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ABSTRACT 

The circular genome and antigenome RNAs of hepatitis delta virus (HDV) form 

characteristic unbranched, quasi-double-stranded RNA secondary structures in which 

internal loops and bulges are interspersed between short helical segments. The 

ribonucleoprotein complexes (RNPs) formed by these RNAs with the virally encoded 

protein, hepatitis delta antigen (HDAg), perform essential roles in the viral life cycle, 

including viral replication and virion formation. Little is understood about the formation 

and structure of these complexes and how they function in these key processes. This 

dissertation examines the structural organization of HDV RNPs, the RNA features that 

determine HDAg specificity for HDV RNA, and the stoichiometry of RNPs assembled 

with genome RNAs.  

HDAg binds only to quasi-double-stranded RNAs that are at least ~311 nt. Using 

a minimal length RNA, I have characterized the assembly of the basic complex formed 

between HDV RNA and HDAg. Analysis of free and HDAg-bound RNAs by selective 

2'OH acylation analyzed by primer extension indicates that the characteristic secondary 

structure of HDV RNA is preserved within RNPs. However, many predicted unpaired 

positions in the RNA became more dynamic in the context of the RNP. Analysis of the in 

vitro binding activity of RNAs in which internal loops and bulges were mutated 

demonstrated that the distinctive secondary structure, not the primary RNA sequence, is 
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the major determinant of HDAg RNA binding specificity. Atomic force microscopy 

analysis of RNPs formed in vitro revealed complexes in which the HDV RNA is 

substantially condensed by bending or wrapping. These results support a model in which 

unpaired regions in HDV RNA contribute flexibility that allows HDV RNA bending and 

condensing by HDAg.  

Towards extending this study to longer HDV RNAs, my work has advanced the in 

vitro analysis of HDV RNPs in two important ways. I have characterized, for the first 

time, highly specific, high-affinity binding of full-length HDAg to HDV RNA. 

Additionally, I have demonstrated sequential binding of HDAg multimers to the genome 

RNA that saturates at high concentrations of the protein. Analysis of RNPs formed with 

full-length HDAg reveals that ~4 to 5 HDAg multimers sequentially bind and encapsidate 

the HDV genome RNA. 
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CHAPTER 1: INTRODUCTION 

SIGNIFICANCE 

Hepatitis delta virus (HDV) is an unusual human pathogen that causes the most severe 

liver disease of the hepatitis viruses2–4. HDV’s approximately 1680 nt circular, single-

stranded, negative sense RNA genome is the smallest of known animal viruses. This 

genome encodes for only a single protein, the hepatitis delta antigen (HDAg or delta 

antigen), which is an RNA binding protein. Perhaps the most interesting facets of HDV 

biology relate to its compact nature. To compensate for the limited protein coding 

capacity of its genome, HDV is economical in the use of host proteins, its own dynamic 

RNA structure, and the envelope protein of its helper-virus, hepatitis B virus (HBV), to 

accomplish essential steps throughout the viral life cycle. As a satellite virus, HDV can 

only infect cells as a coinfection or superinfection of HBV. Unlike other RNA viruses, 

HDV does not encode for a polymerase. One of the most unique and least understood 

features of the life cycle is the redirection of a host DNA-dependent RNA polymerase, 

RNA polymerase II (pol II). The replication of HDV RNA requires pol II to function as 

an RNA-dependent RNA polymerase (RdRp), an activity that is otherwise 

uncharacteristic of the enzyme.  

The study of HDV has contributed to many unique and important discoveries in 

the field of RNA biology. Commonly used as a molecular tool for defined 3' end 

processing of RNAs5, the self-cleaving HDV ribozyme was the first discovered catalytic 

RNA required for the viability of a human pathogen and is the representative member of 

a unique class of self-cleaving RNAs6–8. HDV is also the only example of a virus that 
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exploits RNA editing for specific modification of its genome9,10, and this discovery was 

instrumental in the early characterization of cellular RNA adenosine deaminases 

(ADARs) and A to I RNA  editing11. The most convincing evidence for a biologically 

relevant RdRp activity for pol II comes from studies of HDV replication as well12–15. 

Demonstration and characterization of pol II RNA-directed RNA synthesis was 

performed using an HDV-derived template uncovering what some have described as a 

missing link in molecular evolution16. The work in this dissertation describes a new 

contribution to RNA biology, namely, a unique type of RNA-protein interaction between 

HDV RNA and the delta antigen1. 

  Central to all of these activities and thus the entire replication strategy of the 

virus, is RNA secondary structure. Both the RNA genome of HDV and its reverse 

complement, which serves as a replication intermediate, exist in a unique and highly 

stable RNA structural conformation conventionally described as an unbranched rod or 

Figure 1. Structure of the HDV genome. Upper Schematic depicting the location of the HDAg gene, the 
RNA editing site, and the ribozyme cleavage site. Vertical lines represent partial base pairing. The genome 
exhibits greater than 70% complementarity between the depicted top and bottom RNA strands. RNA loop 
motifs cap each end of the genome and will be referred to as the left and right terminal loops, as labeled. 
Lower Schematic illustrating the predicted RNA secondary structure for the indicated region at the left end 
of the genome. The quasi-double-stranded secondary structure, composed of short helices linked by 
interspersing small internal loops and bulges, is consistent along the entire genome. Vertical lines and solid 
circles represent Watson-Crick base pairs and G-U wobble pairs, respectively.  
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rod-like structure17–19. For both of these circular RNAs, one-half exhibits remarkable 

sequence complementarity to the other half, such that the RNAs collapse into linear 

closed hairpin structures. An indication of the importance of this structure for the virus is 

the remarkable amount of genome space devoted to its formation. Only about half of the 

diminutive HDV genome codes for protein, while the remainder primarily contributes to 

forming the quasi-double-stranded RNA secondary structure with the coding strand. 

HDV replication requires this unbranched rod RNA structure and is markedly sensitive to 

disruption of the structure by even small insertions, deletions or changes to the pattern of 

base-pairing20–26. It has been proposed that host RNA polymerases specifically recognize 

the secondary structure near the terminal loops of the HDV unbranched rod to facilitate 

the initiation of replication27–29. While the quasi-double-stranded unbranched rod 

structure is the most stable predicted folding for HDV RNAs, alternative metastable 

structures can form that play important roles for the virus. Ribozyme catalysis and RNA 

editing of HDV RNA both rely on alternative RNA secondary structures. Self-cleavage 

by the HDV ribozyme requires the formation of a double pseudoknot structure by an 85 

nt segment of HDV RNA8. In vitro, this structure folds cotranscriptionally but competes 

with the formation of the unbranched rod structure when downstream sequences are 

included30. Once self-cleavage has occurred, the RNA is able to transition to the 

unbranched rod conformation31. A conserved base-paired structure within the unbranched 

rod folding is required for genotype 1 HDV RNA to serve as a substrate for editing by 

cellular ADAR19, but editing for genotype 3 RNA is regulated by the formation of an 

alternative, metastable branched RNA secondary structure32. The alternative editing 

structure for genotype 3 RNA also likely folds co-transcriptionally, and the rate of editing 
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is regulated by how often the branched structure is formed during transcription instead of 

the more stable unbranched rod structure32,33.  

Just as important as RNA structure, the sole viral protein, HDAg, is required for 

multiple functions throughout the viral life cycle. The versatile protein plays a role in the 

regulation of the above mentioned viral RNA synthesis, ribozyme catalysis, and RNA 

editing, and is responsible for nuclear import of HDV RNA, and virion assembly through 

its interaction with HBV envelope proteins15,24,34–37. Both the genome and antigenome 

RNAs are associated with HDAg in ribonucleoprotein complexes (RNPs) within infected 

cells15, a defining feature of negative strand RNA (nsRNA) viruses. The ability of HDAg 

to bind HDV RNA and form RNPs is therefore crucial to its multiple functions. HDV 

shares in common with other nsRNA viruses the intimate involvement of a viral 

nucleoprotein throughout the viral life cycle. For these viruses, the RNP is the form of the 

genome that is packaged into virions and serves as the template for replication by an 

RdRp. Likewise, RNP formation is required for HDV replication, and the genome is 

packaged into virions as an RNP. While the mechanism through which HDAg supports 

replication is yet unclear, evidence suggests it may act as an elongation factor for host pol 

II transcription38,39. 

Characterization of delta RNPs is therefore critical to understanding fundamental 

viral processes, perhaps most intriguingly, the subversion of pol II for viral replication. 

Despite the importance of the RNP for the virus, little is known about the interaction 

between HDAg and HDV RNA and the stoichiometry and structure of the resulting RNP. 

Crystal structures of both HDAg alone and the RNP remain elusive. Some studies have 

implicated the unbranched rod structure of HDV RNA as a determinant of specific HDAg 
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binding40–42, but specific requirements for RNA sequence and secondary structure have 

yet to be determined. The characterization of these complexes and the role of RNA 

structure in HDAg RNA binding remain important goals for understanding RNP function. 

Studying the structure and function of this unique viral RNP will shed light on critical 

mechanisms for HDV and will undoubtedly yield insights in the fields of pol II 

transcription, RNA structure, and RNA-protein interactions. The work in this dissertation 

is directed towards understanding the structure and topology of HDV RNA within the 

RNP, the RNA sequence and structural requirements for RNP formation, and the 

assembly and stoichiometry of full-length genomic and antigenomic RNPs. 

DISEASE 

There are two modes of HDV infection, which requires hepatitis B virus as a helper virus. 

In HBV-naive individuals, HDV infects patients as a coinfection with HBV. Coinfection 

with HBV and HDV typically results in acute illness with a low risk of the infection 

becoming chronic43. Individuals with chronic HBV infection are at risk of HDV 

superinfection. This infection causes acute illness that progresses to chronic infection in 

80% of cases43. In all cases, HDV increases the risk of serious liver disease beyond that 

due to the helper virus, HBV2–4. The risk of fulminant hepatitis, the most severe form of 

acute disease, is increased approximately ten-fold by infection with HDV43,44. Patients 

with chronic HDV infection are at an increased risk for chronic active hepatitis, cirrhosis, 

hepatic decompensation, hepatocellular carcinoma, and death3,4,45. Worldwide, about 17 

million people are chronically infected by HDV, and an additional 350 million 

chronically infected HBV patients are at risk for HDV superinfection.  

Treatments are available for HBV infection, but they are ineffective against HDV. 
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HDV is distinct from classical satellite viruses in that HBV does not play a direct role in 

the replication of the HDV genome, and the two viruses share no sequence similarities. 

The virus relies on HBV only for expression of the HBV envelope protein (HBsAg), 

which is required for secretion of infectious HDV particles46,47.
 
HBV infection produces 

a large excess of HBsAg, and this production is not eliminated by therapeutics. Thus, 

anti-HBV therapies are not effective against HDV infection. In addition, there is no 

specific treatment for HDV. Interferon alpha has limited effectiveness in treating chronic 

illness caused by HDV, but is ineffective for acute disease, which occurs at a high rate in 

HDV patients. The fact that the virus utilizes host proteins to carry out its enzymatic 

processes, including a host polymerase, complicates efforts to identify targeted 

therapeutics against this unusual virus. Thus, HDV remains extremely difficult to treat. 

Work towards a mechanistic understanding of the functions of the only viral protein, 

HDAg, and the HDV RNP is likely to advance the goal of developing specific HDV 

antiviral treatments.  

CLASSIFICATION 

While HDV shares some general properties with nsRNA viruses, it is not classified with 

any of the nsRNA virus families, which differ from HDV in genome sequence, structure, 

and organization. The genomes for nsRNA viruses are longer (~9-20 kb), linear ssRNAs 

that do not display extensive base pairing and that encode for multiple proteins. HDV 

constitutes its own floating genus and is not homologous in sequence or genome 

organization to any known virus or subviral agent. Accordingly, HDV has properties that 

are unique among animal viruses. In some respects, HDV is similar to plant viroids. HDV 

and viroid RNAs share a distinctive genomic RNA structure, and rolling circle 
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mechanism of replication carried out by host polymerases without a DNA replication 

intermediate. Additionally, the Avsunviroidae family of viroids also contains self-

cleaving ribozymes although they are unrelated in sequence and structure to the HDV 

ribozyme. 

There are eight distinct HDV genotypes48, which differ in sequence, geographical 

distribution, and disease severity. The most prevalent, genotype 1 is distributed 

worldwide and associated with a broad range of disease severity. The remaining 

genotypes are more restricted in geographical distribution. Genotype 3, which is 

associated with devastating epidemics in northern South America, causes the most severe 

and rapidly progressing disease49–60. Previous HDV research has focused primarily on 

genotype 1. As such, this dissertation begins with a characterization of the RNP of 

genotype 1, building directly upon previous work from the Casey lab. Due to certain 

advantages found with HDV genotype 3 HDAg (HDAg-3), which are described later in 

detail, the latter part of the proposal focuses on advances made with the genotype 3 RNP. 

Genotype 1 and 3 share all of the distinctive features of HDV including a quasi-double-

stranded unbranched rod RNA structure, self-cleaving ribozymes, and the use of RNA 

editing. However, the two genotypes are approximately 40% divergent51 and have 

distinct strategies for regulating viral RNA editing9,23,37,61. The work described here 

reveals that RNP assembly is governed by similar principles for the two genotypes. 

HDV REPLICATION CYCLE 

Virion Structure and Entry 

Roughly spherical HDV virions are enveloped and approximately 36 nm in diameter62. 
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Within the lipid envelop, which is assembled with HBsAg, genomic HDV RNA is 

packaged with HDAg in an RNP41,63,64. The host receptor that facilitates entry for both 

HBV and HDV virions has recently been identified as the sodium taurocholate 

cotransporting polypeptide (NTCP)65, which is expressed on hepatocytes for reabsorption 

of bile acids. HDV replication occurs within the nucleus. Once inside the cell, HDV RNA 

transport to the nucleus is facilitated by its interaction with HDAg in an RNP via a 

nuclear import signal located within the protein35. 

Rolling Circle Replication 

Replication occurs through a double-rolling-circle mechanism that involves the circular 

reverse complement of the genome, the antigenome.66,67 The rolling circle description 

originated from a proposed replication mechanism for plant viroids with similar  

Figure 2. Rolling Circle Mechanism of HDV Replication. Vertical lines represent high amounts of base 
pairing between complementary regions of RNA. Both the genome and antigenome circular, unbranched rod 
RNAs exhibit nearly 70% Watson-Crick base-pairing. Closed and open triangles represent genomic and 
antigenomic ribozyme cleavage sites, respectively. 
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replication schemes68. Replication occurs in the nucleus using host RNA polymerase II12–

14, which normally requires DNA as a template. As depicted in Figure 1, replication 

around the circular genome RNA generates antigenome RNAs that are multiples of the 

unit-length14.
 
Cleavage of these concatameric RNAs to unit-length is achieved by cis-

acting ribozyme structures that occur in both the genome and antigenome. These 

ribozymes cleave site-specifically and yield 5′hydroxyl and 2′,3′-cyclic monophosphate 

ends7,69.
 
Once the antigenome is cleaved to a monomer, ligation occurs to covalently 

close the circular RNA. Evidence suggests that a host ligase activity must be responsible 

for this circularization70, and recent results implicate a specific host tRNA ligase in this 

function.71 Knockdown of the host tRNA ligase HSPC117, which has activity in joining 

5'-hydroxyl groups with 2',3'-cyclic monophosphates72, was shown to inhibit HDV 

replication. Similarly, HDV replication was diminished by knockdown of a cofactor for 

HSPC117 tRNA ligation, DDX173. In vitro ligation studies are needed to confirm a direct 

role for HSPC117 in circularization of HDV genomic and antigenomic RNAs. Genomic 

RNA circles are generated from the ligated monomeric antigenomic circles following a 

similar pathway. Thus, the replication strategy is described as a double rolling circle68. 

Replication is asymmetric in that about 10 fold more genome is synthesized than 

antigenome. The mechanism resulting in this asymmetry is unknown. Perhaps, the 

antigenomic RNP may be a more efficient template for transcription or have tighter 

associations with pol II. 

Transcription and HDAg Production 

As a negative strand RNA virus, the HDV genome also serves as the template for 

transcription of HDAg mRNA. HDAg mRNA shares characteristics with other pol II 



 10 

transcribed genes including a 5' cap and polyadenylated tail74,75. However, the mRNA 

does not undergo splicing. HDAg mRNA is transcribed in the nucleus followed by export 

to the cytoplasm, where translation occurs. Following translation, HDAg localizes to the 

nucleus via its nuclear localization signal. RNA editing results in two different forms of 

HDAg, a ~195 aa small form (HDAg-S) and a ~214 aa large form (HDAg-L). Initially 

during infection, only HDAg-S is produced. During replication, editing occurs on the 

antigenome, changing the amber stop codon to a tryptophan and extending the open 

reading frame by 19 amino acids to produce HDAg-L76. Edited antigenomes are 

replicated to edited genomes, which are transcribed to HDAg-L mRNAs. As edited 

genomes accumulate over time, the amount of HDAg-L increases. HDAg-S is required to 

support replication while HDAg-L inhibits replication and facilitates packaging of the 

genome into viral particles. By changing the ratio of the two proteins produced over time, 

RNA editing affects the temporal regulation of replication. For at least genotype 1 HDV, 

editing levels are regulated by HDAg binding37,61 possibly through obstruction of the 

editing site. 

RNA Polymerase II and HDV RNA Synthesis 

HDAg is encoded by the antigenome; thus, HDV is a negative-strand RNA (nsRNA) 

virus. However, unlike other nsRNA viruses, HDV does not encode for a viral RdRp. 

Thus, the RNA directed replication and transcription of HDV RNAs in the nucleus, must 

be performed by a host polymerase. Convincing evidence exists for the pol II dependent 

replication and transcription of HDV RNAs12–15,38. In vitro and in replicating cells, both 

the RNAs and HDAg have been found to associate with pol II15,28,38,39. In cells, HDAg 

colocalizes with pol II in the nucleoplasm in transcription factories15. Despite this 
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evidence, there has been limited success reconstituting HDV RNA-directed transcription 

in vitro. A crystal structure has been determined for pol II engaging RNA as a template16, 

and some attempts have shown 3' end addition to HDV RNAs in vitro15,16,38,77. However, 

de novo initiation was not observed with these assays, and the extension was limited to 

~20 nt. A similar RdRp function for pol II has recently been shown for the extension of a 

mammalian noncoding RNA, B278. 

