single stranded 

circular RNA genome that is capable of forming a characteristic unbranched rod structure 

in which about 70% of the nucleotides are predicted to form base pairs (Fig. Intro 1) 

(100).  In this respect, as well as in its replication scheme, HDV is similar to plant 

viroids.  However, unlike viroids, HDV encodes a protein, hepatitis delta antigen 

(HDAg).  This protein can be expressed in two forms, HDAg-S and HDAg-L (short and 

long forms), based on sequence heterogeneity at the stop codon (UAG) of the sole open 

reading frame (Fig. Intro 1) (99, 102).  Details about both RNA editing and the two 

protein forms will be discussed below in more detail.   

HDV relies on a number of cellular proteins in order to complete its replication 

cycle: a host polymerase, a host ligase, and a host deaminase, to name a few.  As a major 

part of its replication cycle, HDV must transition its negative sense RNA genome into the 

replication intermediate, the RNA antigenome, and then back into the RNA genome.  

This task is accomplished via a rolling circle mechanism of replication (Fig. Intro 2) and 

requires a cellular RNA polymerase.  Because HDV does not replicate through a DNA 

intermediate and does not carry or encode its own RNA polymerase, it must hijack and 

subvert a host RNA polymerase.  Most evidence in the field suggests that the DNA 

dependent RNA polymerase, RNA pol II, is responsible for replicating HDV RNA (19), 

most likely by a unique and currently undefined mechanism.   

During rolling circle replication, concatemeric HDV transcripts are 

cotranscriptionally processed into unit-length monomers by self-cleavage of an 85nt 

catalytic ribozyme (47, 67, 94).  After cleavage into unit length molecules, the ends are 
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ligated together by a host ligase (73).  Of interest to the topic of this dissertation is the 

nature of the ribozyme to fold into its double pseudoknot structure co-transcriptionally 

(28), as well as its ability to change conformation after it has self-cleaved (44).  In Part A 

of this dissertation, I will discuss another region of HDV RNA, the HDV RNA editing 

site, that folds into a metastable secondary structure during or shortly following 

transcription.   

RNA editing is a broad term that describes a number of post-transcriptional 

modifications: a uridine (U) insertion or deletion, a cytosine (C) to uridine (U) 

deamination, or an adenosine (A) to inosine (I) deamination.  On HDV RNA, editing by 

an adenosine deaminase acting on RNA (ADAR) converts adenosine 1012 (numbering 

according to (100)) to an inosine nucleotie (32).  In an A to I deamination reaction, the 

C6 position of adenosine is removed of its amine group and supplied instead with an OH 

group; the resultant nucleotide is an inosine (Fig. Intro 3).  Inosines base pair like 

guanosines (G), so the translation machinery incorporates a different amino acid than it 

would in the absence of an editing event (7, 35).   

The HDV RNA antigenome is edited at a single site, the amber/W site (40, 70, 

103).  ADAR 1 of the ADAR family is responsible for deaminating the adensoine that is 

part of the amber stop codon (UAG) of the viral open reading frame (40, 70, 103); this 

editing event occurs only on the HDV antigenome and not on the viral mRNA (compared 

to host substrates, which are most typically mRNAs).   Upon editing at the amber/W site, 

and after a round of replication in which the edited codon (UIG) is transcribed to ACC, 

the mRNA sequence that would have encoded an amber stop codon instead encodes a 
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tryptophan codon (UGG) (Fig. Intro 2).  The end result of editing is that translation no 

longer stops at the amber stop codon; instead it continues an additional 19-20 amino 

acids, and the long form of the protein, HDAg-L is produced.  In the absence of editing, 

and when translation terminates at the amber stop codon, HDAg-S is produced (Fig. 

Intro 2). 

HDAg-S and HDAg-L have opposing functions in the viral life cycle.  HDAg-S is 

required for replication (46), and HDAg-L is required for the production of viral 

particles, but is a dominant negative inhibitor of replication (18, 79).  The strong 

inhibition exhibited by HDAg-L has been quantified: when HDAg-L comprises only 10% 

of the total viral RNA in the cell, it can inhibit replication at levels of up to 50% (20).  

This extreme sensitivity to levels of HDAg-L requires that the virus control the relative 

amounts of the two viral proteins; it does this by regulating editing levels (9, 38, 40, 80).  

How HDV genotype III controls editing levels is the focus of Part B of this dissertation.  

HDV is classified according to genotypes.  Although there are currently eight 

genotypes or clades (the more recent terminology) that have been identified (27), the 

work in this thesis focuses on HDV genotype III (HDV-3).  The genotypes differ in 

sequence, in their distribution worldwide, and in the severity of disease they cause.  HDV 

genotype I (HDV-1) is the most prevalent, and is mostly associated with chronic illness 

(8).  HDV-3 is the least prevalent, but causes the most severe disease (12, 15).  These two 

genotypes are about 40% divergent and differ in the mechanism by which they control 

editing levels.  It is known that for HDV-1, for which editing levels reach 30% in serum 

virion RNA (16), HDAg-S down-modulates editing (71), most likely by binding to the 
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RNA.  For HDV-3, HDAg-S does not suppress editing levels (21).  However, since 

editing levels are maintained at 15% in serum virion RNA (16), there must be a 

mechanism controlling HDV-3 editing levels.  The nature of this mechanism is explored 

in Part B of this dissertation.  

HDV is not the only known editing substrate that maintains the level of its edited 

RNA within a certain threshold (15% for HDV-3 and 30% for HDV-1).  The degree to 

which host pre- mRNAs – the Q/R site in gluR-5 and -6 (4) and the R/G site in gluR-B, -

C, and –D (54) – are edited, is developmentally regulated.  The Q/R site of the glutamate 

receptor is edited at 55% in the developing embryo and at 85% by birth (4), and the R/G 

site is similarly regulated.  Although developmental editing does not apply to HDV, 

levels of editing do increase in later time points of infection (8).  For neither HDV nor the 

human substrates mentioned above, do editing levels ever reach 100%.  Therefore, it is 

certain that there is a control mechanism regulating editing levels.   For glutamate 

receptor substrates and others in the host cells, the mechanism by which editing levels are 

regulated is not known.  For HDV-1, as mentioned previously, editing is regulated by 

protein inhibition.  It is possible that cellular editing substrates are regulated in a similar 

manner to HDV-1, or that another mechanism, such as the amount of RNA folding into 

the correct RNA secondary structure determines the levels at which RNA is edited.  

HDV-3 uses such a mechanism of controlling editing:  I show in Part B of this 

dissertation that HDV-3 distributes its RNA into two structures co-transcriptionally and 

that the amount that forms the editing structure determines overall editing levels for the 

virus. 
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RNA editing is critical to mammalian development; mice deficient in either 

ADAR 1 or ADAR 2 exhibit severely impaired growth.  More specifically, ADAR 1 

knock out mice die between embryonic days 11 and 12; manifestations include a rapidly 

disintegrating liver structure, defects in hematopoiesis, and widespread apoptosis (101).  

ADAR 2 knockout mice are highly susceptible to seizures and die by postnatal day 20 

(34).  Most of the known ADAR 2 substrates are mRNAs associated with ligand-gated 

and voltage-gated ion channels and G-protein coupled neurotransmitter receptors (5, 7, 

35, 36).  ADAR 1 substrates include the serotonin receptor 5-HT2CR A, B, and C sites, 

the glutamate receptor GluR-B R/G site, some microRNAs and the HDV amber/W site  

(43, 59, 61, 81, 109).  However, none of the known editing substrates account for the 

extreme phenotype of ADAR knock-out mice, suggesting that other substrates, such as 

one involved in protecting developing embryos against apoptosis (101), remain to be 

discovered.   

That many ADAR substrates have yet to be identified illustrates one of the major 

challenges to the field of RNA editing: predicting and identifying target adenosines.  

Many attempts have been made to develop an efficient method of discovering editing 

substrates, but few have had much success.  One method of discovery exploits the 

technique of immunoprecipitation in order to isolate ADAR: RNA complexes from the 

cellular milleu (62).  Another method employs a polyclonal antibody specific for inosine 

residues (108).  These methods are either selective for RNAs that are bound very tightly 

by ADAR or selective for those that have been hyper-edited; neither of these methods 

detect low levels of site-specific editing.  Additionally, even when an RNA substrate has 
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been found fortuitously, a series of experiments are needed in order to confirm the 

substrate’s ability to be edited.  Such was the case with the K12 transcript of Human 

herpes virus 8 (HHV8).  Editing at position 117,990 required comparison of DNA 

sequences to cDNA, in vitro cloning, and development of an in vitro editing assay (30) in 

order to confirm editing.  An alternative approach to identifying new targets would be to 

predict editing sites based on the structure of the RNA in the vicinity of the target 

adenosine.  In this way, one could use predictive algorithms to not only predict the 

specific A that gets edited, but also where on the RNA molecule the ADAR protein 

binds.   However, to be able to use this approach, more information is needed that defines 

the location and affinity of ADAR binding to known RNA substrates.  In Part C of this 

dissertation, I examine the details of the ADAR 1: HDV-3 RNA interaction.   

Studies examining the affinity and location of ADAR 1 binding to its substrate are 

limited; however, in a couple of studies examining ADAR 2 binding to the GluR-B R/G 

site, it was found that ADAR 2 binds to a discrete region surrounding the target 

adenosine (48) (5) (26) (63, 110). Additionally, it was found that only 19 base pairs 3’ of 

the editing site are required for efficient deamination (110).  Although none of the 

published studies completely and succinctly defined the location of ADAR binding, they 

seem to agree that ADAR requires a stretch of at least 19 base pairs with minimal 

interruptions (1-2 nucleotide bulges).  Most studies also agree that binding occurs in the 

immediate vicinity of the editing site.  However, I show in Part C that binding of ADAR 

1 to HDV-3 is in a stem loop structure far removed from the editing site.  This is the first 
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data to show binding of an ADAR protein to a site other than the region around the 

editing site. 

The ADAR family of proteins contain a deaminase domain (DD) and either two 

or three motifs of approximately 70 amino acids referred to as double stranded RNA 

binding motifs (dsRBMs) (Fig. Intro 4); these dsRBMs make up a larger region of the 

protein, the double stranded RNA binding domain (dsRBD).  ADAR 1 and ADAR 2 

differ in the number of dsRBMs that they have; ADAR 1 has three, and ADAR 2 has 

two.  Each motif of a dsRBD interacts with 12-16bp of dsRNA via interaction with two 

successive minor groove sites and across the major groove on one face of an A-form 

helix (6, 72, 78).  The nature of these interactions explains why dsRBDs bind to RNA 

predominantly by recognizing the structure of the RNA, rather than its sequence (51, 52, 

78).  dsRBDs, however, have also been found to bind tetraloop structures (105).  The 

HDV-3 editing structure has both the base pairing necessary for being bound by ADAR 1 

as well as a tetraloop; therefore ADAR 1 could potentially bind in either site.  

Information gained by studying the ADAR 1: HDV-3 interaction will provide invaluable 

information that can be applied to a number of cellular interactions involving proteins 

with dsRBMs, such as Dicer in the micro RNA processing pathway.  

Although the dsRBD is mainly involved in the recognition of and binding to an 

RNA, and has not traditionally been thought to affect catalysis, at least one study 

suggests that upon binding by the dsRBD, a conformational switch occurs to both the 

protein and the RNA so that the deaminase domain of the protein can efficiently 

deaminate the adenosine nucleotide (111). The ADAR deaminase domain (DD) is an 
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approximately 464 amino acid domain that is responsible for the deaminase activity of 

ADAR proteins; it is able to deaminate RNA in the absence of the dsRBMs, although not 

to the level or specificity of the full-length protein ((55) and unpublished data), probably 

because of the lack of conformational changes that would be induced by the dsRBD upon 

binding (111).  Most studies suggest that the DD is involved in recognizing the sequence 

or structure of the RNA immediately 5’ or 3’ of the target adenosine, and that the DD, in 

analogy to some DNA modifying enzymes (76), uses a base-flipping mechanism to 

extract the target adenosine from the helix and into the enzyme active site (69).  In Part 

C of this dissertation I look at editing by the DD in the absence of the dsRBMs, and the 

contributions of nucleotides directly 3’ of the editing site on HDV-3 RNA editing. 

Close examination of the sequence and structure of the HDV-3 RNA editing site, 

in the context of its unbranched rod structure, showed the target adenosine positioned in 

the center of a 5 nucleotide bulge (Fig. Intro 5A) (9).  Based on what is known about the 

requirements for editing in HDV genotype I RNA – an A-C mismatch pair involving 

A1012 and C580, and four Watson-Crick base pairs on each side of the target adenosine 

(11) – HDV-3 site 1012 in the context of the unbranched rod structure, did not appear to 

be an editing site (Fig. Intro 5A).  Indirect analysis of the ability of editing to occur at 

the amber/W site in this structure suggested that it is not the substrate for editing in HDV-

3 (9).  Based on RNA secondary structure predictions, site directed mutagenesis, and 

analysis of editing in mutant RNAs in transfected cells, a model was proposed in which 

amber/W site editing in HDV-3 requires a branched RNA secondary structure in which 

an ~80 base-pair region of the unbranched rod structure, involving 219 of the 1680 
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nucleotide antigenome, is rearranged such that two ca. 25 bp stem-loops are formed (9); 

these stem loops are separated by ca. 25 base-paired region that includes the amber/W 

site (Fig. Intro 5B).  According to this model, HDV-3 antigenomic RNA can form at 

least two conformations: the unbranched rod structure, which is a poor substrate for 

amber/W site editing but which is required for replication, and a branched structure, 

which can be edited (Fig. Intro 5B).  While the approaches used in previous studies (9) 

allowed observation of editing during the course of HDV RNA replication, structural 

information obtained from site-directed mutagenesis is limited, and the energetics and 

structural dynamics of the RNA were not examined.  In Part A of this dissertation, I look 

at a miniaturized HDV RNA in vitro to determine the secondary structure required for 

editing. 

The particular RNA structure that is formed from a sequence of nucleotides 

largely determines the function of that RNA (17).  Many biological systems, including 

those involving the transcription/translation machinery (25), ribozymes (3, 45), and 

aptamers (29, 41, 97), require that a particular RNA structure form co-transcriptionally 

for maximal activity.  In many cases, the structure formed during transcription is 

metastable to any other structures that could be formed by the same sequence of RNA.  

Therefore, transcription is the only way of obtaining the functional RNA and a change in 

temperature or interaction with an ion or protein, for example (1) (77), leads to a 

conformational switch into another RNA structure, that very often has a different 

function. In the case of RNA aptamers, binding to a ligand changes the shape of the 

molecule; this conformational switch is usually reversible.  In the case of the HDV 
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ribozyme, and the editing site of HDV-3, the conformational switch occurs largely 

because of the intrinsic and metastable state of the RNA.  I find in Part A of this 

dissertation that two structures form co-transcriptionally for HDV-3.  The RNA structure 

required for editing is metastable to the one required for replication.   It was not 

previously known how HDV-3 RNA folds into the branched structure needed for editing 

(9) but data in Part B of this dissertation suggests that the propensity of the RNA to form 

this structure is at least partially a consequence of its nucleotide sequence.  

The goal of this dissertation is threefold.  In Part A, I determine, using in vitro 

analyses, that a branched structure very similar to that proposed previously (9) serves as 

the editing substrate for HDV-3.  In addition, I show that this branched structure forms 

along with the unbranched rod structure following transcription, and that it is metastable 

to the unbrancehd rod.  In Part B, I find that the propensity of the branched structure to 

form over that of the unbranched rod determines how much editing can occur during 

replication.  This fractional folding is a novel concept as it is the first study to show that 

RNA folding dynamics regulates the function of a biological process. Combined with the 

sequence and structure of the RNA in the immediate vicinity of the editing site, the 

amount of RNA folding into BEDIT determines overall editing levels for HDV-3.  Finally, 

the interaction between ADAR 1 and the branched RNA is examined in Part C.  I show 

that SL2, a region of the branched structure positioned approximately 30 nucleotides 3’ 

of the editing site is needed for both binding and editing by ADAR 1.  Previous to this 

discovery, all reports defined ADAR binding to a region of its substrate directly 3’ of the 

editing site.  Thus the HDV-3: ADAR1 interaction elucidates a novel finding in the field 
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of RNA editing.  Overall, the data presented in this thesis expands current conceptions 

within at least three biological fields: RNA structure/function relationships, RNA editing, 

and HDV virology.   
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RESULTS 
 

Part A:  The role of a metastable RNA secondary structure in 

hepatitis delta virus genotype III RNA editing 

In order to simplify the analysis of HDV genotype III (HDV-3) antigenomic RNA 

secondary structures and to examine the ability of these structures to act as substrates for 

editing by ADAR1, I created a cDNA clone, pMD-III-2, designed to produce a 320nt 

miniaturized RNA derived from the genotype III antigenome (Fig. A-1). This cDNA 

construct will produce an RNA containing sequences (positions 970 to 1104) that encode 

the C-terminal region of HDAg, connected by a stem-loop linker to sequences from the 

non-coding side (486 to 620) that are base paired with the first region in the unbranched 

rod structure of the full length antigenome (Fig. A-1).  

Predicted secondary structures of MD-III-2 RNA include unbranched rod 

and metastable branched conformations   

 My collaborators at the National Cancer Institute (NCI, Bethesda MD) calculated 

potential secondary structures of MD-III-2 RNA by using the massively parallel genetic 

algorithm, MPGAfold (83, 87, 89, 106). Previous studies have shown that MPGAfold 

focuses on a few significant RNA conformations and is capable of identifying functional 

folding intermediates with biological significance (42, 83, 95) (31, 42, 84, 95). Details on 

the mechanism by which MPGAfold predicts RNA structures can be found in published 

material (50). 
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 The results of MPGAfold runs on the MD-III-2 RNA sequence with population 

sizes ranging from 4K to 64K are shown in Table A-1 and Figure A-2. The predicted 

structures fall into two predominant categories: those that are unbranched, or nearly so 

(Fig. A-2, A1 - A3), and those with more extensive branching (Fig. A-2, B1- B3). 

Although structure A1 contains a short cruciform, I consider it to be unbranched here 

because it is mostly unbranched and is much more similar to the unbranched structures 

A2 and A3 than to the extensively branched structures B1 - B3. Not shown in Fig. A-2 is 

a structure very similar to B2, except the base pairing is slightly altered in the stem for 

which the loop initiates at position 244; in Table A-1, this structure is counted with B2. 

Including this alternative B2 structure, all the conformations shown in Fig. A-2 account 

for 89.4% of final structures found in all runs. 

 An unbranched rod structure is characteristic of HDV RNA, and base-pairs that 

contribute to this structure are required for replication (9, 80). Thus, it is perhaps not 

surprising that unbranched rod structures were the most frequently observed solutions 

(Fig. A-2, Table A-1). Structures A1 - A3 are similar overall and have similar predicted 

free energies. A2 and A3 are both unbranched rods, but contained slightly different 

bulges and internal loops. A1 is also nearly identical to A2, except for a short cruciform 

composed of 4 bp and 6 bp stem-loops. The most energetically stable structure is A2 

(Fig. A-2), which was also found to be the most energetically stable using the mfold 

algorithm for RNA secondary structure analysis (57, 113). 

 The predicted extensively branched structures shared some features with each 

other and, in some cases, with structures A1 - A3 as well. Previous analysis of editing 
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using site-directed mutants in Huh-7 cells indicated that editing at the amber/W site 

requires the distal portions of two stem loops and base-pairing in the immediate vicinity 

of the amber/W site (9). All three branched structures include one of these stem loops - a 

69 nt stem-loop between positions 28 and 96 denoted SL1 (Fig. A-2). In addition to SL1, 

all three structures contained the second stem-loop, SL2, although the length of the stem 

at the base of SL2 varies among these three structures. Structures B2 and B3 also shared 

an additional stem loop in which the loop initiates at position 244 (Fig. A-2). The 

secondary structure in the immediate vicinity of the amber/W adenosine varied among 

the three branched structures (Fig. A-2). In structures B1 and B3 the amber/W site is in a 

similar base-paired context involving the same positions, but the base-pairing is more 

extensive for B1; B2 differs in that the amber/W site occurs in a loop. Elements of the 

unbranched rod structure were also present in structures B1 - B3. The structure of the 

region from positions 1 - 24/280 - 320 in all three structures was the same as that in the 

unbranched rod structures. At the other end of the folded MD-III-2 RNA, B2 and B3 

were identical to the unbranched rods over a longer region (positions 113 - 198) than was 

B1 (positions 37 - 172). 

 

MD-III-2 RNA forms at least two secondary structures following 

transcription in vitro 

To analyze the ability of MD-III-2 RNA to form these secondary structres, and to 

directly assess their roles in amber/W site editing, MD-III-2 RNA was synthesized in 

vitro with T7 RNA polymerase. Following electrophoresis of MD-III-2 RNA on a non-
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denaturing polyacrylamide gel, two RNA species with different electrophoretic mobilities 

were detected (Upper and Lower, Fig. A-3A).  RNA was purified from these two bands, 

denatured, and electrophoresed on a denaturing polyacrylamide gel containing 7M urea; 

RNA purified from both bands in the native gel migrated with the same mobility in the 

denaturing gel (Fig. A-3B), indicating that the different mobilities in the native gel are 

due to different RNA secondary structures rather than different sequence lengths. 

To determine how the MD-III-2 RNA species in the Upper and Lower bands in 

the native gel might be related to the predicted branched and unbranched secondary 

structures, I created a mutant construct, pMD-III-2SF, in which the bases in the distal 

portions of the SL1 and SL2 helices were flipped (i.e. C-G pairs were changed to G-C 

pairs, A-U pairs to U-A pairs). In RNA transcribed from this construct the predicted 

stability of the unbranched rod structure is severely disrupted, but the predicted stability 

of branched structures B1 - B3 is minimally affected. I observed that upon 

electrophoresis in a non-denaturing polyacrylamide gel MD-III-2SF RNA migrated as a 

single species with the same mobility as MD-III-2 RNA in the band marked Upper (Fig. 

A-3A). This result suggests that MD-III-2 RNA in the more slowly migrating Upper band 

is in a conformation that is unaffected by the stem-flip mutations, possibly one of the 

branched structures (B1 - B3) shown in Figure A-2, and that MD-III-2 RNA in the more 

rapidly migrating Lower band is in the unbranched rod conformation. 
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The branched conformation of MD-III-2 RNA is less energetically stable 

than the unbranched form 

The branched conformations of MD-III-2 RNA are predicted to be considerably 

less stable than the unbranched structure – about 6 - 8 kcal/mol. To determine the relative 

stabilities of these structures, both Upper and Lower RNAs were isolated from a native 

polyacrylamide gel, incubated at 40ºC for varying lengths of time, then electrophoresed 

on a second native gel (Fig. A-4). At this temperature I observed that RNA in the 

branched conformation converted almost completely to the unbranched form by 45 

minutes (Fig. A-4). I also observed conversion of the branched to the unbranched 

conformation at 37ºC, but the process was much slower (data not shown). The structural 

transition was not reciprocal; there was no conversion of RNA in the unbranched 

conformation to the branched form (Fig. A-4). These results, which are consistent with 

the results from MPGAfold, confirm that the branched structure is less energetically 

stable than the unbranched conformation and demonstrate that a fraction of HDV-3 RNA 

forms a metastable branched structure during or shortly following transcription.  

Both branched and unbranched RNAs are formed during transcription 

To further demonstrate that branched and unbranched RNAs form during or 

shortly after transcription, I examined the formation of each structure as it is being 

synthesized in vitro.  At various time points over the course of a one-hour transcription 

reaction, aliquots of RNA were removed from the incubator, the reaction was terminated 

with the addition of heparin, a molecule that blocks RNA polymerase from binding to its 

promoter, and the RNA was placed on ice.  The ratio of branched to unbranched RNA 
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was similar over all time points observed (Fig. A-5), suggesting that both structures 

formed independently during the transcription reaction.   In extension, this result also 

suggests that neither structure transitioned through the other in its folding pathway; the 

result could also suggest that the amount of time that the RNA remains in the less stable 

structure is not measurable using this technique.  However, I do see additional structures 

that migrate above the branched RNA that could be folding intermediates on their way to 

becoming the two most stable structures – branched and unbranched RNAs (Fig. A-5, 

bracketed region). The fraction of RNA in these slower migrating structures decreases 

with increasing length of incubation at 37°C (Fig. A-5); also, they no longer resolve on a 

gel when incubated on ice for an hour before being loaded on the gel (data not shown).  

