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Hepatitis delta virus (HDV) is a subviral pathogen that increases the severity of liver disease caused by
hepatitis B virus. Both the small circular RNA genome and its complement, the antigenome, form a charac-
teristic unbranched rod structure in which approximately 70% of the nucleotides are base paired. These RNAs
are associated with the sole virally encoded protein, hepatitis delta antigen (HDAg), in infected cells; however,
the nature of the ribonucleoprotein complexes (RNPs) is not well understood. Previous analyses of binding in
vitro using native, bacterially expressed HDAg have been hampered by a lack of specificity for HDV RNA. Here,
we show that removal of the C-terminal 35 amino acids of HDAg yields a native, bacterially expressed protein,
HDAg-160, that specifically binds HDV unbranched rod RNA with high affinity. In an electrophoretic mobility
shift assay, this protein produced a discrete, micrococcal nuclease-resistant complex with an �400-nucleotide
(nt) segment of HDV unbranched rod RNA. Binding occurred with several segments of HDV RNA, although
with various affinities and efficiencies. Analysis of the effects of deleting segments of the unbranched rod
indicated that binding did not require one or two specific binding sites within these RNA segments. Rather, a
minimum-length HDV RNA unbranched rod approximately 311 nt was essential for RNP formation. The
results are consistent with a model in which HDAg binds HDV unbranched rod RNA as multimers of fixed size
rather than as individual subunits.

Hepatitis delta virus (HDV) is a unique human pathogen
that increases the severity of liver disease in those infected with
its helper virus, hepatitis B virus. HDV RNA replication is
unique among known animal viruses in that it uses the DNA-
dependent RNA polymerase activity of the host to replicate its
genome without a DNA intermediate (21, 23, 24). The nega-
tive-stranded HDV genome is a single-stranded circular RNA
predicted to form an unbranched rod structure in which �70%
of the nucleotides form base pairs (15, 36). The RNA forms
this structure in vitro (14), and mutational analyses have indi-
cated that it not only occurs in cells but also is required for
RNA replication (3, 27, 31). Genome replication involves a
double rolling circle mechanism in which the antigenome, with
a similar rod structure, serves as a replication intermediate (1,
16, 21, 33). Arranged along one side of a two-dimensional
representation of the unbranched rod structure is the single
HDV open reading frame, which encodes the hepatitis delta
antigen (HDAg).

HDAg plays several critical functions in the HDV replica-
tion cycle: it has pivotal roles in both RNA replication and
packaging (6, 17). The abilities of HDAg to form multimeric
complexes and to bind HDV RNA are central to these func-
tions (8, 9, 13, 25, 34, 38). In infected cells, both the genome
and antigenome are associated with HDAg. However, the na-
ture of the ribonucleoprotein (RNP) complex formed is not
fully understood. For example, attempts to determine the rel-
ative amounts of HDAg and HDV RNA complexed in RNPs

in viral particles and in cells have produced ratios ranging from
22 to 200 (12, 30).

Previous in vitro investigations of the interaction between
HDAg and HDV RNA indicated that HDAg could specifically
bind several segments of the HDV unbranched rod RNA (7,
20). However, these studies used bacterially expressed HDAg
fusion proteins that were denatured prior to analysis of RNA
binding and therefore did not provide quantitative binding
data. Moreover, the particular binding determinants in the
RNA have not yet been identified. More recent studies have
demonstrated that native bacterially expressed HDAg can
form complexes with HDV RNA in vitro and that these com-
plexes can initiate HDV replication when transfected into cul-
tured cells (10, 32). However, the structure of the complexes
formed has not been fully addressed and it is not clear whether
HDAg expressed in Escherichia coli binds HDV RNA specif-
ically.

Here, we show that, in vitro, bacterially expressed, native
HDAg forms heterogeneous complexes, possibly aggregates,
with HDV RNAs as well as non-HDV RNAs. However, these
obstacles to analysis of binding were overcome by using a
truncated version of HDAg from which the C-terminal 35
amino acids (aa) of HDAg had been removed. In an electro-
phoretic mobility shift assay, this protein produced a discrete,
micrococcal nuclease-resistant complex with an �400-nucleo-
tide (nt) segment of HDV unbranched rod RNA. Binding was
observed with several different segments of the unbranched
rod with variable affinities, but no binding was observed with
non-HDV RNAs. Deletional mapping indicated that binding
did not require a particular site or a limited set of sites within
the RNA; rather, a minimum-length HDV RNA unbranched
rod of �311 nt was essential for complex formation. Our re-
sults are consistent with a model in which HDAg binds HDV
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RNA as a multimer of fixed size rather than as individual
subunits.

MATERIALS AND METHODS

Plasmids. pHDV�ApaI�LeftLoop is a nonreplicating expression plasmid in
which the ApaI fragment of pHDV�x1-NR (28) has been deleted and replaced
with the sequence of the loop at the left end of the unbranched rod. This plasmid
was used as a template for PCR amplification of templates for transcription of
384M, 207M, and g384M. pHDV�Sma is a nonreplicating expression plasmid in
which the SmaI fragment of pHDV�x1-NR has been deleted; this plasmid was
used as a template for PCR amplification of the template for transcription of
405E. The plasmid pCMV-Ribo was created for expression of RNAs with de-
fined 5� and 3� ends. This construct, which contains the cytomegalovirus (CMV)
immediate-early promoter and the HDV antigenomic ribozyme, was made by
inserting oligonucleotides containing sequences corresponding to the antigeno-
mic ribozyme (nt 817 to 900) (nucleotide numbering according to reference 36)
between the SacI and BamHI sites of pHDV � I(�)Ag(�) (4). An additional
NotI site was added for cloning purposes. Plasmids for expression of 395L and
207L were created by insertion of PCR-amplified cDNA fragments for 395L and
207L between the SacI and NotI sites of pCMV-Ribo to make pCMV-Ribo-395L
and pCMV-Ribo-207L. Upon transfection, pCMV-Ribo-395L transcribes nt 153
to 1441 and pCMV-Ribo-207L transcribes nt 59 to 1536.

