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FIG. 1. Restriction map of HDV cDNA. The circle shows the
1,679-base sequence of HDV, as deduced by Kuo et al. (18), with
the top and bottom of the rod and the open reading frame for the
small form of the delta antigen indicated. Computer-based analysis
of sequence information was done with the sequence analysis
software package of the University of Wisconsin Genetics Com-
puter Group (7). aa, amino acids.

sarcoma virus (22) and a dimer of the genome of potato
spindle tuber viroid (PSTV) (26).
RNA syntheses. Subgenomic regions of genomic and anti-

genomic HDV RNA were transcribed from the pGem4B
constructs, after appropriate cleavage of these clones, with
the RNA polymerases of phage SP6 or T7 (Bethesda Re-
search Laboratories [BRL]). In this way we were able to
generate the 20 different RNA species that are diagrammed
in Fig. 3. The method of RNA synthesis was that recom-
mended by BRL with [a-32P]UTP (800 Ci/mmol; Du Pont).
For the experiment shown in Fig. 4B, we also added ITP
during synthesis as an alternative to GTP (25) in the amounts
indicated in the figure legend. The various labeled RNAs
were extracted and tested for integrity by gel electrophore-
sis.

Fusion proteins. We followed the manufacturer's protocols
for application of the vector pRIT2T (Pharmacia). The delta
antigen open reading frame was inserted C-terminal to a
26-kDa domain of the staphylococcal protein A. Expression
of the fusion protein in Escherichia coli was then heat
induced, after which the protein was extracted and partially
purified by a single passage over a Sepharose-immunoglob-
ulin affinity column.
To obtain the initial recombinant, the antigenomic se-

quence from positions 1598 to 894 was amplified by poly-
merase chain reaction of a cDNA template with a PvuII
adaptor primer and a regular primer (11). This allowed the
relevant sequence to be cleaved from the product with PvuII
and Sall and then force-cloned into pRIT2T DNA that had
been cut in its multiple cloning site with SmaI and Sall. The
resultant construct expressed the small form of the delta
antigen. To obtain the larger form, we replaced the region
between two PstI sites, one at 1087 in HDV and the other in
the multiple cloning site of pRIT2T, with a corresponding
region from pSVL(Ag-L), which encodes the large antigen
(5).

Gel analyses. Denaturing gels were made by the procedure
of Laemmli (19) with 8% polyacrylamide. After this, the
proteins were transferred electrophoretically to a nitrocellu-

lose membrane (Schleicher & Schuell). The protein was then
located by staining with india ink (9), and the delta antigen-
related material was detected by incubation with a specific
human antibody, followed by incubation with '25I-protein A
of Staphylococcus aureus and autoradiography.

Alternatively, the membrane with the transferred protein
was used to detect RNA-binding activity with a procedure
based on the method of Krogstad and Champoux (16).
Briefly, the protein on the filter was denatured by incubation
in 7 M guanidine hydrochloride, after which it was washed
briefly, incubated in a buffer containing glycerol, sodium
chloride, and Nonidet P-40 for 1 day at 4°C, and then washed
and incubated in HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid)-buffered 0.4% nonfat powdered milk
at room temperature. This second incubation, as explained
in the text, had to be at least 16 h long for us to detect
specific binding in the subsequent steps. The filter was then
incubated with about 5 x i05 cpm of [32P]RNA per ml at
room temperature for 30 min. In some cases, as noted in the
text, not one but two RNAs were used in such incubations,
and in these cases, it was necessary to hybridize these two
RNAs to each other prior to the incubation step (27). After
the incubation, the filter was rinsed for 30 min at room
temperature and finally examined by autoradiography. From
preliminary studies, we determined the amount of each
fusion protein needed to give optimal binding specificity;
with five times less than the chosen amount, the level of
binding was not above the background level.
The gel retardation assays were carried out basically as

described by Konarska and Sharp (14). Briefly, the partially
purified fusion protein was incubated with 105 cpm (total) of
labeled RNA in 10 ,ul of binding buffer (10 mM HEPES [pH
7.6], 0.3 mM MgCl2, 40 mM KCl, 5% glycerol, 1 mM
dithiothreitol, 40 U of RNasin [Promega], 1 mg of tRNA per
ml). After 30 min at 30°C, the sample was mixed with dye
and subjected to electrophoresis in a nondenaturing gel of
4% polyacrylamide. After this, the gel was dried and exam-
ined as described above.