Amber/W site editing of MD-III-2 RNA in vitro depends on the RNA 

conformation  

A stem-flip mutant similar to MD-III-2SF was efficiently edited in cells 

transfected with an HDV-3 editing reporter construct (9). I therefore expected that MD-

III-2SF RNA would be edited at the amber/W site by ADAR-1 in vitro. Because MD-III-

2 Upper RNA exhibited the same migration as MD-III-2SF RNA on the non-denaturing 

gel, I expected that RNA in this conformation would be edited similarly. I also expected 

that MD-III-2 Lower RNA, which is likely to be in an unbranched rod structure, would 

be edited much less efficiently.  To test these hypotheses, I purified MD-III-2SF RNA 

and both Upper and Lower MD-III-2 RNAs from a native polyacrylamide gel and 

incubated equal amounts of these RNAs with a nuclear extract from cells transfected with 

an ADAR1 expression construct.  Electrophoresis of the RNAs through a second native 
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gel indicated that the conformation and integrity were not affected during the purification 

and incubation (data not shown). Editing at the amber/W site was detected by RT-PCR 

and subsequent Sty I digestion of radio labeled PCR products (9, 14, 70).  Consistent with 

my hypotheses, amber/W site editing was clearly evident in MD-III-2 Upper RNA and in 

MD-III-2SF RNA (Fig. A-6, left panel); no amber/W site editing was detected in MD-III-

2 Lower RNA (Fig. A-6, right panel). The gel shown in Figure A-6 is representative of 

results from several experiments using independently prepared nuclear extracts and 

RNAs. In all cases, the pattern of editing was the same: Upper RNA and SF RNA were 

edited at similar levels (range 4.5 to 22%), and editing of Lower RNA was either 10-fold 

lower or undetectable in a given experiment (range 0 to 2%). Thus, the low level of 

editing shown in Figure A-6 does not necessarily indicate that the branched MD-III-2 

RNA is a poor substrate for ADAR1.  

Secondary structure analysis of the two conformations of MD-III-2 RNA 

I used Ribonuclease (RNase) digestion analysis to determine the identities of the 

secondary structures formed by MD-III-2 RNA.  RNA was purified from the Upper and 

Lower bands of a non-denaturing gel, labeled at either the 5’ or 3’ end, then digested with 

either site specific RNase T1 (G specific) or RNase A (U and C specific) to detect single 

stranded regions of RNA, or with RNase V1 to detect paired nucleotides. A 

representative gel showing digestion patterns of 5’-end labeled RNA incubated with 

RNase T1 or RNase A is shown in Figure A-7A. It is clear that the overall cleavage 

patterns are different for Upper and Lower RNA, as expected for RNAs with different 

secondary structures.  
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The digestion pattern of Upper RNA is most consistent with a branched 

conformation identical to structure B1 (Fig. A-7B). Structures B2 and B3 are ruled out 

because base pairing in these predicted structures is identical to unbranched structures A1 

- A3 from position 128 to 181, and it is clear that the RNase T1 and RNase A digestion 

patterns of Upper and Lower RNA are different in this region (Fig. A-7A). In structure 

B1 all susceptible nucleotides in the loops of SL1 (G59, C62) and SL2 (U212, G213, 

U214, G215) were cleaved by RNase T1 or RNase A, as were most nucleotides in other 

predicted bulges and internal loops (Fig. A-7B). Overall, RNase T1 cleaved at all 9 

guanylates predicted to be unpaired in structure B1, whereas digestion was apparent at 5 

(G76, G85, G105, G237 and G278) of the 65 guanylates predicted to be base-paired. The 

susceptibility of G76, G85 and G278 could be due to the location of both bases at the 

ends of helices. RNase V1 digestion at G237, which forms a U-G wobble pair with U189, 

along with RNase A digestion at U236, which forms the adjacent G-U wobble pair, could 

indicate that base-pairs form in this region, but are not very stable. RNase A cleavages 

occurred primarily at positions predicted to be unpaired, but cleavage was detected at 

some positions that were predicted to be at the ends of helices (C24, C31, U38, C58, C91, 

C101, U103, U135, C241) or in G-U wobble pairs (U39, U106, U236, U 239); most of 

these cleavages were observed to be weak, and some (C24, C31, C91, U239) were found 

to be sites of RNase V1 cleavage, an indication that base-pairing is occurring to some 

degree at these positions. It appears that positions in the proximal portions of SL1 and 

SL2 that are predicted to be base-paired are more susceptible to cleavage by RNase T1 

and RNase A than those in the distal portions of these stems. This increased susceptibility 
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could indicate that the base pairs in these parts of the structure are able to fluctuate. 

Although base-pairing in the immediate vicinity of the amber/W site is greater in Upper 

than in Lower RNA, the evidence of weak RNase T1 cleavage at G105 and weak RNase 

A cleavage at C101, U103 and U106 could indicate that this region of the structure is 

only modestly stable. 

The digestion pattern of Lower RNA was consistent with an unbranched rod 

conformation similar to structure A2 (Fig. A-7C). Structures A1 and A3 are not 

consistent with the RNase digestion data. In particular, the stem-loop in A1 in which the 

loop starts at position G59 is also present in structure B1, but the digestion pattern of 

Lower RNA clearly differs from Upper RNA in this region (Fig. A-7A). Structure A3 is 

identical to A2 except for the base-pairing pattern of positions 62-72/229 - 246; RNase 

digestion at C62 and G237, which are unpaired in A2 but not A3, is more consistent with 

A2. In structure A2 RNase T1 cleavage occurred at 7 of 10 unpaired guanylates, and of 

the 65 guanylates predicted to be paired, just 3 (G30, G67 and G85) served as cleavage 

sites. All 3 of these sites are found at the ends of helices and might thus be more 

susceptible to cleavage than other base-paired guanylates; also RNase V1 cleavage at 

G30 is consistent with this position being base-paired, as shown in Fig. 7C. Overall, 

RNase A digestion was also consistent with the structure in Fig. 7C. Similar to the pattern 

of RNase T1 digestion, paired bases found to be susceptible to cleavage (C24, C27, U55, 

C81) occurred at the ends of helices. Two digestion patterns of Lower RNA were more 

difficult to reconcile with the predicted structure. Digestion at C56 and C57, which are 

predicted to be in the midst of a 4 base-pair helix, could indicate, along with cleavages at 
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U52-55, that the entire U52 - C57 segment is unpaired. However, it seems more likely 

that structural heterogeneity occurs in this region such that some RNAs adopt the 

conformation shown in Figure 7B, while others are in a form in which U52 – U55 are 

paired with G249 – A252, leaving C55-57, C247 and U248 to form an asymmetric 

internal loop. The lack of RNase A cleavage among uridylates and cytidylates in the large 

internal loop (G132 – U136/U173 – G177) was unexpected and could indicate that this 

region is structured, perhaps involving pyrimidine-pyrimidine base pairs (49); RNase V1 

cleavage at U174 and U175 is consistent with this interpretation. 
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Part B:  HDV-3 RNA editing levels are controlled by the quality 

and quantity of branched RNA formed 

 

The branched structures of two HDV-3 isolates are edited with different 

efficiencies by ADAR1 in vitro. 

I examined editing and its control using two temporally and geographically 

distinct isolates of HDV-3 RNA, one from Peru and one from Ecuador (12, 56).  In Part 

A, I used a 320 nt miniaturized version of the Ecuadorian isolate RNA, pMD-III2, 

referred to in this section as mE, that can form both the branched structure required for 

editing at the amber/W site, and the unbranched rod structure characteristic of HDV RNA 

(50). Stem-flip (SF) mutations were introduced in the stems of stem-loops SL1 and SL2 

(Fig. B-1) of the branched structure to create the miniaturized RNA mE-SF (previously 

referred to as MD-III-2SF (50)), which forms only the branched structure and is 

efficiently edited (9, 50). Within the sequence included in the miniaturized RNA, the 

Peruvian and Ecuadorian isolates differ at 17 nucleotide positions (Fig. B-1). 

Nevertheless, the Peruvian sequence is capable of forming nearly identical structures as 

predicted by mfold.  In order to determine whether the sequence differences between the 

Peruvian and Ecuadorian isolates affect the editing efficiency of the branched structure, I 

created the miniaturized RNA mP-SF (Fig. B-2A), which is derived from the HDV 

Peruvian isolate and is analogous to mE-SF in that it efficiently forms the branched 

structure in vitro. In vitro transcribed, gel-purified mP-SF and mE-SF RNAs were 
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incubated with nuclear extract obtained from cells transfected with an ADAR1 

expression vector (104), and the extent of editing at the amber/W site was determined 

using a previously described RT-PCR and Sty I digestion assay (50).  I observed that mP-

SF RNA was edited three-fold more efficiently than mE-SF RNA (Fig. B-2B), indicating 

that some or all of the 17 nucleotides that differ between the two isolates affect the 

efficiency with which these branched RNAs are edited.  

 

In the context of viral replication, editing levels for the Ecuadorian isolate 

are higher than for the Peruvian isolate. 

The results shown in Fig. B-2B demonstrate that when the RNA is restricted to 

the branched conformation by SF mutations in vitro, ADAR1 edits the Peruvian amber/W 

site more efficiently than the Ecuadorian amber/W site. In order to determine whether 

Ecuadorian and Peruvian HDV RNAs also exhibit these distinct editing phenotypes 

during viral RNA replication, I analyzed editing following transfection of Huh7 cells 

with replication-competent expression constructs. For the Peruvian RNA, I used a 

previously described construct, pHDV•III(+) (referred to here as fl-P), that consists of 1.2 

copies of the genome; transfection of this construct produces full-length replicating HDV 

RNA that can be edited at the amber/W site (9). For the Ecuadorian RNA, I created a 

chimeric construct, fl-E, which is based on fl-P but includes the sequences from the 

coding and non-coding segments of the Ecuadorian isolate that make up mE (Fig. B-3A). 

Total cellular RNA was harvested from Huh-7 cells 6, 9 and 12 days after transfection 

with these constructs, and was analyzed for editing at the amber/W site.  Surprisingly, 
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and contrary to what was expected based on the results obtained for branched RNA 

editing in vitro, the amber/W site in fl-P RNA was edited less efficiently than in fl-E. 

This relationship was observed consistently between 6 and 12 days posttransfection  (Fig. 

B-3B).   

To ensure that the higher editing level observed for the Ecuadorian isolate was not 

an artifact of using a chimeric construct derived from a combination of both Peruvian and 

Ecuadorian RNAs, I examined editing levels of virion RNA in the serum samples from 

which the cDNA clones were derived. I observed that, just as for the replicating RNA in 

transfected cells, the viral RNA in the serum from patients infected by the Peruvian 

isolate was edited at half the level of that for the Ecuadorian isolate (Fig. B-3C). From 

these results, it is clear that while the branched RNA derived from the Peruvian isolate is 

edited more efficiently, the Ecuadorian RNA is edited to a higher level during replication.  

Edited and unedited HDV RNAs encode different proteins: edited RNA encodes 

HDAg-L and unedited RNA encodes HDAg-S.  The role of each protein is different in 

the viral lifecycle.  HDAg-L is required for packaging and inhibits replication, while 

HDAg-S is required for replication.  Given the roles of the two HDV proteins and the 

observed editing levels for fl-P versus fl-E (Fig. B-3B), I would expect the Ecuadorian 

isolate to replicate at lower levels than the Peruvian isolate.  When I examined the levels 

of HDV genomic RNA in cells that had been transfected with fl-E or fl-P, the Ecuadorian 

isolate replicated to a lower level than the Peruvian isolate between 6 and 12 days post-

transfection (Fig. B-4).  Therefore, the difference in editing levels that are seen between 

the two isolates (Fig. B-3B) has a defined functional significance for the viral lifecycle 
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(Fig. B-4).  In extension, I projected that the two isolates of HDV-3 would produce 

differing amounts of viral particles, based on the viral packaging function of HDAg-L – 

i.e. fl-E, which is edited at higher levels than fl-P, would produce more HDAg-L, and 

thus more viral particles than fl-P.  However, I detected no significant difference in the 

levels of viral particle RNA when examined by Northern blotting (data not shown).  The 

lack of an observed difference could be explained by overall low levels of viral particle 

RNA detection or by another as yet undefined determinant for the amount of HDV RNA 

that gets packaged in viral particles. 

The different relative levels of editing of the Peruvian and Ecuadorian HDV 

RNAs observed in Figs. 1 and 2 could be related to the analysis of non-replicating RNAs 

mutated to favor the formation of the correct structure for editing in the one (Fig. B-2) vs. 

a replicating HDV RNA in the other (Fig. B-3). In the latter case, the antigenomic HDV 

RNA adopts at least two secondary structures: the branched structure required for editing 

and the unbranched rod structure required for RNA replication (50). Part A analysis of 

the secondary structures of mE RNA using computational methods (MPGAfold) and in 

vitro approaches (native gel electrophoresis, structural mapping) indicated that the 

branched structure is less stable energetically than the unbranched rod, yet a substantial 

fraction of the RNA folds into this metastable structure following transcription in 

vitro(50).  Thus, the extent to which the RNA forms the branched structure required for 

editing following transcription could be an important determinant of how much editing 

occurs. I explored this possibility by comparing the folding properties of mE and mP 

RNAs both computationally and following transcription in vitro. 



 27 

 

The MPGA folding algorithm predicts that the Peruvian isolate forms less 

branched RNA than Ecuadorian isolate. 

My collaborators at the National Cancer Institute (NCI, Frederick MD) have, on 

numerous occasions, accurately predicted the ability of different RNAs to fold into 

biologically relevant metastable secondary structures using their Massively Parallel 

Genetic Algorithm (MPGA) (42, 83, 95) (31, 42, 84, 95).  Recently, they experimentally 

validated the capacity of MPGA to predict the formation of branched RNA by HDV-3 

(50). Here, they compared the relative proclivity of Peruvian and Ecuadorian isolates to 

form the branched editing structure in relation to the unbranched rod structure, as it is 

possible that editing levels in cells reflect the amount of editing structure formed. 

It is commonly understood that the RNA structures predicted by RNA folding 

algorithms are dependent upon the choice of algorithm parameters used, such as, but not 

limited to: population size, local interaction allowances, and bulge size allowances.  So as 

to prevent parameter biases, my collaborators chose to run two types of folding analyses: 

sequential and full domain folds.  Explained simply, sequential folding allows for local 

interactions between nucleotides to form before long distance interactions; it is most 

similar to what is known experimentally as ‘co-transcriptional folding’, or folding that 

occurs concurrently with RNA synthesis.  Full domain folds allow equal competition 

between all kinds of folding interactions; experimentally, it is most similar to heating an 

RNA for the purpose of denaturation and then allowing it to cool slowly.  As controls for 
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both folding algorithms they limited the population size to 16K, allowed an incorporation 

rate of five nucleotides per generation, and performed 100 runs for each input sequence.  

In order to determine whether Peruvian and Ecuadorian isolates form different 

relative amounts of branched versus unbranched RNA structures, my collaborators first 

compared their propensity to fold into these structures using their full domain folding 

algorithm.  mE allocated 56% of its RNA to the branched editing structure, while mP 

allocated none of its RNA to the branched editing structure, BEDIT (Table B-1, ‘full’ run).  

Qualitatively similar results were found using their sequential folding algorithm: mP 

formed less BEDIT (Fig. B-5, B1) than mE (Table B-1, ‘seq’ run).  Also of note, the 

sequential folding algorithm predicted mP RNA to have a higher propensity to form 

alternate branched RNAs (Fig. 5, B2-B4) compared to mE (Table B-1, ‘other branched’).  

Given that the stem loop structures of the alternate branched RNAs abut the target 

adenosine, alternate branched RNAs are predicted to be defective of the ability to be 

edited.  Overall, it is clear from both full domain and sequential folding algorithms that 

Peruvian RNA is predicted to form less of the editing substrate, and more of alternate 

branched structures, than the Ecuadorian RNA. 

 

In vitro, less branched editing substrate is formed by the Peruvian isolate 

than by the Ecuadorian isolate. 

In Part A, I found that mE RNA migrates as two distinct bands on a non-

denaturing polyacrylamide gel following transcription in vitro with T7 RNA polymerase 

(50). The two bands represent the slowly migrating metastable branched editing structure, 



 29 

and the thermodynamically most stable unbranched rod structure. In order to analyze 

whether the different folding dynamics of mP and mE RNAs predicted by MPGAfold 

translated into different abilities of these RNAs to form the branched editing structure in 

vitro, I analyzed the structural distributions of mP and mE RNAs using the technique 

described in Part A: non-denaturing gel electrophoresis following transcription with T7 

polymerase (50). Because the rate of transcription can affect RNA folding dynamics, I 

performed transcription reactions at 25ºC with 120!M NTPs; under these conditions the 

rate of transcription by T7 polymerase is reduced considerably (74) and is likely to be 

most similar to the transcription rate of pol II in infected cells. 

I observed that electrophoresis of in vitro-transcribed mP RNA yielded two bands 

with migrations similar to those of the branched and unbranched conformations of mE 

RNA (Fig. B-6A, left). When the electrophoresis time was extended, the branched mP 

RNA resolved as two bands, S1 and S2 (Fig. B-6A, right), but no clear additional band 

was observed for mE RNA. In order to determine whether these branched species could 

be edited, S1 and S2 RNAs were isolated from the polyacrylamide gel and assayed for 

editing by ADAR1. S1 was efficiently edited, while no editing was detected for S2 (Fig. 

B-6B). It is worth noting that the difference in editing between S1 and mP-SF (Fig. B-2) 

is most likely due to the metastable nature of mP in the branched structure isolated from 

S1; analysis of the mobility of the RNA after incubation with ADAR1 indicated that 

about half of the RNA in S1 had changed to the unbranched rod conformation, which is 

not edited. I conclude that RNA in the mP S1 band is most likely in the BEDIT structure 

(referred to in Fig. A-2 as B1) because: 1) it is edited;  2) S1 migrates with the same 
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mobility as the branched structure formed by mE RNA, which has been shown be BEDIT 

(50); 3) mP S1 RNA migrates identically with mP-SF RNA; 4) mP RNA containing an 

additional set of stem-flip mutations that further stabilizes stems near the bases of SL1 

and SL2 also migrates identically with S1 and is edited with the same efficiency as mP-

SF (not shown). RNA in the S2 band, which is not a substrate for efficient editing (Fig. 

B-6B), most likely includes RNAs in alternate branched conformations (BALT), such as 

those predicted by MPGAfold (Fig. B-5 B2-B4).  

The results of the analysis of structures formed following in vitro transcription 

(Fig. B-6) show remarkably good qualitative agreement with the RNA folding dynamics 

predicted by MPGAfold. The algorithm indicated that, compared with mE, mP RNA 

favors the formation of the unbranched rod structure rather than branched conformations. 

Following transcription in vitro, although mP RNA was about evenly distributed between 

branched and unbranched structures, it formed branched structures less effectively than 

mE. In MPGAfold runs on mE RNA, the BEDIT structure dominated over alternative 

branched structures, whereas mP tended to form alternative branched conformations 

rather than Be. Through extended electrophoresis, I saw that in vitro-transcribed mP 

RNA formed alternative branched structures and BEDIT in about equal amounts, while mE 

formed BEDIT exclusively. Most importantly for determining how the folding dynamics 

can affect editing, whereas 74% of mE RNA forms BEDIT, only 27% of mP RNA forms 

this structure (Fig. B-6A, right).  

Other transcription conditions yielded similar results in that the efficiency of 

BEDIT formation was always greater for mE than for mP (Fig. B-7).  In three different 
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transcription conditions tested, one condition – low equimolar NTPs – slowed 

transcription to rates similar to that of Pol II (74) (Fig. B-7, right two groups), and 

resulted in the most dramatic difference in the formation of BEDIT between Peruvian and 

Ecuadorian isolates.   For all further comparisons between Peruvian and Ecuadorian 

structure formation, 120uM NTPs and 25C transcription conditions were used; with these 

conditions, additional bands appear on the gel above where BEDIT migrates (Fig. B-7, 

bracket).  These bands do not appear when the RNA is incubated on ice for one hour 

prior to loading on a gel, suggesting that they represent metastable structures.  

The preceding results suggest an explanation for the observations that Peruvian 

isolate-derived mP RNA was edited more efficiently than Ecuadorian isolate-derived mE 

RNA in vitro (Fig. B-2) while replicating Peruvian fl-P RNA was edited less efficiently 

than Ecuadorian fl-E RNA (Fig. B-3). Although the branched structure formed by 

Peruvian RNA forms a better substrate for editing than the branched structure formed by 

Ecuadorian RNA (Fig. B-2), the Peruvian isolate forms less of this structure following 

transcription (Fig. B-6). The net balance between these two effects is that overall, editing 

levels are lower for the Peruvian isolate (Fig. B-2).  I conclude that there are at least two 

control points that determine HDV-3 editing levels: the amount of RNA forming the 

branched RNA, and the quality of the branched substrate formed (Fig. B-9, model).   

In addition to these two control points, another factor that could be contributing to 

overall editing levels is the amount of time that the metastable branched editing structure 

is available to be edited before converting to the unbranched rod structure.  To examine 

whether the stability of branched RNAs differs for Peruvian and Ecuadorian BEDIT 
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structures, each was incubated at 40°C over the course of 180 minutes.  During that time, 

Peruvian branched RNA remained relatively stable while Ecuadorian branched RNA 

readily converted to the unbranched rod structure (Fig. B-8A,B).  When graphed, it 

appears that ~80% of Peruvian BEDIT RNA retains its structure over the course of 

incubation, while only ~20% of Ecuadorian BEDIT RNA remains in the branched 

conformation (Fig. B-8B).  For this experiment, only one band comprising of both BEDIT 

and alternate Peruvian branched RNA was isolated from its original gel.  Therefore, the 

upper band in Figure B-8A could be a mixture of the two RNAs, and could skew the 

analysis of BEDIT stability.  However, it can be deduced that the RNA comprising the 

upper band in Figure B-8A is mostly the BEDIT structure because the alternate structure is 

much less stable than BEDIT and thus decays to the unbranched rod during the purification 

process (Fig. B-8A, time 0).  This relative stability of BEDIT versus BALT was 

demonstrated by the following experiment: BEDIT and BALT structures were independently 

isolated and purified from a gel, the RNA from each purification was electrophoresed on 

a subsequent gel, and the amount of RNA remaining in the conformation of the isolated 

structure was examined.  Much of BALT converted to the unbranched rod while very little 

of BEDIT changed shape (Fig. B-8C). Therefore, the decay rate of Peruvian and 

Ecuadorian BEDIT structures differs significantly.  In conclusion, it is possible that, in 

combination with the amount of BEDIT formed following transcription, the stability of the 

branched editing structure (Fig. B-9, #3) contributes to the overall amount of editing 

substrate available for deamination. 
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 There are three possible points at which editing levels are controlled (Fig. B-9, #s 

1,2,3).  HDV-3 genomic RNA is transcribed in cells by pol II, to yield antigenomic RNA 

of two structural species: branched editable RNA, and unbranched uneditable RNA.  The 

amount (Fig. B-9, #1) of RNA allocated to the branched structure, the ability of the 

branched structure to be edited by ADAR 1 (Fig. B-9, #2), and the stability of the 

branched structure (Fig. B-9, #3), can all contribute to overall levels of editing during 

replication.   

  

Two distinct clusters of nucleotides in SL2 largely determine the structural 

dynamics of HDV-3 RNA 

 Peruvian and Ecuadorian RNAs differ at 17 nucleotide positions within the 300 

nucleotide RNA comprising mP and mE.   Because the two isolates of HDV-3 are edited 

with different efficiencies and distribute their RNA differently between edited and 

unedited structures, I assumed that some or all of the 17 nucleotides are responsible for 

these functional differences.  Therefore, I examined three clusters of nucleotides for their 

ability to determine structural dynamics and editing efficiency of the RNA.  The 

nucleotides in three regions – edit, proximal, and distal – were swapped between the two 

isolates (Fig. B-10A), and their functions assayed.   

 First, it was determined which nucleotides are responsible for controlling 

structural dynamics of the RNA (Fig. B-9, #1).  Previously, I saw that mP distributed 

only 27% of its RNA to BEDIT, while mE distributed 74% to the editing structure (Fig. B-

6A).  With respect to the overall amount of branched RNA formed, the nucleotides in the 
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proximal region of the branched RNA seemed to have the largest effect on BEDIT 

production (Fig. B-10B, compare ‘wt’ lanes to ‘proximal’ lanes).  Nucleotides in the 

distal region of the molecule determined whether or not the alternate branched structure, 

S2, formed (Fig. B-10B, compare ‘wt’ lanes to ‘distal’ lanes) and edit site mutations had 

very little effect on the amount of BEDIT structure formed (Fig. B-10B, compare ‘wt’ 

lanes to ‘edit’ lanes).  Therefore, I conclude that nucleotides in SL2 play the largest role 

in determining which structures are formed during transcription.  However, it should be 

noted that no single nucleotide or even single cluster of nucleotides was fully responsible 

for determining whether branched or unbranched RNA forms from transcription in vitro. 