Typically for nsRNA viruses, viral RNPs are necessary as the template for RNA  

synthesis. In some cases, the nucleoprotein of an nsRNA virus specifically interacts with 

a viral polymerase to facilitate replication and transcription. In a well-characterized 

example, the C-terminal 

tail domain of the measles 

virus nucleoprotein 

stabilizes active 

transcription through 

interactions that anchor 

the polymerase complex 

while the nucleoprotein N-

terminal core domain interacts with the viral RNA79. HDAg is required to support HDV 

replication12,80, but the exact function of HDAg in replication remains unclear. The 

interaction of HDV RNA with HDAg is required for its import to the nucleus35 where 

replication occurs. However, additional studies suggest that the role of HDAg in 

replication goes beyond the requirement for nuclear localization. A study from the Taylor 

lab demonstrated that truncated versions of HDAg retaining the ability to form RNPs 

Figure 3. Schematic of HDAg-S. The dimerization region, nuclear 
localization signal (NLS), and pol II binding domains are indicated 
with gray shading. Striped regions that have been implicated in RNA 
binding include an N-terminal RNA-binding domain (NTBD), and two 
arginine rich motifs (ARMs). 
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were nonetheless insufficient for the initiation of replication81. Yamaguchi et al. 

determined that deletions as small as 8 aa from the C-terminus of HDAg-S strongly 

impaired the protein’s ability to support replication, and a larger 31-aa deletion 

completely abolished replication38 regardless that the regions of these deletions are not 

implicated in HDAg RNA binding and are dispensable for nuclear import35. The study 

from Yamaguchi et al. showed the ability of HDAg to interact with pol II and act as an 

elongation factor for transcription; aa 130-195 of HDAg were implicated in this function 

(Figure 3). The same 8-aa C-terminal deletion severely diminished this interaction 

between HDAg and pol II. Considering these results, the use of the genomic RNP with 

HDAg rather than simply HDV RNA as the template for in vitro pol II assays may be the 

key to achieving initiation and substantial elongation.  

Packaging and Export 

Prenylation of HDAg-L is required for its association with membrane-bound HBsAg and 

the assembly of HDV virions82–84. Additionally, RNA binding and the ability of HDAg-L 

to form RNPs with HDV RNA is essential for its role in packaging genome RNAs into 

viral particles24,34,85. While the precise mechanism is unknown, it is hypothesized that 

HDV virions are assembled and released using a cellular secretory pathway, similar to the 

case for HBV subviral particles. 

HDV RNA STRUCTURE 

The restrictive genome size of HDV precludes the possibility of encoding a viral RdRp or 

viral factors other than HDAg. Therefore, the extensively structured HDV genome must 

serve as a template for RNA-dependent RNA synthesis by pol II, act as a substrate for 

adenosine deaminases that recognize double-stranded RNA, and interact with other host 
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factors, possibly a tRNA ligase and transcription factors that facilitate replication. In 

order to constitute a suitable substrate, HDV RNAs must conform to RNA-structural 

requirements for these host enzymes. Thus, characterization of global and local structural 

features of HDV RNA that play key roles in these enzymatic steps will be critical 

towards a comprehensive understanding of the virus life cycle. The unusual HDV RNA 

unbranched rod structure most closely resembles the smaller RNA genomes of plant 

viroids, which also form unbranched rod structures but do not encode for any protein. 

Like HDV, these RNA pathogens also subvert pol II for RNA-dependent replication via a 

rolling circle mechanism. However, viroids do not require a nucleoprotein for viral RNA 

transcription. Characterizing the function of HDV RNPs will help us understand why 

HDV diverges from viroid RNAs in its requirement for a viral nucleoprotein to support 

replication by pol II.  

For both the HDV genome and antigenome unbranched rod RNAs, 70% 

intramolecular Watson-Crick base-pairing drives the collapse of the circular RNAs into 

linear closed hairpin structures in which short base-paired segments are interspersed with 

small bulges and internal loops but no forking stem-loop branches17–19. As described, the 

virus dedicates half the length of its genome to forming this critical structure. Despite its 

description as an unbranched rod or rod-like structure,  HDV RNA should not be thought 

of as rigid. Indeed, electron microscopy studies18 demonstrate that HDV RNA appears 

extended and unbranched. Additionally, individual molecules exhibit various degrees of 

curvature suggesting that the RNA is flexible. 

Completely double-stranded RNA forms an A-form helix that is less flexible than 

a B-form DNA helix86,87.
 
Internal loops and bulges, like those that are interspersed 
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throughout the quasi-double-stranded HDV RNA, are known to add bending and points 

of potential flexibility when positioned within a region of double-stranded RNA88–90. 

Bulges consist of extra bases that interrupt the helix and are unopposed (asymmetrical)88.
 

Internal loops are regions with mismatched nucleotides on either side of the helix and can 

be either symmetrical or asymmetrical90.
 

While bulges are points of more rigid, 

anisotropic bending, internal loops can be points of dynamic flexibility86,88–90.
 
A single 

nucleotide bulge induces a bend angle of at least 15 degrees89.
 
The more nucleotides form 

the bulge, the greater the angle. A 6nt bulge can result in a bend angle as great as 90°. 

The calculated bend angles for internal loops are lower but follow the same trend90.
 

Moreover, for internal loops, each subsequent nucleotide adds an additional point of 

flexibility. The identity of bases in a bulge or loop as well as the flanking positions can 

affect the structure, e.g. whether bases can participate in non-canonical base pairs, 

whether the unpaired bases stack in or out of the helix, and the degree of bending or 

flexibility allowed86,89,90.
 
Within internal loops, interstrand interactions between looped 

nucleotides are less favorable than Watson-Crick base pairs. Nonetheless, internal loops 

can stabilize, destabilize, or kink flanking helices depending on the sequence and 

interactions within the loop90.  

Bulges and internal loops of various sizes and sequence composition occur within 

HDV RNA at irregular intervals. The maximum number of consecutive base 

pairs throughout the predicted structure is 11, and the median 5. The size of bulges ranges 

from 1 to 6 nt; the majority are single nucleotide bulges. Both symmetrical and 

asymmetrical internal loops are found in HDV RNA ranging in size from 2 to 11 nt with 

a median of 4 nt. Bulges and internal loops distributed along HDV RNA will affect the 
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shape and flexibility of the overall RNA structure. The hypothesis that internal loops and 

bulges affect the 3-dimensional structure and conformational flexibility of HDV RNA in 

a manner that facilitates a specific interaction with HDAg will guide this dissertation.  

The quasi-double-stranded structure of the HDV RNA is essential for 

replication20,21 and packaging24.
 
The requirement of the structure for these functions may 

in part result from the specificity of HDAg for HDV unbranched rod RNA. One study has 

shown conservation of quasi-double-stranded structure at the left terminal end of the 

genome and antigenome through examination of sequence heterogeneity in a population 

of replicating HDV RNAs91. Small disruptions to the structure of the genome, including 

sequence insertions and deletions, severely reduce replication20–26.
 
Disruptions due to 

inserted sequence can sometimes be reversed by also introducing the complimentary 

sequence to preserve the rod structure20–22.
 
However, not all attempts to preserve the 

predicted structure when introducing changes are successful at rescuing replication20. It is 

likely that precise arrangements of bulges, internal loops, and flanking helices are crucial 

for the structure and function of the HDV RNA. Particular structural motifs in HDV 

RNA may favor interaction with critical host enzymes or help to position HDAg as it 

binds HDV RNA. 

HDAG AND RNA BINDING 

Given that HDAg is the sole protein coded for by the virus, it is not surprising that the 

protein is implicated in a multitude of different functions. A recent study has 

demonstrated that HDAg is a highly disordered protein92 (~70% disorder) with the 

exception of the N-terminal coiled-coil which participates in protein-protein interactions 

for the formation of HDAg homodimers. This high amount of disorder could allow for 
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structural versatility of the protein resulting in the ability of HDAg to interact with a 

range of different host and viral factors93,94. Several HDAg domains have been 

functionally characterized (Figure 3) including the N-terminal coiled-coil that is essential 

for dimerization95, a bipartite nuclear localization signal96,97, a pol II binding domain38, a 

region in the C-terminus of L-HDAg, which facilitates virion assembly82, and basic 

amino acids within the N-terminal and middle regions of the protein that have been 

implicated in RNA binding34,35,41,98–103. 

As described in the replication scheme above, the two forms, HDAg-S (24 kDa) 

and HDAg L (27 kDa), support the opposing and complementary functions of replication 

and packaging, respectively. Both proteins are highly basic and bind specifically to HDV 

RNA. The protein has been shown to form large multimers, most likely octamers, in the 

absence of RNA92,95,104–106. The crystal structure of a 48-amino-acid (aa) segment of the 

195-aa protein showed a quartet of dimers95.
 
Multimerization of HDAg is required for 

replication and packaging24,107. HDAg binds HDV RNA as a preformed multimer104, and 

multimerization is a determinant of HDAg binding specificity104.  

As discussed earlier, it is possible that the initiation and processivity of HDV 

replication and transcription will involve HDAg at many different levels including 

nuclear localization, polymerase recruitment, and support of transcription elongation. All 

of these hinge on the ability of HDAg to specifically recognize and bind HDV RNA in 

order to form stable RNPs. Despite the importance of HDAg RNA-binding activity, the 

field lacks a clear consensus for the HDAg aa residues responsible for specific 

interactions with HDV RNA. A widely cited model describes a bipartite RNA binding 

domain comprising two ostensible arginine rich motifs (ARMs) in the middle region of 
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HDAg (Figure 3), which is evidenced by results from two different in vitro binding 

studies from the Lai lab41,99. Other in vitro studies implicate regions toward the N-

terminus of the protein in RNA binding (Figure 3)100–102. However, both the binding 

studies implicating the ARMs as well as those implicating the N-terminus were fraught 

with several non-trivial flaws. For instance, the use of Northwestern blot analysis is 

problematic for the studies from the Lai lab because such methods require proteins to be 

properly refolded after denaturation with detergents. These studies also made use of 

either large fusion partners for HDAg purification or arginine to glycine mutations, both 

of which can disrupt protein structure. The interpretation of studies that identified RNA 

binding activity for the N-terminal domain is complicated by the use of small fragments 

of HDAg for their analysis. We have recently shown that such fragments can have altered 

binding specificity98. Overall, there is a lack of strong evidence towards any one specific 

model for HDAg RNA binding domains.  

Several analyses of bacterially expressed, full-length genotype 1 HDAg-S indicate 

a tendency of the protein to bind nucleic acid nonspecifically. Notably, in vitro binding 

assays often result in aggregation of HDAg into the wells of acrylamide and agarose 

gels42,81,92. One possibility is that the highly disordered nature of HDAg could cause 

complications with misfolding and precipitation during in vitro purification and binding 

assays. HDAg contains 48 total arginines and lysines and has a predicted net charge of 

approximately +13. Thus, it is possible for misfolded HDAg proteins as well as the 

smaller segments of HDAg that have been studied to have favorable, electrostatically-

driven interactions with nucleic acid based on this high negative charge alone. 

Conversely, native folding is likely critical to the specificity of the protein’s interaction 
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with HDV RNA.  

To overcome the challenges faced by these previous studies, we recently used 

HDAg-160, a C-terminally truncated form of HDAg-S that was purified in soluble form 

and exhibits highly specific, high affinity RNA binding activity42, to examine the effect 

of mutating several different clusters of basic amino acids on the ability of HDAg-160 to 

bind HDV RNA specifically98. Site-directed mutations changing arginine or lysine to 

alanine were made to 9 different regions in HDAg-160 including ARM1 and ARM2. All 

9 regions were dispensable for RNA binding and had no discernable effect on the affinity 

of HDAg-160 for HDV RNA. However, mutations to two regions, ARM1 and lysines 25 

and 26 within the N-terminal region, displayed a slight increase in nonspecific binding to 

dsRNA relative to wild-type HDAg-160. The fact that we were able to mutate almost 

every basic amino acid within the three regions of HDAg that have been previously 

implicated in RNA binding with little effect on RNA binding, suggests that the specific 

interactions of HDAg with HDV RNA may be spread out over contacts made with 

several basic and non-basic amino acids. Additionally, using cross-linking assays, we 

have shown that the N-terminal region of HDAg-160 is in close contact with the RNA 

suggesting a dominant role for this region of the protein in RNA binding98. In cells, the 

mutation to ARM1 caused a moderate reduction in the ability of HDAg to inhibit RNA 

editing98. Additional studies have found that mutations to ARM1 diminishes RNP 

formation and RNA packaging in cells34,103. Together, these results could be consistent 

with reduced specificity for HDAg that lacks ARM1. On the other hand, Chou et al. 

showed that neither the middle region of HDAg containing both the ARMs or aa 2-27 in 

the N-terminal domain was required for nuclear localization of HDV RNA. However, if 
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both of the regions were deleted together, HDV RNA did not localize to the nucleus. This 

is consistent with a role for multiple aa from both the N-terminal and middle regions of 

the protein in the initiation of important contacts for specific RNA binding. 

HDAg can be modified through serine and threonine phosphorylation, arginine 

methylation, lysine acetylation, and lysine sumoylation108–113. RNA-protein interactions 

can be modulated by such post-translational protein modifications, which, for HDV, 

could have implications for genome packaging or the interaction of RNPs with host pol II 

and the regulation of replication and transcription as well as critical interactions with 

additional host factors.  

CHARACTERIZATION OF HDV RIBONUCLEOPROTEIN COMPLEXES 

In cells that are replicating HDV, the majority of genome and antigenome RNAs is found 

in ribonucleoprotein complexes with S-HDAg15. As described, HDV RNA-protein 

complexes (RNPs) play essential roles in many aspects of the virus replication cycle, 

including RNA transport to the nucleus35, RNA replication15, control of RNA editing37, 

virion formation24,34,85, modulation of ribozyme activity114,115, and stabilization of HDV 

RNAs24,42. However, RNP structure and its role in carrying out these functions are not 

well understood. Therefore, characterization of these complexes remains an important 

goal. At least 4 different types of HDV RNPs are possible during HDV infection 

including complexes of genome RNA with HDAg-S, antigenome RNA with HDAg-S, 

genome RNA with a mixture of HDAg-S and HDAg-L and antigenome RNA with a 

mixture of HDAg-S and HDAg-L. The constitution of these different RNPs likely affects 

both structure and function for the complexes.  



 20 

Previous studies found that HDAg can bind to several different regions of the genomic 

and antigenomic HDV RNAs40–42. In vitro, varying specificites have been shown for 

HDAg RNA binding. One study showed specificity for the unbranched rod structure40, 

which could explain the requirement of this structure for HDV RNA packaging24 and 

replication20,21.  Contrary information exists pertaining to the ability of HDAg to bind 

single-stranded or completely double-stranded HDV RNAs, unbranched rod structured 

viroid RNAs, other non-HDV single and double-stranded RNAs, and even single-

stranded and double-stranded DNA40–42,92,98,104. These reports also vary on the 

temperature dependence of HDAg binding. One study achieved discrete and specific 

binding of HDAg to genomic and antigenomic HDV RNA in an electrophoretic mobility 

shift assay using HDAg purified as a TrpE fusion protein41. This binding could be 

competed away by several fragments of HDV RNA, but not by an unrelated coronavirus 

nucleopcapsid RNA or RNA transcribed from a plasmid vector. Unfortunately, no 

binding titrations were performed to determine the binding affinity, cooperativity, or 

stoichiometry of binding. 

As described above, a major limitation in characterizing HDV RNPs has been the 

tendency of HDAg to bind nucleic acids, including DNA, nonspecifically, and to 

aggregate in large complexes that are unable to migrate into a gel42,81,92. Thus, the 

sequence and structural features of the HDV RNA required for HDAg binding are not 

well understood. The Casey lab recently showed that a C-terminally deleted form of 

HDAg, HDAg-160, binds specifically to form discrete complexes with HDV RNAs that 

are predicted to form the characteristic unbranched quasi-dsRNA structure42. 

Remarkably, binding requires a minimal RNA length of between 299 and 311 nt42. This 
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finding agrees with the minimally 

sufficient length found for RNA 

packaging, which requires RNA 

binding, of between 259 and 312 nt34. 

Several regions of the HDV RNA 

genome and antigenome that are greater 

than 311 nt and that form unbranched 

quasi-dsRNA structures were examined 

and all were found to bind, although 

with various affinities and 

efficiencies42. Analysis of these RNAs 

did not reveal any specific sequences that might be required for binding. HDAg-160 does 

not bind fully dsRNA derived from HDV RNA segments that do bind, even at 

concentrations 1,000-fold above the Kd (dissociation constant) for HDV RNAs104. 

The RNP structure and topological mode of RNA binding within the HDV RNP is 

uncharacterized. The RNP does not appear to form a helical structure64. The crystal 

structure of a 48-amino-acid (aa) segment of HDAg presents two possibilities. The 

quartet of dimers in this structure was configured such that there is a central opening with 

sufficient space for threading of an A-form RNA helix95. Alternatively, the presence of 

positively charged amino acids on the outer edges of the structure led to the suggestion 

that wrapping of the RNA around the protein could also be possible95. A wrapping model 

might explain the involvement of several clusters of amino acids in RNA binding, the 

remarkable RNA length requirement, and the failure of HDAg to bind dsRNAs, which 

Figure 4. Possible models for RNP topology, 
stoichiometry, and HDAg binding site positioning. 
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are more rigid. Although the region crystallized appears to play a major role in RNA 

binding, other regions of the protein also contribute to binding specificity98. 

ROLE OF RNA STRUCTURE IN RNA-PROTEIN INTERACTIONS AND RNP FUNCTION 

The chemical and physical properties of an RNA helix dictate the modes of interaction 

available for specific recognition by RNA-binding proteins that recognize double-

stranded RNAs. In contrast to B-form DNA, which has a wide major groove often 

exploited for base-specific recognition by DNA-binding proteins, bases in the deep, 

narrow major groove of A-form RNA are relatively inaccessible. Since the major groove 

includes more base-specific functional groups than the minor groove, RNA-binding 

proteins that bind highly structured RNAs often recognize their RNA targets by 

interacting within unpaired motifs such as internal loops, apical loops and bulges. These 

non-complementary regions are less stable than Watson-Crick helices and deviate from 

A-form structure, often with a widened major groove, allowing access to the functional 

groups of specific bases116. Loops and bulges can also destabilize the ends and widen the 

major groove of adjacent helices to further enable base-specific recognition. Sequence 

recognition is achieved through the formation of specific hydrogen bonds, stacking 

interactions, or hydrophobic contacts between the amino acid residues and RNA bases. 