In vitro transcription templates and T7 transcription. RNAs were transcribed
from PCR products into which the T7 promoter sequence was incorporated.
RNAs were named according to length in nucleotides, and the location of the
loop sequence (L for left, R for right, and NL for no loop). 395L, 311L, 253L, and
207L were transcribed from templates amplified from pCMV-DC1�1.2-AgS(�).
395L includes the left 395 nt from nt 153 (5�) to 1441 (3�). 311L includes nt 111
(5�) to 1484 (3�). 253L includes nt 81 (5�) to 1511 (3�). 207L includes nt 59 (5�)
to 1536 (3�). The transcription templates for 384M, g384M, and 207M were
amplified from the pHDV�ApaI�LeftLoop plasmid. 384M and g384M include
nt 401 (5�) to 213, an ACAGA loop, and nt 1379 to 1193 (3�) while 207M includes
nt 314 (5�) to 213, an ACAGA loop, and nt 1379 to 1283 (3�). The transcription
template for 405E was amplified from the pHDV�Sma plasmid and includes nt
680 (5�) to 482 (at the SmaI site) and nt 1109 to 907 (3�).

In the template used to make 395R, 316R, and 298R, the sequence corre-
sponding to the left-terminal loop of the HDV unbranched rod (5�-ACAGA-3�)
was relocated such that the original location of the loop became the 5� and 3�
ends (see Fig. 3). The 395R template was amplified by a two-step PCR proce-
dure. Briefly, a first-round PCR amplification generated two PCR products (nt
153 to 1643 and nt 1441 to 1637). Each of these products included 20 bp of
sequence that included the nucleotides of the left terminal loop. The second
round of PCR used equal amounts of these two gel-purified PCR products as
templates amplified with the outer pair of first-round primers. After gel purifi-
cation, this second-round product was used as the transcription template for
395R which includes, from 5� to 3�, nt 1637 to 1441, followed by the ACAGA
loop, then nt 153 to 1643. PCR amplification, using the 395R template, was used
to produce templates for transcription of 316R and 298R; 316R includes nt 1597
to 1441, followed by the ACAGA loop, and then nt 153 to 3; 298R includes nt
1589 to 1441, followed by the ACAGA loop, and then nt 153 to 13.

390NL and 229NL were each made by annealing two RNA transcripts. The
two templates for 390NL were amplified to transcribe nt 153 to 1643 and nt 1637
to 1441, and the templates for 229NL were amplified to transcribe nt 111 to 3 and
nt 1597 to 1484. In vitro RNA transcripts were purified by native polyacrylamide
gel electrophoresis (PAGE). Equimolar amounts were annealed by overnight
incubation at 45°C in a mixture of 40 mM PIPES [piperazine-N,N�-bis(2-ethane-
sulfonic acid); pH 6.7], 400 mM NaCl, and 1 mM dithiothreitol (DTT) after
denaturation at 75°C for 5 min. Annealed RNAs were gel purified again.

The template for transcription of the hybrid 207L � 207M was generated by
three-piece PCR. The first round amplified three products from pCMV-
DC1�1.2-AgS(�). After gel purification, these three products acted as template
for the second round using the outermost primers. This second-round product
was used for T7 transcription. 207L plus 207M includes nt 314 (5�) to 213, nt 59
to 1536, and nt 1379 to 1283 (3�).

Transcription reactions included RNA polymerase buffer (New England Bio-
labs, Ipswich, MA); 10 mM DTT and 1 U/�l RNase inhibitor (Applied Biosys-
tems, Foster City, CA); 500 �M (each) ATP, GTP, and UTP and 32 �M CTP
(Invitrogen; Carlsbad, CA); DNA template and 0.8 �Ci/�l [�-32P]CTP (Perkin
Elmer, Waltham, MA); and 2.5 U/�l T7 RNA polymerase (New England Bio-
labs). Reaction mixtures were incubated at 37°C no less than 1 h and then chilled
on ice no less than 1 h. Native transcripts were resolved on 6% native poly-
acrylamide gel (Bio-Rad, Hercules, CA) before column purification with Ultra-

free-MC polyvinylidene difluoride 0.22-�m and Ultracel YM-30 molecular
weight-30,000 cutoff (Millipore, Billerica, MA) filters.

Protein expression and purification. Open reading frames of HDAg-195,
HDAg-160 and HDAg-145 were cloned into the pET30 expression plasmid with
an N-terminal His6 tag. Proteins were expressed in Rosetta(DE3) pLysS cells
(Novagen, Darmstadt, Germany). A single colony from a newly transformed
plate of cells was used to inoculate LB medium, including 10 �g/ml kanamycin
and 34 �g/ml chloramphenicol. After growth at 37°C to an optical density at 600
nm of 0.6, isopropyl-	-D-thiogalactopyranoside (IPTG) was added to the culture
at final concentration of 0.5 mM; growth was continued overnight at 30°C in a
shaking incubator. Following growth, cells were pelleted and all subsequent
procedures were conducted at 4°C. Cells were resuspended in native binding
buffer (50 mM NaH2PO4, 0.5 M NaCl [pH 8.0], containing 1 mg/ml lysozyme and
protease inhibitor cocktail [catalog no. P8340; Sigma, St. Louis, MO]). The cell
suspension was incubated on ice for 30 min and then lysed by sonication on ice
with six 10-s bursts at high intensity with a 10-s cooling period between each
burst. After centrifugation at 3,000 � g for 15 min, the clarified lysate was mixed
with Ni2� ProBond resin (Invitrogen) with gentle agitation for 1 h. The resin was
placed in a column and washed with several volumes of native binding buffer
containing 100 mM imidazole. His-tagged HDAg was eluted with native binding
buffer containing 250 mM imidazole. Purified proteins were dialyzed against 20
mM sodium phosphate buffer, pH 7.2 to 7.5. Protein concentrations were as-
sessed by sodium dodecyl sulfate (SDS)-PAGE and SYPRO (Invitrogen) stain-
ing using bovine serum albumin as a standard. Proteins were determined to be
greater than 95% pure by analysis of bands on SYPRO-stained SDS-NuPAGE 4
to 12% gradient gels (Invitrogen) (Fig. 1B).