 

Four nucleotides downstream of the target adenosine are responsible for 

editing efficiency. 

Several studies examining the secondary structure requirements for editing in 

different substrates have shown that the efficiency of editing is particularly dependent on 

base pairing 3’ of the editing site (26) (5) (63) (2) (48, 69).  Five of the seventeen 

nucleotides that differ between the Ecuadorian and Peruvian miniaturized RNAs are in 

the base-paired region 3' of the amber/W site (see boxed region in Fig. B-11A). Four of 

these five nucleotides are grouped between positions 271 - 275 and affect the predicted 

secondary structure in this region (Fig. B-11A). In order to examine the role of these 

sequence differences in the editing efficiencies of the mP-SF and mE-SF branched 

RNAs, I created RNAs mP-SF+EEDIT and mE-SF+PEDIT, in which these 4 nucleotides 

were exchanged, and analyzed editing by ADAR1 in vitro. Substituting the positions in 
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mP-SF RNA with those from the Ecuadorian isolate reduced editing by more than a 

factor of 10; the reverse substitution raised the level of editing to that of the branched 

Peruvian RNA (Fig. B-11B). I also examined whether the cluster of 3 nucleotides near 

the base of SL2 affects editing of branched RNAs. No difference in editing was detected 

when these 3 bases were exchanged between mE-SF and mP-SF (data not shown). Thus, 

the four nucleotide differences between 271 - 275 in mE play a critical role in 

determining the efficiency with which the branched RNA is edited, and likely account for 

the majority of the different efficiencies with which mE-SF and mP-SF are edited. 

Analysis of the effect of these 4 positions on editing of a non-replicating RNA in 

transfected cells showed the same effect - RNA containing the Ecuadorian sequences 

around the editing site was edited more efficiently than Peruvian RNA (data not shown). 

That the editing level of mP-SF+EEDIT is lower than mE-SF suggests that additional 

sequence differences between mE-SF and mP-SF, such as the fifth nucleotide in the 

cluster, at position 1006, might also contribute to variations in substrate editing 

efficiency.   

Given that there is such a large and clearly defined difference in in vitro editing 

levels between mE-SF and mP-SF, it was thought that I might also see a difference in 

cellular editing levels when the four nucleotides at the editing site were swapped between 

the replicating constructs, fl-E and fl-P.  Based on in vitro data from Figure B-10 and 

Figure B-11, showing that edit site mutations do not affect the amount of BEDIT formed 

but do drastically affect editing efficiency, one would predict that fl-P+EEDIT would be 

edited to lower levels than fl-P, and that fl-E+PEDIT would be edited at a higher level than 
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fl-E.  However, this was not the case, as fl-P+EEDIT edited at similar levels to fl-P and 

flE+PEDIT edited at lower levels to fl-E (Fig. B-12A).  One possible explanation for this 

unexpected result is that the amount of branched RNA present in the cell is a stronger 

factor controlling overall levels of editing than the editing site itself.  However, this 

explanation could only hold true for the switch from fl-P to fl-P+EEDIT and not fl-E to 

flE+PEDIT because editing levels in the left graph of figure 12A are similar between the 

two RNAs, but opposite to our predictions in the right graph.  Another possible 

explanation is that the mutations made to the editing site affected the structure of the 

unbranched rod, and thus the ability of the RNA to replicate.  Finally, it is also possible 

that the nucleotides near the editing site affect the stability of the RNA and thus the 

length of time that the RNA is available to be edited. 

I also tested the effects of the three nucleotides in the proximal region of SL2 on 

editing during replication.  Swap mutations were made between fl-P and fl-E for the three 

nucleotides at the base of SL2.  Inserting the Ecuadorian nucleotides from the base of 

SL2 into fl-P (fl-P+ESL2) had little affect on editing as compared with fl-P (Fig. B-12B).  

Based on in vitro analyses that showed an increase in the formation of branched RNA 

when the proximal nucleotides of Ecuadorian’s SL2 replaced the proximal nucleotides of 

Peruvian’s SL2 (Fig. B-10B), I would have expected editing levels to increase in fl-

P+ESL2 over fl-P.  However, they did not.  I also tested the reverse swap mutation in cells.  

This final experiment agreed with in vitro analyses (Fig. B-10B, ‘proximal’ lane) in that 

editing levels decreased when Peruvian proximal SL2 nucleotides were inserted into fl-E 

(fl-E+PSL2) (Fig. B-12B).   
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Part C:  Characteristics of the HDV-3:ADAR 1 interaction 

Little is known about how HDV and other RNA substrates are bound and edited 

by ADAR 1.  In a couple of studies examining ADAR 2 binding to the GluR-B R/G site, 

however, ADAR 2 binds to a discrete region surrounding the editing site, and mostly 3’ 

of the target adenosine (48) (5) (26) (63, 110). Only 19 base pairs 3’ of the editing site are 

required for efficient deamination (110).  In the following section I examine the location 

and affinity of binding of ADAR 1 to HDV-3 RNA. 

 

Purified components used to study the interaction between ADAR 1 and 

HDV-3 RNA. 

For the following studies, both ADAR 1 and HDV-3 branched RNA were 

purified.  ADAR1 is expressed in two forms in human cells, a long form (p150) that is 

interferon induced and found in the nucleus and cytoplasm and a short form (p110) that is 

found exclusively in the cell’s nucleus (66).  The size difference between the two forms is 

due largely to the lack of a portion of the Z binding domains in the p110 isoform.  

Otherwise, both forms have three double stranded RNA binding domains (dsRBDs) and a 

C terminal deaminase domain (DD) (Fig. C-1A).  In my studies, I used the p110 form.  

Pure ADAR1 was obtained by over-expressing recombinant baculovirus in Sf9 cells.  An 

engineered FLAG and His tag allowed for purification and detection on a Western Blot 

(Fig. C-1B).  I was able to obtain ~90% pure full length ADAR 1 (FL ADAR 1) at a 

concentration of 73ng/ul.  The activity of this purified protein was equivalent to that of 
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the ADAR1 nuclear extract used with previously described experiments.  The ~90% pure 

ADAR1 was also compared to a prep that resulted in ~70% pure ADAR1; the more pure 

protein prep had higher activity (Fig. C-1C). 

In all experiments described in Parts A and B, a stem flip (SF) mutant, in which 

the nucleotides near the loops of SL1 and SL2 were flipped, was used to examine editing 

efficiency.  SF mutations disrupt base pairing in the unbranched rod and thus stabilize the 

branched structure.  The Peruvian version of this construct, named mP-SF, was 

transcribed from the left side of the molecule such that SL1 was synthesized before SL2 

(Fig. C-2A, leftmost structure).  Because this RNA seemed to form additional structures 

to the branched editing substrate (Fig. C-2B, smearing in mP-SF lane), additional 

nucleotide flips were introduced near the base of stem loops SL1 and SL2.  This RNA, 

mP-SF* is predicted by MPGA fold to favor BEDIT more than mP-SF, is still transcribed 

from the left side of the molecule, and forms only one very tight band on a non-

denaturing gel (Fig. C-2B, mP-SF* lane).  Another derivative of mP-SF, mP-SF***, 

contains only wt Peruvian HDV sequence (mP-SF and mP-SF* contain linker RNA that 

encourages the molecule to fold properly and remain in its branched conformation).  It 

contains the same flip mutations as mP-SF* but is transcribed from the right end of the 

molecule.  This RNA forms one predominant band on a gel and is edited with similar 

efficiency to mP-SF and mP-SF* RNAs (data not shown).   

 

Analysis of ADAR 1 binding and editing.   
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 The Human herpes virus 8 (HHV8) transcript RNA, Kaposin 12 (K12), is edited 

at position 117, 990 by human ADAR 1 (30).  An in vitro construct containing 

approximately 400 nucleotides of the K12 sequence was transcribed and assayed for 

editing in much the same way that HDV-3 RNA is analyzed.  The HHV8 editing site is 

located within a 3-membered loop and near an 8-membered terminal loop in the 

miniaturized construct (Fig. C-3A, far left).  When this RNA was tested for editing in 

vitro, I found that it was edited quite efficiently: > 90% of the molecules were 

deaminated in the presence of 15nM ADAR 1 (Fig. C-3B, far left).  The same RNA was 

assayed for binding by ADAR1 in an Electrophoretic Mobility Shift Assay (EMSA); in 

this assay, half of the RNA was bound by ADAR1 at a concentration of only 0.45nM 

protein (Fig. C-3B and C-3C, Kd).  Therefore, HHV8 K12 RNA binding and editing are 

correlated; in the case of K12 RNA, tight binding, as compared to HDV RNAs (Fig. C-

3C) leads to high levels of editing. 

 I then wanted to know whether binding and editing were correlated for HDV 

RNAs.  Because the Ecuadorian and Peruvian isolates of HDV-3 are edited with different 

efficiencies by ADAR1, correlation between binding and editing would suggest that they 

would also be bound with different affinities.  I compared binding of ADAR1 to three 

HDV substrates: HDV-1 RNA (DC1 Sma 1), Peruvian HDV-3RNA and Ecuadorian 

HDV-3 RNA.  The three substrates differ in the sequence and structure of the RNA 

around the editing site; most notably, the target adenosine of DC1 is part of an A-C 

mismatch while mP-SF* and mE-SF* target adenosines are base paired (Fig. C-3A).  I 

calculated, using the graphing software, Prism ®, both the dissociation constants (Kd) 
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and maximal binding constants (Bmax) for each binding reaction.  The dissociation 

constant is a protein concentration at which half of the RNA is bound by protein.  

Maximal binding refers to highest possible amount of RNA that could ever be bound by 

protein; often one derives this value by extrapolating data via a non-linear regression 

curve.  All three HDV RNAs had similar dissociation constants, all at around 5nM 

ADAR1 (Fig. C-3C).  However, the three HDV RNAs were edited with quite different 

efficiencies, with DC1 maxing out at around 25% of its RNA having been edited, mP-

SF* at around 35% and mE-SF* at around 8% (Fig. C-3B).  Therefore, I conclude that 

binding and editing are not correlated for HDV RNAs.  In addition, when HDV binding 

and editing are compared with K12 binding and editing, they are bound approximately 10 

fold less tightly and edited between 3 and 10 fold less efficiently (Fig. C-3B, C3-C).  

  

The dsRBD of ADAR 1 determines the protein!s binding affinity. 

Because ADAR 1 binds Peruvian and Ecuadorian branched RNAs with similar 

affinities (Fig. C-3C, Kd), but edits the two RNAs with differing efficiencies (Fig. C-

3B), I wanted to determine whether the double stranded RNA binding domain (dsRBD) 

bound the two RNAs with different affinities and thus account for the difference in 

editing.  However, what I found was that the dsRBD bound mP-SF* and mE-SF* with 

similar affinities (Fig. C-4A, gray lines), indicating that the nucleotide differences 

between Peruvian and Ecuadorian RNAs have no affect on the binding activity of the 

dsRBD or FL-ADAR1.  Additionally, it can be concluded that the deaminase domain has 

little effect on the affinity with which ADAR1 binds to its substrate RNA because FL 
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ADAR1 binds only approximately 2x more efficiently than the dsRBD alone (Fig. C-4A, 

compare black lines with gray lines).  This result can also be observed quantitatively by 

measuring the Kd, or binding affinity, for binding (Fig. C-4B).  The Kd for binding by 

the dsRBD is half that of the Kd for binding by FL-ADAR.  However, the maximal 

amount of RNA that can be bound is similar for all binding events (Fig. C-4B, Bmax). 

Therefore, it can be concluded that the dsRBD confers the binding activity of ADAR1 

and binds both HDV-3 RNAs with similar affinities.  Although not shown, HDV-1 (for 

sequence and structure of this RNA, see Fig. C-3A) RNA is also bound by the dsRBD 

with the same affinity as Peruvian and Ecuadorian RNAs. 

Although the affinity of binding to HDV RNA was very similar when comparing 

FL ADAR 1 to the dsRBD in Figure C-4, the specificity of binding does not appear to be 

the same (Fig. C-5).  Two pieces of data suggest that in the absence of the DD, the 

specificity of binding by ADAR 1 is diminished.  First, a distinct band migrates in the gel 

between the free RNA and the well when mP-SF* RNA is bound by FL ADAR1 (Fig. C-

5, left panel); however, when mP-SF* RNA is bound by the dsRBD, the shifted RNA 

appears as a smear in the lane (Fig. C-5, right panel).  In EMSA studies, smears indicate 

a series of slightly differing protein:RNA complexes.  These different complexes migrate 

to different locations in a non-denaturing gel either because of varying numbers of 

proteins binding to a single RNA, or because of various changes in shape of the RNAs 

upon binding to various sites on the molecule.  Both of these scenarios suggest non-

specific binding of protein to RNA.  Second, in an experiment that compares binding of 

HDV-1 RNA (DC1) by FL ADAR1 to binding of this RNA by the dsRBD of ADAR1, 
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FL ADAR1 binds only one structure of the two formed by DC1.  However, the dsRBD 

binds both structures, indicating that some level of specificity was lost in the removal of 

the DD (data not shown).  Therefore, I conclude that the dsRBD of ADAR1 confers the 

binding affinity of the protein, but that the DD confers the specificity of binding. 

 

 

The deaminase domain of ADAR 1 interacts with its substrate RNA in the 

vicinity of the editing site. 

Since binding by the dsRBD does not appear to be responsible for the difference 

in editing between Peruvian and Ecuadorian RNAs (Fig. C-4), I wanted to determine 

whether the deaminase domain (DD) was responsible for the 3-fold difference in editing 

between mP-SF and mE-SF.  In order to examine editing by the DD alone, it was 

necessary to assay editing of RNA from cells since my lab has seen only very low 

activity from purified DD.  Therefore, I transfected CHO cells with the non-replicating 

constructs, nr-P and nr-E, and a protein expression construct containing amino acids 499-

931 (the deaminase domain) of ADAR1.  Non-replicating constructs produce an RNA 

that is defective in replication and HDAg production (14) and CHO cells have very low 

levels of endogenous ADAR1, so most of the editing activity I detected from RNA in 

these cells is due to the transfected form of ADAR1.  In order to compare editing by the 

DD with editing by FL ADAR1, I also transfected CHO cells with nr-P or nr-E and a full 

length ADAR expression construct.   Non-replicating RNAs for the Peruvian and 

Ecuadorian isolates contain only the minimal sequence necessary for editing in cells; both 
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stem loops, SL1 and SL2, have been removed.  Three days post-transfection, RNA was 

isolated from CHO cells.  Conducive with in vitro editing results (Fig. B-2), Peruvian 

RNA was edited by FL ADAR1 approximately twice as efficiently as Ecuadorian RNA 

(Fig. C-6A). Additionally, the DD of ADAR 1 edited the Peruvian RNA more efficiently 

than the Ecuadorian RNA (Fig. C-6B).  Because there are only four sequence differences 

between nr-P and nr-E - the ones immediately downstream of the target adenosine - it can 

be concluded that the DD interacts with HDV-3 RNA in the region encompassing some 

or all of these four nucleotides.     

 

SL2 is required for binding and editing by FL ADAR 1 

The binding affinities of ADAR 1 to Peruvian and Ecuadorian RNAs were 

compared in Figures C-3 and C-4.   Since the two isolates were bound by the dsRBD of 

ADAR1 with equal affinities, it can be concluded that none of their 17 nucleotide 

differences affect ADAR1 binding affinity.  It is possible, however, that the nucleotide 

differences between the two isolates affect where on the branched RNA ADAR 1 binds.  

Therefore, I wanted to determine where ADAR 1 binds on the branched RNA in order for 

editing to occur. 

mP-SF*** (Fig. C-2), along with derivations thereof, was used for the following studies,.  

Preliminarily, three mutations of mP-SF*** were created in order to determine the 

general region in which ADAR1 binds: mP-SF***!SL1 in which SL1 has been removed, 

mP-SF***!SL2 in which SL2 has been removed, and mP-SF***!SL1!SL2 in which 

both SL1 and SL2 have been removed.   
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ADAR1 bound mP-SF*** with similar affinity to mP-SF* (compare Fig. C-7A to 

Fig. C-4). Among the mutations made of mP-SF***, mP-SF***!SL1 was the only RNA 

that bound ADAR1 with similar affinity to mP-SF*** (Fig. C-7A).  Both mP-

SF***!SL2 and mP-SF***!SL1!SL2 were bound only very weakly by ADAR1, 

demonstrating that SL2 is necessary for binding.  SL2 also seems to be necessary for 

editing, as removal of SL2 abolishes all editing activity (Fig. C-7B).  However, removal 

of SL1 does not decrease the levels of editing and instead increases it above the level of 

mP-SF***.  I conclude from this result that SL1 has a slight inhibitory effect on binding 

and editing.  That a portion of the RNA missing SL2 binds ADAR1 (Fig. C-7A), but is 

not edited by ADAR1 (Fig. C-7B), suggests that ADAR1 binds these RNAs such that 

ADAR1 is not positioned to be able to deaminate the target adenosine.  This data further 

proves that binding affinity and editing efficiency are not always correlated (Fig. C-3). 

 

The length of SL2 is important for editing by ADAR 1 

SL2 of HDV-3 branched RNA is necessary for binding and editing by ADAR1 

(Fig. C-7A, C-7B).  I wanted to know where on SL2 ADAR1 binds.  One possibility is 

that it binds to the UGCG tetraloop at the terminus of SL2.  Tetraloops are highly stable 

RNA secondary structures (96).  They have been found to play a role in a variety of 

functions: they can stabilize RNA secondary structures, bind proteins, and they can form 

tertiary interactions with structures in disparate regions of the RNA, for example, by 

interacting with a tetraloop receptor (24) (92) (60).  Alternatively, ADAR1 could bind to 

the base paired region in the middle stem of SL2.  It has been suggested by previous 
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mutational analyses of HDV RNA in cells (unpublished data), that the middle base paired 

region of SL2, in addition to the tetraloop, might be important for ADAR1 binding.  

Other groups have found that ADAR 2 preferentially binds long (~19 bp) stretches of 

double stranded RNA (110) so it would not be surprising to find that ADAR1 also binds 

in this manner.    

I created additional successive mutations of mP-SF***!SL1 in order to determine 

the location at which ADAR1 binds to SL2.  The UNCG tetraloop was mutated to either 

a GAAA tetraloop, that is specific to a tetraloop receptor sequence, CCUAAG-UAUGG 

(68) (37), found in the region downstream of the editing site, or to UUUUU, a non-

specific 5-membered loop that will not form the same structure as a tetraloop (Fig. C-8).  

Two other mutations were made: one that has a 30nt truncation of SL2, (M28) which 

leaves a UACA four-membered terminal loop, and another that replaces the UACA loop 

of M28 with the natural UGCG tetraloop (M28T) (Fig. C-8). 

ADAR1 binds mP-SF***!SL1 with the same affinity as observed previously 

(Fig. C-7A, C-9A).  Altering the tetraloop by changing it to either UUUUU or GAAA 

had little effect on the affinity of binding (Fig. C-9A).  Conversely, truncation of SL2 by 

30 nucleotides (M28) significantly impaired the ability of ADAR1 to bind branched RNA 

(Fig. C-9A).  Compared with mP-SF***!SL1 and according to their dissociation 

constants, ADAR1 binds M28 more than ten-fold less efficiently than mP-SF***!SL1.  

Interestingly, when the native tetraloop was added back to M28 (M28T), ADAR1 bound 

the RNA with a similar affinity to mP-SF***!SL1 (Fig. C-9A), suggesting that the 

UGCG tetraloop might have a small role in binding. On the other hand, however, binding 
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to the UUUUU and GAAA mutants suggests that the native tetraloop is not important for 

binding.  Therefore, it seems that the length of SL2 determines whether or not binding 

occurs, and the tetraloop can serve as a replacement binding site if the natural binding site 

has been removed.   

That ADAR 1 binds to the middle region of SL2 is interesting in light of ADAR 2 

binding studies showing that the ADAR 2 protein binds to a base paired region 

immediately downstream of the editing site (63, 110).  Because the binding site for HDV-

3 RNA is in a stem loop structure far removed from the editing site, the current model 

that suggests the location of ADAR binding is in the base paired region immediately 3’ of 

the editing site, should be re-evaluated.   

In order to determine the correlation of binding and editing for HDV-3 RNA, each 

of the mutants that were assayed for binding were also assayed for editing.  Indeed, 

binding and editing did seem to be correlated, as the three RNAs, mP-SF***!SL1, 

GAAA, and UUUUU, that were bound tightly by ADAR1 were also edited to high levels, 

between 50-70% (Fig. C-9B).  M28 was edited very poorly, at around 3-4%, and M28T 

was edited at around 15% (Fig. C-9B).  M28T editing data is consistent with M28T 

binding data in that the percentage of both editing and binding increases over that of 

M28.  Because editing levels are not restored to the level of mP-SF***!SL1, the 

tetraloop could be providing a suboptimal binding site that is only minimally functional.  

One would presume that if GAAA or UUUUU were to replace the UGCG tetraloop of 

M28T, editing levels would be similar to M28T and slightly higher than M28. 
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Clearly, SL2 is necessary for ADAR1 to bind HDV-3 RNA.  However, the 

previous studies do not address whether SL2 is sufficient for binding.  In order to 

determine whether additional regions of the branched RNA, besides SL2, are required for 

ADAR1 to bind, RNAs encoding only SL2 (and not the editing site) were generated.  The 

plasmids that contain sequences to transcribe mP-SF***!SL1, GAAA, UUUUU, and 

M28, were digested with Apa1 instead of HindIII, the normal cleavage site that results in 

~211bp RNAs as examined in Figure C-9.  Apa1 digested plasmids, when transcribed 

with T7 RNA polymerase, produce 93 nucleotide RNAs, and do not include the target 

adeonsine.  When tested for binding, none of these 93 nucleotide RNAs were bound by 

ADAR1 (data not shown), suggesting that additional sequences, most probably the base 

paired region between the editing site and the base of SL2 (see Fig. C-7, C-9, mP-

SF***!SL1 binding), are necessary for ADAR1 to bind.  This region, however, cannot 

be the only place bound by ADAR1 because RNA lacking SL1 and SL2 is not efficiently 

bound by the adenosine deaminase enzyme (Fig. C-7A).  It is possible that the region 3’ 

of the editing site is bound by a monomer of an ADAR1 dimer (22); the other monomer 

would bind SL2 (Fig. C-10, left).  Alternatively, the base paired region 3’ of the editing 

site might be important for positioning SL2 an optimal distance from the editing site (Fig. 

C-10, right).  Unpublished data in the lab suggests that moving SL2 closer or farther from 

the editing site decreases the level at which branched RNA is edited. 
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DISCUSSION 
 

 

The data in this dissertation presents the fields of RNA editing, RNA structural 

dynamics, and HDV virology with new concepts about what constitutes an editing site, 

about how fractional folding of RNA can regulate function and about how ADAR 1 can 

bind its substrate in an unconventional manner.  In Part A, I showed that a branched 

RNA secondary structure, involving the rearrangement of ~80 nucleotides from the 

unbranched rod structure characteristic of HDV RNA, is needed for amber/W site editing.  

This branched structure, BEDIT, is metastable to the unbranched rod; therefore it can only 

form co-transcriptionally.  In this respect, it was intriguing to think that the amount of 

RNA that forms BEDIT might be a determinant for the level at which HDV-3 RNA is 

edited during replication.  In Part B, by comparing two isolates of HDV-3, one from 

Peru and one from Ecuador, I found that indeed the fraction of RNA that folds into one 

structure versus the other (fractional folding), largely determines how much editing will 

occur during replication.  Fractional folding combined with the quality of the editing site 

– i.e. how efficiently the sequence and structure formed by the RNA in the immediate 

vicinity of the editing site is edited – are the two main determinants of editing levels.  

Previous to this report, fractional folding of RNA as a means of regulating function had 

not been described.  The commonly held conception was that proteins or temporal control 

of transcription were the factors that regulated editing levels.  In Part C, I defined a 

binding site of ADAR 1 that is much farther removed from the previously defined ADAR 

binding sites.  It was originally thought that ADAR binds to a base paired region directly 
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3’ of the editing site.  In HDV-3, although the base pairing in the region between the 

target adenosine and the base of SL2 seems to be important, editing only occurs when 

ADAR 1 can bind to the middle region of BEDIT SL2.  In the rest of this section, I will 

discuss, in chronological order of the Parts, – A, B, and C – the implications of the data, 

the relevant aspects of the findings to other fields, and any inconsistencies (however 

slight) between sets of data.  I will end the discussion with ideas for future experiments.     