This mode of base recognition by a protein is often referred to as direct readout. Two 

well-characterized examples of direct readout within non-complementary regions include 

the interactions of the transcription factor, TFIIIA, with 5S ribosomal RNA and HIV-1 

Tat protein with the transacting response element RNA (TAR). Zinc finger 4 within 

TFIIIA forms hydrogen bonds with bases in the loop E motif of 5S RNA, a large, non-

canonically structured internal loop with significant major groove widening117. Likewise, 
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hydrogen bonding and cation-pi interactions between an arginine and a bulged U in the 

TAR stem-loop contribute to the RNA-binding specificity of Tat118. Alternatively, some 

proteins with dsRNA binding domains (dsRBDs), such as ADAR2 and Aa RNAse III, 

recognize specific RNA sequences through contacts made within the minor groove of a 

helix116. The wide but shallow A-form minor groove leaves room for access to the edges 

of the bases where a C-G pair can be distinguished from an A-U pair by the presence of 

the guanine amino group, which can act as a hydrogen bond donor. Additionally, the 

alignment of 2' hydroxyl groups, a distinguishing feature for the ribose of RNA, within 

the minor groove of the A-form helix allows minor-groove binding proteins to 

discriminate between RNA and DNA. 

RNA-binding specificity cannot be explained by primary RNA sequence alone. 

Specificity can also occur through recognition of secondary or tertiary structure and 

overall RNA shape116,119,120. Because the primary RNA sequence will ultimately 

influence the pattern of base-pairing as well as the geometry and stability of helices, 

which contribute to the three dimensional structure of an RNA, recognition of RNA 

shape is described as indirect readout. Specificity for an RNA shape can occur through 

detection of either specific local features or global conformation. Locally, RNA can be 

distinguished through the unique shape of distortions to the A-form helix including 

internal loops, bulges and helical junctions. For example, the yeast endonuclease, Rnt1p, 

specifically recognizes the particular fold of AGNN-type apical tetraloops found in small 

nuclear and nucleolar RNAs without contacting the bases of the looped nucleotides116. 

Specificity can be facilitated by rigid kinks or bends or through a requirement for 

flexibility provided by disordered loops or stretches of single-stranded RNA. In contrast 
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to rigid docking at loop E, two different TFIIIA zinc finger domains, zinc fingers 5 and 6, 

specifically interact in the flexible, disordered 3-helix junction of the 5S RNA loop A 

motif and stabilize RNA structural rearrangements117. Proteins can also recognize more 

global bending and flexibility of nucleic acids as well. Such is the case for histones, 

which prefer flexible DNA121,122 and the HPV E2 protein, which has higher affinity for 

bent DNA123.  

The intimate interlocking of RNA and protein in specific interactions often 

involves adaptations to the structure of both molecules. This can range from slight local 

adjustments and stabilizations to wide-scale conformational changes. Structural 

adaptation can occur through an induced-fit mechanism where one of the molecules is 

forced or guided into a conformation otherwise not observed for the free molecule. 

Alternatively, conformational changes can occur through the subtly different but not 

mutually exclusive mechanism of conformational capture, where binding is selective for 

a particular subset of conformations sampled readily by the free molecule. The entropic 

loss from conformational changes must be balanced with increased contacts between the 

RNA and protein to create an energetically favorable interaction. 

The strong temperature dependence observed for the specific interaction between 

HDAg-160 and HDV RNA104 suggests that large conformational changes occur for either 

or both the RNA and protein upon binding. The need to balance such changes could 

explain the exceedingly long minimal length of RNA for HDAg binding42 as well as the 

seemingly large number of HDAg amino acids involved in the interaction98. The only 

other examples of such a long length requirement for nucleic acid binding is the 146-bp 

requirement for nucleosome formation with histones, which induces drastic bending in 
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the dsDNA124, and a 230-nt length requirement for hnRNPC125, a spool-like chaperonin 

that binds the ssRNA of nascent transcripts. 

HDAg RNA binding is specific for quasi-double-stranded HDV RNA, which it 

binds with high affinity. On the other hand, HDAg does not bind double-stranded RNA. 

Thus, the distinctive internal loops and bulges throughout the otherwise completely 

double-stranded RNA, most likely facilitate recognition by HDAg either by widening the 

major groove to allow direct readout of the primary sequence of bases or by providing 

bending and flexibility that allows the RNA and protein to fit together. 

SPECIFIC AIMS 

Given the challenges described for analyzing HDAg RNA binding with in vitro assays, 

the characterization of the specific interactions between HDAg and HDV RNA and the 

structure of the resulting RNP has been limited. Specifically, the organization of the RNA 

and protein inside complexes, the features within HDV RNA that allow specific 

recognition by HDAg, and the stoichiometry for the complex and positioning of HDAg 

binding sites are all unknown. To address these issues, I have focused on two 

preparations of HDAg, a C-terminally truncated, 160-aa genotype 1 HDAg-S and a full-

length, 194-aa genotype 3 HDAg-S. The ability to demonstrate highly specific RNA 

binding with each of these proteins is a primary advancement of this dissertation over 

previous attempts at answering these questions. 

Aim 1: To determine the topological arrangement of HDV RNA within RNPs. 

Using HDAg-160, a genotype 1, C-terminally-truncated HDAg-S, I have shown 

that HDAg binds to quasi-double-stranded HDV RNA and bends or wraps it into 

condensed RNP complexes. Results from selective 2' hydroxyl acylation analyzed by 
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primer extension (SHAPE) indicate that the quasi-double-stranded RNA structure of 

HDV RNA is not drastically changed upon HDAg binding. However, RNP formation 

may favor interactions with a discrete subset of the conformations sampled by the free 

HDV RNA. The close association of HDAg with large regions of HDV RNA visualized 

by Atomic force microscopy (AFM) suggests the formation of extensive contacts 

between the RNA and protein, which is in agreement with the HDAg-dependent 

resistance of long fragments of HDV RNA to nuclease digestion. In addition, HDAg 

significantly condensed HDV RNA through bending or wrapping. 

Aim 2: To determine the HDV RNA features that are specifically recognized by HDAg. 

 In vitro binding assays with HDAg-160 identified the quasi-double-stranded HDV 

RNA secondary structure as the primary determinant for HDAg RNA-binding specificity 

and ruled out the requirement for a specific primary RNA sequence. While deletions of 

unpaired regions in a minimal length, 311-nt HDV RNA segment, HDVmin, severely 

impaired interactions with HDAg-160, the nucleotide identity of these regions did not 

affect binding affinity. Remarkably, an unrelated sequence with less than 15% overall 

nucleotide identity to HDVmin that was synthetically designed to form the same 

secondary structure was specifically recognized by HDAg-160 with identical affinity. 

Consistent with the wrapping and bending observed by AFM, internal loops and bulges in 

HDV RNA appear to be required for their contribution to RNA flexibility and bending. 

These binding requirements were confirmed using a full-length genotype 3 HDAg-S, 

HDAg-194-3, providing an important verification that the characterization of HDAg-160 

specificity was not obfuscated by the C-terminal deletion as well as presenting evidence 

that the features of the HDV RNP are generalizable across HDV genotypes. 
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Aim 3: To determine the stoichiometry of the interaction between HDAg and the full-

length HDV genome. 

The full-length HDAg-194-3 protein was used to characterize HDAg binding to 

progressively larger segments of HDV RNA. Approximately one additional HDAg 

multimer assembled on HDV RNA per every ~311 nt. RNPs assembled with full-length 

HDV genome and antigenome RNAs contained between 4 and 5 HDAg multimers. 

Binding of HDAg multimers to genome and antigenome RNAs was not cooperative. 

 Overall, the work presented in this dissertation significantly expands our 

understanding of HDV viral RNPs and presents the case for a unique type of RNA-

protein interaction. The characterization of the RNP presented here suggests that the 

HDV RNP is analogous to nucleosomes in many of its distinctive features. 
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CHAPTER 2: QUASI-DOUBLE-STRANDED HDV RNA IS CONDENSED DURING RNP 

FORMATION.* 

*This work was included as part of a manuscript published in the Journal of Virology1: Copyright © 
American Society for Microbiology, [Journal of Virology, vol. 88 no. 13, 2014, pp. 7408-7411,  doi: 
10.1128/JVI.00443-14] 

INTRODUCTION 

The RNPs formed by HDAg and the ~1680nt HDV genome and antigenome 

RNAs play critical roles in the virus replication cycle. However, little is known about the 

structures of these complexes, primarily because the length of the RNA and the tendency 

of the protein to bind indiscriminately to nucleic acids have complicated analysis. 

Advances in the Casey lab have led to the successful characterization of HDAg binding 

to HDV RNA segments from the left end of the antigenome RNA. HDAg-160, a 35aa 

truncation of the 195aa genotype 1 HDAg, can be used to circumvent non-specific 

nucleic acid binding and aggregation. Analysis of HDAg-160 binding to several HDV 

RNA segments demonstrated that HDAg binds as multimers of fixed size and specifically 

recognizes unbranched, quasi-double-stranded HDV RNA segments to form discrete 

nuclease-resistant complexes that can be readily observed on native polyacrylamide 

gels42,104. Moreover, binding exhibits a remarkable length requirement of about 311 nt42. 

As previously suggested104 and described further in Chapter 4, HDV RNA segments that 

exceed twice the minimal length, ~700 nt or greater, are able to bind two or more 

multimers of HDAg depending on length. In addition, we recently used HDAg-160 and a 

395 nt segment of HDV RNA to show that the amino terminal region of HDAg is closely 

associated with the RNA and that complex formation likely involves contacts with many 

amino acids from different regions of the protein98. 
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 For the work described in this chapter, I analyze the interactions of HDAg-160 

with two different HDV RNA segments, HDVmin42 and 495L42, to gain insights into the 

structure of HDV ribonucleoprotein complexes. Both HDVmin and 497L RNAs are 

derived from the left end of the HDV antigenome (Figure 5A) and bind HDAg-160 with 

low-nanomolar affinity to form complexes that migrate as discrete bands on a native 

polyacrylamide gel42. HDVmin and 497L are only long enough to bind a single HDAg 

multimer, allowing for examination of RNP structure in its most basic configuration. 

 Using this system, I address several unanswered questions about the nature of the 

RNA-protein interactions involved in HDV RNP formation. It is unknown whether 

conformational changes are induced during complex formation. Previously, a temperature 

dependence was observed for HDAg RNA binding104. Binding reactions must be heated 

to 37 °C to attain appreciable binding, suggesting the possibility that large 

conformational rearrangements are necessary for either or both the protein and RNA 

before binding can occur. Given the existence of well-characterized alternative structures 

for HDV RNA, which are involved in critical steps of the virus life cycle8,23,33, as well as 

the evidence for HDAg regulation of these events61,114, it would not be surprising if 

HDAg binding facilitates adaptations to HDV RNA structure. In addition, evidence exists 

supporting the description of HDAg as an RNA chaperone that can function to stimulate 

RNA folding and enzymatic activity100,101,126. Determination of the RNA structure for 

HDV RNA as it is engaged in a complex with HDAg will provide important progress 

towards understanding the arrangement of the RNP and how it might function. Towards 

this aim, I have used selective 2'-hydroxyl acylation analyzed by primer extension 

(SHAPE) to probe the secondary structure of HDV RNA and RNPs. SHAPE results, 
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revealed that HDV RNA remains in an unbranched, quasi-double-stranded state within 

HDV RNPs. However, adaptations to local structural features within the RNA appear to 

be promoted by HDAg binding.  

The topology of HDV RNA bound to HDAg is also uncharacterized. Based on the 

crystal structure of HDAg amino acids 12 to 60, two possibilities were suggested, one in 

which the RNA is threaded through the center of a HDAg octamer and another in which 

the RNA is wrapped around the protein95. Visualization of HDV RNPs using atomic 

force microscopy (AFM) was used to elucidate the organization of RNA within RNP 

complexes. Substantial compaction was observed for HDV RNA within complexes, 

suggesting that RNA is wrapped or folded through interactions with HDAg. Consistent 

with a wrapping model involving several contacts where HDV RNA is in close 

juxtaposition with the protein, nuclease digestion assays demonstrated protection of 

remarkably extensive lengths of RNA.  

HDVMIN RNA FORMS AN UNBRANCHED QUASI-DOUBLE-STRANDED SECONDARY 

STRUCTURE THAT IS PRESERVED DURING RNP FORMATION.  

To study HDV RNA structure and structural adaptations induced by HDAg binding, I 

focused on the minimal-length 311-nt RNA, derived from the left end of the HDV 

antigenome (Figure 5A). This RNA, referred to as HDVmin, is the minimum length RNA 

for binding to a single HDAg multimer42 therefore limiting the possible positions 

available for HDAg binding along the RNA.  This limitation should result in more 

uniform RNP populations during in vitro assembly and allow for better resolution of 

protein-induced effects. Little experimental data exists analyzing HDV RNA secondary 

structure. Only a small region, 74nt at the left end of the genomic RNA, has been 
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examined by probing with S1 nuclease and subsequent primer extension25. The most 

energetically stable secondary structure predicted for HDVmin by the algorithms of 

RNAstructure127 and Mfold128 is the unbranched quasi-dsRNA structure characteristic of 

HDV RNA. While electron microscopy data indicates that HDV RNA indeed folds into a 

long, unbranched structure18, more precise secondary structure predictions have not been 

specifically confirmed; moreover, other HDV RNA segments have been shown to form 

alternative branched structures8,23,33.   

An array of software exists for the prediction of RNA secondary structure. 

Mfold128 and RNAstructure127 are two commonly used programs that model RNA 

secondary structure with a nearest-neighbor approach129. Another program, Barriers, 

characterizes the free energy landscape for folding of an RNA molecule by locating local 

minima as well as their connecting transition states and corresponding energy barriers130. 

In general, the free energy landscape for RNA is rugged, consisting of several “folding 

funnels” leading to different energy minima that are separated by energy barriers that 

create kinetic traps. Secondary structure conversions occur relatively slowly, and RNAs 

sometimes require help overcoming energy barriers from protein partners that facilitate 

strand exchange and more efficient folding of the minimum free energy (MFE) structure. 

Folding pathways predicted for different regions of HDVmin in Barriers suggest that the 

energy landscape governing folding of the HDVmin quasi-double-stranded structure 

consists of several closely related predicted structures separated by energy barriers 

between 1 and 5 kcal/mol. Therefore, it may be more accurate to think of HDVmin RNA 

structure not as a single conformation, but as an ensemble of alternatively folded 

molecules. This is especially true for experiments analyzing a population of in vitro  
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folded RNAs. For this reason, an analysis of secondary structure predictions is presented 

to highlight possible secondary structure variations for HDVmin and to serve as a 

reference for discussion of experimental structure results (Figure 5). The 100 lowest 

energy structures predicted for HDVmin were obtained from Mfold with the window 

parameter adjusted such that closely related structures were not discarded. I tallied the 

paired or unpaired nature of each nucleotide position in these 100 structures. The Gibbs 

free energy (ΔG) for these folds ranged from -151.8 to -159.3 kcal/mol, and the number 

Figure 5. Schematic and predicted secondary structure for HDVmin RNA. A) Diagram of HDVmin and 
related antigenomic RNAs named according to length. Vertical lines represent partial base pairing of quasi-
double-stranded RNA. The left and right terminal loops are labeled on the full-length antigenome as L and 
R, respectively. B) Examples of secondary structure predictions for HDVmin determined by Mfold. 
Calculated Gibbs free energy values are provided to the right of each fold. The left terminal loop is labeled 
for reference. C) Graph of unpaired nucleotide positions in the top 100 lowest energy predicted secondary 
structures for HDVmin from Mfold. Bars represent the percentage of folds indicating the particular 
nucleotide position as paired. 

 

terminal	   
loop 
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of base pairs in each structure varied by as many as 14; for a 311 nt RNA, these 

variations are just within the range of error expected for predictive models using a 

nearest-neighbor approach131,132. The predicted structures were very similar overall and 

varied only by slight toggling of base pairs; the 1st and the 95th structures are both 

unbranched quasi-dsRNA structures (Figure 5B). 

The secondary structure of HDVmin was experimentally determined using 

SHAPE133,134 (Figure 6), which assesses local backbone flexibility in RNA at single-

nucleotide resolution135. The reactivity of base positions to the SHAPE electrophile is 

related to secondary structure: base-paired positions are weakly reactive, while unpaired 

positions are more highly reactive. Incorporation of SHAPE reactivities as pseudo-free-

energy terms in the RNA folding algorithm RNAstructure127,136,137 produced an 

unbranched quasi-dsRNA secondary structure (Figure 6C). Structures with alternative 

branching helices or large regions of single-stranded RNA were not supported. The 

SHAPE reactivities of predicted paired positions were significantly (P < 0.0001) lower 

than those of predicted unpaired positions (Figure 8C). Comparison of SHAPE 

reactivities to secondary-structure predictions (Figure 6B and C) also indicates that the 

SHAPE reactivities are consistent with the predicted unbranched quasi-dsRNA structure. 

The most stable structure predicted after incorporating SHAPE energies contains 122 

Watson-Crick base pairs, 19 bulges comprising 23 nt, 10 internal loops comprising 37 nt, 

and a 5-nt terminal loop. Of the 23 nucleotides in predicted bulge positions, 17 were 

reactive (above a threshold SHAPE reactivity of 0.2) with BzCN, as were 34 of the 37 

bases in internal loops and all 5 bases in the terminal loop. The high SHAPE reactivities 

of four predicted paired positions in the A-U-rich helical stem at the loop end of 
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HDVmin indicate that this region is readily opened. A similar conclusion can be drawn 

from results obtained by Beard et al. using S1 nuclease25. Likewise, the high SHAPE 

reactivity in the 6-bp helix at the open end of the RNA indicates that this A-U-rich helix 

is not stable. Outside of these two regions, only 9 predicted paired positions exhibited 

high SHAPE reactivity; 5 of these were at helix ends, which are less stable. Overall, our 

results support the conclusion that HDVmin RNA forms an extended quasi-dsRNA 

hairpin containing numerous internal loops and bulges. 