Electrophoretic mobility shift assays. Electrophoretic mobility shift assays
were performed as follows. Binding reactions were done in 25 �l including 10
mM Tris-HCl (pH 7.0), 25 mM KCl, 10 mM NaCl, 0.1 �g/�l bovine serum
albumin (New England Biolabs), 5% glycerol, 0.5 mM DTT, 0.2 U/�l RNase
inhibitor (Applied Biosystems), and 1 mM phenylmethylsulfonyl fluoride solu-
tion. The radiolabeled RNA and protein concentrations were as indicated in the
figure legends. Reaction mixtures were assembled on ice, incubated at 37°C for
1 h, and electrophoresed on 6% native polyacrylamide gels in 0.5� Tris-borate-
EDTA at 240 V for 2.5 h unless otherwise noted. Levels of free and bound RNA
were determined by radioanalytic scanning with a Molecular Dynamics Storm
475 phosphorimager. Binding was calculated as the intensity of unbound RNA
relative to the intensity of the entire lane minus the background.

Cell transfection. HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1 mM glu-
tamine. A total of 3.8 � 105 cells were transfected in suspension with a total of
0.5 �g plasmid DNA and LipofectAMINE Plus (Invitrogen) according to the
manufacturer’s recommendations. Expression of HDAg was supplied in trans by
including 0.02 �g of the HDAg-S-expression plasmid pCMV-AgS (28). All trans-
fections were performed in duplicate. Transfection efficiencies varied by less than
50%.

Northern blot analysis. Total cellular RNA was harvested 2 and 3 days post-
transfection using QIAshredder and the RNeasy minikit (Qiagen, Valencia, CA)
following the manufacturer’s protocols. RNA (0.5 �g) was electrophoresed
through 1.5% agarose gels containing 1.25 M glyoxal, transferred to positively
charged nylon membranes, and hybridized with a genomic-sense 32P-labeled
probe. RNA quality and loading uniformity were assessed by photography of
ethidium bromide staining of rRNAs and by the hybridization signal from 28S
RNA. To reduce interference from HDAg mRNA, the HDV probe was hybrid-
ized to the noncoding segment of the HDV RNA. Hybridization and washing
were performed as described previously (4), except the hybridization tempera-
ture was 65°C and the high-stringency, posthybridization wash temperature was
70°C. Relative levels of HDV RNA were determined by radioanalytic scanning
of blots with a Molecular Dynamics Storm 475 phosphorimager.

Micrococcal nuclease assay. Binding reaction mixtures were assembled as
described above using 5.2 pM radiolabeled RNA bound by 90 nM HDAg-160 or
300 nM HDAg-160, as indicated. Binding was achieved by incubation at 37°C for
30 min. A total of 0.2 to 200 U micrococcal nuclease (New England Biolabs)
prepared in nuclease buffer was added to each reaction mixture, and incubation
continued for 15 min. Digestion was stopped by immediate electrophoresis on
6% polyacrylamide gels at 240 V for 2.5 h.

RESULTS

C-terminally truncated HDAg binds a segment of the HDV
unbranched rod RNA with high affinity and specificity in vitro.
We characterized the interaction between HDV RNA and
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HDAg using bacterially expressed N-terminally His-tagged
HDAg (Fig. 1A; HDAg-195) in an electrophoretic mobility
shift assay. The N-terminal tag does not interfere with HDAg
function; Dingle et al. showed that bacterially expressed N-
terminally His-tagged HDAg forms complexes with HDV
RNA in vitro that can initiate HDV replication following trans-
fection into cultured cells (10). To simplify the analysis of
complexes formed, we used a 395-nt RNA, referred to here as
395L, derived from the left end of the antigenomic unbranched
rod, rather than the full-length 1,679-nt RNA (Fig. 1A; 395L).
Analysis of this RNA sequence with the RNA secondary struc-
ture folding algorithm mfold (22, 40) predicts that it forms an
unbranched rod structure; after gel purification, greater than
95% migrates as a single band on a nondenaturing polyacryl-
amide gel. Natively purified HDAg-195 was incubated with 52
pM 32P-labeled 395L RNA for 1 h at 37°C, prior to electro-
phoresis for 2 h at room temperature in a 6% polyacrylamide
gel. We observed that increasing concentrations of HDAg-195
led to the disappearance of unbound 395L RNA and the ap-
pearance of more slowly migrating RNA-protein complexes
(Fig. 1C, left panel). At a concentration of 1 nM HDAg-195,
we observed the appearance of a complex with about one-third
the mobility of free 395L RNA. That the intensities of the

shifted complexes did not equal those seen with the unbound
395L could indicate that the majority of the RNA is not bound
in discrete complexes by HDAg-195. With higher HDAg-195
concentrations (�16 nM), a high-molecular-weight complex
formed that barely entered the gel. The apparent dissociation
constant (Kd), determined by nonlinear regression (GraphPad
Prism) analysis of the disappearance of unbound 395L, was
found to be 1 to 2 nM.