In the study leading up to this dissertation, the Casey lab showed that HDV-3 

could not be edited in the unbranched rod structure required for HDV replication.  Upon 

examination of this editing site (Fig. Intro 5), it was noted that the target adenosine of 

HDV-3 is part of a 5-nucleotide bulge.  For all known A to I editing sites, base pairing is 

required in the immediate vicinity of the adenosine.  Therefore, it was proposed that 

HDV-3 forms an alternate structure that serves as its editing substrate.  This structure, as 

proposed by mfold, contains two stem loop structures, SL1 and SL2, and increased base 

pairing near the target adenosine.  Through mutational analyses of RNA that was 

transcribed and edited in cells, it was shown that this branched structure, and not the 

unbranched rod, is the substrate for editing in HDV-3.  Although the data from this 

previous paper strongly implicated the branched structure as the editing substrate, I 

wanted to precisely define its secondary structure, determine how it forms, and examine 

details about how it is edited. Therefore, I created an in vitro system as described in Fig 

A-1 that would allow me to examine editing in a controlled environment.   

I used RNase digestion analyses to map the secondary structure of HDV-3 

Ecuadorian isolate miniaturized RNA.  This RNA is dissimilar to HDV-3 Peruvian RNA, 
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from which the model for a branched substrate for editing was proposed (9), in that they 

are from isolated outbreaks in Northern South America (12). They are similar however, 

in that both isolates are predicted to form branched and unbranched rod structures by the 

predictive algorithm, mfold (113) (57).  In order to determine whether the ability to form 

branched RNA is common to all isolates of HDV-3, five additional HDV-3 sequences 

that diverge by an average of 7% were tested for their ability to fold into branched RNA 

using mfold.  According to these analyses, the use of a branched structure seems to be 

typical for amber/W site editing in HDV-3. 

In addition to confirming the secondary structure of the branched RNA required 

for editing (Fig A-7) in Part A, I also wanted to determine how the editing structure is 

formed.  MPGA analyses (Fig A-2) performed by the Shapiro lab calculated the branched 

structures, of which B2 is the editing substrate, to be less thermodynamically stable than 

the unbranched rod structures, A1-A3.  The energy difference between branched and 

unbranched RNAs, in addition to the fact that to go from one structure to the other 

requires a rearrangement of ~80 nucleotides, suggests that a large energy barrier must be 

breached in order to transition from the branched structure to the unbranched rod.  The 

MPGA prediction was validated in vitro, as heating the branched RNA caused it to 

transition into the unbranched rod structure; the reverse transition did not occur (Fig. A-

4).  Therefore, the only way for the branched RNA to form is during or shortly following 

transcription.  However, it is possible that a cellular co-factor assists folding, and that 

such a co-factor allows the unbranched rod structure to convert to the branched editing 

substrate.  In future studies, it will be necessary to confirm and elaborate on the folding 
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dynamics in cells by using such experiments as UV or methylene blue crosslinking (112) 

(53).  

RNA folding in vitro was performed with T7 RNA polymerase.  In cells, it is 

believed that RNA pol II, which transcribes at least 10x more slowly than T7, is 

responsible for transcribing HDV RNA (94). Therefore, in order to optimally simulate 

cellular folding conditions, I tested various transcription conditions that slow the rate of 

T7 in vitro.  In one transcription condition, I decreased the amount of CTP while keeping 

the amount of the other NTPs constant.  One would assume that because of a limited pool 

of CTP available, the polymerase would stall at positions on the RNA that contain 

multiple CTPs; in this case, local structures would form before distant interactions.  In 

another transcription condition, all NTPs were limiting – i.e. only 120uM NTPs were 

added as compared to 2.5mM NTPs in a typical reaction – and the temperature was 

dropped from 37°C to 25°C; this condition has been shown previously to most closely 

mimic the rate of transcription of RNA pol II (74).  In both conditions tested, I found that 

the ability of MD-III-2 (mP) RNA to form metastable structures increased (Fig. B-7) over 

that of standard transcription conditions (2.5mM NTPs).   

Metastable structures play an important functional role in a number of biological 

systems, including the HDV ribozyme (28).  In many instances, the metastable structure 

is formed as a result of co-transcriptional folding (for a review, see (65)).  Folding into 

the correct structure can be determined by the sequence of nucleotides encoded in the 

RNA and sequence changes will slightly alter the folding pathway (17).  In Part B of this 

dissertation, I saw that the Peruvian isolate, but not the Ecuadorian isolate, forms 
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alternative branched structures (BALT) apart from BEDIT when transcribed in vitro (Fig. B-

6).  The nucleotides controlling the propensity of the RNA to fold into BALT were found 

to be in the distal portion of SL2 (Fig. B10), as swapping these nucleotides between 

Peruvian and Ecuadorian isolates affected the ability of the RNA to form BALT.  

Therefore, it seems that folding into metastable versus stable structures in HDV-3 is 

determined by the sequence of the RNA nucleotides.  These results, however, do not 

preclude the possibility that extrinsic factors present in cells such as ions or proteins 

affect the ability of RNA structures to form.  In fact, it would be interesting to see if 

addition of HDAg, which has been shown to have chaperone activity (98), to the in vitro 

transcription reaction affects the amount of BEDIT that forms. 

In Part B of this dissertation, I showed that there are at least two determinants 

that control cellular editing levels: the amount of RNA that forms the branched structure 

co-transcriptionally and the efficiency with which the branched RNA is edited (for a 

summary, see Fig. B-9).  In addition to these two control points, I thought that there 

might also be a temporal and spatial aspect to the regulation of editing.  It is certainly 

plausible that the length of time and location of the editing substrate might affect the 

ability of ADAR 1 to edit HDV-3 RNA in cells.  Therefore, I examined the stability of 

the branched RNA (Fig. B-8); if the metastable branched structure is highly unstable, the 

time frame in which it could be edited would be short.  By comparing the stability of 

Peruvian and Ecuadorian RNAs in vitro, I found that Peruvian BEDIT is more stable than 

Ecuadorian BEDIT (Fig. B-8).  Therefore, even though the Ecuadorian isolate forms more 

of the editing substrate than the Peruvian isolate co-transcriptionally, it might convert 
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more quickly to the uneditable structure in cells.  However, the rate at which this occurs 

in cells is probably slower than the rate at which RNA is edited because we see higher 

levels of editing for fl-E than for fl-P (Fig. B-3), even though the Peruvian branched 

RNA is a better substrate for editing (Fig. B-2).  Other factors regulating editing levels 

besides the three modeled in Figure B-9 are likely, as swapping the nucleotides in the 

‘edit’ and ‘SL2’ regions of fl-P and fl-E (Figure B-12) does not directly correlate with 

what we would expect based on in vitro data.  

Reports from other labs have suggested that the specific structure of an RNA 

molecule that forms co-transcriptionally can be dictated by either intrinsic or extrinsic 

factors (1, 17, 107).  The specific nucleotides that make up RNA secondary structures 

determines the formation of native and non-native helices, transient local or distant 

interactions, and intra- or inter- molecular base pairing (107).  In this dissertation, I found 

that the specific nucleotides that make up the miniaturized RNAs determine what 

structure will form.  In fact, by changing as few as three nucleotides, I was able to see a 

change in the distribution of RNA from one structure to another (Fig. B-10).  That the 

folding dynamics are so sensitive to minor changes in the sequence of the RNA raises 

questions as to how mutations are tolerated over the course of evolution.  It might be that 

specific sets of nucleotides such as the UGCG tetraloop at the end of SL2, that have a 

large role in nucleating RNA folding processes, are conserved over many generations.  It 

would be interesting to compare sequences of many HDV-3 sequences to see whether the 

nucleotides in proximal or distal regions, which we have shown to have a large affect on 

folding into the branched structure, are conserved in their relation to editing efficiency. 
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In addition to the role of intrinsic factors such as nucleotides in the folding of an 

RNA, it has also been shown that extrinsic factors such as proteins, other nucleic acids, 

metal ions, temperature, and vitamins have a role in determining the structural destiny of 

an RNA molecule (for a review, see (1)).  Many viruses employ proteins such as RNA 

chaperones to properly fold their RNA during replication (114).  As mentioned above, it 

is possible that HDAg assists the folding of HDV-3 RNA into one structure versus the 

other (98).  One might presume, however, that if both HDAg-S and HDAg-L have 

chaperone activity, these proteins would coerce the RNA into different structures, as the 

two proteins have different functional roles in the viral life-cycle (18, 46, 79).  It is also 

possible that host proteins such as the DEAD-box proteins play a role in folding HDV 

RNA (23).  If in fact chaperones prevent the formation of alternative, non-functional, 

structure formation for HDV-3 RNA, it is possible that the Peruvian isolate, which 

allocates a quarter of its RNA to a non-functional structure in vitro (Fig. B-6), would 

allocate a lower proportion of its RNA to alternative structures in vivo.    

In Figure B-11, I showed that four nucleotides directly downstream of the target 

adenosine are important for editing. In another experiment, I found out that these four 

nucleotides affect the way the dearminase domain (DD) interacts with the RNA (Fig. C-

6), rather than how the double stranded RNA binding domain (dsRBD) interacts with the 

RNA (Fig. C-4).  This result is intriguing in light of the base-flipping mechanism 

proposed for ADAR1.  It is thought that ADAR causes a conformational change in an 

RNA substrate consistent with flipping the reactive base from the helix into the enzyme 

active site (91, 111).  It is possible that the sequence differences between the Peruvian 
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and Ecuadorian isolates affects the manner in which the target adenosine is presented to 

ADAR 1. 

An interesting result presented in Part C shows that binding in the absence of the 

DD is less specific than in its presence (Fig. C-5), suggesting that the DD is needed for 

site selective binding.  Previous studies have shown that instead of the DD, the dsRBD 

confers ADAR specificity (for review, see (58)).  As is commonly accepted, the dsRBD 

finds a target adenosine based on bulges and mismatches that guide the protein to a 

specific region of double stranded RNA.  Here, it seems that the dsRBD will bind all over 

the molecule unless guided by, not the RNA structure, but by the DD.  What the DD is 

recognizing specifically is not known, but the nucleotides 3’ of the editing site play a role 

(Fig. B-11). 

Because ADAR 1 binds HDV-3 RNA in SL2, which is far removed from the 

editing site, it is possible that editing efficiency, as a result, is reduced.  In Figure C-3, I 

showed that even though binding to mP-SF* and mE-SF* was fairly tight, editing levels 

did not reflect this.  In comparison, HHV8 K12 RNA is very tightly bound (see Kd) and 

very well edited by ADAR 1 (Fig. C-3).  The reason for the extreme differences in 

editing efficiency between HDV and HHV8 RNA could be explained by the position of 

ADAR 1 binding.  Although it is not known where ADAR 1 binds HHV8 RNA, it is 

possible that it binds in the region close to the editing site, in much the same way that 

ADAR binds the well-edited GluR-B R/G editing substrate.  In contrast, because ADAR 

1 binds SL2 of HDV-3 RNA, and not the region downstream of the editing site, the 

ability of the protein to reach its target is probably reduced, due to distance alone.  



 56 

Therefore, I hypothesize that the location of ADAR binding plays a role in the efficiency 

of ADAR editing.   

In the model for ADAR 1 binding to HDV-3 RNA, I have diagrammed two 

possible scenarios (Fig. C-10).  In one scenario, HDV binds either as a monomer or 

dimer (shown) to SL2.  The deaminase domain reaches, or is pulled closer to the target 

adenosine via a conformational change of the RNA, in order to edit.  In this 

conformational change, it is possible that the tetraloop of SL2 forms a tertiary interaction 

with its receptor downstream of the editing site (Fig. C-8).  Although the tetraloop 

receptor for UGCG tetraloops has not been identified, the receptor for GAAA tetraloops 

has been identified, and it exhibits striking similarity to the nucleotides highlighted in 

Fig. C-8.  Tetraloop receptors form a specific secondary structure into which the 

tetraloop nestles, therefore, it is likely that the same tetraloop receptor can be docked by 

multiple tetraloops.  However, other conformational changes of the RNA besides one 

involving a tetraloop and its receptor are possible.  In the second scenario for ADAR 1 

binding to HDV-3 RNA, the region of BEDIT between the editing site and the base of SL2 

is required to position SL2, and thus ADAR 1, at a distinct distance from the editing site.  

In other data from my lab, Cheng showed that shortening or lengthening the distance 

between the editing site and SL2 decreases editing levels (data not published, not shown).  

It is also possible that a combination of both models is correct – that spacing is required 

as well as a conformational change in the RNA.    

In experiments in which I examined editing on RNA populations composed 

entirely of branched RNA, I never detected greater than approximately 65% editing.  This 
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is somewhat surprising given that the RNA is the editing substrate, and could potentially 

be edited at levels of up to 100%.  The relative low levels of editing is not a function of 

the assay, as I can detect close to 100% editing for HHV8 K12 RNA using a very similar 

editing experiment.  Instead, the levels of editing that I detected for HDV RNAs could be 

due to heterogeneous populations of RNA structures.  Even though I saw only one band 

on the gel after purification, it is possible that the band is comprised of many differing 

structures, some of which are not edited.  Additionally, it is possible that some molecules 

of ADAR 1 bind in such a way that they cannot edit and that they sterically inhibit other 

molecules from binding functionally. 

In conclusion, the data described in this thesis has advanced our understanding of 

RNA editing, HDV virology, and RNA structure dynamics.  The work in Part C has set 

the stage for future studies examining the importance of nucleotides in the vicinity of the 

editing site, and the role of base flipping in the editing reaction.  My collaborators at NCI 

have expressed interest in modeling the direct interaction between ADAR 1 and the 

editing site.  Such 3D calculations of binding should reveal the precise amino acids and 

nucleotides involved in deamination.  The discovery that ADAR 1 binds to SL2, a region 

in far proximity to the editing site, could lead to the discovery of additional substrates of 

editing.  By defining new host and viral substrates, we can better understand the 

importance of RNA editing to both human development and viral pathogenesis.   
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MATERIALS AND METHODS 

 
 

CONSTRUCTS- 

Each plasmid listed below includes a reference for the lab notebook in which detailed 

instructions for the construction of each plasmid can be found.  Once in the notebook, it 

is easily navigable by first locating the desired tab displaying the plasmid’s name and 

then by turning to the marked page.  Also, primer spec sheets provided by the 

manufacturer can be found (in chronological order) in the orange binder entitled, 

‘primers’. 

 

Miniaturized HDV: 

P-CP (Lab notebook 1) – P-CP is a circular permutation of pMDIII-1, or in other 

words, a construct in which the order of transcription is reversed (i.e. for P-CP, SL2 is 

transcribed before SL1 vs. for pMDIII-1, SL1 is transcribed before SL2).   Two DNA 

fragments of approximately 150nt were PCR amplified from the parent plasmid, pMDIII-

1.   Primers 1-4 (table M&M1) were designed to incorporate restriction sites at each end 

of both fragments, so that each PCR product could then be cloned back into the parent.  

PCR conditions: Tm of 50C for 5 cycles, then 60C for 20 cycles.  PCR product 1 was 

digested with BstX1 and HindIII, and product 2 with EcoR1 and BstX1.  pMDIII-1 was 

digested with EcoRI and HindIII.  The two PCR products together with pMDIII-1 were 

ligated, then transformed into DH5" cells.  Clones were confirmed by sequencing.   
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E89 (Lab notebook 2) – Primers 9-14 (table M&M1) were used to make this 

mutant construct that is analogous to P89; 89 contructs have flipped bases in SL1 and 

SL2.  Flipping the bases in the distal portion of the stem loops destabilizes the 

unbranched rod so that only branched RNA can form co-transcriptionally in vitro.  M8 

and M9 mutations were made individually via PCR mutagenesis.  For M8, primers 9&11 

and 10&14 (table M&M1) were used for the first step of PCR; primers 9&14 were used 

for the second step of PCR.  For M9, primers 9&13 and 12&14 were used for the first 

step, and primers 9&14 were used for the second.  Addition of a 2% formamide solution 

was required to obtain a PCR product with primers 9&13.  The M8 fragment was inserted 

into the parent plasmid, pMDIII-1, at the EcoR1 site, and clones were sequenced.  The 

M9 PCR product was inserted into the M8 construct between BstX1 and HindIII.  M89 

clones were screened via digestion with ApaI and NgoMIV.   

M10, M11, CP M10, CP M11 (notebook 2) – NR M10 and M11 had been 

assayed previously for their ability to be edited in cells.  By engineering these mutations 

into the constructs for miniaturized RNA we were able to test the extent to which these 

mutants formed branched and unbranched RNAs.  Overlapping PCR was used to 

generate M10 and M11 mutations in SL2 of pMDIII-1 or P-CP.  Primers 15&6 and 

17or19&16 (table M&M1) were used to generate two PCR fragments from pMDIII-1 

with overlapping regions on primers 6&17or19.  A second PCR using primers 15&16 

annealed these two fragments into a 303 bp product that was ligated into the EcoR1 and 

Pst1 sites of pMDIII-1.  The same method was used to generate the CP version of M10 

and M11 except the following primers were used: 22&6 and 17or19&21 for the first 
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round of PCR, and 20&21 for the second round.  This 289 bp product was digested with 

EcoR1 and inserted into P-CP.   

Mini chimeras on P, E wt and 89 constructs (notebook 3) – the name 

‘chimeras’ refers to the fact that these constructs are partially Peruvian and partially 

Ecuadorian in sequence.  The two isolates’ sequences were swapped at two regions on 

the branched RNA:  the editing site, and the base of SL2.  All of the nucleotides being 

changed were located between the BstX1 and HindIII sites, thus these restriction sites 

were used for cloning.  In order to make the proximal SL2 mutations, primers 36&39 or 

37&39 (table M&M1) were used on either pMDIII-1 and P89 or pMDIII-2 and E89 

templates, respectively, to generate 180bp PCR products.  The editing site mutations 

were made with primers 38&34 or 38&35 on Peruvian or Ecuadorian templates.  Clones 

were verified by sequencing.   

In addition to the base of SL2 and the editing site, three nucleotides in the distal 

portion of SL2 were swapped between the two isolates in either the wild type constructs 

or the constructs containing mutations in the proximal region of SL2.   Because these 

three nucleotides were not near a restriction enzyme site, two-step PCR was used to 

generate mutations.  In the first round of PCR, primers 49 and 51 or 54 (containing the 

mutation for P or E, respectively) were used to generate one fragment, and primers 46 or 

47 (P or E) and 48 were used to generate the other fragment.  These two fragments were 

joined with a second PCR using outside primers, 48 and 49.  The 321 bp PCR product 

was then cloned into EcoR1 and HindIII sites of pMDIII-1. 



 61 

P24/25, E24/25 (notebook 3) – these constructs are similar to their NR versions in 

that they lack both SL1 and SL2, however, when transcribed, the noncoding portion of 

the RNA is synthesized first in the NR construct whereas the coding side is synthesized 

first in these mini RNAs.  The entire 24/25 sequence is 180 nucleotides, therefore, 4- 80 

to 90 base oligos were joined to make each construct.  The oligos were designed so that 2 

pairs of oligos with complementary sequence would anneal and generate a sticky end in 

the middle.  The 2 pairs of annealed oligos overlapped by 10 nucleotides in the center of 

the desired product.  EcoR1 and HindIII sites were engineered at the ends.  The oligos 

used to make P24/25 were: 58&59 and 60&61 (table M&M1), and the oligos used to 

make E24/25 were 58&59 and 62&63.  Upon arrival, each oligo was resuspended in 

100ul dH2O.  1nmoles each of complementary oligos were combined in a test tube with 

annealing buffer (100mM Tris HCl pH 7.5, 1M NaCl, 10mM EDTA) to a final volume of 

100ul.  Samples were heated to 94C for 4 minutes and then allowed to slow cool to room 

temperature.  Annealed oligos were phosphorylated with Polynucleotide Kinase (PNK), 

and then ligated into the EcoR1 and HindIII sites of pMDIII-1.  

P89* and E89* (notebook 4) – an alternate alias for these constructs is ‘P89, E89 

w/ proximal stem flips (SF)’.  Bruce Shapiro, our collaborator at the NCI suggested that, 

in addition to the existing stem flips in the distal portion of SL1 and SL2 of the 89 

constructs, that we add stem flips to the proximal portion of both SL1 and SL2.  

According to Shapiro’s MPGA folding algorithm, doing so would prohibit the RNA from 

forming an alternate branched structure such as ‘Bx’.  Mutations were incorporated by 

ligating synthesized oligos between the Sbf1 and PflM1 restriction sites for SL1 and 
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between the BstX1 and Apa1 sites for SL2.  Pairs of oligos were annealed and 

phosphorylated as for mini 24/25 constructs.  For the Peruvian 89*, oligos 64&65 were 

annealed to make the SL1 fragment and 66&67 were annealed to make the SL2 fragment 

(table M&M1).  For the Ecuadorian 89*, oligos 68&69 were annealed to make the SL1 

fragment and 70&71 were annealed to make the SL2 fragment.  Annealed oligos did not 

need to be digested, as sticky ends were engineered into the oligo design.   

P24/25***, E24/25*** (notebook 4) – triple star (***) mutants are designed to 

have a loop 5’ of the editing site when folded in accordance with mfold &MPGA 

predictions.  24/25*** sequences are approximately 140 nucleotides in length.  4 oligos 

(2 sets of complimentary sequences) were designed with restriction sites at each end and 

a 10bp overhang in the middle.  The four oligos for Peruvian RNA are 72&73 and 

76&77.  The four oligos with Ecuadorian sequence are 74&75 and 76&77.  

Complimentary oligos were annealed and phosphorylated as for mini 24/25 constructs, 

then ligated into the EcoR1 and HindIII sites of pMDIII-1.   

P89***, E89*** (notebook 4) – These constructs differ from P89* and E89* in 

that they contain only HDV sequence (no additional linker nucleotides), and the loop 

joining the two sides of the molecule is 5’ of the editing site (versus 3’). Two-step, 

overlapping PCR requiring four primers for each isolate, enabled amplification of P89* 

and E89* templates.  Primers 80&82 and 84&78 were used to amplify P89* in the first 

step of PCR; primers 79&81 and 83&78 were used to amplify E89* in the first step.  For 

the second round, using the first step products as template, primers 80&78 were used to 

amplify Peruvian sequence and 79&78 were used to amplify Ecuadorian sequence.  273 
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nucleotide products were cloned into pGEM-T via T-A overhangs, and these plasmids 

were sequenced.  Plasmids with the correct sequence were digested and cloned into 

pMDIII-1 at the EcoRI and HindIII restriction sites. 

P89*** w/ !SL1, P89*** w/ !SL2 (notebook 4) – In order to make these 

constructs, both 89*** constructs and 24/25 constructs were digested with either EcoRI 

and ApaI or ApaI and HindIII.  By digesting 89*** with EcoRI and ApaI, a ~85 

nucleotide sequence encompassing SL1 was removed.  The same restriction enzymes 

were used to digest 24/25***, and this fragment was ligated into these sites on 89***.  

SL2 was deleted similarly: 89***, and 24/25*** were digested with ApaI and HindIII, 

and the fragment removed from 24/25*** was ligated into the corresponding sites on 

89***.   

 P89*** w/ !SL1 & SL2 deletions (GAAA, UUUUU, M28, M28T) (notebook 

4) – These variants of P89*** w/ !SL1 were designed to examine the regions of SL2 

necessary for binding and editing HDV-3 RNA.  In order to make these mutations, oligos 

were synthesized to encompass the sequence between EcoRI and ApaI that includes SL2.  

In order to change the UGCG native tetraloop to GAAA, oligos 89 and 90 were annealed 

and phosphorylated as for mini 24/25 constructs.  For the UUUUU loop, oligos 91 and 92 

were used.  For truncations of SL2, M28 and M28T (UGCG tetraloop added back), oligos 

87&88 or 85&86 were annealed together respectively.  Annealed oligos were ligated into 

EcoRI and ApaI digested P89*** w/ !SL1. 

 

Non-replicating HDV: 
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GAAA tetraloop (Lab notebook 1) – purpose of construct: by replacing the 

natural UGCG tetraloop with a GAAA tetraloop, we could analyze the contribution of the 

SL2 tetraloop to editing.  The GAAA tetraloop mutation was made by double PCR.  In 

the first PCR reaction, Peru !Bx !PA NR was amplified with primers 5 and 6 or 7 and 8 

(table M&M1); these two fragments were used as the template for a second PCR reaction 

in which primers 5 and 8 were used to form a 649 bp fragment.  This fragment was then 

cloned into M24/25 at Bsm1 and Sfi1 sites.  Basically, a new fragment containing SL2 

was synthesized to contain the GAAA mutation, and this fragment replaced the same 

sequence in the parent construct.   

M10/M11 (Lab notebook 1) – to make this construct, M10 and M11 were cut out 

of the replicating constructs (pCMV Peru M10 or pCMV Peru M11) containing these 

mutations, and these fragments were inserted into the Bsm1 and Sfi1 restriction sites of 

M9.  M9 contains a Sma1 site that was useful for screening the clones.     