To determine whether protein binding altered the RNA secondary structure, I 

performed SHAPE after incubating HDVmin RNA with HDAg-160 (Figure 7). I 

observed that the effects of protein binding on the overall RNA secondary structure were 

limited; indeed, the most stable secondary structure predicted by RNAstructure was 

unchanged (Figure 7C). Nevertheless, there were discernible effects of HDAg-160 

binding on the SHAPE reactivity that indicate either subtle changes in conformation of 

individual bases and/or decreased structural heterogeneity in the RNA population. The 

latter conjecture is supported by comparing the number of alternative structures predicted 

when SHAPE reactivities are taken into account in RNAstructure. Considering 

alternative structures with energies within 5% of the MFE structure, analysis of the RNP 

predicted over 30% fewer folding alternatives than analysis of the RNA alone. Changes 

in SHAPE reactivity in the presence of the protein were also evident in median SHAPE 

reactivities, which, upon protein binding, decreased for predicted paired positions and 

increased for predicted unpaired positions (Figure 8C). The 2.6-fold increase in median 

SHAPE reactivity for predicted unpaired positions was highly statistically significant (P 

< 0.0001). SHAPE reactivities with and without protein are compared in detail in Figure  
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Figure 8. SHAPE analysis of HDVmin RNA bound to HDAg. (A) Step plot of capillary electrophoresis 
data from SHAPE experiments carried out on HDVmin RNA bound to HDAg. Each step represents the 
relative fluorescence intensity at a particular nucleotide position. The blue trace is a primer extension 
control carried out in the absence of BzCN, and green is the experimental trace resulting from reaction with 
BzCN. (B) Bar graph of normalized SHAPE reactivities for HDVmin RNA when bound in an RNP 
complex. BzCN reactivity for each nucleotide is shown in purple. SHAPE data is overlaid on the graph 
from Figure 5C as a reference to secondary structure predictions (C) Secondary structure predicted for 
HDVmin using RNAstructure with SHAPE reactivities included as a pseudo-free-energy term, indicating 
the observed SHAPE reactivity of each nucleotide position137. Unreactive nucleotides are shown in black, 
moderately reactive nucleotides in green and orange, and highly reactive nucleotides are in red. Positions 
not analyzed due to high background are shown in gray. The predicted secondary structures were identical 
for HDVmin alone (Figure 6C) and bound to HDAg-160. 
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8A and B. In the presence of HDAg-160, 51 positions exhibited decreased SHAPE 

reactivity; all but 2 of these positions were in predicted base-paired segments. On the 

other hand, 66 positions exhibited significantly increased reactivity upon HDAg-160 

binding; all but 4 of these were located either at helical ends or at positions predicted to 

be unpaired. One predicted unpaired position, U1583, exhibited a remarkably high 

SHAPE reactivity of 16.2 (Figure 8D). SHAPE electrophiles, in this case BzCN, react 

selectively with flexible nucleotides on the basis that such nucleotides more frequently 

sample relatively rare conformations that increase the nucleophilicity of the 2' hydroxyl 

group. Hyperreactivity, such as that displayed by U1583, indicates extensive overlap 

between the conformations accessible to this nucleotide and those that are reactive with 

the SHAPE electrophile BzCN138. In such cases the hyperreactive nucleotide may 

actually be locked into a favorable conformation rather than being reactive due to 

conformational flexibility alone. Performing the same SHAPE experiment on 395L HDV 

RNA, which is also derived from the region at the left end of the antigenome (Figure 5A), 

but is 84 nt longer than HDVmin, yielded the same general effects of HDAg on the 

reactivity of paired and unpaired nucleotide positions (data not shown). However, the 

hyperactivity of U1583 was slightly less in the context of this longer RNA (Figure 8D).  

 

HDV RNA IS WRAPPED OR BENT IN COMPLEXES FORMED WITH HDAG-160. 

To more directly determine the overall structure of the HDV RNP and investigate the 

topological mode of RNA binding, HDV RNPs were examined by AFM performed in 

collaboration with Dr. Sergey Chasovskikh in the Department of Radiation Medicine at 

Georgetown University. For this analysis, I used the RNA 497L, a 497-nt RNA from the 
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HDV antigenome that is longer than 

the minimum length and binds a 

single HDAg-160 complex104. 497L 

RNA is derived from the same 

region of the HDV  

RNA as HDVmin (Figure 5A) and is 

also predicted to form an unbranched 

quasi-dsRNA secondary structure. 

The extra length was exploited to 

more accurately distinguish complexes 

from free protein. AFM analysis of 

497L RNA alone revealed molecules 

that were straight, curved, or bent. No 

branched structures were observed. The 

median contour length of 497L RNAs 

was 66.0 +/- 3.9 nm (n = 59), similar to 

the predicted length of 67.2 to 69.7 nm 

for an A-form helix formed by a 498-nt 

dsRNA139,140. Thus, in agreement with 

the SHAPE results presented in Figure 

6C, the AFM analysis suggests an unbranched quasi-dsRNA secondary structure for 

HDV RNA. 

Analysis of RNA-protein complexes formed by incubating 497L RNA with 

Figure 9. AFM analysis of 497L HDV RNA bound to 
HDAg-160 indicates that the RNA is condensed during 
RNP formation. (A) Representative AFM image of 
497L RNA incubated with HDAg-160 for 5 min at 
37°C. Several unbound RNAs are visible, as is an RNP 
complex with an RNA tail. (B) Representative images 
of complexes formed by HDAg-160 and 497L RNA. 
Over 75% of the 59 complexes analyzed had one RNA 
tail; the remainder had two tails. (A and B) Coloring in 
the AFM images indicates height according to the scale 
on the right in panel A. (C) The putative total lengths of 
the bound RNAs were determined by adding the 
measured length(s) of the RNA tail(s) and the measured 
diameter of the complex; this measurement assumes 
direct threading of the RNA through the complex. (D) 
Distribution of the total RNA length (LT) for unbound 
RNA (measured; open bars) and RNA complexed with 
HDAg-160 (putative; black bars). A P value was 
determined by a Mann-Whitney U test comparing the 
means for LT between the complexed 497L RNA and 
the 497L RNA not incubated with HDAg-160. The lack 
of concordance indicates that the RNA is not threaded 
through the complex. 
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HDAg-160 revealed structures with one (n = 45) or two (n = 14) protruding RNA tails 

that were substantially shorter than those of 497L RNA alone. These tails are consistent 

with the fact that the 497L RNA is longer than the minimum RNA length for HDAg 

binding but not long enough to bind a second protein complex104. Assuming a constant 

ratio of RNA length per nucleotide, the length of these tails (median total length, 30.9 +/- 

11.7 nm) indicates that 233 nt of the 497L RNA extend away from the complex and, by 

subtraction, that 264 +/- 90 nt of the RNA are closely associated with HDAg-160. These 

observations are consistent with the minimum RNA length for RNP formation of between 

299 and 311 nt and with the previous observation that micrococcal nuclease treatment of 

RNPs formed with RNAs of lengths greater than that of HDVmin increased the 

electrophoretic mobility of these complexes to that of RNPs formed with HDVmin42. 

In order to gain insight into the topology of the bound portion of the RNA within 

RNPs, we compared the contour length of the isolated RNA with the contour length of 

the RNA bound to HDAg-160. Although it is not possible to clearly distinguish the RNA 

from the protein in the RNP complex, we reasoned that if the RNA were threaded straight 

through the protein, then the putative length of RNA bound would be equal to the 

diameter of the complex and the putative total length would be the sum of the diameter 

and the length of the unbound tail (Figure 9C). Thus, assuming straight threading of RNA 

through the protein, we determined that the median RNA length would be 48.2 +/- 12.0 

nm (Figure 9D). This distance is significantly shorter than the length of the RNA in the 

absence of HDAg (P < 0.0001), indicating that the RNA is not simply threaded through 

the protein. The 17.8-nm difference between these two measurements indicates that the 

RNA is wrapped or otherwise condensed through its interaction with HDAg-160. 
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Figure 10. HDV RNPs treated with micrococcal nuclease are partially protected  and migrate similar to 
a minimal length complex. (A-D) HDV RNAs were treated with increasing amounts of micrococcal 
nuclease (MN) in the presence or absence of HDAg. Binding reactions including 5 nM RNA and 5 µM 
HDAg in 20 µl reaction buffer were carried out for 30 min at 37 °C followed by MN treatment for 5 
min at room temperature. Reactions were loaded into 6% polyacrylamide gels and run for 2 hrs at 250 
V. MN amounts (U) are as labeled above each lane. Free RNAs (open circles), bound RNAs (closed 
circles), and protected fragments (arrows) are indicated. (A) 395L and HDVmin RNAs were treated 
with increasing amounts of MN in the presence or absence of HDAg-160. (B) 714L treated with 
increasing amounts of MN in the presence or absence of HDAg-160. (C) Antigenome-1 and HDVmin 
RNAs treated with increasing amounts of MN in the presence or absence of HDAg-160. (D) 
Antigenome-3 treated with increasing amounts of MN in the presence or absence of HDAg-194-3. 
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NUCLEASE PROTECTION OF HDV RNA IN THE RNP 

The ~264-nt length of RNA found in close association with HDAg within RNPs as 

determined using AFM implies that extensive contacts are made between HDAg and 

HDV RNA. Consistent with this premise, Defenbaugh et al. showed that interaction with 

HDAg-160 protects HDVmin (previously referred to as 311L) and 395L RNAs from 

digestion with micrococcal nuclease (MN) under conditions that completely degrade free 

RNA42. While a change in migration was not observed for protected HDVmin RNPs, MN 

treatment of 395L resulted in partially digested complexes that migrated identically to the 

minimal length complex containing HDVmin in a native polyacrylamide gel42. I have 

reproduced those original results (Figure 10A) and shown that the same is true for longer 

HDV RNAs as well. Binding reactions were carried out for 30 min at 37 °C followed by 

digestion with the indicated amount of MN for 5 min at room temperature. MN digestion 

of 714L, a 714 nt HDV RNA (Figure 5A) that appears to bind two HDAg-160 

multimers104, results in a band with similar migration to that of  HDVmin complexes 

(Figure 10B). This band is somewhat smeary, implying possible heterogeneity of the 

partially digested complexes. In addition, at MN concentrations that cause complete 

shifting of 395L complexes, for 714L there is still a light band migrating the same as the 

undigested 714L complex suggesting that unlike 395L, 714L may be bound with more 

than one HDAg multimer. MN sensitivity was also assessed for HDAg-160 complexes 

with the full-length genotype 1 antigenome, referred to here as antigenome-1  (Figure 

10C). Due to size, neither bound nor free antigenome-1 migrates out of the well of the 

6% polyacrylamide gel used. However, digestion with MN results again in a band  
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migrating the same as HDVmin complexes. Larger, partially digested complexes that do 

not migrate into the gel also persist in the well. To determine whether nuclease resistance 

is a general property for HDV RNPs across genotypes, I examined a complex between 

full-length genotype 3 HDAg-S (HDAg-194-3) and the full-length genotype 3 

antigenome RNA, antigenome-3 (Figure 10D). Antigenome-3 RNPs were resistant to 

digestion at MN concentrations that completely degraded unbound antigenome-3 RNA, 

and a similar partially digested band migrating approximately the distance of HDVmin 

RNPs persisted at high concentrations of nuclease. Additionally, a band can be seen that 

may result from two HDAg multimers bound to partially digested antigenome-3 RNA. 

 To more precisely determine the extent to which HDAg protects RNA from 

nuclease digestion, RNAs were purified from the RNPs after the same MN reactions and 

were resolved in denaturing polyacrylamide gels (Figure 11). Three major fragments of 

HDVmin RNA approximately 70, 100 and 140 nt in length were protected from nuclease 

in the presence of HDAg-160. The same three major bands were clearly seen for digested 

714L complexes as well (Figure 11B). While ~70, 100 and 140 nt fragments were 

detectable for complexes with antigenome-1, additional more heterogeneous digestion 

also occurred. When the protected bands from MN-treated HDVmin complexes are cut 

out of a native gel, and the RNA is eluted and run on a denaturing gel, there is no change 

to the observed pattern of bands (Figure 11C). The ~140 nt fragment is in close 

correspondence with the ~264 nt bound length from AFM analysis if the quasi-dsRNA 

has been digested into two separate single strands. 

CONCLUSIONS 

Taking advantage of a truncated form of HDAg, HDAg-160, which was shown to 
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specifically recognize HDV RNA42, I have characterized several features of the RNPs 

formed through this interaction. Structural analysis of a minimal length RNA, HDVmin, 

confirmed the quasi-double-stranded secondary structure for HDV RNA (Figure 6). 

Moreover, the quasi-double-stranded secondary structure of HDVmin is preserved in the 

context of the RNP (Figure 7). However, while the pattern of base pairing in the MEF 

structure was unaffected, HDAg binding was accompanied by a general increase in the 

reactivity of unpaired positions and a slight decrease in the reactivity of paired positions 

(Figure 8). This could result from protein-induced conformational flexibility specifically 

at unpaired positions or from decreased heterogeneity in the RNA population resulting in 

a general increase in the magnitude of SHAPE reactivities of unpaired bases in the MFE 

structure compared to reactivity resulting from alternative structures. While inclusion of 

SHAPE data in secondary structure predictions performed with RNAstructure yielded 

identical MFE structures, the number of available alternative structures was decreased in 

the presence of the protein. This is consistent with a strategy of conformational capture 

for RNP formation where HDAg recognizes and stabilizes the MFE structure of 

HDVmin. It is possible that HDAg could also promote the MFE structure by stabilizing 

transition states for conversion from alternative, less favorable structures. Overall, the 

SHAPE results indicate that HDAg-160 recognizes the unbranched quasi-dsRNA 

secondary structure of HDVmin RNA during RNP formation.  

Many RNA-binding proteins recognize the primary sequence of single-stranded 

elements similar to the internal loops and bulges that separate the numerous short double-

stranded RNA helices in HDV RNA. The high SHAPE reactivity of unpaired positions 

when bound by HDAg indicates that these positions are not constrained by direct contacts 
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with the protein141, arguing against specific sequence recognition within unpaired 

regions. The contribution of internal loops and bulges to HDAg RNA binding specificity 

is examined in Chapter 3. The unique case of hyperreactivity at U1583 (Figure 8) implies 

that this particular singly bulged nucleotide is constrained by interactions with HDAg, 

either directly or indirectly, specifically in a conformation that is favorable for the 

SHAPE reaction138. The reduced reactivity at this position compared to other reactive 

nucleotides in the context of 395L suggests that the protein may bind in more than one 

position on the longer RNA. This interpretation is consistent with the observation of 

variable modes of HDAg binding on 497L demonstrated by AFM (Figure 9). 

MN digestion of HDV RNPs determined that extensive lengths, ~70-140 nt 

fragments, of HDV RNAs are protected from nuclease (Figure 11) presumably through 

close interactions with HDAg. This is in stark contrast to the length of RNA binding sites 

for other nsRNA virus nucleoproteins, which are in the range of 6-24 nt of single-

stranded RNA. The length of the HDV RNA fragments analyzed is consistent with the 

length of RNA associated with the protein as determined by AFM, and with the 311 nt 

minimum length binding requirement. 

AFM revealed that HDV RNA is clearly and significantly condensed in 

complexes with HDAg (Figure 9). The length of RNA associated with HDAg-160 in the 

RNP is consistent with a simple model in which the RNA is wrapped approximately once 

around the outside of the protein. However, it is not possible to directly visualize the 

RNA in these complexes; thus, determination of the specific structure of the RNA and 

protein in them will require additional approaches. The MN-induced shift of 395L RNA 

(Figure 10) is consistent with the identification of RNA tails that were not closely 
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associated in RNPs containing 497L (Figure 9) since the two RNAs are both greater than 

the minimum length required for binding, but not long enough to bind a second HDAg 

multimer. The digestion of 395L, 714L and antigenome RNPs to the size of HDVmin 

RNPs (Figure 10) is suggestive of a nucleosome-like “beads on a string” organization 

where wrapped complexes are connected by regions of linker RNA that are more 

susceptible to nuclease digestion. The persistence of slower migrating bands at low 

nuclease concentrations for 714L and antigenome RNAs suggests that these RNAs bind 

more than one HDAg multimer. Altogether, the ability of HDAg to wrap or condense 

HDV RNA and protect large segments from nuclease digestion is reminiscent of histone 

interactions with DNA. The functional significance of bending or condensing the RNA is 

obvious for packaging the viral RNA into viral particles, which have an external diameter 

less than half that of HDVmin RNA, a segment less than one fifth the length of the full 

genome. Whether bending of the RNA has additional functional significance, beyond 

RNP formation remains to be determined. 
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CHAPTER 3: HDAG SPECIFICALLY RECOGNIZES THE FLEXIBLE, QUASI-DOUBLE-STRANDED 

SECONDARY STRUCTURE OF HDV RNA.* 

*This work was included as part of a manuscript published in the Journal of Virology1: Copyright © 
American Society for Microbiology, [Journal of Virology, vol. 88 no. 13, 2014, pp. 7408-7411,  doi: 
10.1128/JVI.00443-14] 
 

INTRODUCTION 

The formation of RNP complexes between HDAg and HDV genome and antigenome 

RNAs is the basis for the multiple functions of HDAg throughout the viral life cycle. This 

interaction allows HDAg to facilitate nuclear import of HDV genomes for replication and 

to specifically package the genome into viral particles during assembly. Thus, the ability 

of HDAg to specifically recognize HDV RNAs over abundant host RNAs is vital for the 

survival of the virus. Yet, the specific HDV RNA features that HDAg is able to 

distinguish have not been determined. 

Previous studies have failed to present a clear consensus on HDAg RNA-binding 

specificity. Studies reported results ranging from specific binding of only HDV RNAs 

with quasi-double-stranded secondary structure40 to preparations of HDAg that will bind 

unrelated single- and double-stranded RNAs and DNA nonspecifically40–42,92,98,104. These 

studies used HDAg that was expressed with large fusion partners or that was denatured 

and refolded during the purification process, both of which can be problematic for 

obtaining active, native protein preparations. Alves et al. reported evidence from circular 

dichroism supporting a largely disordered structural nature for HDAg92. Structural 

disorder in the protein could lead to an increased propensity for aggregation and 

precipitation causing major issues for in vitro binding assays. As a highly basic protein, 

even a non-native form could exhibit nonspecific binding to nucleic acid, but structural 
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integrity of the protein is likely necessary to achieve specific binding98. Because of these 

limitations, the sequence and structural features of the HDV RNA required for HDAg 

binding are not well understood.  

The Casey lab has recently shown that a C-terminally deleted form of HDAg, 

HDAg-160, which has been purified in its native form, binds specifically to HDV RNAs 

that are predicted to form the characteristic unbranched quasi-dsRNA structure42. Using 

this protein, in vitro binding assays demonstrated an unusual specificity for a minimal 

RNA length of between 299 and 311 nt42. HDAg RNA binding was analyzed for several 

quasi-double-stranded HDV RNA segments from different regions of the genome and 

antigenome that were 311 nt or greater in length42. Analysis of these RNAs could not 

identify any specific sequence requirements for binding. HDAg-160 does not recognize 

and bind dsRNA derived from HDV RNA segments that do bind, even at concentrations 

1,000-fold higher than the Kd for HDV RNAs104. 