To examine the specificity of HDAg-195 for HDV RNA, we
analyzed binding to an RNA derived from the K12 gene of
human herpesvirus 8 (11). This RNA is similar in size (393 nt)
to 395L, but is not known or predicted to form a rod-like
structure. Consistent with the different structure, the migration
of this RNA in a native polyacrylamide gel in the absence of
protein was significantly slower than that of 395L. We observed
that HDAg-195 bound this non-HDV RNA (Fig. 1C, right
panel) with affinity indistinguishable from that observed for
395L. Moreover, similar to the behavior of 395L RNA, K12
RNA formed high-molecular-weight complexes with limited or
no mobility at HDAg-195 concentrations �16 nM. We have
observed comparable results with other non-HDV RNAs.
Chao et al. observed a similar lack of specificity of HDAg for
HDV RNA in a mobility shift assay using a bacterially ex-

FIG. 1. Binding of full-length and truncated HDAg to HDV and non-HDV RNAs. (A) Diagrams of wild-type (wt) HDAg and native bacterially
expressed His-tagged HDAg-195 and HDAg-160. Dimerization and oligomerization domains (39) included within aa 12 to 60 are shaded in gray.
The arginine-rich motifs (ARM1 and ARM2) are indicated in black (19). The HDV unbranched rod RNA is illustrated as a rounded rectangle
with partial base pairing indicated by light vertical lines. The numbering origin is indicated by open triangles. The HDAg open reading frame reads
from left to right on the top side of the rod with the amber/W editing site (2) (asterisk) and ribozyme (diamond) to the right. The 395-nt
unbranched rod segment (395L) is indicated below the full-length HDV RNA. The genomic coordinates corresponding to the 5� and 3� ends of
395L RNA are shown. (B) SDS-PAGE of purified HDAg-195 and HDAg-160 protein preparations. (C) Electrophoretic mobility shift assays of
HDV 395L RNA (left) and nonspecific K12 RNA (right) with HDAg-195. The RNA concentrations are each 52 pM. HDAg-195 concentrations
increase fourfold from left to right: from 0 to 0.25, 1, 4, 16, and 64 nM. Six percent nondenaturing polyacrylamide gels were run at 250 V for 2 h
(395L) or 3.5 h (K12) and are aligned from the top by the location of the well (open arrowhead). Free RNAs (open circles) and bound RNAs
(closed circles) are designated. (D) Electrophoretic mobility shift assays of HDV 395L and K12 RNAs with HDAg-160. Conditions were as in panel
C, except the HDAg-160 concentrations were 0, 0.04, 0.28, 2.1, 15, and 111 nM, respectively.
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pressed HDAg-fusion protein (7). Overall, these results indi-
cate that HDAg-195 binds HDV RNA; however there is little
or no specificity to the binding, and much of the bound RNA
is present in large heterogeneous complexes.

The failure of complexes to migrate into the gel suggests the
formation of aggregates at high HDAg-195 concentrations;
such aggregate formation could also affect the specificity of
binding and complex heterogeneity. We therefore examined
the effects of adding various detergents to the binding assay.
We found that low concentrations of SDS (e.g., 0.02%) elim-
inated the formation of complexes that did not enter the gel
but did not abolish complex formation. Furthermore, this con-
centration of SDS resulted in increased specificity of HDAg-
195 for HDV RNA (data not shown). These results could
indicate that the formation of aggregates promotes nonspecific
binding of HDAg-195 to RNA. Possibly, the proline/glycine-
rich C-terminal 35 aa of HDAg, which are not known to have
any RNA binding activity, could be contributing to aggregate
formation. In an attempt to improve the quality of the in vitro
RNA binding activity of bacterially expressed HDAg, we re-
moved these C-terminal 35 residues from the coding sequence
to express HDAg-160 (Fig. 1A).

We observed that this C-terminal truncation of HDAg sub-
stantially improved the binding characteristics of the protein in
the electrophoretic mobility shift assay. Unlike HDAg-195,
HDAg-160 bound 395L RNA as a single discrete complex,
which migrated with about half the mobility of free 395L RNA
and slightly faster than the complex formed by HDAg-195 and
395L RNA (Fig. 1D). Greater than 95% of 395L RNA was
bound by HDAg-160 in this complex at the highest protein
concentration tested (111 nM). No high-molecular-weight
complexes with limited or no mobility were observed, even at
HDAg-160 concentrations as high as 1.1 �M (data not shown).
Binding was highly specific for the unbranched rod structure of
HDV RNA; in contrast to full-length HDAg-195, HDAg-160
showed no evidence of binding K12 RNA. Furthermore, we
also observed that fully double-stranded RNA formed by two
annealed complementary segments of HDV RNA did not
bind, nor did segments of HDV RNA that could not form the
unbranched rod structure (data not shown). The apparent Kd

for HDAg-160 binding to 395L RNA was determined to be
2.46 
 0.31 nM, similar to that of HDAg-195. Thus, the C-
terminal truncation substantially improved the quality of the
binding observed without reducing the binding activity of the
protein for HDV RNA.

HDAg-160 binds several subgenomic segments of the HDV
unbranched rod. Previous analyses have indicated that HDAg
binds to different segments of the HDV genome and anti-
genome that have the ability to form the unbranched rod
structure (7, 20). However, these studies used bacterially ex-
pressed fusion proteins that had been denatured prior to bind-
ing analysis. Thus, it was not possible to quantitatively compare
binding of different RNAs or to characterize the nature of any
complexes formed. We therefore analyzed the binding of na-
tive HDAg-160 to two additional segments of the antigenomic
RNA unbranched rod, 384M and 405E, which are similar in
size to 395L (Fig. 2). We also analyzed binding to the genomic
RNA segment complementary to 384M, named g384M.

We observed that, consistent with the results of Chao et al.
and Lin et al. (7, 20), HDAg-160 bound each of these un-

branched rod RNAs (Fig. 2). Moreover, all three RNAs
formed discrete complexes with HDAg-160 that migrated with
mobilities similar to that of the complex formed by 395L and
HDAg-160. Nevertheless, in terms of both the affinity and the
amount of RNA bound at the highest HDAg-160 concentra-
tion, these RNAs exhibited distinct binding behaviors. 395L
and g384M (apparent Kds of 2.46 nM and 1.53 nM, respec-
tively) bound about two- to fourfold more tightly than 384M
and 405E. Also, while most of the 395L and 384M RNAs were
bound by HDAg-160 at the highest concentrations tested, less
than half of the 405E and g384M RNAs formed complexes,
even at protein concentrations considerably higher than the
apparent Kd. Overall, considering both affinity and the maxi-
mum amount of RNA bound, 395L, derived from the left end
of the antigenome, was the best binder.