Ec M89 (notebook 3) – 2 attempts…didn’t work 

Ec 24/25 (notebook 3) – This construct is comparable to the Peruvian NR24/25 in 

that both SL1 and SL2 have been removed.  With the remaining sequence, only five 

nucleotides differed between the two isolates in the editing region.  To make the 

Ecuadorian version of NR24/25, only the four nucleotides on the non-coding side of the 

genome were changed from Peruvian sequence to Ecuadorian sequence, since these 

nucleotides seemed to have the largest effect on the structure of the RNA.  These changes 

were made using two-step PCR.  In the first step, two fragments were made with primers 

57&44 and 43&26 (table M&M1).  The outside primers 57&26 were used to generate a 
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505 bp product that was digested with Xba1 and Bsm1 and ligated into pCMV-Peru NR 

M24-M25. 

 

Replicating HDV: 

 Ecuadorian chimera (notebook 2) – The cloning strategy for making this 

construct was to amplify SL1 and SL2 from the Ecuadorian mini HDV (pMDIII-2) and 

insert it into the corresponding regions of the Peruvian replicating HDV 

(pCMV2Peru1.2).  As there were no restriction sites common to these two plasmids, 

insertion of SL1 and SL2 fragments into pCMV2Peru1.2 required that regions of this 

plasmid were also amplified, so as to create a large fragment of DNA with restriction 

sites on the ends.  In order to make a single fragment containing SL2, the first step was to 

generate three PCR products: A, B, and C.  Fragment A contained an EcoR1 site at the 5’ 

end and was amplified from pCMV2Peru1.2.  Fragment C was amplified from the same 

plasmid and contained a Bsm1 site at the 3’ end.  Fragment B containing SL2 was 

amplified from pMDIII-2 and contained regions at each end that overlapped with 

fragments A and C.  The primers for A were 23&24, for B were 27&28 and for C were 

25&26.  Originally, VENT polymerase was added to the PCR reaction containing 

platinum TAQ in order to remove A overhangs, but the addition of VENT prevented 

amplification for unknown reasons.  Without VENT, however, PCR products were 

formed, and A overhangs were removed by subsequent incubation of DNA in VENT for 

30minutes at 75°C.  Fragments A, B, and C were then annealed in a second PCR using 

outside primers 23 and 26.  This resultant 788 bp fragment was then cloned into the 
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EcoR1 and Bsm1 sites of pCMV2Peru1.2.  SL1 was similarly cloned into 

pCMV2Peru1.2 except that only two PCR fragments were initially made: A from 

template pMDIII-2, and B from template pCMV2Peru1.2.  For fragment A, primers 

29&30 were used to generate a 121 bp product containing a Pst1 site.  Primers 31&32 

were used to generate a 494 bp product containing an Xba1 site.  The two fragments were 

joined with primers 29 and 32, and the 572 bp fragment was ligated into pCMV2Peru1.2.  

Unfortunately, all clones that were sequenced contained a T to C nucleotide change at 

position 4043 (numbering according to the MacVector file).  Primer 33 (table M&M1) 

was designed to fix the undesired mutation.  This primer, along with primer 23 generated 

a PCR product with Bsm1 and EcoR1 sites at the two ends.  The new clone was verified 

by sequencing.   

 Edit, SL2 chimeras (notebook 3) Swap mutations were made between the 

Peruvian (P) and chimeric (E) replicating constructs at the editing site and at the base of 

SL2.  These mutations enabled us to determine how structural dynamics affect editing 

levels in cells.  The editing site and SL2 mutations for PtoE and for EtoP constructs were 

generated via two-piece overlapping PCR.  For swapping the Peruvian edit site 

nucleotides to Ecuadorian nucleotides, primers 43&26, and 23&44 were used to amplify 

two fragments from pCMV2Peru1.2.  The overlapping primers, 43&44, contained the 4 

editing site mutations.  In order to change the three nucleotides at the base of SL2, two 

fragments were amplified between primers 42&23 and 40&26.  For both the editing site 

and SL2 site mutations, a second round of PCR was used to combine the two smaller 
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fragments.  The final 837 bp products were digested with EcoR1 and BsmB1 and inserted 

into pCMV2Peru1.2.  Clones were verified by sequencing.   

In order to change the Ecuadorian nucleotides to Peruvian nucleotides, a similar approach 

was employed.  Two fragments were amplified from the ‘replicating chimera’ construct 

in the first PCR: between primers 23&55, and 56&50.  The outside primers, 23&50 were 

used in the second PCR.  The products were digested with BsmI and EcoRI and inserted 

into the replicating chimera.  Again, clones were verified by sequencing.   

 

ENZYMATIC ANALYSIS OF RNA SECONDARY STRUCTURES 

Three fmol of 5’- or 3’- end labeled RNA were incubated in structure buffer containing 

10 mM Tris pH 7.0, 100 mM KCl, 10 mM MgCl2, 4µg yeast RNA, and nuclease-free 

water. All buffers for RNA structural analysis were obtained from Ambion and used 

according to the manufacturer's recommendations. RNase digestions were performed at 

room temperature for 15 minutes with 1 unit of RNase T1 (Ambion), or either 1 or 0.1 

units RNase A (Ambion), as indicated.  Following digestion, RNA was precipitated, 

resuspended in gel loading buffer (95% formamide, 18mM EDTA, 0.025% SDS, 0.025% 

Xylene Cyanol, 0.025% Bromophenol Blue) and loaded onto a 6% polyacrylamide/7M 

urea sequencing gel.  RNA sequencing was performed by digestion of end labeled RNA 

with RNase T1 for 15 minutes at 55°C in 1x sequencing buffer (20 mM sodium citrate 

pH 5, 1 mM EDTA, 7M urea).  To produce an alkaline hydrolysis ladder, RNA was 

incubated at 95°C for the indicated amounts of time in Hydrolysis Buffer (50 mM sodium 

carbonate pH 9.2, 1mM EDTA).  The gel was fixed in 6% acetic acid / 10% ethanol, 
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dried, then exposed to a phosphor screen overnight.  Digestion patterns were visualized 

by radio-analytic imaging (Molecular Dynamics Storm 475). 

 

In vitro EDITING ASSAY 

For editing analyses, 1 fmol of RNA was incubated with either purified ADAR 1 or a 

nuclear extract containing ADAR 1 at varying temperatures and for varying lengths of 

time, as indicated.  RNA and protein were combined in editing buffer (0.02M HEPES pH 

7.0, 0.1M NaCl, 10% glycerol, 5mM EDTA, 250 units/ml RNasin RNase inhibitor 

(Invitrogen, Carlsbad, CA), 1mM dithiothreitol, 25µg BSA, 0.1mM 

Phenylmethylsulfonyl fluoride (PMSF) (22)).  After incubation, RNA was purified by 

extraction with phenol-chloroform and precipitation with ethanol.  RNA editing at the 

amber/W site was analyzed by StyI digestion of RT-PCR products as previously 

described (10, 14, 70).  PCR primers differed depending on the RNA being analyzed 

(table M&M2).  

 

ADAR-1 (&K800) PURIFICATION 

Sf9 cells were grown to a density of 2 x 10
6
 cells/ml and infected

 
with ADAR1 or K800 

recombinant baculovirus at a multiplicity of infection
 
of 10 to 20 according to supplier's 

recommendations. At 72 h
 
postinfection, 10

9
 cells were collected by centrifugation at

 

5,000 rpm. Cells were resuspended in 1 ml of BD Pharmingen insect
 
cell lysis buffer and 

1x complete protease inhibitor mixture
 
(Sigma, St. Louis, MO). After a 45-min 

incubation at 4°C,
 
protein extract was cleared of debris by centrifugation at 25,000

 
rpm 
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for 45 min. FLAG-tagged ADAR1 was purified by column chromatography
 
essentially as 

described previously (Nishikura 1995). Briefly, an anti-FLAG
 
M2 monoclonal antibody 

agarose gel affinity column (Sigma) was
 
equilibrated with BD Pharmingen insect cell 

lysis buffer. Total
 
infected cell extract was passed over 250 !l of resin

 
four times. The 

column was then washed with three 1-ml volumes
 
of BD Pharmingen lysis buffer; ADAR 

protein was eluted with
 
200 !g of 3x FLAG peptide/ml diluted in lysis buffer. 

  

RNA PREPARATION AND STRUCTURE ISOLATION 

Plasmids were linearized with HindIII and transcribed in vitro with T7 RNA polymerase 

for one hour at 37°C.  Transcripts were either uniformly labeled with ["]–
32

P–CTP 

(3000Ci/mmole), labeled at the 5’ end using [#]–33
P–ATP and T4 Kinase (NEB, Ipswich, 

MA), or labeled at the 3’ end using 
32

P-pCp and RNA ligase (Ambion, Austin, TX).  

Radiolabeled nucleotides were purchased from MP Biomedicals (Irvine, CA). For all 

subsequent manipulations, RNA was kept at or below 4°C unless otherwise indicated.   

Non-denaturing polyacrylamide gel electrophoresis was performed for 4 hours at 30W on 

6% polyacrylamide gels in 0.5X TBE buffer (1X TBE = 89 mM Tris, 89 mM boric acid, 

2 mM EDTA, pH 8.3).  RNAs were detected with a phosphorimager or with Kodak 

Biomax MS film, excised, and purified using Ultrafree
TM

-MC and Microcon YM-30 

columns (Milllipore Corp., Bedford, Mass.) according to the manufacturer’s 

recommendations.  RNA recovery rates were calculated based on scintillation counts. 

 

NUCLEAR EXTRACTION OF ADAR 1 
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HEK 293 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 

10% fetal bovine serum and 1 mM glutamine. Cells were transfected with ADAR-1 

expression construct pDL701 (104) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s specifications. The pDL701 expression plasmid produces 

the p110 form of ADAR-1. Nuclear extracts were harvested 48 hours post-transfection as 

previously described (82).  Briefly, cells were washed in 1x phosphate-buffered saline, 

pelleted, resuspended in cold buffer A (10mM HEPES pH 7.9, 10mM KCl, 0.1mM 

EDTA, 0.1mM EGTA, 1mM DTT, 0.5mM PMSF), and incubated on ice for 15 minutes.  

25µl 10% Nonidet NP40 was added and the mixture was vortexed and centrifuged 

briefly.  Pellets were resuspended in ice cold buffer C (20mM HEPES pH 7.9, 0.4M 

NaCl, 1mM EDTA, 1mM EGTA, 1mM DTT, 1mM PMSF), and incubated at 4°C for 15 

minutes. After 5 min centrifugation at 13,000xg the supernatant was removed and stored 

at -80°C. 

 

KINETIC ANALYSIS OF RNA STRUCTURES 

Uniformly labeled RNA transcripts purified from a non-denaturing gel were incubated at 

40°C in a circulating water bath.  The bath temperature was monitored with a Scientific 

Precision Thermometer (Fisher, Pittsburgh, PA); fluctuation was less than 0.3°C.  At 

indicated time points, aliquots were taken and immediately chilled on ice. Samples were 

electrophoresed on a second non-denaturing gel at 4°C for 4 hours.  The gel was exposed 

to a phosphor screen overnight, which was then scanned with a Molecular Dynamics 

Storm 475 phosphorimager.  
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NORTHERN BLOT ANALYSIS OF HDV-3 REPLICATING RNA 

RNA was electrophoresed through a 1.5% agarose gel containing
 
2.2 M formaldehyde, 

transferred to a positively charged nylon
 
membrane, and hybridized with an antigenomic-

sense 
32

P-labeled
 
probe, pT7 Peru-1 (+) + HindIII.  The hybridization temperature was 

65°C and the post-hybridization wash temperature was 70°C.  The amount and integrity 

of RNA loaded in each lane was visualizing by ethidium bromide staining.  Blots were 

scanned with a Molecular Dynamics Storm phosphorimager and analyzed with ImageJ.   

 

IMMUNOBLOT ANALYSIS OF ADAR 1 

Protein containing both a FLAG and His tag was extracted from Sf9 cells was run on a 4-

12% Bis-tris NuPAGE gel (Invitrogen, Carlsbad, CA), transferred to a nitrocellulose 

membrane, and immunoblotted as described previously (reference).  Primary anti-HA 

(Santa Cruz Biotechnology, Santa Cruz, CA) was added at a 1:1000 dilution.  A 1:5000 

dilution of Goat anti-mouse IgG (Kirkegaard & Perry Laboratories, Gaithersburg, MD) 

was added as a secondary probe.  Protein bands were detected using the ECL Plus 

Detection system (Amersham, Piscataway, NJ) and a Molecular Dynamics Storm 

phosphorimager. 

 

ANALYSIS OF VIRAL RNA 

Human hepatoma cells, Huh7, were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum and 1 mM glutamine.  Cells were co-
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transfected with an HBsAg expression construct and replicating HDV RNA at a 1:1 ratio.  

9 days post-transfection, both the medium containing viral particles and the infected cells 

containing viral RNA, cellular RNA, and HDAg-L were collected.  The medium was 

centrifuged in a Beckman SW41 Ti rotor at 10,000rpm for 10minutes.  Supernatant was 

loaded on a 3ml cushion of 20% sucrose, 0.02M HEPES (pH 7.4), 0.01M CaCl2, and 

0.1% BSA, and then centrifuged in a Beckman SW41 Ti rotor at 35,000rpm for 5 hours.  

Supernatant was poured off and the pellet was incubated in lysis buffer (0.05M HEPES 

pH 7.2, 0.05M EDTA, 0.2M NaCl, 2% SDS, 1mg proteinase K) for 2 hours at 37°C.  

RNA was purified by phenol chloroform extraction and ethanol precipitation, and 

analyzed by Northern Blotting.   

 

ELECTROPHORETIC MOBILITY SHIFT ASSAY 

One femtomole of purified RNA was incubated with indicated amounts of purified 

ADAR 1 in 30µl editing buffer (Nishikura) for 30 minutes at 37°C.  Following 

incubation, samples were immersed in ice until loaded and electrophoresed on a 6% non-

denaturing polyacrylamide gel.  Binding assays were visualized with a Molecular 

Dynamics Storm phosphorimager and the fraction of RNA bound by protein was 

calculated [fraction bound = 1 – (free RNA/total RNA)] (Ohman, Bass).  

 

RNA TRANSCRIPTION 

Miniaturized delta RNAs were prepared via in vitro transcription of linearized plasmid 

DNA.  T7 RNA polymerase transcription rates vary depending on the temperature of the 
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reaction and the concentration of nucleotides added.  Repsilber et al showed that by 

limiting the pool of nucleotides in a transcription reaction, T7 transcription rates could be 

slowed to a speed similar to that of pol II (74).  Because it is likely that HDV uses pol II 

for replication (reference), we chose to slow transcription by using only 120µM each of 

ATP, GTP, UTP, and CTP and a temperature of 25°C for incubation.  Other transcription 

conditions examined were one of limiting CTP (2.5mM ATP, GTP, UTP, 60µM CTP), 

and one with high equimolar NTPs (2.5mM of each).  The latter two transcription 

reactions were performed at 37°C. 

 

 

 

 

 

 

Table M&M1: 

# Name Construct 

made 

Parent plasmid Sequence Date 

ordered 

1 F-SL1-

BSTX1 

P-CP pMDIII-1 ttg tca cca ctt cgg gaa 

ttc ggg tga cgc ttc gt 

6.28.04 

2 R-SL1-

HINDIII 

P-CP pMDIII-1 gta gct aag ctt gtg gct 

ggg acc cag taa tac c  

6.28.04 

3 F-SL2-

ECOR1 

P-CP pMDIII-1 tgc gat gaa ttc ggt ggc 

tgg gac cca gtt tt 

6.28.04 

4 R-SL2-

BSTX1 

P-CP pMDIII-1 gaa ctg cca ccg aag tgg 

ttc ggg tga cgc ctc gg  

6.28.04 

5 qc0014 NR GAAA Peru !Bx !PA 

NR 

gaa att aat acg act cac 

tat agg gag acc 

7.16.04 

6 M9 rev NR GAAA Peru !Bx !PA 

NR 

gga gtt ccc cca cca tcc 

ctt c 

7.16.04 

7 GAAA NR GAAA Peru !Bx !PA gaa ggg atg gtg ggg 7.16.04 
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tetraloop 

NR 

NR gaa ctc cat cgg gtc cga 

aag gcc ccg gtc gat ct 

8 3602A NR GAAA Peru !Bx !PA 

NR 

cca cga cgc tag caa acc 

gt 

7.16.04 

9 T7 5796 Mini M89 pMDIII-2 ggg gtc tag atg taa tac 

gac tca cta 

 

10 EM8F Mini M89 pMDIII-2 ggg agt tcc gga gtc cgg 

gaa aag ggg aac ccc ttt 

tcc gat cga cat ccg agg 

atc cca gca gtt ccc ata 

gt 

3.22.05 

11 EM8R Mini M89 pMDIII-2 atg gga act gct ggg atc 

ctc gga tgt cga tcg gaa 

aag ggg ttc ccc ttt tcc 

cgg act ccg gaa ctc cct 

gca 

3.22.05 

12 EM9F Mini M89 pMDIII-2 cca ggg atg gtg ggg 

aac tcc tag ccc aag tgc 

gct tgg gct acg atc tcc 

ccc tgt tcc cat tcc tgg 

gag 

3.22.05 

13 EM9R Mini M89 pMDIII-2 gga gtt ccc cac cat ccc 

t 

3.22.05 

14 EM89R Mini M89 pMDIII-2 cgt cgt ctg cag aat tcg 

ggt atc gcc tcg ttc 

3.22.05 

15 MP-2F1 Mini M10, 

M11 

pMDIII-1 ctg ctg gaa ttc ggg tga 

cgc ttc gtg ccc agc ctg 

5.17.05 

16 MP-2R2 Mini M10, 

M11 

pMDIII-1 cgt cgt ctg cag aat tcg 

ggt gac gcc tcg gc 

5.17.05 

17 FwtM10 Mini M10, 

M11, CP10, 

CP11 

pMDIII-1 ggc ccc ggt cga tct ccc 5.3.05 

18 RM10 Mini M10, 

M11, CP10, 

CP11 

pMDIII-1 cgc agc acc cga tgg agt 

tc 

5.3.05 

19 FM11 Mini M10, 

M11, CP10, 

CP11 

pMDIII-1 gcc ccc ggt cga tct ccc 5.3.05 

20 CPF CP10, CP11 P-CP ggg cgg aat tcg gtg gct 

ggg 

5.17.05 

21 CPR CP10, CP11 P-CP aag ctt gtg gct ggg acc 5.17.05 
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cag taa tac c 

22 CP F 2 CP10, CP11 P-CP cga tta agt tgg gta acg 

cca ggg 

5.23.05 

23 PeruEcSL2

AF 

Ec chimera pCMV2Peru1.2 ctg ctg gaa ttc gag ctc 

ggt acc cg 

5.31.05 

24 PeruEcSL2 

AR 

Ec chimera pCMV2Peru1.2 ggt ccc gat agg ggc acc 5.31.05 

25 PeruEcSL2 

CF 

Ec chimera  pCMV2Peru1.2 cga ggc gtc acc ccc g 5.31.05 

26 PeruEcSL2 

CR 

Ec chimera pCMV2Peru1.2 ctg ctg cga atg cca atc 

ggc agc 

5.31.05 

27 PeruEcSL2 

BF 

Ec chimera pMDIII-2 ggt gcc cct atc ggg acc 

agt ttt cgt cgg cca g 

5.31.05 

28 PeruEcSL2 

BR 

Ec chimera pMDIII-2 ccg ggg gtg acg cct cgt 

tcc ctc ctt agc act gag 

atc c 

5.31.05 

29 PeruEcSL1 

AF 

Ec chimera pMDIII-2 gcc cag cct gca ggg agt 

tc 

5.31.05 

30 PeruEcSL1 

AR 

Ec chimera pMDIII-2 cca gta ata ccc ggg ggg 

agg 

5.31.05 

31 PeruEcSL1 

BF 

Ec chimera pCMV2Peru1.2 cct ccc ccc ggg tat tac 

tgg 

5.31.05 

32 PeruEcSL1 

BR 

Ec chimera pCMVPeru1.2 gat cct cta gag gat ccc 

cgg gc 

5.31.05 

33 chimeraTfix 

R 

Ec chimera Ec chimera ctg ctg cga atg cca atc 

ggc agc aaa ctc ctc tg 

8.12.05 

34 P to EDIT E 

-- R 

Mini chimera P89, pMDIII-1 ctg ctg aag ctt gca tgc 

ctg cag aat tcg ggt gac 

gcc tcg gcc ctt cct tag 

cac tga gat ccc ggg ccc 

c 

8.30.05 

35 E to EDIT P 

– R 

Mini chimera E89, pMDIII-2 ctg ctg aag ctt gca tgc 

ctg cag aat tcg ggt atc 

gcc tcg ttc cct cct tag 

cat cgg aat ccc ggg ccc 

c 

8.30.05 

36 P to SL2 E 

– F 

Mini chimera P89, pMDIII-1 ctg ctg cca ctt cgg tgg 

ctg gga ccc agt ttt cgt 

cgg cca ggg atg gtg 

ggg 

8.30.05 

37 E to SL2 P Mini chimera E89, pMDIII-2 ctg ctg cca ctt cgg tgg 8.30.05 



 76 

– F ctg gga ccc agt ttt cgt 

ccg gaa ggg atg gtg 

ggg 

38 mini wt 

BstXI – F 

Mini chimera P89, E89, 

pMDIII-1, 

pMDIII-2 

ctg ctg cca ctt cgg tgg 

ctg gga ccc a 

8.30.05 

39 mini wt 

HindIII – R 

Mini chimera P89, E89, 

pMDIII-1, 

pMDIII-2 

ctg ctg aag ctt gca tgc 

ctg cag aat tcg gg 

8.30.05 

40 F EtoP SL2 

Repl. 

EtoP SL2 

replicating 

Replicating 

chimera 

ggt gcc cct atc ggg acc 

agt ttt cgt ccg gaa g 

12.28.05 

41 F PtoE SL2 

Repl. 

PtoE SL2 

replicating 

pCMV2Peru1.2 ggg acc agt ttt cgt cgg 

cca ggg atg 

12.28.05 

42 R PtoE SL2 

Repl. 

PtoE SL2 

replicating 

pCMV2Peru1.2 gtt ccc cca cca tcc ctg 

gcc gac ga 

12.28.05 

43 F PtoE 

EDIT Repl. 

PtoE EDIT 

replicating 

pCMV2Peru1.2 ggg ggc ccg gga tct 

cag tgc taa gg 

12.28.05 

44 R PtoE 

EDIT Repl. 

PtoE EDIT 

replicating 

pCMV2Peru1.2 ctc ggc cct tcc tta gca 

ct gaga tcc cg 

12.28.05 

45 R EtoP 

EDIT Repl. 