To shed light on the mechanism for specific recognition of HDV RNA by HDAg, 

I have analyzed the contributions of HDV RNA sequence and structure features to 

binding HDAg. I have found that the unbranched quasi-dsRNA secondary structure 

determined for HDV RNA1 is the major determinant of HDAg binding. Binding studies 

show that the numerous bulges and internal loops in the quasi-dsRNA structure are 

essential for binding. However, changing the identities of these positions had no effect on 

binding affinity; thus, the nucleotide sequences of the bulges and internal loops do not 

appear to be recognized by the protein. Rather, my results suggest that these unpaired 

elements contribute to bending and flexibility of the RNA. This conclusion is consistent  
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with my findings from Chapter 2, namely, that binding requires bending of the quasi-

dsRNA. 

SPECIFICITY OF HDAG-160 RNA BINDING ACTIVITY IS NOT AFFECTED BY THE N-TERMINAL 

TAG.  

HDAg-160 was previously shown to specifically recognize quasi-double-stranded HDV 

RNA and not completely double-stranded HDV RNA or an unrelated single-stranded 

RNA42. In addition, RNA binding of HDAg-160 was specific for HDV quasi-dsRNAs 

that were at least 311 nt long42.  For this characterization, HDAg-160 was purified via an 

N-terminal His6 tag. To determine whether the histidine tag alters HDAg-160 in a manner 

that affects RNA binding specificity, RNA binding was characterized for a version of 

HDAg-160 with an alternative N-terminal 3×-FLAG tag for comparison.  

Figure 12. FLAG-HDAg-160, 
with an N-terminal FLAG tag, 
binds HDV RNA with the same 
specificity as his-tagged HDAg-
160. (A) Schematic showing the 
HDV RNA antigenome and 
207L, HDVmin and 395L RNA 
segments. The HDAg open 
reading frame is oriented left to 
right as indicated. Double-
stranded ds396 RNA is made by 
annealing the coding strand of 
395L and its reverse 
complement. (B and C) 
Electrophoretic mobility shift 
assays of HDAg-160-FLAG 
binding to 5.2 pM 395L and 
207L RNAs (B) or 395L and 
ds396 RNAs (C). HDAg-160 
concentrations (nM) are labeled 
beneath each lane; The mobilities 
of free RNAs (open circles) and 
bound RNAs (filled circles) are 
indicated. 
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Like the his-tagged HDAg-160, the FLAG-tagged protein, HDAg-160-FLAG, 

binds HDV RNA with ~1nM Kd to form RNPs that migrate as a discrete band in a native 

polyacrylamide gel (Figure 12B). Increasing concentrations of the protein caused the 

migration of a 395-nt RNA, 395L (Figure 12), to shift to a similar degree as shown 

previously for his-tagged HDAg-16042. The high affinity observed for 395L was 

significantly reduced for a 207-nt RNA, 207L, derived from the same region of the 

antigenome (Figure 12). Thus, HDAg-160-FLAG demonstrates a similar length 

requirement to the histidine-tagged protein. In addition, HDAg-160-FLAG also does not 

bind to double-stranded RNA (Figure 13C). Together, these results indicate that the N-

terminal tag does not affect the RNA-binding specificity of HDAg-160. This conclusion 

is in agreement with previous results from Dingle et al. demonstrating that HDV RNPS 

formed with N-terminally His6-tagged HDAg will support replication when transfected 

into cultured cells81. In the experiments described below, the his-tagged HDAg-160 will 

be used to identify the RNA features required for the specific interaction between HDAg 

and HDV RNA. 

CHANGES TO HDV RNA SECONDARY STRUCTURE HAVE DRAMATIC EFFECTS ON RNP 

FORMATION.  

To examine the contributions of secondary structures in HDVmin RNA to binding 

HDAg, I mutated sequences in a region of the RNA (positions 111 to 72 and 1522 to 

1484; termed 111-72/1522-1484) that includes 6 single- or double-nucleotide bulges and 

1 seven-nucleotide internal loop (Figure 13A). The 79 nt in this region comprise 25% of 

the 311-nt HDVmin RNA. It is important to note that this region does not make uniquely 

important contributions to binding but is required in the context of HDVmin. Previous  



 52 

  

Figure 13. Effects of mutations that alter 
HDVmin RNA secondary structure on 
HDAg-160 binding. (A) Schematic of 
the HDVmin RNA secondary structure 
(as determined by SHAPE in chapter 2) 
above enlargements of the region 
mutated showing base changes 
introduced and the predicted effects of 
these changes on the RNA secondary 
structure. Mutations are shown in red; 
insertions are denoted by caret symbols, 
and deletions are denoted by open 
triangles. Vertical lines indicate Watson-
Crick base pairs; dots denote G-U 
wobble pairs, and nucleotides above or 
below text lines indicate unpaired 
positions. (B) Electrophoretic mobility 
shift assay of HDAg-160 binding 5.2 pM 
HDVmin, HDVmut11 and HDV(CA)20 
RNAs. HDAg-160 concentrations (nM) 
are labeled beneath each lane; the 
concentration range for HDV(CA)20 was 
8-fold higher than that for HDVmin and 
HDVmut11. The mobilities of free 
RNAs (open circles) and bound RNAs 
(filled circles) are indicated. (C) Effects 
of increased base pairing on HDVmin 
binding to HDAg-160. RNAs are labeled 
to the right of the binding curve. Error 
bars shown are from at least 4 
independent replicates. HDVmin, black 
squares and solid black line. (C) 
HDVmut11, black X’s and dashed black 
line; HDV228, black circles and dash-
dot black line; HDVmut3, open gray 
circles and dash-dot gray line; 
HDVmut7, open gray squares and gray 
dotted line. For HDVmin, HDVmut11, 
and HDV228, curves were fit using 
additional data points at 25.6 nM and 
51.2 nM HDAg, which are not shown on 
the graph. 
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deletion analysis demonstrated that longer RNAs from which this segment of the 

structure was deleted bound HDAg-160, and RNAs containing this region but that were 

less than the minimal length did not bind42.  

To first determine the extent to which the sequence and structure of the 111-

72/1522-1484 region of the RNA structure contribute to HDVmin binding, I replaced the 

111-72 (40 nt) and 1522-1484 (39 nt) segments of the linear RNA with 20 repeats of the 

dinucleotide CA, (CA)20, in the RNA HDV(CA)20. This 312-nt RNA is predicted to form 

a 228-nt unbranched quasi-dsRNA structure with 40-nt single-stranded unstructured 

(CA)20 extensions at the 5' and 3' ends. Due to these unstructured sequences, HDV(CA)20 

RNA migrates with about half the mobility of HDVmin in a native polyacrylamide gel 

(Figure 13B). HDV(CA)20 RNA exhibited no detectable binding of HDAg-160 up to 

concentrations at least as high as 102.4 nM (Figure 13B), approximately 100-fold above 

the Kd for binding to HDVmin RNA. Furthermore, removal of these 79 nt from the 

HDV228 RNA sharply reduced binding to HDAg-160 (Figure 13C). This result is 

consistent with our previous observations that unbranched quasi-double-stranded HDV 

RNAs of 298 nt and shorter do not bind well to HDAg42. Overall, these results indicate 

that the sequence and/or secondary structure in the 111-72/1522-1484 region make 

critical contributions to binding HDAg. 

To determine the roles of the unpaired sequences in the 111-72/1522-1484 region 

of the structure, I created the RNA HDVmut11, which contains 11 mutations that remove 

the internal loop and all 6 bulges to produce an extended 45-bp dsRNA segment (Figure 

13A). The secondary structure for HDVmut11 was confirmed by selective 2' hydroxyl 

acylation analyzed by primer extension (SHAPE) analysis. The drastically reduced 
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binding observed for HDVmut11 RNA (Figure 13B) is indistinguishable from that of the 

deletion mutant HDV228 (Figure 13B). Thus, mutation of this 79-nt region such that it is 

fully double-stranded yields an RNA for which binding is no better than when the region 

is deleted. This result indicates that the 45-bp double-stranded region in HDVmut11 does 

not significantly contribute to the binding of this RNA to HDAg-160. 

In order to determine the contributions of the internal loop and bulges in the 111-

72/1522-1484 region to binding, I created two additional mutated RNAs, HDVmut3, and 

HDVmut7, in which the predicted structure is changed such that either the regions 

forming 5 of the bulges or the 7-nt internal loop, respectively, became base-paired 

(Figure 13A). HDVmut3 was created by 3 mutations that replaced the 7-nt internal loop 

with 3 paired bases in the midst of 10 consecutive base pairs. HDVmut7 was created by 7 

mutations that removed 5 bulges and created 35 consecutive base pairs. Both mutations 

decreased binding similarly, resulting in dissociation constants 3- to 5-fold higher than 

that of the wild-type RNA HDVmin (Figure 13C). Thus, both the 7-nt internal loop and 

the bulges at this end of HDVmin contribute to HDAg-160 binding. 

RNP FORMATION IS NOT SEQUENCE SPECIFIC.  

To determine the contributions of the nucleotide sequence and secondary structure of 

HDVmin to RNP formation, I designed mutated RNA HDVmut57, in which 57 of the 79 

nt (72%) in the 111-72/1522-1484 region were changed but the predicted secondary 

structure was maintained (Figure 14A). The sequence changes were introduced into both 

paired and unpaired positions. Of the 32 Watson-Crick base pairs in the 111-72/1522-

1484 region of HDVmin, all but 6 were changed in HDVmut57; of the 15 predicted 

unpaired positions, all but 2 were changed to other bases, and both of these unchanged  
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Figure 14. Primary nucleotide seq-
uence is not recognized by HDAg-
160. (A) Diagram of HDVmin and two 
RNAs predicted to form the same 
secondary structure. HDVmut57 was 
derived from HDVmin and mutated at 
57 positions (indicated in red); the 
region mutated is enlarged. Quasi-
dsK12 is a 311-nt RNA derived from 
sequences in the HHV8 K12 gene; the 
sequence was manipulated to form the 
same secondary structure as HDVmin. 
Overall, the sequence identities of 
HDVmin and quasi-dsK12 are less 
than 15%, and at unpaired positions, 
they are only 6.5%. The predicted 
secondary structure of quasi-dsK12 is 
depicted schematically in red to 
indicate the sequence divergence. (B 
and C) Binding curves for HDAg-160 
binding HDVmut57 and quasi-dsK12. 
RNAs are labeled to the right of the 
corresponding curve. HDVmin is 
represented by closed black squares 
and a solid line; HDVmut57 and 
quasi- dsK12 are represented by open 
black circles and dashed lines. Error 
bars indicate standard deviations 
obtained from at least 3 independent 
replicates for each curve. (C) For 
HDVmin and quasi-dsK12, curves 
were fit using an additional data point 
at 51.2 nM HDAg (not shown on the 
graph). (D) Electrophoretic mobility 
shift assay of HDAg-160 binding to 
5.2 pM quasi-dsK12 RNA. HDAg-160 
concentrations are labeled beneath 
each lane. Free RNAs (open circles) 
and bound RNAs (filled circles) are 
indicated. 

 

 



 56 

positions were in the 7-nt loop. The predicted secondary structure of HDVmut57 was 

verified by SHAPE. Despite the extensive sequence modifications, the affinity of HDAg-

160 binding to HDVmut57 was indistinguishable from that for binding to wild type  

HDVmin RNA (Figure 14B). Thus, the primary sequence of this region of the RNA does 

not play a critical role in binding HDAg, except for its ability to form an unbranched 

quasi-dsRNA structure with intermittent bulges and internal loops. 

This mutational analysis was extended from 25% of the minimum-length RNA to 

the entire minimum length by designing quasi-dsK12, a 311-nt RNA of unrelated 

sequence that is predicted to form an unbranched, quasi-dsRNA structure with bulges and 

internal loops in the same locations as in HDVmin but in which the primary sequence is 

unrelated to HDVmin. The sequence for quasi-dsK12 was obtained from the K12 gene of 

human herpesvirus 8 (HHV8), which HDAg does not bind42, and was adjusted to 

generate the desired secondary structure as predicted in Mfold. In order to reduce 

potential effects of the stability of the secondary structure on binding, quasi-dsK12 was 

designed such that the predicted free energy of the unbranched quasi-dsRNA secondary 

structure is identical to that of HDVmin (-160 kcal/mol). Overall, quasi-dsK12 is only 

14.4% identical to HDVmin at the sequence level; the identity rate among the 62 

predicted unpaired positions is even lower, 6.5%. Remarkably, this unbranched quasi-

dsRNA is bound by HDAg-160 with the same affinity as HDVmin (Figure 14C). The 

slightly reduced electrophoretic mobility of HDAg complexes formed with quasi-dsK12 

RNA, as well as the more diffuse appearance of the bound RNA (Figure 14D), indicate 

that complexes formed on this RNA vary from those formed on HDVmin and are more 
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heterogeneous as well. Nevertheless, these results indicate that HDAg recognizes the 

secondary structure of the RNA but not its primary sequence.  

HDAG-160 BINDS A VIROID RNA WITH STRUCTURAL SIMILARITY TO HDV RNA.  

HDAg recognition of the HDVmin quasi-double-stranded structure without a requirement 

for a particular primary RNA sequence poses the question as to whether HDAg will bind 

quasi-dsRNAs other than HDV RNA. I therefore analyzed binding of HDAg-160 to the 

unrelated, but structurally similar potato spindle tuber viroid (PSTV) genome RNA, 

which is greater than the 311 nt minimum length requirement for HDAg binding. Binding 

for the 362 nt PSTV RNA was compared to a similarly sized HDV RNA described in 

Chapter 1, 395L42 (Figure 15A). HDAg was able to bind PSTV RNA at nanomolar 

concentrations (Figure 15B). However, the Kd for PSTV RNA was 6-fold higher than for 

395L and 5-fold higher than for the shorter, HDVmin RNA. This result suggests that 

395L PSTV

0.2 0.4 0.8 6.4 13

[HDAg-I60] (nM)

0 1.6 3.20 0.1 0.2 0.4 0.8 6.4 130 1.6 3.20 0.1

A
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395L

PSTV

5'

3'

Figure 15. HDAg binding to PSTV RNA, an unrelated plant viroid RNA that 
forms a quasi-dsRNA structure. (A) Schematic showing the secondary structures 
of 395L HDV RNA and PSTV genome RNA. (B) Electrophoretic mobility shift 
assay of HDAg-160 binding to 5.2 pM 395L and PSTV RNAs. HDAg-160 
concentrations are labeled beneath each lane. Free RNAs (open circles) and 
bound RNAs (filled circles) are indicated. 
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HDAg is fine-tuned to distinguish the specific structure of HDV RNA, and that the 

frequency, character, and arrangement of internal loops and bulges within quasi-dsRNA 

is likely important for recognition.  

RNA FLEXIBILITY CONTRIBUTES TO RNP FORMATION.  

The observations that removal of the internal loop and six bulges in the 111- 72/1522-

1484 region decreased binding (Figure 13C) but that the sequence of the bulge and loop 

positions could be changed without affecting binding (Figure 14) raise the question of 

how these structures contribute to RNP formation. I considered that the RNA binding 

properties of HDAg-160 are reminiscent of nucleic acid binding proteins that bend 

dsDNA (i.e., histones, eukaryotic architectural proteins such as HMG-D, and prokaryotic 

histone-like proteins such as FIS). These proteins do not have strict requirements for 

primary nucleic acid sequence, but binding affinity is affected by the flexibility of the 

nucleic acid122,142. For example, binding activity of these proteins is increased by 

insertion of internal loops and bulges 

Figure 16. Effects of decreasing base pairing 
in the HDVmin RNA secondary structure on 
HDAg-160 binding. (A) Schematic of the 
HDVmin RNA secondary structure with 
enlargements of the region mutated showing 
the base changes introduced and the predicted 
effects of these changes on the RNA 
secondary structure. Mutations are shown in 
red with insertions denoted by an inverted 
caret. Vertical lines indicate Watson-Crick 
base pairs; dots denote G-U wobble pairs, and 
nucleotides above or below text lines indicate 
unpaired positions. (B) Effects of decreased 
base pairing on HDVmin binding by HDAg-
160. RNAs are labeled to the right of the 
binding curve. Error bars shown are from 4 
independent replicates. HDVmin, black 
squares and solid black line. HDVmut5, open 
black circles and dashed black line. For 
HDVmin, a curve was fit using additional data 
points at 25.6 nM and 51.2 nM HDAg, which 
are not shown on the graph. 
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into dsDNA sequences143,144. It is important to note that the B-form helix formed by 

double-stranded DNA is more flexible (i.e., has a lower-persistence length) than the A-

form helix formed by completely double-stranded RNA86,145. Thus, unpaired regions in 

the mostly double-stranded HDV RNA 

might provide the flexibility necessary to 

achieve the nucleosome-like levels of 

bending and compaction that were 

evidenced by AFM (Figure 9). To address 

the possibility that HDAg RNA binding is 

sensitive to flexibility in the quasi-dsRNA 

secondary structure, I created an additional 

mutant, HDVmut5, in which the 111- 

72/1522-1484 region was modified by 5 

sequence insertions and substitutions such 

that the predicted structure includes 5 

internal loops and 2 single-nucleotide 

bulges with no more than 4 consecutive 

base pairs (Figure 16A). In contrast to the 

effects of increasing the double-stranded 

character of this region on RNP formation, 

Figure 17. HDAg-160 binding to HDVmin and HDVmut11 is affected by base substitutions that alter RNA 
flexibility. (A) Comparison of structures of G-C and I-C basepairs and of A-U and DAP-U basepairs.. The 
edges of these pairs typically line up in the major and minor grooves of an A-form helix as shown. (B and 
C) Binding curves of HDAg-160 binding 5.2 pM HDVmin (B) and HDVmut11 (C) RNAs synthesized with 
either inosine (I) or diaminopurine (DAP). RNAs are labeled to the right of the corresponding curve. 
HDVmin and HDVmut11 RNAs, black squares and solid lines; I-substituted RNAs, open black circles with 
dashed lines; DAP-substituted RNAs, black triangles with dotted lines. (B) For HDVmin and HDVmin- 
DAP, curves were fitted using two additional data points at 0.5 nM and 51.2 nM HDAg, which are not 
shown on the graph. 
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these mutations, which are predicted to increase RNA bending and flexibility, increased 

binding affinity 4-fold (Figure 16B).  