The length of the HDV unbranched rod RNA plays a critical
role in HDAg-160 binding. To characterize the minimal deter-
minants within 395L for binding, we created truncated RNAs
by shortening the transcription templates from both the 5� and
3� ends, such that the predicted unbranched rod structure of
the RNA transcripts was preserved. We observed that 207L
RNA, 207 nt in length, was not bound by HDAg-160, even at
the highest protein concentration tested, 111 nM, which bound
�95% of 395L RNA (Fig. 3B). We therefore examined bind-
ing of HDAg-160 to a panel of RNAs progressively shortened
from the right or the left to identify the structures required for
binding. Analysis of RNAs truncated on the right indicated
that HDAg-160 efficiently bound 311L RNA, but not 253L
(Fig. 3A). In order to examine truncations from the left end of

FIG. 2. HDAg-160 binds several segments of HDV unbranched
rod RNA. (Top) Diagram of the unbranched rod antigenomic RNA, as
in Fig. 1A. Open and closed arrowheads indicate the locations of the
ApaI and SmaI restriction site sequences, respectively. Locations of
384M, g384M, and 405E RNAs are shown graphically; the genome
coordinates of the 5� and 3� ends of the g384M and 405E RNAs are
shown. (Bottom) Mobility shift assays of 5.2 pM 384M, 405E, and
g384M RNAs with HDAg-160. Results are presented as in Fig. 1D,
except the HDAg-160 concentrations for 384M are 0, 0.2, 0.5, 2.9, 18,
and 111 nM, respectively. Free RNAs (open circles) and bound RNAs
(closed circles) are indicated.

VOL. 83, 2009 HDV RNA LENGTH REQUIREMENT FOR BINDING BY HDAg 4551



the 395L unbranched rod structure, we first created 395R
RNA, in which the HDV terminal loop sequence was moved
from the left side of the RNA segment to the right side. Levels
of binding of HDAg-160 to RNAs 395L and 395R were indis-
tinguishable, indicating that the context of the loop does not

affect protein binding. Mobility shift assays performed on
RNAs truncated on the left indicated that HDAg-160 forms a
complex with 316R but not with 298R.

The binding results obtained for 311L and 253L indicate that
a critical binding feature within 311L has been deleted in 253L.
Similarly, binding results for RNAs truncated on the left show
that 298R has lost a critical binding feature that is present in
316R. However, the sequences deleted from 253L are present
in 298R, and, conversely, the sequences deleted from 298R are
present in 253L; yet, neither 253L nor 298R is bound by
HDAg-160. Thus, there is no single unique feature that serves
as a binding site for HDAg-160 within this HDV segment.
Perhaps two binding features are present within 395L RNA—
one that includes sequences between the ends of 311L and
253L, and another that includes sequences between the ends of
316R and 298R—and neither one alone is sufficient for bind-
ing. Contradicting this explanation, an RNA (395L�53) with
the same 5� and 3� ends as 395L, but lacking the sequences
deleted from 311L to create 253L, exhibited high-affinity bind-
ing similar to 395L RNA. The determinants of binding were
further examined by creating an RNA substrate (229NL) that
includes just the 229-nt region common to the two shortest
truncations that bind, 311L and 316R. The 229NL RNA was
made by annealing two �115-nt RNA strands and contains no
loop. As a control, we analyzed binding of a 390-nt RNA,
390NL, which also contains two annealed RNA strands, but no
loop. While 390NL was bound by HDAg-160 with the same
affinity as 395L and 395R, 229NL exhibited no binding by
HDAg-160. These data indicate that features critical for bind-
ing of 311L and 316R by HDAg-160 are, alone, not sufficient
for binding.

What features, then, determine the high-affinity specific
binding of HDAg-160 to HDV RNA? Inspection of the HDV
unbranched rod RNAs analyzed in Fig. 3 reveals that all of the
RNAs longer than 311 nt were bound by HDAg-160, and all
RNAs shorter than 298 nt were not bound. We tested the
possibility that binding requires HDV RNA substrates with a
minimum length of unbranched rod structure by analyzing the
binding of an RNA formed by joining two short, noncontigu-
ous segments of the unbranched rod that are not bound by
HDAg-160 (Fig. 4). The short segments used were 207L, which
is derived from 395L, and 207M, which is derived from 384M;
neither of these 207-nt RNAs formed complexes with HDAg-
160 (Fig. 3 and 4). The lack of binding by 207M indicates that
the dependence of binding on the size of the RNA is not
restricted to the left end of the unbranched rod structure. We
made a 405-nt hybrid RNA, 207L�207M, by joining the se-
quences of 207L and 207M. We observed that this RNA forms
a complex with HDAg-160 in the mobility shift assay (Fig. 4).
While this binding was not as complete as that of 395L, it was
comparable to that shown by other similarly sized unbranched
rod RNAs analyzed (Fig. 2). The observed binding of
207L�207M supports the conclusion that HDAg-160 requires
a minimum-size unbranched rod structure for binding. Based
on the RNA truncations analyzed in Fig. 3, this minimum size
is between 298 nt and 311 nt, or approximately 300 nt. Thus,
the results presented in Fig. 3 and 4 indicate that binding by
HDAg-160 requires an HDV unbranched rod structure of at
least about 311 nt.