EtoP EDIT 

replicating 

Replicating 

chimera 

ccg ggg gtg acg cct cgt 

tcc ctc ctt agc atc gga 

atc c 

12.28.05 

46 F 1-10-06 

PtoE 

Distal 

chimeras 

pMDIII-1 ggg aac tcc atc ggg ttc 

tgc ggg gcc cgg tcg 

1.11.06 

47 F 1-10-06 

EtoP 

Distal 

chimeras 

pMDIII-2 ggg gaa ctc cat cgg gtc 

ctg cgg gcc ccg gtc g 

1.11.06 

48 R 1-10-06 

Both 

Distal 

chimeras 

pMDIII-1, 

pMDIII-2 

ata ctc aag ctt gca tgc 

ctg cag aat tcg g 

1.11.06 

49 F 1-10-06 

Both 

Distal 

chimeras 

pMDIII-1, 

pMDIII-2 

ggg cgg aat tcg ggt gac 

gct tc 

1.11.06 

50 R CHIM 1-

10-06 

Distal 

chimeras 

pMDIII-1, 

pMDIII-2 

aga ccc cgg tcc gaa tgc 

caa tcg gca gca aac 

1.11.06 

51 R 1-10-06 

PtoE 

Distal 

chimeras 

pMDIII-1 cgg gcc ccg cag aac 

ccg atg gag ttc ccc acc 

1.11.06 

 

52 F EtoP 

EDIT 1-10-

06 

Distal 

chimeras 

pMDIII-2 ccg gga ttc cga tgc taa 

gga ggg aac gag gcg tc 

1.11.06 

53 R EtoP 

EDIT 1-10-

06 

Distal 

chimeras 

pMDIII-2 ctt agc atc gga atc ccg 

ggc ccc 

1.11.06 

54 R 1-10-06 Distal pMDIII-1, cgg ggc ccg cag gac 1.11.06 
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EtoP chimeras pMDIII-2 ccg atg gag ttc ccc cac 

c 

55 R EtoP 

SL2prox1.2

5.06 

EtoP SL2 

replicating 

Replicating 

chimera 

cat ccc ttc cgg acg aaa 

act ggt ccc gat ag 

1.25.06 

56 F EtoP 

SL2prox1.2

5.06 

EtoP SL2 

replicating 

Replicating 

chimera 

cgt ccg gaa ggg atg gtg 

ggg aac tcc atc ggg 

1.25.06 

57 F6-8-06 Ec NR 2/25 P NR 24/25 ggt acc gag ctc gga tcc 

tct aga gtc gcc 

6.8.06 

58 EcoR1 top Mini P24/25, 

E24/25 

oligo aat tcg ggt gac gct tcg 

tgc cca gct tcc ata gta 

tgg gtt tac ccc gcc tcc 

ccc cgg gta tta ctg ggt 

ccc agc cac 

7.10.06 

59 EcoR1 

bottom 

Mini P24/25, 

E24/25 

oligo cag cca ccg aag tgg ctg 

gga ccc agt aat acc cgg 

ggg gag gcg ggg taa 

acc cat act atg gaa gct 

ggg cac gaa gcg tca 

ccc g 

7.10.06 

60 PeruHindIII

top 

Mini P24/25 oligo ttc ggt ggc tgg gac cca 

gtc ctg gga ggg ggc 

ccg gga ttc cga tgc taa 

gga agg gcc gag gcg 

tca ccc gaa ttc tgc agg 

cat gca 

7.10.06 

61 PeruHindIII 

bottom 

Mini P24/25 oligo agc ttg cat gcc tgc aga 

att cgg gtg acg cct cgg 

ccc ttc ctt agc atc gga 

atc ccg ggc ccc ctc cca 

gga ctg ggt cc 

7.10.06 

62 EcHindIII 

top 

Mini E24/25 oligo ttc ggt ggc tgg gac cca 

gtc ctg gga ggg ggc 

ccg gga tct cag tgc taa 

gga agg gcc gag gcg 

tca ccc gaa ttc tgc agg 

cat gca 

7.10.06 

63 EcHindIII 

bottom 

Mini E24/25 oligo agc ttg cat gcc tgc aga 

att cgg gtg acg cct cgg 

ccc ttc ctt agc act gag 

atc ccg ggc ccc ctc cca 

7.10.06 
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gga ctg ggt cc 

64 P SL1 top P89* oligo ggg aga ggc gga gtc 

ccg gaa aag ggg aac 

ccc ttt tcc gat cga cat 

ccg act tac cca gca gtt 

ccc ata gt 

2.12.07 

65 P SL1 

bottom 

P89* oligo atg gga act gct ggg taa 

gtc gga tgt cga tcg gaa 

aag ggg ttc ccc ttt tcc 

ggg act ccg cct ctc cct 

gca 

2.12.07 

66 P SL2 top P89* oligo gtg gct ggg acc cag ttt 

tcg tcc gga agg gat ggt 

gcc cct act cct agc cct 

ggt gcg ccc ggg cta 

cga tca ggg gct gtt ccc 

att cct ggg agg ggg cc 

2.12.07 

67 P SL2 

bottom 

P89* oligo ccc tcc cag gaa tgg gaa 

cag ccc ctg atc gta gcc 

cgg gcg cac cag ggc 

tag gag tag ggg cac cat 

ccc ttc cgg acg aaa act 

ggg tcc cag cca ccg aa 

2.12.07 

68 E SL1 top E89* oligo ggg aga ggc gga gtc 

ccg gaa aag ggg aac 

ccc ttt tcc gat cga cat 

ccg act ttc cca gca gtt 

ccc ata gt 

2.12.07 

69 E SL1 

bottom 

E89* oligo atg gga act gct ggg aaa 

gtc gga tgt cga tcg gaa 

aag ggg ttc ccc ttt tcc 

ggg act ccg cct ctc cct 

gca 

2.12.07 

70 E SL2 top E89* oligo gtg gct ggg acc cag ttt 

tcg tcg gcc agg gat ggt 

ccc cta ctc cta gcc caa 

gtg cgc ttg ggc tac gat 

cag ggg ctg ttc cca ttc 

ctg gga ggg ggc c 

2.12.07 

71 E SL2 

bottom 

E89* oligo ccc tcc cag gaa tgg gaa 

cag ccc ctg atc gta gcc 

caa gcg cac ttg ggc tag 

gag tag ggg acc atc cct 

2.12.07 
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ggc cga cga aaa ctg ggt 

ccc agc cac cga a 

72 Peru EcoRI 

top 

P24/25*** oligo aat tcc cag tcc tgg gag 

ggg gcc cgg gat tcc gat 

gct aag gaa ggg ccg 

agg cgt cac cct 

5.21.07 

73 Peru EcoRI 

bottom 

P24/25*** oligo gtc acc ccg aag ggt gac 

gcc tcg gcc ctt cct tag 

cat cgg aat ccc ggg ccc 

cct ccc agg act ggg 

5.21.07 

74 Ec EcoRI 

top 

E24/25*** oligo aat tcc cag tcc tgg gag 

ggg gcc cgg gat ctc agt 

gct aag gaa ggg ccg 

agg cgt cac cct 

5.21.07 

75 Ec EcoRI 

bottom 

E24/25*** oligo gtc acc ccg aag ggt gac 

gcc tcg gcc ctt cct tag 

cac tga gat ccc ggg ccc 

cct ccc agg act ggg 

5.21.07 

76 Shared 

HindIII top 

P24/25***, 

E24/25*** 

oligo tcg ggg tga cgc ttc gtg 

ccc agc ttc cca tag tat 

ggg ttt acc ccg cct ccc 

ccc ggg tat tac tgg gtc 

ca 

5.21.07 

77 Shared 

HindIII 

bottom 

P24/25***, 

E24/25*** 

oligo agc ttg gac cca gta ata 

ccc ggg ggg agg cgg 

ggt aaa ccc ata cta tgg 

gaa gct ggg cac gaa gc 

5.21.07 

78 R outside 

(HindIII) 

P89*** 

E89*** 

P89*, E89* tac tac aag ctt gga ccc 

agt aat acc cgg ggg 

11.12.07 

79 E – F 

outside 

(EcoRI) 

E89*** E89* tac tac gaa ttc cca gtt 

ttc gtc ggc cag gg 

11.12.07 

80 P – F 

outside 

(EcoRI) 

P89*** P89* tac tac gaa ttc cca gtt 

ttc gtc cgg aag gg 

11.12.07 

81 E – R inside E89*** E89* gca cga agc gtc acc 

ccg aag ggt atc gcc tcg 

ttc cct cc 

11.12.07 

82 P – R inside P89*** P89* gca cga agc gtc acc 

ccg aag ggt gac gcc tcg 

gcc ctt cc 

11.12.07 

83 E – F inside E89*** E89* gaa cga ggc gat acc ctt 11.12.07 



 80 

cgg ggt gac gct tcg tgc 

cca 

84 P – F inside P89*** P89* ggc cga ggc gtc acc ctt 

cgg ggt gac gct tcg tgc 

cca 

11.12.07 

85 M28 shortT 

TOP 

P89*** w/ 

!SL1 – M28 

shortT 

oligo aat tcc agt ttt cgt ccg 

gaa ggg atg gtg ccc ctg 

cgg ggg ctg ttc cca ttc 

ctg gga ggg ggc c 

4.16.08 

86 M28 shortT 

BOTTOM 

P89*** w/ 

!SL1 – M28 

shortT 

oligo ccc tcc cag gaa tgg gaa 

cag ccc ccg cag ggg 

cac cat ccc ttc cgg acg 

aaa act gg 

4.16.08 

87 M28 short 

TOP 

P89*** w/ 

!SL1 – M28 

short 

oligo aat tcc agt ttt cgt ccg 

gaa ggg atg gtg ccc cta 

cag ggg ctg ttc cca ttc 

ctg gga ggg ggc c 

4.16.08 

88 M28 short 

BOTTOM 

P89*** w/ 

!SL1 – M28 

short 

oligo ccc tcc cag gaa tgg gaa 

cag ccc ctg tag ggg cac 

cat ccc ttc cgg acg aaa 

act gg 

4.16.08 

89 GAAA TOP P89*** w/ 

!SL1 – 

GAAA 

oligo aat tcc agt ttt cgt ccg 

gaa ggg atg gtg ccc cta 

ctc cta gcc ctg gga aac 

ccg ggc tac gat cag 

ggg ctg ttc cca ttc ctg 

gga ggg ggc c 

4.16.08 

90 GAAA 

BOTTOM 

P89*** w/ 

!SL1 – 

GAAA 

oligo ccc tcc cag gaa tgg gaa 

cag ccc ctg atc gta gcc 

cgg gtt tcc cag ggc tag 

gag tag ggg cac cat ccc 

ttc cgg acg aaa act gg 

4.16.08 

91 UUUUU 

TOP 

P89*** w/ 

!SL1 – 

UUUUU 

oligo aat tcc agt ttt cgt ccg 

gaa ggg atg gtg ccc cta 

ctc cta gcc ctg gtt ttt 

ccc ggg cta cga tca ggg 

gct gtt ccc att cct ggg 

agg ggg cc 

4.16.08 

92 UUUUU 

BOTTOM 

P89*** w/ 

!SL1 – 

UUUUU 

oligo ccc tcc cag gaa tgg gaa 

cag ccc ctg atc gta gcc 

cgg gaa aaa cca ggg 

cta gga gta ggg gca cca 

4.16.08 
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tcc ctt ccg gac gaa aac 

tgg 

 

Table M&M2 – primers for editing assay 

PCR primer pair Sequence of 

primer 1 

Sequence of 

primer 2 

template Annealin

g temp 

1. 5415 

2.  7707 

gaa gga agg 

ccc tcg aga 

aca aga 

gag atg cca 

tgc cga ccc 

gaa gag 

any replicating 

or non-

replicating 

construct 

55 

1.  F-miniRNAeditassay 

2.  R-miniRNAeditassay 

gct tcg tgc 

cca gcc tg 

ctg gga ccc 

agt aat acc 

cg 

Mini wt, 89 57 

 

1.  F-MINIRNAediting 

     7-31-06 

gac gct 

tcgtgc cca 

R-miniRNA 

editassay 

Mini wt, 89, 

24/25 

57 

1. SZ4 

2.  SZ5 
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FIGURE LEGENDS 

Figure Intro-1 

Schematic of the unbranched rod structure formed by Hepatitis delta virus.  HDV is 

a 1.7kb circular RNA virus.  Due to base pairing between ~70% of its nucleotides, it 

forms an unbranched rod structure.  It encodes one gene, the Hepatitis delta antigen 

(HDAg) gene (black bar on top half of rod).  A host protein, ADAR 1, edits an adenosine 

residue (six pointed star) in the amber stop codon (UAG) of this gene.  Upon editing, and 

after a round of replication (see Fig. Intro-2) the open reading frame of HDAg is 

extended an additional 19-20 amino acids (open bar, to the right of the black bar). 

Figure Intro-2 

Schematic of the HDV replication cycle.  1&2: The antigenome and mRNA are 

synthesized from the genome (gray) in the first steps of replication.  The antigenome is 

formed via rolling circle replication and mRNA translation leads to synthesis of the short 

form of the delta antigen protein (HDAg-S).  3: ADAR 1 edits a fraction of antigenomic 

RNA at a single site (adenosine 1012, six pointed star) within the amber stop codon 

(UAG).  4: The inosine nucleotide (I) that arose from an editing event serves as a 

template for a cytosine residue (C).  5: mRNAs transcribed from a genome with a C at 

position 1012 contain a tryptophan (UGG) codon, and the protein encoded from this 

transcript is the longer form of HDAg, HDAg-L.  6:  Replication of edited RNA leads to 

its accumulation over the course of infection.  

 

Figure Intro-3 
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A to I RNA editing.   Adenosine deaminases acting on RNA (ADARs) deaminate RNA  

by removing an amine group from the C6 carbon of an adenosine residue (A).   The 

resulting inosine (I) residue is translated as guanosine (G) by the cell’s translation 

machinery. 

Figure Intro-4 

Domain maps of ADAR1 and ADAR2.  ADAR 1 (p110 form shown) is slightly larger 

than ADAR 2, and has an additional double stranded RNA binding motif (dsRBM) (black 

boxes) at its N- terminus.  The deaminase domain (DD) (open boxes) for each protein is 

located at the C- terminus.  ADAR 1 p150 form also has two Z binding domains (not 

shown) closer to its N- terminus than the dsRBMs. 

Figure Intro-5 

Sequence and structure of HDV-1 and HDV-3 editing sites.  (A)  HDV-1 is edited in 

the unbranched rod structure characteristic of HDV RNA (see Fig. Intro 1); it has 4 

nucleotides of base pairing on either side of the target adenosine (enlarged area, six 

pointed star).  HDV-3 is not edited in the unbranched rod structure (9), probably because 

the target adenosine is not surrounded by base pairing.  (B) Instead, it was proposed (9) 

that HDV-3 forms a branched structure with two stem loops (SL1 and SL2) and increased 

base pairing around the target adenosine (enlarged area) as its editing substrate. 

 

Figure A-1 

Schematic diagram of HDV RNA and a miniaturized HDV cDNA construct created 

for in vitro analyses of RNA structure and editing. Upper: The elongated circle 
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represents the HDV antigenome RNA in the characteristic unbranched rod structure; 

vertical lines indicate base pairing between the side encoding HDAg and the non-coding 

side. The amber stop codon (UAG) is shown, and a six-point star represents the location 

of the amber/W site. The HDAg-S coding region is indicated by the thick black bar; the 

W and the open bar to the right denote the additional amino acids added to HDAg-L as a 

result of RNA editing at the amber/W site. Shaded boxes (sequence numbering refers to 

the genomic strand) show sequences amplified and cloned to generate pMD-III-2 

(Lower). The dashed line in the lower panel indicates a linker sequence that includes a 

BstX I restriction site for cloning and that forms a terminal stem loop. The locations of 

the Hind III site and T7 polymerase promoter are indicated; other regions of the plasmid 

are not shown. Arrowheads indicate the direction of transcription for both the antigenome 

(Upper) and pMD-III-2 (Lower). SL1 and SL2 refer to secondary structures that are 

predicted to form as part of possible branched secondary structures (see Figure 2). 

 

Figure A-2  

Drawings of the unbranched (A1 - A3) and branched (B1 - B3) secondary structures 

predicted to be formed by MD-III-2 RNA. The structures and energies shown were 

calculated using the massively parallel genetic algorithm MPGAfold (84-86, 88, 90, 106). 

Represented here are the dominant structures from the final solutions of MPGAfold runs 

in all population levels (see Table 2). Numbering refers to sequence positions in the 

miniaturized cDNA clone pMD-III-2. The amber/W adenosine at position 104 is 

indicated by a black, five-pointed star. The black bar indicates sequence positions 266-
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278, which are base-paired around the amber/W site in branched structure B1. SL1 and 

SL2 indicate stem loops previously found to be important for editing (10). First positions 

in terminal loops are as follows: 59 in SL1, and 212 in SL2. 

 

Figure A-3 

Conformational heterogeneity of MD-III RNA (A) RNAs were synthesized in vitro 

using T7 polymerase, then electrophoresed on a 6% polyacrylamide gel, as described in 

Materials and Methods. Newly synthesized MD-III-2 RNA transcripts resolve as two 

bands, denoted Upper and Lower, on a non-denaturing gel.  MD-III-2SF RNA, which 

contains mutations that destabilize the unbranched rod structure, resolves as a single 

band, identical in migration to the Upper band of MD-III-2 RNA. (B) Denaturing gel 

electrophoresis of MD-III-2 RNA isolated from the Upper and Lower bands of a non-

denaturing polyacrylamide gel. Upper and Lower band RNAs were purified from the 

non-denaturing gel in (A), denatured and electrophoresed on a polyacrylamide gel 

containing 7M Urea, as described in Materials and Methods. 

 

Figure A-4 

The branched conformation of MD-III-2 RNA is less stable than the unbranched 

rod conformation.  Upper and Lower bands were isolated from a non-denaturing gel. 

Purified RNA was diluted in water and incubated at 40°C.  Aliquots were removed and 

placed on ice at indicated time points, then electrophoresed on a non-denaturing 6% 

polyacrylamide gel. Arrows indicate migrations of branched and unbranched RNAs. 
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Figure A-5 

Branched and unbranched RNAs form during transcription.  MD-III-2 RNA was 

transcribed in vitro for one hour at 37°C.  After the addition of T7 RNA polymerase, an 

aliquot was removed from the reaction mixture and placed on ice (time 0, left-most lane).  

Additional aliquots were removed 1, 2, 8, 30, and 60 minutes after the start of 

transcription.  Samples were electrophoresed on a non-denaturing 6% polyacrylamide 

gel, and the percent branched RNA at each timepoint was quantified from the total 

amount of RNA (branched and unbranched) in the lane.  The bracket indicates where 

metastable RNA structures migrate. 

 

Figure A-6 

In vitro editing of MD-III-2 RNAs by ADAR-1. MD-III-2 RNAs were purified from a 

native polyacrylamide gel (Fig. A-3) and incubated with nuclear extract from HEK293 

cells transfected with a human ADAR-1 expression construct, as described in Materials 

and Methods. Amber/W site editing was detected by RT-PCR followed by Sty I 

restriction digestion (editing creates a Sty I site); this method has been shown to 

accurately determine the extent of amber/W site editing (11, 39, 70). RT-PCR products, 

either uncut (-) or cut (+) with Sty I, were analyzed by polyacrylamide gel 

electrophoresis. Bands produced as a result of Sty I digestion are derived from edited 

RNAs and are indicated as “edited”; uncut RT-PCR products are derived from unedited 

RNAs and are indicated as “unedited”. Band intensities were quantified by 
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phosphoimager. Percent editing was determined by dividing the sum of edited band 

intensities by the sum of the intensities of edited and unedited bands. Upper, MD-III-2 

Upper RNA; Lower, MD-III-2 Lower RNA; SF, MD-III-2SF RNA.Panel A, comparison 

of in vitro editing of Upper RNA and SF RNA. Panel B, comparison of in vitro editing of 

Upper and Lower RNAs.  

 

Figure A-7 

Secondary structure analysis of MD-III-2 Upper and Lower RNAs.  

(A) Gel purified Upper (U) and Lower (L) RNAs were either untreated (lanes -) or 

digested with RNase T1 or RNase A, (lanes ++, 1 unit; lanes +, 0.1 units).  The gel shown 

is representative of several independent experiments. The lanes of the gel showing 

RNAse T1 and RNase A - treated RNAs have been separated to facilitate labeling; thus, 

the lanes on the left showing untreated RNA also serve as controls for the lanes on the 

right side of the panel. Black and shaded symbols indicate cleavage sites specific to 

enzymatic treatment; circles, RNase T1; squares, RNase A. Cleavage efficiency is 

indicated by darkness of symbols (black, strong cleavage; gray, weak cleavage). 

Evaluation of cleavage at a few locations was obscured by the presence of bands in lanes 

containing undigested RNA; these bands could be due to prematurely terminated T7 

polymerase transcripts that co-purified with the Upper and Lower RNA when isolated 

from the non-denaturing gel. Numbering refers to base assignments in MD-III-2 RNA. 

Locations of bands were determined by comparison with bands generated by RNase T1 

sequencing or hydroxide treatment (not shown). Because of the length of the RNA 



 88 

analyzed, in some cases bands indicated in the figure were definitively identified on gels 

electrophoresed for longer times or in RNAs that were labeled at the 3’ end rather than 

the 5’ end. Vertical lines labeled SL1, SL2 and UB refer to the locations of sequences 

involved in structure elements depicted in panels B and C. (B, C)  Enzyme digestion data 

for RNase T1 (circles), RNase A (squares), and RNase V1 (gray arrows) with predicted 

secondary structures consistent with cleavage patterns. Gray letters denote bases for 

which the sensitivity to RNase could not be fully evaluated due to the presence of bands 

in undigested RNA lanes. The amber/W adenosine is indicated by a 6-point star. UB 

indicates a portion of the unbranched rod structure common to structures A1, A2, A3, B2 

and B3 (Fig. 2). (B) Summary of digestion data and structure of gel-purified Upper RNA. 

(C) Summary of digestion data and structure of gel-purified Lower RNA. 

 

Figure B-1 

Ecuadorian and Peruvian isolates differ at 17 nucleotide positions within the 330 

nucleotide miniaturized RNAs.  The Ecuadorian branched RNA editing structure, as 

predicted by mfold (113), is shown to indicate where base paired regions, bulges, and 

mismatches are located.  The boxed regions near the loops of SL1 and SL2 are the bases 

that have been flipped to make mP-SF.  Nucleotides highlighted in gray differ between 

Peruvian and Ecuadorian isolates; the nucleotide shown as part of the structure is 

Ecuadorian sequence and the nucleotide at the tip of each black arrowhead is Peruvian 

sequence.  A smaller cartoon depiction of the branched structure, as shown in the bottom 
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left corner, highlights the sequence changes with gray circles and will be used in 

subsequent figures to represent the branched RNA. 

 

Figure B-2 

HDV RNAs from Peruvian and Ecuadorian isolates are edited with different 

efficiencies by ADAR1 in vitro.  (A) Schematic diagram of the branched RNA 

secondary structure formed by miniaturized RNAs, mE-SF and mP-SF, that were derived 

from Ecuadorian and Peruvian HDV-3 isolates, respectively. The six-point star denotes 

the amber/W editing site. Black boxes indicate the location of the stem-flip (SF) 

mutations that stabilize stem-loops SL1 and SL2 in this branched structure. (B) Editing of 

mP-SF and mE-SF by ADAR1 in vitro. As described in Materials and Methods, RNAs 

were incubated with nuclear extracts containing ADAR1, and assayed for amber/W site 

editing by RT/PCR amplification and subsequent digestion with Sty I. Percent editing 

was determined by dividing the sum of edited band intensities by the sum of the 

intensities of edited and unedited bands.  

 

Figure B-3 

Comparison of editing in replicating RNAs.  (A) Schematic diagram of replication-

competent RNAs fl-P and fl-E used to compare editing of replicating Peruvian and 

Ecuadorian HDV RNAs. The full-length Peruvian RNA, fl-P (top structure), is generated 

from a 1.2x genome-length cDNA expression construct following transfection of Huh7 

cells (13).  For the Ecuadorian RNA, I created a chimeric construct to generate a full-
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length RNA, fl-E, which contains all 17 of the Ecuadorian sequence differences in the 

branched structure that forms the substrate for editing (gray); the remainder of the RNA 

consists of Peruvian sequences (black).  (B) Huh 7 cells were transfected with expression 

constructs for flP and flE RNAs. Amber/W site editing was assayed on RNA isolated 6, 

9, and 12 days posttransfection.  Percent editing was determined as in Fig. B-2.  Results 

are the average of three independent experiments.  (C) Analysis of editing in HDV RNA 

isolated from patient sera; viral RNA from these patients was used to clone the Peruvian 

and Ecuadorian HDV RNAs. 

 

Figure B-4 

Comparison of RNA levels in replicating RNAs.  Huh7 cells were transfected with 

expression contructs for fl-P (black) and fl-E (gray), as in Fig. B-3.  Total RNA isolated 

on days 6, 9, and 12, and HDV genomic RNA was detected via Northern blotting using 

an antigenomic RNA probe.  Band intensities were quantified with a phosporimager and 

normalized to 28S ribosomal RNA.  Results are the average of two different experiments.  

 

Figure B-5 

Secondary structure predictions for Peruvian (mP) RNA. The structures and energies 

shown were calculated using the massively parallel genetic algorithm MPGAfold as in 

Fig. A-2 (84-86, 88, 90, 106). Represented here are the dominant structures from the final 

solutions of MPGAfold runs using sequential run analyses. Numbering refers to sequence 

positions in the miniaturized cDNA clone mP. The amber/W adenosine at position 104 is 
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indicated by a black, five-pointed star. The BEDIT structure has been shown previously to 

be the HDV-3 editing substrate (9, 50). 

 

Figure B-6 

Comparison of the secondary structure distribution of Ecuadorian and Peruvian 

RNAs following transcription in vitro.  (A) Miniaturized Peruvian and Ecuadorian 

RNAs, mP and mE, were transcribed in vitro using T7 RNA polymerase and low 

equimolar NTPs (see Fig. B-7), then electrophoresed on a 6% non-denaturing 

polyacrylamide gel at 4°C for four hours (left panel) or 8 hours (right panel). The 

locations of branched and unbranched RNAs, are indicated. Two branched structures, S1 

and S2, were resolved for the Peruvian RNA, mP; the migration of S1 was identical to the 

single branched species formed by the Ecuadorian RNA, mE. Percent S1 RNA was 

determined by dividing S1 RNA by the total amount of RNA in the lane.  (B) Branched 

mP RNAs S1 and S2 were isolated from the gel in (A) and assayed for amber/W site 

editing as in Fig. A-6. 