The dsDNA binding activities of histones, HMG-D and FIS have also been shown 

to be strengthened by incorporation of inosine, which decreases the stability of base pairs 

and increases flexibility of dsDNA, and weakened by diaminopurine, which increases the 

stability of the helix and decreases dsDNA flexibility121,122,142,146. Therefore, the effects of 

incorporating inosine or diaminopurine on the binding of HDAg-160 to HDVmin were 

examined. Similar to the reported effects of these nucleotide substitutions on nucleosome 

formation121,122, we observed that incorporation of inosine increased the affinity of HDAg 

for HDVmin RNA 3-fold; conversely, adding diaminopurine decreased binding 3-fold 

(Figure 17B). Likewise, binding to HDVmut11, in which 25% of the RNA is fully 

double-stranded, was also increased by incorporation of inosine, although not to wild-

type levels (Figure 17C). Thus, the inosine substitution was able to partially counteract 

the negative effects of the extensive dsRNA segment in this RNA. Incorporation of 

diaminopurine into HDVmut11 resulted in further suppression of binding. Incorporation 

of both inosine and diaminopurine in combination yielded binding activities similar to 

those of the corresponding non-substituted RNAs (not shown). These results are 

consistent with the interpretation that the flexibility of HDV RNA plays a critical role in 

binding HDAg. 

CONCLUSIONS  

I have found that the unbranched quasi-double-stranded RNA secondary structure 

predicted for HDV RNA is the major determinant of HDAg binding. Remarkably, an 

RNA synthetically designed to form the same secondary structure as the 311-nt HDVmin 
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RNA segment, but which differed by 85% at the primary sequence level, bound to 

HDAg-160 with affinity indistinguishable from HDVmin (Figure 14). Thus, the protein 

does not recognize the primary RNA sequence, which contributes only indirectly to 

binding in that it forms the required unbranched quasi-double-stranded RNA structure. 

This result is consistent with previous findings that even though HDAg can bind to 

several ~400-nt quasi double-stranded regions of the HDV genome and antigenome; no 

shared sequence motifs for these RNA segments were identified42.  

Removal of bulges and internal loops from HDV RNA substantially reduced 

HDAg-160 binding, but the primary sequence of these elements did not contribute 

significantly to binding (Figures 13 and 14). These findings are consistent with SHAPE 

results in Chapter 1 indicating that unpaired nucleotides in the HDVmin are not 

constrained by interactions with HDAg and are actually expected to be more flexible in 

the presence of the protein (Figure 8). It is likely that the principal role of the bulges and 

internal loops is to allow for bending of the quasi-double-stranded RNA as it binds 

HDAg. Such bending is consistent with RNP complexes observed by AFM (Figure 9); 

The effects of substitutions that are expected to either increase or decrease the flexibility 

of double-stranded regions also support the conclusion that flexibility of the RNA is 

required for binding (Figure 17). In light of these results, I consider that prior descriptions 

of the HDV RNA structure as an unbranched rod or rod-like structure imply too strongly 

that the RNA is rigid and instead have referred to the structure as an unbranched quasi-

double-stranded RNA.  

The lack of direct sequence recognition for HDV RNA binding likely allows 

HDAg to interact with different regions along the RNA. However, it is important to note 



 62 

that HDAg binding preferences appear to be more complex than a simple requirement for 

double-stranded helical segments interspersed with bulges and internal loops. I have 

found that potato spindle tuber viroid RNA, which also forms an unbranched quasi-

double-stranded RNA secondary structure, is bound by HDAg-160 with six-fold lower 

affinity than HDV RNA (Figure 15). Moreover, binding varies for different regions of the 

HDV RNA42. Thus, just as some dsDNA binding proteins that bend DNA exhibit indirect 

readout of DNA sequences that affect dsDNA flexibility, perhaps HDAg is sensitive to 

differences in the abilities of different regions of the HDV RNA to form the proper shape 

for efficient binding. Such disparities could lead to preferential binding to some regions 

over others, providing mechanisms for functional activities, including assembly of 

additional HDAg multimers on genome-length RNAs via ordered sequential binding. In 

the next chapter, I will discuss variations in energetic stability and degree of double-

strandedness for different regions of the HDV genome and their effect on RNP formation.  
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CHAPTER 4: HDAG MULTIMERS BIND SEQUENTIALLY TO ENCAPSIDATE HDV GENOME AND 

ANTIGENOME RNAS. 

INTRODUCTION 

In the previous chapter, I characterized the highly specific nature of the interactions 

between HDAg and HDV2. By specifically interacting with HDV RNA, HDAg is able to 

carry out multiple functions for the virus including the support of RNA replication and 

transcription, stabilization of HDV RNAs, and packaging of the genome into viral 

particles15,24,38,42,103. Despite the functional importance of RNP formation for the virus, 

the stoichiometry of HDAg binding to HDV RNAs is unknown. For other nsRNA 

viruses, several units of a viral nucleoprotein subsequently bind at fixed increments for 

the complete encapsidation of viral genome and antigenome RNAs. Encapsidation is 

required for efficient and processive viral replication and transcription, protection of the 

RNAs from nucleases, and packaging of genomes in virions.  

For HDAg, the lack of a specific primary sequence requirement for RNA binding 

and a somewhat broad specificity for quasi-double-stranded RNAs allows the protein to 

bind to several different regions of the HDV genome and antigenome RNAs. 

Additionally, a previous study inferred the assembly of two HDAg multimers with a 714-

nt antigenome RNA104, which is slightly longer than twice the minimal length of 311 nt 

for binding to a single HDAg multimer42. However, incremental binding of multimers to 

longer RNAs has not been definitively shown, and the stoichiometry of binding to full-

length genome and  
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antigenome  RNAs was not tested. In this chapter, I set out to characterize HDAg binding 

to longer HDV RNAs including the full-length genome and antigenome. 

With this goal in mind, I first considered the limitations of HDAg-160. While the 

C-terminal amino acids that were removed from HDAg-160 do not appear to be directly 

involved in RNA binding, it is possible that this region could affect the structure of 

HDAg multimers or contribute to possible protein-protein interactions between 

multimers. Protein-protein interactions could be necessary for cooperative binding of 

HDAg multimers for the encapsidation of HDV RNAs. However, past attempts have 

failed to achieve specific RNA binding using full-length genotype 1 HDAg42,92. For this 

reason, I characterized the RNA-binding specificity of a full-length 194 aa HDAg-S from 

genotype 3, referred to as HDAg-194-3. HDAg-194-3 binds to HDV RNA with 

comparable affinity and specificity to HDAg-160. This is the first demonstration of 

Figure 18. Assembly of two HDAg multimers on a 714-nt HDV RNA. 
(A) Schematic of 714L RNA, which is derived from the genotype 1 
antigenome. (B) Electrophoretic mobility shift of genotype 1 HDAg-
160 binding to 5 pM 714L RNA analyzed in a 6% native 
polyacrylamide gel. Bound (closed circles) and free (open circles) 
RNAs are indicated. The double closed circle indicates a second 
binding event. HDAg-160 concentrations are listed below each lane. 
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highly specific, high affinity recognition of HDV RNA by a full-length HDAg. Using this 

protein, I have shown sequential binding of several multimers to HDV RNAs, and 

determined that approximately 4 or 5 multimers assemble with the full genome and 

antigenome RNAs. Sequential binding was not found to be cooperative, and ordered 

binding may be driven by variations in the RNA structural characteristics of different 

regions of the genome that affect affinity for HDAg. 

A 700-NT HDV RNA SUCCESSIVELY BINDS TWO HDAG MULTIMERS. 

A previous study from the Casey lab characterized an unusual 311-nt length requirement 

for HDAg RNA binding42. Consistent with this requirement, my results from AFM and 

nuclease digestion assays implied the close association of a similar length of HDV RNA 

with HDAg in RNP complexes. However, the requirements for binding additional 

multimers are yet unclear. Most importantly, the stoichiometery for the interaction of 

HDAg with full-length HDV RNAs has yet to be determined. Lin et al. previously 

provided evidence that a 700 nt HDV RNA, 714L (Figure 18A), is long enough to bind 

two HDAg multimers104. In that study, no intermediate bands were observed migrating 

between unbound 714L and the RNP complexes containing two multimers in the gel shift 

assays. This result led to the suggestion that binding of successive multimers is highly 

cooperative104. However, by running low percentage acrylamide gels for a longer time 

period, I was able to resolve two shifted bands, indicating successive binding of two 

HDAg-160 multimers to 714L RNA and definitively showing that longer HDV RNAs 

can discretely bind additional HDAg multimers (Figure 18B). 

 



 66 

  

Figure 19. Binding of genotype 3 HDAgs to HDV RNA. (A) Schematic of 224L, 353L, and 406L 
genotype 3 antigenome RNAs. ds396 is a completely double-stranded RNA derived from genotype 1 
RNAs. (B-E) Electrophoretic mobility shifts of genotype 3 HDAg-159-3 (B) or HDAg-194-3 (C-E) to 
5pM 224L and 353L (B and C), 406L and ds396 (D), and genotype 1 antigenome RNAs HDVmin-1 
and HDVmut11 (E). Bound (closed circles) and unbound (open circles) RNAs are indicated. HDAg 
concentrations are included below each lane. (E) A schematic of genotype 1 HDVmin-1 RNA and the 
related mutant RNA, HDVmut11. HDVmut11 includes a region of 45 consecutive base pairs at its right 
end as depicted. 
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FULL-LENGTH GENOTYPE 3 HDAG BINDS HDV RNA WITH HIGH AFFINITY AND 

SPECIFICITY. 

In order to avoid the limitations of HDAg-160 for studying RNP formation in subsequent 

analyses, I have characterized RNA-binding for the full-length HDAg-194-3 from 

genotype 3. As detailed below, this protein did not exhibit the problematic behaviors of 

non-specific binding and propensity for aggregation that were previously described for 

the full-length genotype 1 HDAg-S42,92. Furthermore, the RNA binding characteristics for 

HDAg-194-3 resemble the previous characterizations of HDAg-160 RNA binding. 

To compare the characteristics of genotype 1 and genotype 3 proteins, RNA-

binding specificity was analyzed for both HDAg-194-3 and HDAg-159-3, which is 

truncated at the same amino acid as genotype 1 HDAg-160. Like HDAg-160, these two 

proteins were bacterially expressed and purified by an N-terminal His6 tag. HDAg-194-3 

and HDAg-159-3 binding was assessed for several quasi-double-stranded segments of 

HDV RNA to determine whether these proteins exhibit similar specificity to HDAg-160. 

Both HDAg-194-3 (Figure 19C) and HDAg-159-3 (Figure 19B) form discrete complexes 

with a 353-nt RNA, 353L (Figure 19A), at nanomolar concentrations. Moreover, I 

observed that RNA recognition by these proteins was highly specific. HDAg-194-3 and 

HDAg-159-3 exhibit similar length specificity for HDV RNA as genotype 1 HDAg-160. 

While 353-nt RNA was bound with high affinity (Kd ~1nM), binding to a 224-nt RNA, 

224L (Figure 19A) was extremely limited (Figure 19B and 19C). In addition, the RNA 

structural requirements identified by studying HDAg-160 were recapitulated in binding 

studies with  
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Figure 20. Sequential binding of HDAg 
multimers to a series of HDV RNAs of 
varying lengths. (A) Illustration of 353L, 
800L, 1003L, and 1201L genotype 3 
RNAs. Numbering is according to the 
genome. In the 5' to 3' direction, the 
sequences for the genomic versions of each 
RNA run counterclockwise in this 
schematic and the sequences for the 
antigenome RNAs run clockwise. Vertical 
gridlines reference increments of the ~311-
nt minimal length requirement for binding 
to a single HDAg multimer. (B) EMSAs 
analyzing HDAg-194-3 binding to 
genomic (g) 353L, 800L, 1003L, 1201L, 
and full-length (genome) RNAs. Bound 
(closed circles) and unbound (open circles) 
RNAs are indicated. Additional closed 
circles denote additional binding events. 
HDAg-194-3 concentrations were the same 
for all of the shifts and are indicated for 
each lane at the bottom of the figure. 
Concentrations of 353L, 800L, 1003L, 
1201L, and genome RNA were 5, 11, 13, 
20, and 102 pM, respectively. 

 

[HDAg-
194-3] 
(nM) 



 69 

HDAg-194-3. Like HDAg-160, HDAg-194-3 did not bind a 396 nt completely double-

stranded RNA derived from genotype 3 HDV RNA (Figure 19D). Furthermore, HDAg-

194-3 was sensitive to slight increases in base pairing of HDV RNA. Binding was 

compared for a minimal length segment from genotype 1, HDVmin-1, and a mutant 

RNA, HDVmut11 (Figure 19E). HDVmut11 contains a region of 45 consecutive base 

pairs at one end, and was shown to bind very weakly to HDAg-160. While HDAg-194-3 

bound HDVmin-1 with a Kd near 1nM, appreciable binding was not observed for 

HDVmut11 (Figure 19E).  

The observations that C-terminal truncation of HDAg-3 did not alter the length 

requirement for binding and that HDAg-194-3 demonstrates identical specifity for HDV 

RNA as HDAg-160 support the validity of HDAg-160 as a model for studying specific 

interactions between HDAg and HDV RNAs. These results also imply that the 

characteristics of RNPs containing HDAg-160 may be broadly generalizable across 

genotypes. 

SEVERAL HDAG MULTIMERS ASSEMBLE ALONG HDV RNA DEPENDING ON RNA LENGTH. 

Using the HDAg-395-3, I studied the assembly of RNPs with progressively longer 

genomic HDV RNAs (Figure 20). RNAs longer than ~700-800 nt do not efficiently enter 

native polyacrylamide gels. Moreover, the above results (Figure 18) suggest that 

polyacrylamide gels require extensive run-times in order to resolve HDV RNPs bound 

with different numbers of HDAg multimers. Therefore, native 1% agarose gels were used 

for this purpose. Previous binding titrations from the Taylor lab using full length HDV 

RNAs were unable to show saturation of HDAg binding even at high protein 

concentrations, and complexes eventually aggregated into the well of agarose gels81,92.  
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Thus, I extended binding titrations well past saturation. As expected, a single shift is 

observed for 353L at low nanomolar concentrations. Similar to genotype 1 HDAg-160  

 
  

Figure 21. Binding curves for HDV genome (g) and antigenome (ag) RNAs. (A) HDAg-194-3 binding to 
genomic (g) and antigenome (ag) 800L, 1003L, 1201L, and full-length genome RNAs following the color 
scheme indicated in the legend to the right of the graph. Binding curves were fit for the first HDAg -194-3 
multimer binding to each RNA. (B) Table of apparent Kds (nM) and Hill coefficients determined for the 
binding curve for genomic (g) and antigenome (ag) 800L, 1003L, 1201L, and full-length RNAs. 
Illustrations to the right suggest a model for the stoichiometry of each length RNA. Each purple ring-like 
structure represents a single HDAg multimer. 
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binding to 714L, an 800 nt-RNA, 800L, demonstrates two very clear shifts, indicating the 

assembly of two HDAg-194-3 multimers. The resolution between successive bands was 

not as high for longer RNAs, but I could estimate the total number of HDAg bound. The 

1003-nt RNA, 1003L, which is slightly longer than 3 times the minimal length, appears 

to bind 3 HDAg multimers, the third coming on at much higher protein concentrations. 

The 1201-nt RNA, 1201L, which is not quite 4 times the minimal length, also binds 3 

HDAg multimers. The full-length genome RNA appears to bind between 4 and 5 

multimers. Mobility shifts for the corresponding antigenomic RNAs were nearly identical 

in the number of shifted bands and the affinity for each sequential binding event (data not 

shown). 

Binding curves analyzing the interaction of the first, second and third HDAg 

multimers with each RNA were fit in Graph-Pad Prism to a non-linear regression with a 

Hill slope (Figure 21). The binding curves for the first multimer are shown in Figure 

21A. Notably, the curves for corresponding genomic and antigenomic versions of each 

length RNA are very similar to each other (Figure 21). Apparent binding affinities for the 

series of RNAs studied increases as the length of the RNA increases. This finding is 

consistent with an increasing number of equivalent binding sites or the occurrence of 

increased affinity sites in the longer RNAs. As expected, the Hill coefficients determined 

for the bimolecular interaction of a single HDAg multimer with the different RNAs are 

near 1 (Figure 21B). Theoretically, completely cooperative binding of a second HDAg 

multimer to 800L or longer RNAs would result in Hill coefficients near 2. However, the 

calculated Hill coefficients for most of the RNAs remain around 1. The exception is the 

full-length genomic RNA, which has a Hill coefficient of approximately 
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Figure 22. Different regions of 
HDV RNAs bind HDAg with 
varying affinity. (A) 
Characterization of properties of 
the predicted secondary structure 
for different regions of HDV 
genomes. Graphs are aligned to 
correspond with the illustrations 
of the HDV genome above and 
below the graphs. Top Analysis of 
base pairing for 7 genotype 1 
(blue) and 4 genotype 3 (red) 
genome sequences. Graphs for the 
specific genotype 1 and genotype 
3 sequences used for experiments 
in this dissertation are bolded. 
Bottom Analysis of the energetic 
stability for different regions of 
genotype 1 (blue) and genotype 3 
(red) genomes as determined by 
the Gibbs free energy (ΔG) 
predictions for the structure of 
each ~311 nt potential binding 
site. (B) Electrophoretic mobililty 
shift of HDAg-194-3 binding to 
5pM 353L and 393E. 353L and 
393E are derived from the 
genotype 3 antigenome as 
depicted. Bars are provided 
indicating the position of 800L, 
1003L, and 1201L for reference. 
Bound (closed circle) and 
unbound (open circle) RNAs are 
indicated. Concentrations of 
HDAg-194-3 are indicated below 
each lane. 
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2.031 +/- 0.14 indicating cooperative binding. The Kd is quite high for binding of a third 

HDAg multimer to 1003L RNAs, which are only just long enough to bind 3 multimers. 

Additionally, the Hill coefficients for 1003L genome and antigenome RNAs are well 

below 1, indicating negative cooperativity.  

HDAG-194-3 HAS VARYING AFFINITY FOR DIFFERENT REGIONS OF HDAG RNA. 

The quasi-double-stranded RNA secondary structure of the HDV genome is characterized 

by short (2- to 11-bp) dsRNA helices connected by small, unpaired internal loops and 

bulges. This type of structure is consistent throughout the whole genome; the maximum 

number of consecutive base pairs is 11, and the greatest stretch of unpaired bases is 7 nt. 