FIG. 3. Effects of truncations and internal deletions of the un-
branched rod on binding by HDAg-160. (A) Diagram of the HDV
unbranched rod as in Fig. 1A. 395L and mutant RNAs are enlarged for
clarity. Mutations that maintain the wild-type HDV left terminal loop
and are truncated from the right are named 311L, 253L, and 207L.
Mutations and truncated RNAs in which the wild-type HDV left ter-
minal loop is moved to the right end of the RNA segment are named
395R, 316R, and 298R. 395L�53 contains an internal deletion from nt
110 to 82 and nt 1512 to 1484. Two RNAs have no loop: 390NL and
229NL. RNAs bound by HDAg-160 are indicated by �, and RNAs
indicating no binding by HDAg-160 are indicated by �. (B) Electro-
phoretic mobility shift assays of 5.2 pM 395L and 207L with HDAg-
160. The HDAg-160 concentrations were as in Fig. 1D. Free RNAs
(open circles) and bound RNAs (closed circles) are indicated.
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Binding of HDAg-160 to HDV RNA in vitro correlates with
RNA accumulation in cells expressing HDAg. To examine the
biological relevance of RNP complexes formed by bacterially
expressed HDAg-160 in vitro, we analyzed the size-dependent
interaction between HDV RNA and HDAg in cells. For this
analysis, we relied on the observation that nonreplicating seg-
ments of HDV RNA accumulate to higher levels in cells ex-
pressing HDAg in trans (17). This accumulation is most likely
due to protection of the RNA from cellular nucleases by
HDAg binding. Whereas Lazinski et al. studied the effects of
HDAg expression on the accumulation of circular RNAs (17),
we chose to study whether HDAg could affect the accumula-
tion of linear RNAs, which are less stable in the cell than
circular RNAs (29). We used full-length HDAg—without the
His6 tag—rather than HDAg-160 in order to examine the de-
pendence of RNA stabilization on RNA size in cells using the
most biologically relevant form of HDAg. HEK293T cells were
transfected with expression constructs for either 395L or 207L
RNA, with or without an expression construct for full-length
HDAg. Cellular RNA levels were assessed by Northern blot

analysis on days 2 and 3 posttransfection (Fig. 5). We observed
that 395L RNA accumulated to approximately three- to four-
fold higher levels in cells cotransfected with HDAg (Fig. 5). In
contrast, no increase in the amount of 207L RNA was observed
in the presence of HDAg. The accumulation of 395L in the
presence of HDAg is consistent with the interpretation that
this RNA is bound by HDAg in cells and is thereby protected
against cellular RNase activity. The lack of any observed ac-
cumulation of 207L in the presence of HDAg could indicate
that this RNA is rapidly degraded in the cell because it is not
bound by HDAg. This interpretation is consistent with the
observation that HDAg-160 did not bind this RNA in vitro
(Fig. 3). Thus, binding of HDAg-160 to these RNAs in vitro
was correlated with their accumulation in the presence of
HDAg in cells. This correlation underscores the biological
significance of the RNA binding activity of native bacterially
expressed HDAg-160.

FIG. 4. A minimum length of the HDV RNA unbranched rod is
required for binding HDAg-160 in vitro. The diagram indicates loca-
tions of the 395L, 384M, 207L, and 207M RNAs. Regions of 207M and
207L combined in the 207L�207M hybrid are indicated. Results of
electrophoretic mobility shift assays of 5.2 pM 207L, 207M, and
207L�207M RNAs are shown. The HDAg-160 concentrations in lanes
2 and 4 are 1.1 �M. HDAg-160 concentrations increase sevenfold from
left to right in lanes 5 to 9: 0, 0.5, 3.3, 23, and 159 nM. Free RNAs
(open circles) and bound RNAs (closed circles) are indicated.

FIG. 5. In vitro RNA binding by HDAg-160 is correlated with
RNA accumulation in cells expressing HDAg. (A) Northern blot anal-
ysis of total cellular RNA harvested 2 and 3 days posttransfection.
HEK293T cells were transfected with pCMV-Ribo (empty vector),
pCMV-Ribo-395L (395L), or pCMV-Ribo-207L (207L) with or with-
out cotransfection of the HDAg expression plasmid. (A) A represen-
tative blot shows RNA harvested 3 days posttransfection. In vitro-
transcribed 395L and 207L (lanes 7 and 8) are shown for comparison.
(B) Graphic representation of the effect of HDAg expression on the
levels of 395L and 207L RNAs in transfected cells. Ratios with and
without HDAg were determined by dividing the lane-normalized in-
tensity (using 28S rRNA) obtained in the presence of HDAg by that in
the absence of HDAg, after subtraction of background intensity from
cells not expressing these RNAs. Results are averages from two inde-
pendent experiments, each involving duplicate transfections; error bars
indicate standard deviations.
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The complex formed by HDAg-160 and HDV RNA is resis-
tant to micrococcal nuclease digestion. As noted above, the
effect of HDAg on the accumulation of 395L RNA in cells
could indicate that the complex formed by HDAg and 395L
RNA protects the RNA from nuclease activity (17). To exam-
ine this possibility in vitro, we examined the micrococcal nu-
clease sensitivity of the complex formed by HDAg-160 and
HDV RNA. HDAg-160 and 395L RNA were allowed to bind
and then were incubated with increasing amounts of micrococ-
cal nuclease prior to electrophoresis on a native polyacryl-
amide gel. We observed that the RNA-protein complex was
highly resistant to micrococcal nuclease. Whereas 2 U of nu-
clease extensively degraded 395L RNA in the absence of
HDAg-160, there was no effect on the complex formed by
HDAg-160 and 395L (Fig. 6A, lanes 3 and 8). A considerable
amount of complexed RNA was still observed in the presence
of 20 and even 200 U of the nuclease, whereas unbound RNA
was completely degraded. The nuclease resistance of the com-
plex formed by HDAg-160 and 395L is consistent with the
conclusion that the accumulation of 395L RNA in cells in the
presence of HDAg is due to the protection of bound RNA
against cellular nuclease activities. The increased mobility of
the complex following treatment with 200 U of enzyme (Fig.
6A, lane 10) is consistent with digestion of portions of the
RNA that are not in direct contact with HDAg-160.