 

Figure B-7 

Comparison of the effect of different transcription conditions on the distribution of 

RNA between branched and unbranched structures.  mP and mE RNAs were 

transcribed under three sets of temperatures and NTP concentrations: high equimolar 

(2.5mM ATP, UTP, GTP, CTP, 37°C), low CTP (2.5mM ATP, UTP, GTP, 60µM CTP, 

37°C) and low equimolar (120µM ATP, UTP, GTP, CTP, 25°C).  After transcription in 
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vitro with T7 RNA polymerase, RNAs were electrophoresed on a 6% non-denaturing 

acrylamide gel at 4°C for 6 hours.  The bracket denotes where metastable structures 

migrate, and schematics of BEDIT and unbranched RNA structures (left) denote their 

migration on the gel.  Percent BEDIT was determined by dividing the intensity of the BEDIT 

band by the combined intensity of all bands.  

 

Figure B-8 

Peruvian BEDIT RNA is more stable than Ecuadorian Be RNA.  (A) gel purified mP 

and mE BEDIT RNAs were incubated at 40°C for varying lengths of time between 0 and 

180 minutes.  During purification, half of the Peruvian branched RNA and a small 

percentage of the Ecuadorian branched RNA had converted to the unbranched rod 

structure (time 0). BEDIT and unbranched rod structures are denoted to the right of the gel 

by schematics of their structures.  (B) Percent BEDIT was determined by dividing the 

intensity of the band representing BEDIT for both Peruvian (black) and Ecuadorian (gray) 

isolates by the total amount of RNA in the lane.  This percentage was then graphed 

versus time (minutes). (C) Two species of branched RNA exist for the Peruvian isolate 

(P): BALT and BEDIT.  The conformation of each of these RNAs is shown by gel migration 

before purification (left gel) and after purification (right gel).    

 

Figure B-9 

Schematic diagramming the control points at which editing can be controlled. 

Transcription of genomic RNA yields two structural species: a branched structure that 
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can be edited and an unbranched rod structure that serves as a replication intermediate.  

The amount of RNA forming the editing structure is one determinant for how much 

editing can occur (1).  Another determinant is the efficiency with which ADAR1 

recognizes and deaminates its target adenosine (6 pointed star) (2).  Finally, it is possible 

that the stability of the branched RNA also determines how much editing can occur (3).  

The boxed region around the editing site (left) is the RNA that makes up the branched 

editing structure (right).   

 

Figure B-10 

Sequence differences in the proximal and distal regions of SL2 affect the structural 

distribution of the RNA. (A) Schematic of the branched rod structure required for 

editing indicating 3 regions (edit, proximal, and distal) of the RNA in which many of the 

differences between the Peruvian and Ecuadorian miniaturized RNAs are found.  

Sequences within these 3 regions were exchanged between the Peruvian and Ecuadorian 

miniaturized expression constructs. (B) RNAs were transcribed in vitro and analyzed by 

gel electrophoresis as in Fig. B-6.  mP RNAs are in the top panel; mE RNAs are in the 

bottom panel.  The first lane in each panel is identical to the structural distribution seen in 

Figure B-6. 

 

Figure B-11 

Four nucleotides near the editing site affect how well branched RNA is edited. (A) 

Schematic of the branched structure required for editing indicating where Peruvian and 
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Ecuadorian sequences differ (gray dots). Flip mutations (SF) in SL1 and SL2 (dark lines) 

stabilize the branched structure so that editing efficiency can be examined in the absence 

of structural rearrangements.  The region around the editing site (gray box) has been 

enlarged to show the RNA sequence and structure.  Four nucleotides between positions 

271 and 275 (highlighted in gray) affect the structure of the RNA. (B) SF RNAs – mP-SF 

and mE-SF – along with RNAs that have had their editing site mutated to the sequence of 

the opposite isolate – mP-SF+Eedit and mE-SF+Pedit – were assayed for editing as 

described for figure B-2.   

 

Figure B-12 

Chimeric RNAs were tested for their ability to be edited during replication.  (A) 

Huh7 cells were transfected with constructs expressing replication competent RNAs fl-P 

or fl-P+ EEDIT (left graph), and fl-E or fl-E+ PEDIT (right graph) and assayed for editing 6, 

9, and 12 days post-transfection. fl-P+ EEDIT and fl-E+ PEDIT are chimeric RNAs in which 

the editing sites of the two isolates were swapped.  (B) Huh7 cells were also transfected 

with replication constructs for SL2 chimeric RNAs: fl-P+ ESL2 and fl-E+ PSL2 (gray 

lines).  Editing was assayed on days 6,9, and 12 and percent editing was graphed in 

relation to fl-P and fl-E (black lines), respectively.     

 

Figure C-1 

Purified ADAR1 used for in vitro binding studies.  (A) The p110 form of ADAR1 has 

three double stranded RNA binding domains (dsRBD) near its N terminus and a 
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deaminase domain (DD) at its C terminus.  This protein was over-expressed in Sf9 cells 

and purified using a FLAG-affinity column.  (B) Purified ADAR1 was electrophoresed 

on an SDS-PAGE gel and SYPRO stained; ADAR 1, migrating at ~110kD was 

approximated to be about 90% pure.  It eluted at a concentration of 73ng/µl.  (C) Editing 

activity of purified ADAR 1 from panel B was compared to editing activity of a 70% 

pure ADAR1 prep and a nuclear extract containing over-expressed ADAR1. 

 

Figure C-2 

Peruvian branched RNAs used for in vitro studies.  (A)  mP-SF RNA contains flip 

mutations near the loops of SL1 and SL2 (black boxes) as described in Figure B-1.  The 

black arrow denotes the 5’ end of the molecule and also the transcription start site.  Two 

variants were made of mP-SF: mP-SF* and mP-SF***.  Both of these RNAs contain 

additional flip mutations near the bases of SL1 and SL2 (small black boxes).  

Transcription starts at the right side of the molecule for mP-SF*** and this RNA contains 

only HDV sequences (no linkers or additional base paired regions as for mP-SF and mP-

SF*).  (B) Structure uniformity (gel) and percent editing (number below gel) were 

determined for each RNA.  BEDIT RNA is labeled.  Besides the unbranched RNA in the 

mP lane, the identities of the other bands/smears are not known.   

 

Figure C-3 

Comparison of binding and editing for four ADAR1 substrates.  (A) The HHV8 K12 

RNA, HDV-1 RNA (type 1, DC1-Sma1), and HDV-3 RNAs (mP-SF* and mE-SF*) 
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differ in sequence and structure around their editing sites.  A schematic of each 300-400 

nucleotide RNA is shown with a gray box around the editing site (6 pointed star).  Mfold 

predictions of the structure of the RNA from around the editing site (gray box) has been 

enlarged to show detail.  (B) Percent binding (circles) and editing (squares) for each RNA 

is graphed versus ADAR1 (concentrations between 2 and 44 nM).  Non-linear regression 

lines were fit to each curve, and the Kd and Bmax were calculated using GraphPad 

software. 

 

Figure C-4 

The dsRBD of ADAR1 binds to the branched RNA with the same affinity as FL 

ADAR1.  (A) mP-SF* (circles) and mE-SF* (squares) RNAs were incubated with either 

the dsRBD of ADAR1 (gray lines) or FL ADAR1 (black lines) for 30 minutes at 37°C.  

RNA:protein complexes were electrophoresed through a 6% non-denaturing 

polyacylamide gel and the percent RNA bound was determined (1-(free RNA/(free 

RNA+bound RNA) x 100).  Percent bound RNA was graphed versus protein 

concentration using Prism$ software and fit to a non-linear regression curve.  (B) Also 

using Prism$ software, Kd and Bmax were calculated based on a non-linear regression 

model of the data in (A). 

 

Figure C-5 

Comparison of FL ADAR1 and dsRBD binding to mP-SF RNA.  mP-SF RNA was 

incubated with varying concentrations (nM protein, above gel) of either FL-ADAR1 or 
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the dsRBD of ADAR1 in an Electrophoretic Mobility Shift Assay (EMSA) for 30 

minutes at 37°C.  RNA:protein complexes were electrophoresed on a 6% non-denaturing 

gel to separate free RNA from bound RNA.  A specific shift band (arrow) can be seen 

migrating above free RNA (arrow) when binding with FL ADAR1, but not with the 

dsRBD. 

 

Figure C-6 

The deaminase domain of ADAR1 recognizes RNA near the editing site.  (A) 

Constructs expressing non-replicating RNAs (nr-P and nr-E), that are defective for 

replication and HDAg expression (14), were transfected into CHO cells, which have very 

low levels of endogenous ADAR.  nr-P and nr-E lack stem loops SL1 and SL2 and are 

thus the minimal cellular editing substrates of HDV-3 RNA.  Total RNA was isolated 3 

days post-transfection and percent editing was determined using my previously described 

editing assay (FigB-2).  (B) CHO cells were co-transfected with both a non-replicating 

RNA construct (fl-P or fl-E) and a DD-only ADAR1 construct (amino acids 399-931).  

Total RNA was isolated 3 days post transfection and percent editing was determined.  

Editing levels were normalized for the small amount of activity due to low levels of 

endogenously expressed ADAR1 in CHO cells.  

 

Figure C-7 

ADAR1 binds to SL2 of HDV-3 RNA.  (A) Four RNAs, mP-SF***, mP-SF***!SL1, 

mP-SF***!SL2, mP-SF***!SL1!SL2, were assayed for their ability to be bound by 
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ADAR1 in an electrophoretic mobility shift assay. FL ADAR1 and HDV RNA were 

incubated together for one hour at 37°C before being run on a 6% non-denaturing 

polyacrylamide gel.  Percent binding was determined as described for Figure C-4, and fit 

to a non-linear regression curve based on single site binding. Schematics of the four 

RNAs are shown to the right of the graph. (B) The four variants of branched RNA were 

assayed for editing in a reaction consisting of 22nM ADAR1.  This editing experiment 

and the binding experiment shown in panel A were performed in parallel, using identical 

buffers (Materials and Methods), reaction times, and reaction temperatures.   

 

Figure C-8 

Locations of SL2 mutations and the Mfold predicted structure of mP-SF***!SL1. 

mP-SF***!SL1 (large structure) is a derivation of mP-SF***, as in Figure C-2 (small 

schematic, top).  Four mutations were made to mP-SF***!SL1: replacement of the 

UGCG tetraloop by either GAAA or UUUUU (small gray box), removal of the distal 30 

nucleotides of SL2 (M28), and restoration of the natural UGCG tetraloop of M28 

(M28T).  The editing site is denoted by a six point star, and a GAAA tetraloop receptor is 

highlighted in gray near the editing site.  

 

Figure C-9 

The length of SL2 determines the efficiency with which ADAR1 binds and edits 

branched RNA.  (A) The four SL2 mutants described in Figure C-8 were assayed for 

their ability to be bound by ADAR1.  Percent binding as determined by EMSA was 
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graphed versus ADAR1 concentrations as described for Figure C-4, and fit to a non-

linear regression curve based on single site binding.  The identity of each curve is labeled 

to the right of the graph. (B) Editing of mP-SF***!SL1 and the four SL2 mutations was 

determined for the same concentrations as were used in A.  Reaction conditions were also 

the same: 30 minute incubation at 37°C.  Shown is the percent editing observed when 

RNA was incubated with 22nM ADAR1.  

 

Figure C-10 

Schematic of two possible ADAR1:HDV-3 RNA interactions.  Based on binding 

studies of ADAR1 and BEDIT RNA, there are at least two possibilities for their interaction 

that leads to editing.  ADAR 1 could be binding as a monomer or dimer to both SL2 and 

the double stranded region 3’ of the editing site (left).  Alternatively, ADAR1 could be 

binding to SL2 alone and the spacing (gray box) between the editing site (6 point star) 

and the base of SL2 determines whether editing occurs.  

 

 

 

 

 
 

 

 

 



 100 

ACKNOWLEDGEMENTS 

 
O. M. G.  This dissertation would not for a second have been possible without my 

number one man, Dr. John Casey.  Dr. Casey is a gazillion things to me.  To name a few:  

He’s my idol, my resident savant, my glass-is-half-full religious believer, my therapist, 

my ‘don’t start a sentence with ‘this’ and no noun to follow’ editor, my court jester, my 

describes-my-thoughts-better-than-I-ever-could communicator, my conference travel 

buddy, and most of all my friend.  Dr. Casey:  I can’t even explain how much you mean 

to me.  I couldn’t have asked for more in five years.  Thank you! 

 

Second on this list has got to be Dawn.  In the lab, in the office, in Rome – I’ve made 

some of my favorite memories with you.  And I now have my new favorite Dawn saying 

to take to Durham.  Gosh, I hope no one down there is as useless as tits on a bull.  

 

Third, my parents.  You’re ALWAYS there for me, and I notice.  I love you both.  Big 

hugs.   

 

And last but definitely not least, everyone else that I have associated with at Georgetown 

University: Dr. Fonzi, you exude such wisdom – even just walking down the hallway to 

the bathroom.  I definitely hope to be as wise and intelligent as you one day.  Dr. Maric, 

you inspire me to work hard and be proud of being a woman in science.  Dr. Pad, your 

smiles keep me happy for days, and I don’t know anyone who’s as on top of their new 

techniques game as you.  Rachel, I definitely love our lunch breaks/walks/weekend 

escapades.  Branka, I’ve never met someone so infectiously lovable as you.  I love your 

hugs!!!  And to all the peeps who have rotated through the Casey lab: you make it worth 

coming in every day.   

 

Oh yeah, and Dr. Rosenthal, you’re okay too.   

 

 



 101 

REFERENCES 

 
1. Al-Hashimi, H. M., and N. G. Walter. 2008. RNA dynamics: it is about time. 

Curr Opin Struct Biol 18:321-9. 

2. Aruscavage, P. J., and B. L. Bass. 2000. A phylogenetic analysis reveals an 

unusual sequence conservation within introns involved in RNA editing. Rna 

6:257-69. 

3. Bartel, D. P., and J. W. Szostak. 1993. Isolation of new ribozymes from a large 

pool of random sequences [see comment]. Science 261:1411-8. 

4. Bernard, A., and M. Khrestchatisky. 1994. Assessing the extent of RNA 

editing in the TMII regions of GluR5 and GluR6 kainate receptors during rat 

brain development. J Neurochem 62:2057-60. 

5. Bhalla, T., J. J. Rosenthal, M. Holmgren, and R. Reenan. 2004. Control of 

human potassium channel inactivation by editing of a small mRNA hairpin. Nat 

Struct Mol Biol 11:950-6. 

6. Blaszczyk, J., J. Gan, J. E. Tropea, D. L. Court, D. S. Waugh, and X. Ji. 

2004. Noncatalytic assembly of ribonuclease III with double-stranded RNA. 

Structure 12:457-66. 

7. Burns, C. M., H. Chu, S. M. Rueter, L. K. Hutchinson, H. Canton, E. 

Sanders-Bush, and R. B. Emeson. 1997. Regulation of serotonin-2C receptor G-

protein coupling by RNA editing. Nature 387:303-8. 

8. Casey, J. L. 2006. RNA editing in hepatitis delta virus. Curr Top Microbiol 

Immunol 307:67-89. 

9. Casey, J. L. 2002. RNA editing in hepatitis delta virus genotype III requires a 

branched double-hairpin RNA structure. J Virol 76:7385-97. 

10. Casey, J. L. 2002. RNA Editing in Hepatitis Delta Virus Genotype III Requires a 

Branched Double-Hairpin RNA Structure. J Virol 76:7385-97. 

11. Casey, J. L., K. F. Bergmann, T. L. Brown, and J. L. Gerin. 1992. Structural 

requirements for RNA editing in hepatitis delta virus: evidence for a uridine-to-

cytidine editing mechanism. Proc Natl Acad Sci U S A 89:7149-53. 

12. Casey, J. L., T. L. Brown, E. J. Colan, F. S. Wignall, and J. L. Gerin. 1993. A 

genotype of hepatitis D virus that occurs in northern South America. Proc Natl 

Acad Sci U S A 90:9016-20. 

13. Casey, J. L., and J. L. Gerin. 1998. Genotype-specific complementation of 

hepatitis delta virus RNA replication by hepatitis delta antigen. J Virol 72:2806-

14. 

14. Casey, J. L., and J. L. Gerin. 1995. Hepatitis D virus RNA editing: specific 

modification of adenosine in the antigenomic RNA. J Virol 69:7593-600. 

15. Casey, J. L., G. A. Niro, R. E. Engle, A. Vega, H. Gomez, M. McCarthy, D. 

M. Watts, K. C. Hyams, and J. L. Gerin. 1996. Hepatitis B virus 

(HBV)/hepatitis D virus (HDV) coinfection in outbreaks of acute hepatitis in the 

Peruvian Amazon basin: the roles of HDV genotype III and HBV genotype F. J 

Infect Dis 174:920-6. 



 102 

16. Casey, J. L., A. G. Polson, B. L. Bass, and J. L. Gerin. 1997. Hepatitis delta 

virus genetic variations and RNA editing, p. 320-326. In M. Rizzetto, R. H. 

Purcell, J. L. Gerin, and G. Verme (ed.), Viral Hepatitis and Liver Disease. 

Edizioni minerva Medica, Turin. 

17. Chadalavada, D. M., A. L. Cerrone-Szakal, and P. C. Bevilacqua. 2007. Wild-

type is the optimal sequence of the HDV ribozyme under cotranscriptional 

conditions. Rna 13:2189-201. 

18. Chang, F. L., P. J. Chen, S. J. Tu, C. J. Wang, and D. S. Chen. 1991. The 

large form of hepatitis delta antigen is crucial for assembly of hepatitis delta virus. 

Proc Natl Acad Sci U S A 88:8490-4. 

19. Chang, J., X. Nie, H. E. Chang, Z. Han, and J. Taylor. 2008. Transcription of 

hepatitis delta virus RNA by RNA polymerase II. J Virol 82:1118-27. 

20. Chao, M., S. Y. Hsieh, and J. Taylor. 1990. Role of two forms of hepatitis delta 

virus antigen: evidence for a mechanism of self-limiting genome replication. J 

Virol 64:5066-9. 

21. Cheng, Q., G. C. Jayan, and J. L. Casey. 2003. Differential inhibition of RNA 

editing in hepatitis delta virus genotype III by the short and long forms of 

hepatitis delta antigen. J Virol 77:7786-95. 

22. Cho, D. S., W. Yang, J. T. Lee, R. Shiekhattar, J. M. Murray, and K. 

Nishikura. 2003. Requirement of dimerization for RNA editing activity of 

adenosine deaminases acting on RNA. J Biol Chem 278:17093-102. 

23. Chu, V. B., and D. Herschlag. 2008. Unwinding RNA's secrets: advances in the 

biology, physics, and modeling of complex RNAs. Curr Opin Struct Biol 18:305-

314. 

24. Costa, M., and F. Michel. 1995. Frequent use of the same tertiary motif by self-

folding RNAs. Embo J 14:1276-85. 

25. Dahlberg, A. E. 2001. Ribosome structure. The ribosome in action. Science 

292:868-9. 

26. Dawson, T. R., C. L. Sansam, and R. B. Emeson. 2004. Structure and sequence 

determinants required for the RNA editing of ADAR2 substrates. J Biol Chem 

279:4941-51. 

27. Deny, P. 2006. Hepatitis delta virus genetic variability: from genotypes I, II, III to 

eight major clades? Curr Top Microbiol Immunol 307:151-71. 

28. Diegelman-Parente, A., and P. C. Bevilacqua. 2002. A mechanistic framework 

for co-transcriptional folding of the HDV genomic ribozyme in the presence of 

downstream sequence. J Mol Biol 324:1-16. 

29. Ellington, A. D., and J. W. Szostak. 1990. In vitro selection of RNA molecules 

that bind specific ligands. Nature 346:818-22. 

30. Gandy, S. Z., S. D. Linnstaedt, S. Muralidhar, K. A. Cashman, L. J. 

Rosenthal, and J. L. Casey. 2007. RNA editing of the human herpesvirus 8 

kaposin transcript eliminates its transforming activity and is induced during lytic 

replication. J Virol 81:13544-51. 

31. Gee, A. H., W. Kasprzak, and B. A. Shapiro. 2006. Structural differentiation of 

the HIV-1 polyA signals. J Biomol Struct Dyn 23:417-28. 



 103 

32. Grosjean, H. B., R. 1998. Modification and Editing of RNA. 

33. Hadler, S. C., M. Alcala de Monzon, D. Rivero, M. Perez, A. Bracho, and H. 

Fields. 1992. Epidemiology and long-term consequences of hepatitis delta virus 

infection in the Yucpa Indians of Venezuela. Am J Epidemiol 136:1507-16. 

34. Higuchi, M., S. Maas, F. N. Single, J. Hartner, A. Rozov, N. Burnashev, D. 

Feldmeyer, R. Sprengel, and P. H. Seeburg. 2000. Point mutation in an AMPA 

receptor gene rescues lethality in mice deficient in the RNA-editing enzyme 

ADAR2. Nature 406:78-81. 

35. Higuchi, M., F. N. Single, M. Kohler, B. Sommer, R. Sprengel, and P. H. 

Seeburg. 1993. RNA editing of AMPA receptor subunit GluR-B: a base-paired 

intron-exon structure determines position and efficiency. Cell 75:1361-70. 

36. Hoopengardner, B., T. Bhalla, C. Staber, and R. Reenan. 2003. Nervous 

system targets of RNA editing identified by comparative genomics. Science 

301:832-6. 

37. Jaeger, L., F. Michel, and E. Westhof. 1994. Involvement of a GNRA tetraloop 

in long-range RNA tertiary interactions. J Mol Biol 236:1271-6. 

38. Jayan, G. C., and J. L. Casey. 2005. Effects of conserved RNA secondary 

structures on hepatitis delta virus genotype I RNA editing, replication, and virus 

production. J Virol 79:11187-93. 

39. Jayan, G. C., and J. L. Casey. 2002. Increased RNA editing and inhibition of 

hepatitis delta virus replication by high-level expression of ADAR1 and ADAR2. 

J Virol 76:3819-27. 

40. Jayan, G. C., and J. L. Casey. 2002. Inhibition of hepatitis delta virus RNA 

editing by short inhibitory RNA-mediated knockdown of ADAR1 but not 

ADAR2 expression. J Virol 76:12399-404. 

41. Joyce, G. F. 1989. Amplification, mutation and selection of catalytic RNA. Gene 

82:83-7. 

42. Kasprzak, W., E. Bindewald, and B. A. Shapiro. 2005. Structural 

polymorphism of the HIV-1 leader region explored by computational methods. 

Nucleic Acids Res 33:7151-63. 

43. Kawahara, Y., B. Zinshteyn, T. P. Chendrimada, R. Shiekhattar, and K. 

Nishikura. 2007. RNA editing of the microRNA-151 precursor blocks cleavage 

by the Dicer-TRBP complex. EMBO Rep 8:763-9. 

44. Ke, A., K. Zhou, F. Ding, J. H. Cate, and J. A. Doudna. 2004. A 

conformational switch controls hepatitis delta virus ribozyme catalysis. Nature 

429:201-5. 

45. Kruger, K., P. J. Grabowski, A. J. Zaug, J. Sands, D. E. Gottschling, and T. 

R. Cech. 1982. Self-splicing RNA: autoexcision and autocyclization of the 

ribosomal RNA intervening sequence of Tetrahymena. Cell 31:147-57. 

46. Kuo, M. Y., M. Chao, and J. Taylor. 1989. Initiation of replication of the 

human hepatitis delta virus genome from cloned DNA: role of delta antigen. J 

Virol 63:1945-50. 

47. Lai, M. M. 1995. The molecular biology of hepatitis delta virus. Annu Rev 

Biochem 64:259-86. 



 104 

48. Lehmann, K. A., and B. L. Bass. 1999. The importance of internal loops within 

RNA substrates of ADAR1. J Mol Biol 291:1-13. 

49. Lescrinier, E. M., M. Tessari, F. J. van Kuppeveld, W. J. Melchers, C. W. 

Hilbers, and H. A. Heus. 2003. Structure of the pyrimidine-rich internal loop in 

the poliovirus 3'-UTR: the importance of maintaining pseudo-2-fold symmetry in 

RNA helices containing two adjacent non-canonical base-pairs. J Mol Biol 

331:759-69. 

50. Linnstaedt, S. D., W. K. Kasprzak, B. A. Shapiro, and J. L. Casey. 2006. The 

role of a metastable RNA secondary structure in hepatitis delta virus genotype III 

RNA editing. Rna 12:1521-33. 

51. Liu, Y., and C. E. Samuel. 1999. Editing of glutamate receptor subunit B pre-

mRNA by splice-site variants of interferon-inducible double-stranded RNA-

specific adenosine deaminase ADAR1. J Biol Chem 274:5070-7. 