However, the secondary structure does not follow a perfectly uniform pattern. Helices 

and unpaired motifs vary in size, arrangement, and composition, and some regions of the 

RNA are known to participate in alternative structures. My research has established that 

slight variations in RNA structure affect the affinity of RNA-HDAg interactions. 

Increasing the base-paired nature of quasi-double-stranded HDV RNA decreases affinity 

for HDAg, and the converse is true as well1. Genotype 1 binding studies showed that 

HDAg binds to different regions of the antigenome and genome RNAs with varying 

affinity and efficiency42. In addition, HDAg binds to an unrelated quasi-double-stranded 

viroid RNA, but with decreased affinity (Figure 15). These findings lead to the question 

of whether HDV RNA structure could direct ordered assembly of HDAg multimers 

through its effect on binding affinity. 

To examine variations in the structural qualities of different regions of the quasi-

double-stranded HDV genome, I analyzed the predicted base-paired character and 

stability for each possible overlapping minimum length (~311 nt) quasi-double-stranded 
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binding site going from the left end of the genome to the right end. For the genotype 3 

genome, aside from a particularly highly-structured region within the leftmost ~50 quasi-

bp, the base-paired nature of the genome steadily increases from left to right ranging 

from 67% base-pairing in a region toward the left end to 83% base-pairing near the right 

end (Figure 22). This trend is conserved for several isolates from both genotype 1 and 

genotype 3. Correspondingly, for both genotypes, the predicted free energy for each 311-

nt quasi-double-stranded segment decreases from left to right, ranging from -115kcal/mol 

to -181kcal/mol. Considering these trends along with the previously observed effects of 

base-pairing on the affinity of HDAg for different HDV RNAs, a natural hypothesis 

arises that HDV RNA segments from the left end of the genome may bind HDAg with 

higher affinity than segments from the right end of the genome. 

Previous results with HDAg-160 indicate that segments that are closer to the right 

end of the genotype 1 antigenome RNA bind with lower affinity than the leftmost 

possible binding site, HDVmin-142. To determine whether a similar trend is true for the 

association of HDAg-194-3 with genotype 3 RNA, EMSAs were performed by a member 

of our lab, Yening Tan, comparing binding of a 353-nt segment, 353L, from the left end 

of the genotype 3 antigenome and a 393-nt fragment, 393E, from the region of the 

antigenome that includes the coding sequence for the C-terminal region of HDAg and is 

close to the right end of the antigenome. We observed that 393E bound HDAg-194-3 

with 6-fold lower affinity than 353L despite being slightly longer. The predicted 

secondary structure for 353L is 72% base-paired and has a free energy of -161.0 

kcal/mol. The binding affinity of 353L is equal to that of the 406 nt RNA, 406L (Figure 

18), which is predicted to be 71% base-paired with a free energy of -185 kcal/mol. On the 
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other hand, the characteristics of 393E are quite different from 353L and 406L. 393E is 

predicted to be 76% base-paired with a free energy of -230.9. Thus, 394E is considerably 

more stable than even the slightly longer 406L. The fold-difference in HDAg binding 

affinity between 353L and 393E is similar in magnitude to differences between HDVmin 

and HDVmut3 (Figure 13) and between 395L and PSTV (Figure 15). 

CONCLUSIONS 

The achievement of an in vitro binding assay showing highly specific, high affinity 

binding of a natively purified full-length HDAg is a major advancement towards 

characterizing HDV RNPs. The consistency in the binding specificity for genotype 1 

HDAg-160, HDAg-159-3, and HDAg-194-3 (Figure 19), as well as HDAg-160-FLAG 

described in Chapter 3 (Figure 12), supports the strength of HDAg-160 as a model for 

studying HDV RNP formation and validates the analyses in Chapter 2 and 3. 

Additionally, the binding specificity for genotype 1 and genotype 3 HDAgs are similar. I 

therefore suggest that the characterization of HDV RNPs in this dissertation applies 

broadly across HDV genotypes. 

 This chapter presents a first look at the sequential assembly of HDAg multimers 

along HDV RNA. Consistent with the previous length requirement of between 299-311 

nt42, I have shown that for every ~311 nt of HDV RNA, an additional HDAg multimer 

can assemble into the complex.  The length required for binding subsequent HDAg 

multimers may be slightly longer than the minimal length for the first multimer. As 

determined by previous work, a 604-nt HDV RNA, which lies just on the border of the 

range for twice the minimum length (598-622 nt), does not appear to bind a second 

multimer104. Likewise, in the present study, 1201L, which is similarly on the border of 4 
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times the minimum length (1196-1244 nt), only binds three multimers (Figure 20). 

Moreover, 1003L which is at least 70 nt longer than 3 times the minimal length, required 

relatively high concentrations of HDAg to assemble with a third multimer (Figure 20). It 

is possible that efficient assembly or even cooperative binding of subsequent multimers 

onto HDV RNAs requires an additional spacer or linker region between multimers. The 

number of multimers bound was consistent for corresponding genome and antigenome 

RNAs. The full-length genome and antigenome RNAs were found to bind ~4-5 

multimers at saturating concentrations. Previous measurements for the number of HDAg 

molecules per HDV genome in an RNP have ranged widely from ~30-200 monomers (4 

– 25 octamers)64,147. Using electron microscopy, Ryu et. al. showed that HDV RNPs 

purified from viral particles are roughly spherical with a diameter of ~18.7nm64. 

Considering the volume of such a particle and theoretical densities for HDAg and the 

HDV genome, approximately 94 HDAg monomers or 11 octamers could be assembled in 

the RNP with a single genome. Thus, the result here showing 4-5 HDAg multimers (32 – 

40 monomers assuming the multimers are octamers) binding to the HDV genome is 

reasonable and consistent with previous measurements observed for RNPs from viral 

particles64. 

 Interestingly, the binding curves for genome and antigenome versions of each  of 

the different length RNAs demonstrated high correspondence (Figure 21). The affinity of 

binding to the first multimer increased with RNA length, which is consistent with the 

addition of possible binding sites. A Hill coefficient near 2 for binding of additional 

multimers on the full-length genome indicated a possibility that assembly cooperative for 

this RNA. The experiments will need to be repeated and verified with other methods.  
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A strong trend was identified for the qualities of binding sites going from the left 

end to the right end of the HDV genome; both the energetic stability and percent base-

pairing increased substantially for binding sites further to the right of the genome (Figure 

22A). Consistent with the finding that increased base-pairing decreased HDAg affinity 

for HDV RNAs described in Chapter 3, a segment close to the right end of the genotype 3 

antigenome, which had increased base-pairing, had decreased affinity for HDAg (Figure 

22B). 393E was bound with 6-fold lower affinity than similar RNAs from the left end of 

the antigenome. The magnitude of this change is similar to the decreases in affinity for 

PSTV RNA (Figure 15), HDVmut3, which removed a large internal-loop from HDVmin 

(Figure 13), and HDVmut7, in which HDVmin was mutated to include a region of 35 

consecutive base pairs. 

 This work characterizes the binding stoichiometry for specific interactions 

between HDAg and full-length HDV RNA. I have shown that between 4 and 5 multimers 

can assembly with the HDV genome and antigenome RNAs. While this work suggests 

that HDV genome and antigenomes can be fully encapsidated by HDAg, whether full 

encapsidation is required for HDAg function remains unclear. Additional studies are 

necessary to determine the stoichiometric requirements for the ability of HDAg to 

support HDV replication and packaging.  
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CHAPTER 5: PERSPECTIVES 

 

Characterization of the interaction between HDAg and HDV RNA has been 

plagued by the difficulties of studying this interaction in vitro. Previous studies have 

failed at the problematic task of obtaining HDAg preparations that exhibit specific 

binding to HDV RNA40,42,92. By focusing on HDAg proteins that recognize HDV RNA 

with high specificity, the work in this dissertation has presented a clarified understanding 

of the unique RNA-protein interactions involved in forming the HDV RNP.  

It has become increasingly clear that the structural integrity of HDAg, including 

the ability of the protein to form multimers104, is a necessary requirement for the specifity 

of RNA-binding interactions. In addition, HDAg has shown a tendency to associate in 

large complexes, possibly aggregates, that do not enter acrylamide or agarose gels42,81,92. 

It is possible that the high degree of disorder shown by this protein92 creates problems 

with folding leading to aggregation and precipitation and causing problems with 

specificity, which have been observed in past studies42,81,92. Through careful optimization 

of expression and purification procedures, and the use of a C-terminal truncation for the 

genotype 1 HDAg-160, the Casey lab has been able to overcome such challenges for 

studying HDAg in vitro. HDAg-160 was previously shown to bind to HDV RNA with 

high specificity and affinity42.  Additionally, in Chapter 4 of this dissertation, I have 

described a full-length genotype 3 HDAg, which also binds with similar specificity and 

affinity to HDAg-160. 

An unusual feature of HDAg specificity is an extraordinarily long, 311-nt length 

requirement for binding to HDV RNA. Only two other examples of nucleic-acid-binding 
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proteins have been characterized as having comparable length requirements, namely 

hnRNPC125 and histones124. Both of these proteins wrap and condense nucleic acid. 

While hnRNPC binds single-stranded RNA, which is intrinsically flexible, histones have 

the added complication of inducing a remarkable degree of bending in dsDNA124. 

Extensive contacts are likely required to counteract the entropic penalty of such bending. 

In this dissertation, the use of SHAPE for rapid structural probing of HDV RNA 

structure, and AFM for the capture of high (nanometer) resolution images of the RNP 

have led to new insights into the structure of HDV RNPs. I have shown that HDAg binds 

to the characteristic quasi-double-stranded structure of HDV RNA, condensing the length 

of the RNA enough to account for a single wrap of the RNA around the circumference of 

the protein. Parallel to hnRNPC and nucleosomes, this type of bending and wrapping 

induced by the protein may account for the extensive length requirement of HDAg as 

well as the involvement of several amino acids from different regions of the protein98. 

The bending of RNA in this complex is not accompanied by extreme alterations to 

secondary structure. However, increased reactivity for unpaired positions predicted in the 

MEF RNA secondary structure along with decreases in the reactivity of predicted paired 

positions led to the conclusion that HDAg may select a narrow subset of HDV secondary 

structures for binding.  

An additional feature of HDAg specificity is the recognition of quasi-double-

stranded HDV RNA and not completely double-stranded HDV-derived RNAs. This 

observation calls into question the role of internal loops and bulges for recognition by 

HDAg, as these are the only distinguishing features between quasi-ds- and dsRNA. The 

protein must recognize these unpaired nucleotides through direct readout of the bases or 
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indirect readout of the three-dimensional shape formed due to bending and flexibility at 

these positions. I have shown that HDAg has no primary RNA sequence requirements for 

binding. Instead, the protein specifically recognizes the quasi-double-stranded structure 

of HDV RNA. The internal loops and bulges in the structure increase the affinity of the 

interaction by providing flexibility and bending. 

The lack of primary sequence requirements for RNA-binding is in agreement with 

the ability of HDAg to interact with several different regions of the genome and 

antigenome as long as they meet the length requirement for binding. I have shown that 

several multimers of HDAg assemble on HDV RNA depending on the length of the RNA 

segment. The basic unit for binding a single HDAg multimer is ~311 nt, and each 

increase of this increment to HDV RNA length results in the binding of an additional 

multimer. Approximately 4 or 5 HDAg multimers assemble with the full-length genome 

and antigenome RNAs. Assembly may be cooperative for the full-length genome, and 

cooperativity may depend on the amount of linker RNA available between multimer 

binding sites. The variation in affinity of HDAg for different regions of the genome and 

antigenome RNAs present the possibility that assembly may also be aided by variations 

in the number, arrangement and character of internal loops and bulges for different HDV 

RNA segments and their effect on indirect readout by HDAg. 

Micrococcal nuclease digestion of HDV RNPs including more than one HDAg 

multimer resulted in complexes that demonstrate increased migration in a native 

polyacrylamide gel. Interestingly these partially digested complexes run identically to 

intact RNPs containing HDVmin RNA. This digestion pattern is reminiscent of the beads 

on a string model first characterized for nucleosomes on DNA where multimers of 
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protein bind and condense a discrete length of nucleic acid at regular intervals and these 

complexes are separated by linker regions of nucleic acid that are more susceptible to 

cleavage by nucleases. 

Through our discussion so far, it is impossible to ignore several glaring 

similarities of the HDV RNP to histone complexes with dsDNA. Both HDAg and 

histones assemble in (presumably) octameric complexes of ~150-190 kDa in size that 

bend and wrap ~300 nt (~150 bp) of nucleic acid into nuclease resistant nucleoprotein 

complexes. Both proteins employ indirect readout of flexible nucleic acids. Since the 

formation, structure, and function of nucleosomes are all fairly well characterized, this 

analogy could be helpful in guiding further exploration of HDV RNPs. Like histones148, 

HDAg is also intrinsically disordered92.  HDV RNPs may have similarities to 

nucleosomes in organization i.e. the association of an N-terminal core domain of the 

protein with nucleic acid while C-terminal protein tails interact with other factors. Both 

proteins are also altered by several different post-translational modifications. Such 

modifications of histones are the basis for epigenetics and can alter the tightness of DNA 

wrapping in nucleosome complexes. Likewise, post-translational modifications could 

play an important role in regulating different viral processes through slight adjustments to 

HDV RNP structure. The ability to wrap and condense nucleic acid is similarly important 

for the function of histones in chromosome organization and the function of HDAg in 

packaging the viral genome into virions. It is unclear whether the two proteins would 

have additional functional parallels. Interestingly, recent studies have explored the roles 

of nucleosomes in recruiting transcription factors and promoting transcription149.  
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Functionally, HDAg may also have similarities to the nucleoprotein of measles 

virus, another nsRNA virus. This viral nucleoprotein binds RNA through interactions 

with its N-terminal core domain and uses its C-terminal tail to tether the viral polymerase 

complex and support transcription. Likewise, the N-terminal domain of HDAg is 

implicated in RNA binding98 while the C-terminal domain has been shown to interact 

with pol II38, and this interaction has been implicated for the role of HDAg as a 

transcription elongation factor. It is proposed that structural homology between HDAg 

and the N-terminal domain of the pol II negative elongation factor (NELF) allows HDAg 

to displace NELF in transcription complexes and stimulate elongation38. However, the 

exact functional mechanisms that allow HDAg to support replication remain unclear. 

Additionally, the stoichiometry of HDAg interactions with HDV RNA that is required for 

the initiation of replication is undetermined. Now that we are able to resolve the number 

of HDAg multimers bound to HDV RNAs at different ratios of protein to RNA, it is 

possible to systematically investigate the stoichiometric requirements for different 

functions of HDAg. If HDAg is merely required to facilitate nuclear import and displace 

NELF, a 1:1 ratio may be enough to jumpstart replication. This could be advantageous 

early after infection when concentrations of HDAg are low. Alternatively, HDAg could 

be involved in processivity of transcription via other mechanisms. In fact, one study 

suggests that HDAg acts to facilitate pol II elongation by functioning to compete with 

NELF as well as through another undetermined mechanism38. Replication of HDV could 

be similar to other nsRNA viruses in the requirement of sequential binding of the viral 

nucleoprotein for complete encapsidation of genome and antigenome RNAs, which 

supports processivity of viral RdRps during transcription. Given the widely varying 
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estimates for the number of HDAg molecules found in viral particles, it would also be 

interesting to determine the level of RNA binding required to package HDV genomes.  

Overall, this work has made significant advances towards understanding the 

specific interactions between HDAg and HDV RNA. Similarities between the interaction 

of HDAg with HDV RNA and histone complexes with DNA support the description of 

the HDV RNP as an RNA nucleosome. Additional studies using cryo-electron 

microscopy or X-ray crystallography are necessary to determine the structure of HDV 

RNPs and the specific contacts made between the RNA and protein. 

 



 84 

MATERIALS AND METHODS 

RNA SECONDARY STRUCTURE PREDICTION 

Mfold128 and RNAstructure127,149, which both use nearest-neighbor based algorithms129, 

were used for prediction and analysis of RNA secondary structure. To analyze the 

secondary structure folding for HDVmin (Figure 5), the 100 lowest free energy 

secondary structures for HDVmin were predicted using the RNA folding form (3.0 

energies) on the Mfold webserver (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-

Form), the window parameter was adjusted to zero so that highly similar structures would 

be included. Otherwise, default folding parameters were used including a folding 

temperature of 37 °C, ionic conditions of 1M NaCl and no divalent ions, 5 percent 

suboptimality, maximum interior/bulge loop size of 30, maximum asymmetry of an 

interior/bulge loop of 30, no limit for maximum distance between paired bases, and 

isolated base pairs were removed. The paired or unpaired nature for each nt position was 

tallied from the most energetically stable 100 folds to determine the fraction of folds in 

which the position was unpaired; this fraction is referred to as “likelihood unpaired” in 

the graph in Figure 5C.  

SHAPE data for HDVmin were incorporated into secondary structure predictions 

(Figures 6 and 7) as pseudo-free-energy terms using RNAstructure137. The RNAstructure 

parameters used were as previously described136, including slope and intercept 

parameters of 2.6 and -0.3 kcal/mol, respectively. The numbers of predicted structures 

within a maximum energy difference of 5% (compared to the predicted MFE) were 
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compared for the two SHAPE data sets (with and without HDAg) using a window size of 

0. 

Analysis of the base-paired nature of the full length HDV RNA secondary 

structure (Figure 22A) included seven genotype 1 sequences (NCBI accession numbers: 

X04451.1, L22066.1, M84917.1, M58629.1, D01075.1, M92448.1, M28267.1) and 4 

genotype 3 sequences (NCBI accession numbers: L22063.1, KC590319.1, HF679406, 

AB037947.1). The MFE structure for each genome sequence was obtained using the 

Mfold webserver and the default parameters described above. Vienna dot-bracket 

structures were aligned in excel and the number of base pairs was tallied for each ~311 nt 

segment moving the window ~1bp at a time. A sliding average was obtained using a 

window of 11 in order to slightly smooth the curve for the figure. To determine the 

energetic stability for different regions of the HDV genome (Figure 22A), both a 

genotype 1 sequence (X04451.1) and genotype 3 sequence (L22063.1) were analyzed. 

The aligned dot-bracket structures were used to construct sequences for each ~311 nt 

segment moving the window ~1bp at a time and adding a left and right terminal loop 

sequence from the full length RNA to internal segments. The Gibbs free energy was 

determined for the MFE structure for each of these constructed sequences using the 

Zipfold form (http://mfold.rna.albany.edu/?q=DINAMelt/Zipfold) on the Mfold 

webserver with energy rules as follows: RNA (3.0) at 37 °C, [Na+] = 1, [Mg2+] = 0; 

polymer mode was unselected and isolated base pairs were removed. A sliding average 

was obtained using a window of 11 in order to slightly smooth the curve for the figure. 