To more directly examine how HDAg is assembled on the
RNA, we compared the mobilities of complexes formed by
HDAg-160 and either 395L or 311L, both before and after
treatment with increasing concentrations of nuclease. In the
absence of micrococcal nuclease, the complex formed by
HDAg-160 and 311L migrated just ahead of that formed by
395L (Fig. 6B, lanes 4 and 3, respectively). Similar to the
results shown in Fig. 6A, 395L and 311L RNAs that remained
unbound were degraded by micrococcal nuclease, but HDAg-
160 complexes formed by both RNAs were protected against
digestion (Fig. 6B, lanes 5 and 6). With 200 U of nuclease, the
intensities of the bands due to both 395L and 311L complexes
decreased, possibly due to some degradation of the RNA in
these complexes or to the formation of larger complexes with
the nuclease (37), as suggested by the increased intensity in the
well. Most notable, however, was that the mobility of the com-
plex formed by 395L in the presence of 200 U of micrococcal
nuclease increased such that it was identical to that of 311L
(Fig. 6B, lanes 7 and 8). Multiple independent repeats of this
experiment consistently showed increased mobility of the com-
plex formed by HDAg-160 and 395L with this high concentra-
tion of micrococcal nuclease. The mobility of the 311L–HDAg-
160 complex was unaffected by the nuclease (Fig. 6B, lanes 4,
6, and 8). Thus, for both RNAs, the size of the complex pro-
tected from nuclease digestion is the same as that formed by
the smallest RNA bound by HDAg-160. Furthermore, these
results suggest that the amounts of HDAg-160 bound are the
same for RNAs between 311 nt and 395 nt in length.

DISCUSSION

We have found that a C-terminally truncated form of
HDAg, HDAg-160, expressed in E. coli and purified under
native conditions, exhibits specific binding to unbranched rod
segments of HDV RNA, as indicated by the formation of a

discrete complex in an electrophoretic mobility shift assay. The
use of bacterially expressed HDAg-160 in binding assays is a
significant improvement over bacterially expressed full-length
protein, which produced heterogeneously migrating com-
plexes, bound to non-HDV RNAs, and formed aggregates
(Fig. 1). Similar to our results with HDAg-195, Chao et al.
observed that nondenatured full-length HDAg, expressed as a
fusion protein in bacteria, exhibited no clear specificity for
HDV RNA (7). Previous studies that have shown specific bind-
ing of full-length HDAg to the HDV unbranched rod structure
used HDAg expressed in bacteria as a fusion protein that was

FIG. 6. (A) HDAg-160 protection of 395L RNA from micrococcal
nuclease digestion. 395L RNA in the absence (left panel) or presence
(right panel) of HDAg-160 was treated with increasing amounts of
micrococcal nuclease (MN): lanes 1 and 6, 0 U; lanes 2 and 7, 0.2 U;
lanes 3 and 8, 2 U; lanes 4 and 9, 20 U; and lanes 5 and 10, 200 U. Free
RNAs (open circles) and bound RNAs (closed circles) are indicated.
(B) Micrococcal nuclease digestion of 395L and 311L RNAs com-
plexed with HDAg-160. Shown are the results of mobility shift assays
of 395L (odd lanes) and 311L (even lanes) RNAs in the absence (lanes
1 and 2) or presence (lanes 3 to 8) of 300 nM HDAg-160. Amounts of
micrococcal nuclease are indicated. The change in migration of 395L
complexed with HDAg-160 in the presence of 200 U of micrococcal
nuclease (lane 7) is indicated by the open arrowhead.
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denatured and renatured prior to RNA binding (7, 20). These
previous analyses were limited by potential effects of large
fusion protein partners on HDAg structure, the sensitivity of
binding to renaturation conditions, and the inability to evalu-
ate the extent or quality of the renatured protein. The non-
specific RNA binding activity of native, full-length, bacterially
expressed HDAg is most likely an effect of the bacterial ex-
pression. Secondary structure prediction analyses performed
on the segment of the protein removed to create HDAg-160
indicated no defined structures. Possibly, in bacterially ex-
pressed HDAg-195, this proline/glycine-rich 35-aa region con-
tributes to structural variability and/or aggregate formation
that contributes to nonspecific RNA binding activity. Removal
of this region is unlikely to directly affect RNA binding; it is not
among those regions of the protein implicated in RNA binding
by other studies that have used either site-directed mutagene-
sis or deletional analysis (18–20, 26). An HDAg protein cre-
ated by a 50 aa C-terminal truncation (HDAg-145) yielded
binding results similar to those of HDAg-160, except that the
discrete complex formed migrated slightly faster (not shown).

Binding of HDAg-160 was specific for the HDV RNA un-
branched rod structure; fully double-stranded RNAs and sin-
gle-stranded RNAs incapable of forming this structure, even if
derived from HDV, were not bound (data not shown). Our
deletional analysis of the RNA requirements for binding indi-
cated that binding is not determined by just one or two unique
local structural features in the RNA; rather, complex forma-
tion in vitro required that the unbranched rod be greater than
298 nt (Fig. 3). We also observed a size-dependent relationship
in cells via analysis of RNA stabilization by HDAg that verified
the biological relevance of the complexes formed by HDAg-
160 (Fig. 5). Previous studies that were able to demonstrate
specific binding of HDAg to HDV RNA in vitro indicated that
binding required the HDV unbranched rod structure (7, 20),
but the RNAs analyzed in those studies were larger than those
analyzed here and the dependence of binding on the size of the
RNA was not investigated. The length requirement that we
have observed for HDV RNA binding to HDAg could be
significant for the virus in that it may provide a means by which
HDAg discriminates between binding to its cognate RNA
rather than shorter similarly structured RNAs (i.e., extended
hairpins) in infected cells.