52. Liu, Y., and C. E. Samuel. 1996. Mechanism of interferon action: functionally 

distinct RNA-binding and catalytic domains in the interferon-inducible, double-

stranded RNA-specific adenosine deaminase. J Virol 70:1961-8. 

53. Liu, Z. R., A. M. Wilkie, M. J. Clemens, and C. W. Smith. 1996. Detection of 

double-stranded RNA-protein interactions by methylene blue-mediated photo-

crosslinking. Rna 2:611-21. 

54. Lomeli, H., J. Mosbacher, T. Melcher, T. Hoger, J. R. Geiger, T. Kuner, H. 

Monyer, M. Higuchi, A. Bach, and P. H. Seeburg. 1994. Control of kinetic 

properties of AMPA receptor channels by nuclear RNA editing. Science 

266:1709-13. 

55. Macbeth, M. R., H. L. Schubert, A. P. Vandemark, A. T. Lingam, C. P. Hill, 

and B. L. Bass. 2005. Inositol hexakisphosphate is bound in the ADAR2 core and 

required for RNA editing. Science 309:1534-9. 

56. Manock, S. R., P. M. Kelley, K. C. Hyams, R. Douce, R. D. Smalligan, D. M. 

Watts, T. W. Sharp, J. L. Casey, J. L. Gerin, R. Engle, A. Alava-Alprecht, C. 

M. Martinez, N. B. Bravo, A. G. Guevara, K. L. Russell, W. Mendoza, and C. 

Vimos. 2000. An outbreak of fulminant hepatitis delta in the Waorani, an 

indigenous people of the Amazon basin of Ecuador. Am J Trop Med Hyg 63:209-

13. 

57. Mathews, D. H., J. Sabina, M. Zuker, and D. H. Turner. 1999. Expanded 

sequence dependence of thermodynamic parameters improves prediction of RNA 

secondary structure. J Mol Biol 288:911-40. 

58. Maydanovych, O., and P. A. Beal. 2006. Breaking the central dogma by RNA 

editing. Chem Rev 106:3397-411. 

59. Melcher, T., S. Maas, A. Herb, R. Sprengel, P. H. Seeburg, and M. Higuchi. 

1996. A mammalian RNA editing enzyme. Nature 379:460-4. 

60. Murphy, F. L., and T. R. Cech. 1994. GAAA tetraloop and conserved bulge 

stabilize tertiary structure of a group I intron domain. J Mol Biol 236:49-63. 

61. O'Connell, M. A., A. Gerber, and W. Keller. 1997. Purification of human 

double-stranded RNA-specific editase 1 (hRED1) involved in editing of brain 

glutamate receptor B pre-mRNA. J Biol Chem 272:473-8. 



 105 

62. Ohlson, J., and M. Ohman. 2007. A method for finding sites of selective 

adenosine deamination. Methods Enzymol 424:289-300. 

63. Ohman, M., A. M. Kallman, and B. L. Bass. 2000. In vitro analysis of the 

binding of ADAR2 to the pre-mRNA encoding the GluR-B R/G site. Rna 6:687-

97. 

64. Oliveri, F., M. R. Brunetto, G. C. Actis, and F. Bonino. 1991. Pathobiology of 

chronic hepatitis virus infection and hepatocellular carcinoma (HCC). Ital J 

Gastroenterol 23:498-502. 

65. Pan, T., and T. Sosnick. 2006. RNA folding during transcription. Annu Rev 

Biophys Biomol Struct 35:161-75. 

66. Patterson, J. B., and C. E. Samuel. 1995. Expression and regulation by 

interferon of a double-stranded-RNA-specific adenosine deaminase from human 

cells: evidence for two forms of the deaminase. Mol Cell Biol 15:5376-88. 

67. Perrotta, A. T., and M. D. Been. 1991. A pseudoknot-like structure required for 

efficient self-cleavage of hepatitis delta virus RNA. Nature 350:434-6. 

68. Pley, H. W., K. M. Flaherty, and D. B. McKay. 1994. Model for an RNA 

tertiary interaction from the structure of an intermolecular complex between a 

GAAA tetraloop and an RNA helix. Nature 372:111-3. 

69. Polson, A. G., and B. L. Bass. 1994. Preferential selection of adenosines for 

modification by double-stranded RNA adenosine deaminase. Embo J 13:5701-11. 

70. Polson, A. G., B. L. Bass, and J. L. Casey. 1996. RNA editing of hepatitis delta 

virus antigenome by dsRNA-adenosine deaminase. Nature 380:454-6. 

71. Polson, A. G., H. L. Ley, 3rd, B. L. Bass, and J. L. Casey. 1998. Hepatitis delta 

virus RNA editing is highly specific for the amber/W site and is suppressed by 

hepatitis delta antigen. Mol Cell Biol 18:1919-26. 

72. Ramos, A., S. Grunert, J. Adams, D. R. Micklem, M. R. Proctor, S. Freund, 

M. Bycroft, D. St Johnston, and G. Varani. 2000. RNA recognition by a 

Staufen double-stranded RNA-binding domain. Embo J 19:997-1009. 

73. Reid, C. E., and D. W. Lazinski. 2000. A host-specific function is required for 

ligation of a wide variety of ribozyme-processed RNAs. Proc Natl Acad Sci U S 

A 97:424-9. 

74. Repsilber, D., S. Wiese, M. Rachen, A. W. Schroder, D. Riesner, and G. 

Steger. 1999. Formation of metastable RNA structures by sequential folding 

during transcription: time-resolved structural analysis of potato spindle tuber 

viroid (-)-stranded RNA by temperature-gradient gel electrophoresis. Rna 5:574-

84. 

75. Rizzetto, M. 1983. The delta agent. Hepatology 3:729-37. 

76. Roberts, R. J., and X. Cheng. 1998. Base flipping. Annu Rev Biochem 67:181-

98. 

77. Russell, R. 2008. RNA misfolding and the action of chaperones. Front Biosci 

13:1-20. 

78. Ryter, J. M., and S. C. Schultz. 1998. Molecular basis of double-stranded RNA-

protein interactions: structure of a dsRNA-binding domain complexed with 

dsRNA. Embo J 17:7505-13. 



 106 

79. Ryu, W. S., M. Bayer, and J. Taylor. 1992. Assembly of hepatitis delta virus 

particles. J Virol 66:2310-5. 

80. Sato, S., C. Cornillez-Ty, and D. W. Lazinski. 2004. By inhibiting replication, 

the large hepatitis delta antigen can indirectly regulate amber/W editing and its 

own expression. J Virol 78:8120-34. 

81. Sato, S., S. K. Wong, and D. W. Lazinski. 2001. Hepatitis delta virus minimal 

substrates competent for editing by adar1 and adar2. J Virol 75:8547-55. 

82. Schreiber, E., P. Matthias, M. M. Muller, and W. Schaffner. 1989. Rapid 

detection of octamer binding proteins with 'mini-extracts', prepared from a small 

number of cells. Nucleic Acids Res 17:6419. 

83. Shapiro, B. A., D. Bengali, W. Kasprzak, and J. C. Wu. 2001. RNA folding 

pathway functional intermediates: their prediction and analysis. J Mol Biol 

312:27-44. 

84. Shapiro, B. A., D. Bengali, W. Kasprzak, and J. C. Wu. 2001. RNA folding 

pathway functional intermediates: their prediction and analysis. J Mol Biol 

312:27-44. 

85. Shapiro, B. A., and J. Navetta. 1994. A massively parallel genetic algorithm for 

RNA secondary structure prediction. J Supercomputing 8:195-207. 

86. Shapiro, B. A., and J. C. Wu. 1996. An annealing mutation operator in the 

genetic algorithms for RNA folding. Comput Appl Biosci 12:171-80. 

87. Shapiro, B. A., and J. C. Wu. 1996. An annealing mutation operator in the 

genetic algorithms for RNA folding. Comput Appl Biosci 12:171-80. 

88. Shapiro, B. A., and J. C. Wu. 1997. Predicting RNA H-type pseudoknots with 

the massively parallel genetic algorithm. CABIOS 13:459-71. 

89. Shapiro, B. A., J. C. Wu, D. Bengali, and M. J. Potts. 2001. The massively 

parallel genetic algorithm for RNA folding: MIMD implementation and 

population variation. Bioinformatics 17:137-48. 

90. Shapiro, B. A., J. C. Wu, D. Bengali, and M. J. Potts. 2001. The massively 

parallel genetic algorithm for RNA folding: MIMD implementation and 

population variation. Bioinformatics 17:137-48. 

91. Stephens, O. M., H. Y. Yi-Brunozzi, and P. A. Beal. 2000. Analysis of the 

RNA-editing reaction of ADAR2 with structural and fluorescent analogues of the 

GluR-B R/G editing site. Biochemistry 39:12243-51. 

92. Tanner, M. A., and T. R. Cech. 1995. An important RNA tertiary interaction of 

group I and group II introns is implicated in gram-positive RNase P RNAs. Rna 

1:349-50. 

93. Taylor, J. 1996. Hepatitis Delta virus and its replication, 3rd ed. ed. 

Lippincott - Raven, Philadelphia. 

94. Taylor, J. M. 2006. Structure and replication of hepatitis delta virus RNA. Curr 

Top Microbiol Immunol 307:1-23. 

95. Tortorici, M. A., B. A. Shapiro, and J. T. Patton. 2006. A base-specific 

recognition signal in the 5' consensus sequence of rotavirus plus-strand RNAs 

promotes replication of the double-stranded RNA genome segments. Rna 12:133-

46. 



 107 

96. Tuerk, C., P. Gauss, C. Thermes, D. R. Groebe, M. Gayle, N. Guild, G. 

Stormo, Y. d'Aubenton-Carafa, O. C. Uhlenbeck, I. Tinoco, Jr., and et al. 

1988. CUUCGG hairpins: extraordinarily stable RNA secondary structures 

associated with various biochemical processes. Proc Natl Acad Sci U S A 

85:1364-8. 

97. Tuerk, C., and L. Gold. 1990. Systematic evolution of ligands by exponential 

enrichment: RNA ligands to bacteriophage T4 DNA polymerase. Science 

249:505-10. 

98. Wang, C. C., T. C. Chang, C. W. Lin, H. L. Tsui, P. B. Chu, B. S. Chen, Z. S. 

Huang, and H. N. Wu. 2003. Nucleic acid binding properties of the nucleic acid 

chaperone domain of hepatitis delta antigen. Nucleic Acids Res 31:6481-92. 

99. Wang, J. G., J. Cullen, and S. M. Lemon. 1992. Immunoblot analysis 

demonstrates that the large and small forms of hepatitis delta virus antigen have 

different C-terminal amino acid sequences. J Gen Virol 73:183-8. 

100. Wang, K. S., Q. L. Choo, A. J. Weiner, J. H. Ou, R. C. Najarian, R. M. 

Thayer, G. T. Mullenbach, K. J. Denniston, J. L. Gerin, and M. Houghton. 

1986. Structure, sequence and expression of the hepatitis delta (delta) viral 

genome. Nature 323:508-14. 

101. Wang, Q., J. Khillan, P. Gadue, and K. Nishikura. 2000. Requirement of the 

RNA editing deaminase ADAR1 gene for embryonic erythropoiesis. Science 

290:1765-8. 

102. Weiner, A. J., Q. L. Choo, K. S. Wang, S. Govindarajan, A. G. Redeker, J. L. 

Gerin, and M. Houghton. 1988. A single antigenomic open reading frame of the 

hepatitis delta virus encodes the epitope(s) of both hepatitis delta antigen 

polypeptides p24 delta and p27 delta. J Virol 62:594-9. 

103. Wong, S. K., and D. W. Lazinski. 2002. Replicating hepatitis delta virus RNA is 

edited in the nucleus by the small form of ADAR1. Proc Natl Acad Sci U S A 

99:15118-23. 

104. Wong, S. K., S. Sato, and D. W. Lazinski. 2003. Elevated activity of the large 

form of ADAR1 in vivo: very efficient RNA editing occurs in the cytoplasm. Rna 

9:586-98. 

105. Wu, H., A. Henras, G. Chanfreau, and J. Feigon. 2004. Structural basis for 

recognition of the AGNN tetraloop RNA fold by the double-stranded RNA-

binding domain of Rnt1p RNase III. Proc Natl Acad Sci U S A 101:8307-12. 

106. Wu, J. C., and B. A. Shapiro. 1999. A Boltzmann filter improves the prediction 

of RNA folding pathways in a massively parallel genetic algorithm. J Biomol 

Struct Dyn 17:581-95. 

107. Xayaphoummine, A., V. Viasnoff, S. Harlepp, and H. Isambert. 2007. 

Encoding folding paths of RNA switches. Nucleic Acids Res 35:614-22. 

108. Xia, S., J. Yang, Y. Su, J. Qian, E. Ma, and G. G. Haddad. 2005. Identification 

of new targets of Drosophila pre-mRNA adenosine deaminase. Physiol Genomics 

20:195-202. 



 108 

109. Yang, W., Q. Wang, K. L. Howell, J. T. Lee, D. S. Cho, J. M. Murray, and K. 

Nishikura. 2005. ADAR1 RNA deaminase limits short interfering RNA efficacy 

in mammalian cells. J Biol Chem 280:3946-53. 

110. Yi-Brunozzi, H. Y., L. M. Easterwood, G. M. Kamilar, and P. A. Beal. 1999. 

Synthetic substrate analogs for the RNA-editing adenosine deaminase ADAR-2. 

Nucleic Acids Res 27:2912-7. 

111. Yi-Brunozzi, H. Y., O. M. Stephens, and P. A. Beal. 2001. Conformational 

changes that occur during an RNA-editing adenosine deamination reaction. J Biol 

Chem 276:37827-33. 

112. Zielinski, J., K. Kilk, T. Peritz, T. Kannanayakal, K. Y. Miyashiro, E. 

Eiriksdottir, J. Jochems, U. Langel, and J. Eberwine. 2006. In vivo 

identification of ribonucleoprotein-RNA interactions. Proc Natl Acad Sci U S A 

103:1557-62. 

113. Zuker, M. 2003. Mfold web server for nucleic acid folding and hybridization 

prediction. Nucleic Acids Res 31:3406-15. 

114. Zuniga, S., I. Sola, J. L. Cruz, and L. Enjuanes. 2008. Role of RNA 

chaperones in virus replication. Virus Res. 

 

 



 109 

APPENDIX 



Figure Intro 1

UAG

110



AUC

UAG

(A)n

UIG

A to I RNA
editing by
ADAR1

mRNA
UAG

Stop (Amber)

HDAg-S

(required for replication)

antigenome
UGG

genome
ACC

(A)n

edited mRNA
UGG

Trp (W)

HDAg-L

(required for packaging,
inhibits replication)

6

5

4

3
2

1

Figure Intro 2

111



Figure Intro 3

A I

112



N

ADAR 1

ADAR 2

Figure Intro 4

113



HDV-1

HDV-3

CCAU GGAU CUCUUCCC GC CGA
A AUA A

| | | | | | | | | • | | | | | | | | | | |
GGUA CCUA GGGAAGGG CG GCU

C C CUA A

CCC AUGG UU CCCCGCC UCCC
AUAGU GC A

| | | | | | | | | | | | | • | | | | | |
GGG UACC AA GGGGUGG AGGG

C UC U

CC UAGUA UGGG CCC GCCUCC CCCGGG
A CUUA C C

| | | | | • | | | • | | | | | | | • | | | | | • | |
GG AUCGU ACUC GGG CGGGGG GGGUCC

A G UA CC A

SL1

SL2

Figure Intro 5

A

B

114



T7
SL1 SL2

WHDAg
9701104

486 620

4866209701104

HindIII

Figure A-1

115



Table A-1

116



117



Upper

Lower

MD SF

BA

Figure A-3

118



time (min):

Upper RNA Lower RNA

branched

unbranched

Figure A-4

119



0 1 2 8 30 60Time (min):

% branched: 50 59 47 66 60 54

Figure A-5

120



7

-+ -+

Upper Lower

069

-- ++

Upper SF

unedited

edited

% edited:

StyI:

unedited

edited

% edited:

StyI:

A B

Figure A-6

121



225
236
239
241

212,214

106

114

112

133
135

94
91

101
103

97, 98

113

58

62

75
74

38
39

24

27

31

174, 175

182

+++ + ++

U L

RNase A

127

103

52

57

54

62

80
82

46

27

81

55

24

56

53

178,179

26

37

59

85

237

215
213

177

181
180

270
278

26

30

45

33

67

85

105

237

177

270

- -

U L

++ ++

RNase T1A

SL 1

SL 2

G C
C-G
C-G
C-G
U-A
U•G
U-A
U•G
C-G
C-G
C-G

A
C U

C
C-G
U-A
G-C

A
A-U
G-C
G-C
C-G

A
C-G
U•G
U-A

G
A-U
G-C
G-C
G-C

A A
C-G
G-C
U-A
C-G

A-A

140

180

C

C-G
C-G
U•G
U-A
G•U
U•G
C-G

U
C-G
C-G
C-G
C-G
U-A

C A
U C
A-U
G-C

C C
U-A
G•U
G-C
C-G
C-G
C-G
G•U
G•U
G-C

G U
C G

220

120

40

60

80

100

AGC UUC A CUUA C C U U

5'...CCC CC UAGUA UGGG CCC GCCUCC CCCGGG AU ACUGG...

||| || |||•| ||•| ||| |||•|| |||||| || |||||

3'...GGG GG AUCGU ACUC GGG CGGGGG GGGUCC UA UGACC...

A A A G UA CC A U

B

40 60

80

100 140120

180
200

220240260280

AG GG A CUUU C CAU A A A UU AUAGU GC A C GUAUU

5'...CCC CCU GCA GAG UUCCGG GUCCCC UCCC GAA GGGAG AGGGG AUCGA CCG GG UCCC GCAG CCC AUGG UU CCCCGCC UCCC CCGG ACUGG...3'

||| ||| ||| ||| |•|||| |•|||| |||| ||| ||||• ||||| ||||| ||| || •||| |||| ||| |||| || ||||•|| |||| |||• |||||

3'...GGG GGA CGU CUC AGGGCC CGGGGG AGGG CUU CCCUU UCCCC UAGCU GGC CC GGGG CGUC GGG UACC AA GGGGUGG AGGG GGCU UGACC...5'

A AU GA U UC A G CUC UU C UC U ACC GCUUU

C

SL2

SL1

UB

UB

+ +

105

76

Figure A-7

122



SL 1

SL 2

G-C
G-C
U-A
C-G
C-G
U•G
U-A
A-U
C-G
C-G

C
U
U
G
U
C U
C-G
C-G
C-G
C-G
U-A

C A
U C
A-U
G-C

C C
U-A
G•U
G-C
C-G
C-G
C-G
G•U
G•U
G-C

G U
C G

G C
C-G
C-G
C-G
U-A
U•G
U-A
U•G
C-G
C-G
C-G

A
C U

C
C-G
U-A
G-C

A
A-U
G-C
G-C
C-G

A
C-G
U•G
U-A

G
A-U
G-C
G-C
G-C

A A
C-G
G-C
U-A
C-G

A G AGC UUC A CUUA C CC GUAUU

...G CGCUUCGU CCC CC UAGUA UGGG CCC GCCUCC CCGG ACUGG...

| |||||||| ||| || |||•| ||•| ||| |||•|| |||• |||||

...T GCGGAGCA GGG GG AUCGU ACUC GGG CGGGGG GGCU UGACC...

A A A A G UA CC AG GCUUU

A-A

G A

C

U
G

A

G

C
C

A G C

A

U

CC

T

SL1

SL2

Figure B-1

123



mP-SF mE-SF

A

B

Figure B-2

124



Figure B-3

fl-E

fl-P
A

B

0

10

20

30

6 9 12

Days posttransfection

fl-E

fl-P

C

0

10

20

30

P E

125



Figure B-4

Days posttransfection

0

25

50

75

100

6 9 12

fl-E

fl-P

126



Figure B-5

127



Table B-1

128



Branched

Unbranched

mP mE

% S1

27 74

mP mE

S2

S1

% Branched

49 74

A

B

0

10

20

30

S1 S2

Figure B-6

129



mP mP mPmE mE mE

% BEDIT: 31 49 267621 70

Figure B-7

BEDIT

130



before

purification

after

purification

P

C

B

time (min)

Figure B-8

0 1803010min: 0 1803010

BEDIT

BEDIT

BEDIT

BALT

BALT

131



Figure B-9

genome

antigenome

2.
ADAR-1

1.

or

3.

132



mP

mE

SL1

SL2

edit
proximal

distal

A

B

S2

S1
Branched

Unbranched

S2

S1
Branched

Unbranched

Figure B-10

133



A G UUUA C C

CC UAGUAU GG CCC GCCUCC CCCGGG

|| |||•|| || ||| |||•|| |||•||

GG AUCGUA CC GGG CGGGGG GGGUCC

A G UUA CC A

Peru

Ecuador

SL1

SL2

271275

A

271275

0

20

40

60

80

mP-SF mP-SF +

E edit

mE-SF mE-SF +

P edit

B

A CUUA C C

CC UAGUA UGGG CCC GCCUCC CCCGGG

|| |||•| ||•| ||| |||•|| |||•||

GG AUCGU ACUC GGG CGGGGG GGGUCC

A G UA CC A

Figure B-11

134



A edit site mutations

fl-P

B SL2 proximal mutations

fl-P + Eedit
fl-E

fl-E + Pedit

fl-P

fl-E + PSL2

fl-E

fl-P + ESL2

Figure B-12

135



150

100

75

50

37

A

B C

73ng/ul

Figure C-1

136



A

B

mP-SF mP-SF***mP-SF*

Figure C-2

BEDIT

137



mE-SF*mP-SF*

HDV-3HDV-1

HHV8 K12

. . .CC UAGUAU GG CCC GCCUCC CCCGGG. . .
A G UUUA C C

| | | | | • | | | | | | | | | | • | | | | | • | |
. . .GG AUCGUA CC GGG CGGGGG GGGUCC. . .

A G UUA CC A

. . .CC UAGUA UGGG CCC GCCUCC CCCGGG. . .
A CUUA C C

| | | | | • | | | • | | | | | | | • | | | | | • | |
. . .GG AUCGU ACUC GGG CGGGGG GGGUCC. . .

A G UA CC A

GGCGA GUG UGUC CCCCGAGU . . .
UU UUA U C GG

•• | | | | | | | • | | | | | | • | | •
UUGCU CAC AUAG GGGGUUCG . . .

GU CAC C C GA

G
U

C
U

. . .CCAU GGAU CUCUUCCC GC CGA. . .
A AUA A

| | | | | | | | | • | | | | | | | | | | |
. . .GGUA CCUA GGGAAGGG CG GCU. . .

C C CUA A

DC1-Sma1

nM pure ADAR 1

Kd

Bmax

mP-SF*

5.3 + 1.1

74.5 + 7.2

mE-SF*

6.1 + 1.6

93.6 + 9.22

DC1

4.9 + 2.6

97.7 + 20.6

K12

0.45 + 0.04

72.9 + 0.9

A

B

Figure C-3

138



nM protein

Figure C-4

Kd

Bmax

mP-SF*

6.8 + 3.8

125.4 + 31.6

mE-SF*

3.8 + 0.5

110.6 + 5.5

mE-SF*

13.5 + 1.9

116.3 + 6.3

mP-SF*

14.1 + 5.5

130.8 + 19.9

FL-ADARdsRBD

A

B

139



FL ADAR 1 dsRBD

0 .2 42 8nM protein:

free RNA

0 .2 42 8

Figure C-5

specific shift band

140



nr-P nr-E

nr-P nr-E

A

B

Figure C-6

141



A

B

nM ADAR1

mP-SF***!SL1

mP-SF***!SL1!SL2

mP-SF***!SL2

mP-SF***

Figure C-7

142



SL 2

U A
A
C-G
C-G
C-G
U-A

U U
G

U G
U

C-G
G-C
G-C
G-C
G-C
A-U

C A
U C
A-U
G-C

C C
A-U
U-A
C-G
G-C
G-C
G-C

C U
C-G
C-G

G U
C G

G

AUU
U AGC CA G UUUA C C U A

GGGUGACGCUUCG GCCC UUCC UAGUAU GG CCC GCCUCC CCCGGG CUGGG...

||||||||||||| |||| |||| |||•|| || ||| |||•|| |||•|| |•||•

CCCACUGCGGAGC CGGG AAGG AUCGUA CC GGG CGGGGG GGGUCC GGCCU...

A G UUA CC A U A

G
C

U
U

mP-SF***

GAAA, UUUUU

M28, M28T

mP-SF*** SL1

Figure C-8

143



GAAA

UUUUU

M28T

M28

mP-SF***SL1

nM ADAR1

A

B

Figure C-9

144



Figure C-10

145