RNA PREPARATION  

RNAs were transcribed in vitro from PCR products into which the T7 promoter sequence 
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was incorporated. RNAs were named according to length in nucleotides. L is used for 

RNAs that originate from the left end of the unbranched rod (Figure 1), and E is used for 

a genotype 3 RNA that is derived from the editing region of the antigenome. HDVmin is 

named for its 311 nt minimal length for binding HDAg; it was referred to as 311L in a 

previous study42. All of the genotype 1 RNAs, including HDVmin, 395L, 497L, 714L, 

HDV228, antigenome-1, and 207L, were antigenomic sense and were transcribed from 

templates amplified from pCMV-DC1×1.237. The sequence coordinates of these RNAs, 

in the 5' to 3' direction, are as follows: HDVmin, nt 111 to 1484; 395L, nt 153 to 1441; 

497L, nt 203 to nt 1389; 714L, nt 314 to nt 1283; HDV228, the 228 nt 71 to 1523; 207L, 

nt 59 to 1536. Antigenome-1 includes the entire antigenome sequence going from nt 964 

(5') to 965 (3'). ds396 RNA was prepared by in vitro transcription and annealing of two 

complementary 198-nt segments of HDV RNA derived from one-half of 395L. PCR 

templates for the dsRNA segments were amplified to transcribe nt 1441 to 1638 of the 

genome and the same segment from the antigenome. These two segments were annealed 

by heating to 90°C followed by slow cooling to generate a 154-bp dsRNA that was 

purified by electrophoresis in a nondenaturing polyacrylamide gel. Genotype 3 RNAs 

including, 224L, 406L, 393E and the genomic and antigenomic sense RNAs of 353L, 

800L, 1003L, 1201L and the full-length RNA, were transcribed from templates amplified 

from pCMV3-Peru×1.237. 224L includes nt 55 to 1527; 406L includes nt 159 to nt 1434; 

353L includes nt 133 to nt 1461; 800L includes nt 358 to 1239; 1003L includes nt 457 to 

1135; and 1201L includes nt 560 to 1040. For antigenome sense RNAs, these coordinates 

are 5' to 3', and for genome sense RNAs they are 3' to 5'. The full-length genome and 

antigenome (antigenome-3) RNAs include 1677 nt with an opening between nt 809 and 
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810. 353E was generated from overlap PCR and includes nt 634 (5') to 440 and nt 1151 

to 960 (3') connected by an AAA loop. The 362 nt full-length PSTV genome RNA was 

transcribed from a PCR template amplified from a plasmid containing (-)PSTVd150. 

Genotype 1 RNA sequences traverse the origin of the 1,679-nt circular RNA and are 

numbered according to Wang et al18. Similarly, genotype 3 RNA sequences traverse the 

origin of the 1,677-nt circular genotype 3 RNA and are numbered according to Casey et 

al51.  

Mutations of genotype 1 HDVmin RNA were generated as follows. For 

HDV(CA)20, 40 nt of poly(CA) was added 5' of the HDV sequences in both the forward 

and reverse primers used for the amplification of the HDV228 template. For HDVmut3, 

HDVmut5, HDVmut7, and HDVmut11 RNAs, site-directed mutations were incorporated 

in the region from positions 1522 to 1484 of HDVmin (termed the 1522-1484 region) via 

the reverse PCR primer. The template for HDVmut57 was amplified using forward and 

reverse primers, including mutations to the same 1522-1484 region and the region of 

RNA that is partially complementary, positions 111 to 72 (111-72 region). The RNA 

quasi-dsK12 was derived from sequences in the human herpes-virus 8 (HHV8) K12 gene; 

the sequence was manipulated to fold identically to HDVmin using the Mfold folding 

algorithm128. The template for transcribing this RNA was amplified from a synthetic 

oligonucleotide (gBlocks; IDT, Coralville, IA). The sequence of quasi-dsK12  

from 5' to 3' is: 

GACACCAAGTGACCACCAGCGAAGACACCAGCTTGTTTCGTCATATGGCCAG

GTGAGTGCGTGCAGGTCGCGTCTCTTGTGTTTCCACGTATCCAGGAGCGGTCC

GACCCCAGGGGCGCAGCCTCCGACACCCCTGGAAACCGAACGGCTATCCCGT
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TCCCTGGTATTCCTGGGTGCGGAGGACCGCCTCCTCGGTCGGCCCTCCTGCGA

TACGCTGCTGAAGCCCAAGATGATACGCCCTCGTATTGCCCTTACATGCCT 

CTTGTGGTCGTCCTCAGGCGGTCGTCTTTGGGTGCACTTCGGTGTC.  

Templates for RNAs used for secondary structure analysis by selective 2'-hydroxyl 

acylation analyzed by primer extension (SHAPE) were designed to include previously 

described RNA structure cassette sequences at the 5' and 3' ends135 that were added using 

forward and reverse PCR primers that included these sequences. 

RNAs were synthesized in vitro with T7 RNA polymerase as described 

previously42. For RNAs used in electrophoretic mobility shift assays (EMSAs) and that 

were shorter than 800 nt, transcription reactions included 500 µM ATP, GTP, and UTP, 

12 µM CTP and [α-32P]CTP (PerkinElmer, Waltham, MA); RNAs were purified from 

6% native polyacrylamide gels as previously described42. For synthesis of RNAs with 

inosine or diaminopurine, transcription reaction mixtures included 500 µM ITP and/or 

diaminopurine (DAP) triphosphate (TriLink, San Diego, CA) in addition to the four 

canonical nucleotide triphosphates. RNAs were folded by dissolving in 50 mM NaCl, 

heating to 85°C for 2 min, and then immediately placing them in an ice water bath for at 

least 30 min. RNAs containing inosine and diaminopurine migrated identically to 

HDVmin in a native 6% polyacrylamide gel. For RNAs longer than 800 nt, transcription 

reactions included higher concentrations of unlabeled CTP – precisely 32 µM for 800L, 

64 µM for 1003L, and 500 µM for 1201L, and full-length genome and antigenome 

RNAs. Transcription reactions for these longer RNAs were treated with Turbo DNase 

(Invitrogen, Carlsbad, CA) for removal of DNA templates and extracted with phenol 

chloroform. The RNAs were then precipitated with ethanol and resuspended in RNase-
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free water containing 50 mM NaCl and 2 mM EDTA. The RNAs were further purified 

using Micro Bio-spin™ P-30 Gel Columns (Biorad Laboratories, Hercules, CA) and 

folded as above. 

RNAs used for secondary-structure analysis, AFM, and micrococcal nuclease 

(MN) protection assays were transcribed with 500 µM each ribonucleotide triphosphate. 

DNA templates were removed after transcription by treatment with Turbo DNase 

(Invitrogen, Carlsbad, CA). Transcription reactions were extracted with phenol 

chloroform; RNAs were then precipitated with ethanol and resuspended in RNase-free 

water containing 50 mM NaCl and 2 mM EDTA. RNAs were folded as described above 

and concentrated using Amicon Ultra 30K Ultracel filters (EMD Millipore, Billerica, 

MA). A fraction of the RNA was analyzed on a 1% agarose gel and detected by ethidium 

bromide staining. RNAs migrated as a single band on native polyacrylamide gels with 

mobilities expected for the unbranched quasi-dsRNA conformation. 

PROTEIN EXPRESSION AND PURIFICATION 

His6-tagged HDAg-160 was described previously and is expressed from the plasmid 

pET-H6HDAg-16042. An expression plasmid for HDAg-160-FLAG, pET-3×FLAG-

HDAg-160, was made by inserting oligonucleotides containing three repeats of the 

sequence for the 8aa FLAG epitope (DYKDDDDK) between the Nde1 and EcoR1 sites 

of pET-H6HDAg-160 replacing the His6 tag. Native HDAg proteins were expressed and 

purified as previously described42,98. Protein purity and concentration were determined by 

Coomassie blue staining of proteins electrophoresed on sodium dodecyl sulfate-

polyacrylamide gels and by UV absorbance, both in comparison to bovine serum albumin 

(BSA) standards as previously described42,98. HDAg monomer concentrations are 
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reported for each experiment. Three different preparations of HDAg-160 were used for 

genotype 1 binding experiments. Among these preparations, binding activities on 

HDVmin RNA varied by less than 2-fold. Within any experiment comparing binding of 

different RNAs, the same HDAg preparation was used. 

SHAPE  

SHAPE was performed on HDVmin, 395L, HDVmut11, and HDVmut57 RNAs 

containing structure cassette sequences at the 5' and 3 ends using the SHAPE electrophile 

benzoyl cyanide (BzCN), which adds a 2'O-adduct to nucleotides able to access the 

proper conformation133,135,138. The addition of the cassette sequences did not affect 

HDAg-160 binding of these RNAs when analyzed by electrophoretic mobility shift. 

Briefly, 1 µl of 800 mM BzCN in dimethyl sulfoxide (DMSO) was added to a 20-µl 

reaction mixture containing 3 to 6 pmol of RNA in 160 mM Tris, pH 8.0, 1 U/µl 

SuperaseIn RNase inhibitor (Invitrogen) and incubated for 1 min at 37°C. Control 

reaction mixtures included 1 µl DMSO without BzCN. For analysis of HDVmin RNA 

bound to HDAg, 3 pmol (0.3 µM) of HDVmin RNA was incubated with 30 pmol (3 µM) 

of HDAg-160 at 37°C for 5 min prior to addition of BzCN. EMSA analysis indicated 

that, under these conditions, more than 90% of the RNA was bound. Following 

incubation with BzCN, RNAs were extracted with phenol chloroform, purified using an 

RNA Clean & Concentrator-5 kit (Zymo Research, Irvine, CA) as directed, and 

resuspended in 6 µl 10 mM Tris, pH 8.0. A one-dye system similar to that described by 

Pang et al136 was used to detect BzCN adducts. RNAs were annealed with a primer to the 

3' structure cassette sequence135 labeled with 6-carboxyfluorescein (6-FAM). Primer 

extension was performed using SuperScript III (Invitrogen) according to the 
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manufacturer’s recommendations with the following modifications to the incubation 

conditions: 5 min at 42 °C, 30 min at 55 °C, 25 min at 65 °C, and 15 min at 75 °C. Two 

sequencing ladders were generated using either 0.5 mM ddATP or 0.5 mM ddCTP in the 

primer extension reaction. Primer extension products were precipitated with ethanol, 

washed to remove excess salt, and resolved by capillary electrophoresis along with a LIZ 

size standard (Genewiz Fragment Analysis Service, South Plainfield, NJ). 

Data analysis was based on a previously described process136. Briefly, raw 

electropherograms were analyzed using PeakScanner (Applied Biosystems). The peaks at 

each position in the electropherogram were then integrated. For each RNA analyzed, y-

axis scaling to correct for loading error was performed so that the background for each 

primer extension reaction was normalized to that of a negative-control reaction 

performed on RNA that was not treated with BzCN. The factor for this correction was 

never greater than 2. A signal decay correction was applied to the data for each reaction 

as previously described141. The peaks were aligned to a ladder created from two 

sequencing reactions. At each position, the peak area of the negative control was 

subtracted from the peak area in BzCN-treated samples; these values were then converted 

to normalized SHAPE reactivities by dividing the subtracted peak areas by the average of 

the highest 2% to 10% of the subtracted peak areas137,138. The same normalization factor 

was applied to the SHAPE data obtained for RNA bound to protein. Two independent 

replicates were performed for each condition. 

ELECTROPHORETIC MOBILITY SHIFT ASSAYS 

Electrophoretic mobility shift assays were performed as previously described98. As an 

exception, binding reactions for Figure 10 were electrophoresed on 0.8-1% agarose gels 
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in 1× Tris-borate-EDTA (TBE) at 100 V for 1-3 h at 4 °C. Mutated and substituted RNAs 

were always compared to a wild-type or unmodified RNA analyzed at the same time with 

the same protein preparation to control for any variations in binding activity in different 

protein preparations. The data shown in each graph include several independent 

replicates. Percent binding was calculated as the signal of the bound RNA band divided 

by the total signal in the lane. Data in binding curves was fit in GraphPad Prism using 

either the one-site binding hyperbola model: percent bound = (Bmax × [HDAg])/(Kd + 

[HDAg]) (Bmax is the maximum specific binding to the RNA). As an exception, binding 

curves for Figure 20 were fit using the model for specific binding with a Hill slope: 

percent bound = (Bmax × [HDAg]^h)/(Kd^h + [HDAg]^h), where h is the Hill coefficient. 

To the extent possible, binding titrations were extended to concentrations that saturated 

binding. Some data points are not shown, as indicated in the figure legends. R2 values 

were 0.9 or higher for all binding curves except for HDVmut11 substituted with DAP, 

which was bound very poorly. 

ATOMIC FORCE MICROSCOPY 

497L RNA was analyzed either alone or after incubating with HDAg-160. Binding 

reactions were carried out with 0.1 µM 497L RNA and 0.5 µM HDAg-160 for 5 min at 

37°C in 80 mM NaCl, 10 mM Tris, pH 7.5. Microscopy was performed by Sergey 

Chasovskikh, in the Department of Radiation Medicine at Georgetown University. 

Freshly cleaved muscovite mica was incubated in a mixture of a 1-(3-

aminopropyl)silatrane (APS) solution for 30 min to prepare APS-mica as described 

previously151. Sample droplets (5 µl) were deposited on APS-mica for 2 min and then 

washed with deionized water and dried with nitrogen gas. The mica was attached to a 
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metal disc with double-stick tape for imaging. Images were acquired in tapping mode in 

the air using a MultiMode SPM nanoscope IIIa system (Bruker/ Digital Instruments, 

Santa Barbara, CA). Silicon tapping mode probes (Hi’Res DP14; MicroMasch, Estonia) 

with a curvature radius on the apex of 1 nm were used. The nominal spring constant was 

~5.0 N/m, and the resonant frequency was ~160 Hz. 

RNA contour length measurements were made by tracing the image RNA 

backbone using the curve tool and obtaining the readout from the microscope image 

module (Digital Instruments, Santa Barbara, CA). The height of the complexes was 

measured using the section tool from the image module. Perpendicular cross-sections 

were made to obtain the width in two dimensions: the height of the protein was measured 

by the difference in the intensity of the complex compared to the background noise, and 

the widths were measured at half the maximal complex height. 

MICROCOCCAL NUCLEASE PROTECTION ASSAYS 

Binding reactions were carried out as previously described using 5 nM radiolabeled RNA 

bound by 5 µM either HDAg-160 or HDAg-194-3 as indicated. Following a 30 min 

incubation at 37 °C for binding, a total of 2 to 200 U micrococcal nuclease (New England 

Biolabs) prepared in micrococcal nuclease buffer was added to each reaction mixture. 

Digestion reactions were incubated for 5 min at room temperature. Digestion was stopped 

by immediate electrophoresis on 6% polyacrylamide gels at 240 V for 2.5 h. 8M urea was 

included for denaturing polyacrylamide gels.  
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LIST OF ABBREVIATIONS 

 

ΔG ..................................................................Gibbs free energy 
aa ....................................................................amino acid 
ADAR ............................................................RNA adenosine deaminase 
AFM ...............................................................atomic force microscopy 
ag (as a prefix to an RNA name) ...................antigenomic sense 
antigenome-1 ..................................................HDV genotype 1 antigenome 
antigenome-3 ..................................................HDV genotype 3 antigenome 
APS ................................................................1-(3-aminopropyl)silatrane 
ARM ..............................................................arginine rich motif 
Bmax ................................................................maximum specific binding 
bp....................................................................base pair 
BzCN..............................................................benzoyl cyanide 
CCD ...............................................................coiled-coil domain 
DAP ...............................................................diaminopurine 
ddNTP ............................................................dideoxy nucleotide triphosphate 
dsDNA ...........................................................double-stranded DNA 
dsRBD ............................................................double-stranded RNA binding domain 
dsRNA ...........................................................double-stranded RNA 
EMSA ............................................................electrophoretic mobility shift assay 
g (as a prefix to an RNA name) .....................genomic sense 
HBsAg ...........................................................HBV surface antigen 
HBV ...............................................................hepatitis B virus 
HDAg .............................................................hepatitis delta antigen 
HDAg-160 ......................................................C-terminally truncated genotype 1 HDAg-S  
 with N-terminal his6 tag 
HDAg-160-FLAG ..........................................C-terminally truncated genotype 1 HDAg-S  
 with N-terminal 3×FLAG tag 
HDAg-160-3 ..................................................C-terminally truncated genotype 3 HDAg-S 
 with N-terminal his6 tag 
HDAg-194-3 ..................................................full-length genotype 3 HDAg-S with N-

terminal his6 tag 
HDAg-3 ..........................................................genotype 3 HDAg 
HDAg-L .........................................................large hepatitis delta antigen 
HDAg-S .........................................................small hepatitis delta antigen 
HDV ...............................................................hepatitis delta virus 
HDVmin .........................................................minimal length 311 nt segment from the  
 left end of the HDV genotype 1 antigenome 
HHV8 .............................................................human herpes virus 8 
His ..................................................................histidine 
HIV ................................................................human immunodeficiency virus 
hnRNPC .........................................................heterogeneous nuclear ribonucleoprotein C 
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hrs ...................................................................hours 
ITP..................................................................inosine triphosphate 
kb....................................................................kilobase 
Kd ...................................................................dissociation constant 
kDa .................................................................kilodalton 
MFE structure ................................................minimum free energy structure 
MN .................................................................micrococcal nuclease 
NLS ................................................................nuclear localization signal 
nsRNA viruses ...............................................negative strand RNA viruses 
nt ....................................................................nucleotide 
NTBD .............................................................N-terminal RNA binding domain 
NTCP .............................................................sodium-taurocholate cotransporting 

polypeptide 
pol II ...............................................................RNA polymerase II 
PSTV ..............................................................potato spindle tuber viroid 
Quasi-dsRNA .................................................quasi-double-stranded RNA 
RdRp ..............................................................RNA-dependent RNA polymerase 
RNAse ............................................................ribonuclease 
RNP ................................................................ribonucleoprotein 
SHAPE ...........................................................selective 2'hydroxyl acylation analyzed by 

primer extension 
TAR................................................................HIV transactiving response element RNA 
TBE ................................................................Tris borate EDTA 
TSS .................................................................transcription start site 
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