Cells infected by HDV contain both genomic and antigeno-
mic RNAs, as well as two isoforms of HDAg that differ by 19
or 20 aa at the C terminus. Our deletional analysis was con-
ducted using a segment of the antigenomic RNA, but it seems
probable that similar size-dependent binding will be obtained
for the genome. Chang et al. observed that segments of
genomic HDV RNA 311 nt or longer were efficiently packaged
into virus-like particles from cells expressing the long isoform
of HDAg, while a 258-nt segment was not (5). The nature of
the difference in packaging was not further explored at the
time, but could be explained by our in vitro binding results: the
failure of the shorter 258-nt RNA to be efficiently packaged is
likely due to its inability to be bound by HDAg. It is not yet
clear whether RNPs with varying HDAg isoform compositions
differ structurally. HDAg-160 contains all of the known RNA-
binding regions within both isoforms of HDAg.

The results presented in Fig. 2 indicate that HDAg-160
bound several different unbranched RNA segments derived

from the HDV antigenome and genome. Previous binding
studies, which used denatured bacterially expressed HDAg,
were qualitative, and could not distinguish binding character-
istics of different RNAs. With natively expressed HDAg-160,
we found that binding to different unbranched RNAs was not
identical, in terms of either affinity or the maximum levels of
binding (Fig. 2). Variations in affinity could be due to subtle
structural differences in the RNAs that modulate binding ac-
tivity. It is not clear why some RNAs failed to be completely
bound during the assay. Perhaps, structural heterogeneity in
the RNA that affects binding, without affecting gel mobility, is
responsible. Another possibility is that binding requires con-
formational changes—in the RNA, the protein, or both—and
the time required for these changes varies among the different
RNA-protein interactions. Consistent with these models, we
have observed that binding is strongly dependent on both the
temperature and time of incubation (D. A. Defenbaugh and
J. L. Casey, unpublished data). Regardless of the mechanistic
explanation, the variable binding to different segments of the
RNA suggests that binding in the context of the full-length
unbranched rod RNA might occur preferentially at certain
sites. In cells, such preferential binding could lead to an or-
dered assembly of HDAg on the RNA that is likely to play a
role in RNA transcription of both the genome and antigenome
as well as packaging of the genome.

HDAg is known to form dimers, and several reports have
indicated that the protein assembles into higher-order struc-
tures, possibly octamers (9, 35, 38, 39). The results of our
electrophoretic mobility shift assays are most consistent with
the formation of an HDV RNA-HDAg complex containing a
large HDAg multimer, rather than an RNP consisting of either
an HDAg monomer or dimer. The mobility of the complex
formed by HDAg-160 and 395L, a 395-nt RNA derived from
the left end of the antigenomic unbranched rod, was approxi-
mately half that of unbound 395L RNA (Fig. 1). The molecular
mass of an HDAg-160 monomer is about 19 kDa; complexes
formed with 395L and either a single monomer or dimer of
HDAg-160 would have molecular masses 15% (149 kDa) to
30% (168 kDa) greater than that of the RNA alone, respec-
tively. On the other hand, a complex involving 395L RNA and
an HDAg-160 octamer (152 kDa), for example, would produce
an RNA-protein complex with a mass more than twice the size
of the RNA alone (282 kDa versus 130 kDa), consistent with
the large shift in mobility observed. Of course, in addition to
effects of the mass of the protein on RNP mobility, conforma-
tional changes in the RNA that might occur upon protein
binding could also alter the mobility in a native gel. However,
two additional findings support the conclusion that a larger
mass of protein is bound. Comparison of the mobility of RNA-
protein complexes formed by HDAg-195 and HDAg-160 (Fig.
1) and HDAg-145 (not shown) on a given RNA demonstrates
readily detectable changes in mobility, consistent with a large
contribution of the protein mass to the mobility of the com-
plex. Furthermore, the resistance of RNA-protein complexes
to nuclease digestion (Fig. 6) is more consistent with binding of
a large amount of protein to the RNA. Because no RNPs of
intermediate mobility were observed as the level of HDAg-160
increased (Fig. 1), the protein either assembles on the RNA
with a high degree of cooperativity or binds as a preassembled
protein complex. While others have suggested that HDAg ex-
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ists as an octameric structure in cells and in vitro, even in the
absence of HDV RNA (25, 39), our results presented here
cannot distinguish between these two possibilities, nor can we
determine the number of HDAg subunits involved.

The complex formed between HDAg-160 and 395L RNA
was resistant to digestion with micrococcal nuclease. Interest-
ingly, high concentrations of nuclease reduced the size of the
complex formed by 395L RNA, which is greater than the min-
imum-length RNA required for binding, to the same as that
formed by 311L RNA, which is the smallest RNA bound by
HDAg-160 (Fig. 6). These results indicate that (i) most of the
bound RNA is tightly associated with HDAg-160, and (ii) the
395-nt RNA does not bind more protein than the 311-nt RNA.
This result, together with the minimum length requirement for
binding and our conclusion that HDAg binds as a large mul-
timer, suggests that binding of the multimeric unit occurs in
discrete amounts. Thus, given that the minimum length for
binding of HDAg-160 to HDV unbranched rod RNA is �300
nt, we expect five HDAg-160 multimers are able to bind per
full-length HDV RNA. If the multimeric unit is an octamer (as
suggested by Zuccola et al. [39]), then we would expect the
RNA/protein ratio to be 1:40. This number is near the low end
of the range of RNA/protein ratios determined by previous
analyses of HDV RNA-protein complexes in cells and in viri-
ons (12, 30). In future studies, determination of the exact size
of the HDAg multimer involved in binding, as well as the
number of such complexes bound to progressively larger
RNAs, will permit a more precise evaluation of the composi-
tion of the HDV RNA-protein complex.
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