RESULTS

Delta antigen fusion proteins in a Northwestern analysis.
The delta antigen is present both inside virions obtained
from serum and in infected liver. However, when we used
such materials in a Northwestern (RNA-immunoblot) anal-
ysis, we were unable to detect specific RNA binding. Thus,
we undertook to begin again, but with much larger amounts
of antigen, as can be obtained with a partially purified
recombinant protein. The small and large forms of the delta
antigen were obtained this way by using a fusion with part of
the staphylococcal protein A. These two partially purified
fusion proteins were then subjected to acrylamide gel elec-
trophoresis, electrotransferred to a nitrocellulose filter, and
tested as follows.
We compared the total protein on the filter, as detected by

staining with india ink (Fig. 2A), with the regions that
responded to an antibody specific to the delta antigen (Fig.
2B). We identified the expected fusion proteins and the
staphylococcal protein itself.
The next step was to test these proteins in a particular

RNA-binding assay, a so-called Northwestern assay. The
results are shown for labeled HDV RNA (Fig. 2C) and a
single-stranded non-HDV RNA (Fig. 2D). More specifically,
the HDV RNA was full-length genomic RNA, and the non-
HDV RNA was that transcribed from the unmodified RNA
transcription vector pGem4B. The results show specific
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FIG. 2. Verification of fusion proteins. Three recombinant pro-

teins were expressed in bacteria and partially purified by affinity
chromatography prior to electrophoresis in a gel containing 8%
polyacrylamide. Proteins: lane 1, staphylococcal protein A fused to
the small form of the delta antigen (sa/Ag-S); lane 2, protein A fused
to the large form of the delta antigen (sa/Ag-L); lane 3, unmodified
protein A (sa). After electrophoresis and electrotransfer to nitrocel-
lulose, the filter was examined four ways: (A) india ink staining; (B)
Western immunoblot with antibody specific for the delta antigen; (C)
Northwestern blot with labeled full-length genomic HDV RNA; (D)
as in panel C, but with non-HDV RNA transcribed from unmodified
pGem4B. The positions of prestained protein electrophoresis mark-
ers are indicated at the left.

binding of the HDV RNA to the fusion proteins of the small
and large delta antigens. It can be noted that of the bands
reactive with the antibody (Fig. 2B), only the largest bands
were also able to react with HDV RNA (Fig. 2C).
To obtain such specific binding, we followed the protocol

of Krogstad and Champoux (16). After electrotransfer, the
protein on the filter was denatured fully by incubation with
guanidine hydrochloride, and the filter was subjected to
incubation at 4°C and then at room temperature prior to
addition of the labeled RNA. The extent of this second
incubation period was important. Without it, RNA binding
was nonspecific, and as the length was increased from 1 to 3
to 16 h, we saw the appearance of specific binding. At the
longest time, the specificity was deduced to be at least
100-fold (Fig. 2C and D). No further specificity was achieved
when the incubation was extended to 48 h. Our interpreta-
tion is that during the incubation time, not only was blocking
being achieved, but the protein was undergoing an appropri-
ate renaturation. To pursue this further, we carried out an

experiment to quantitate the effects of varying the length of
the second incubation. The results as summarized in Table 1,
showed that the binding ability of recombinant protein
sa/Ag-S (staphylococcal protein A fused to small delta
antigen) not only increased absolutely with time, but also
increased maybe as much as three times more than that of
recombinant protein sa/Ag-L (staphylococcal protein A
fused to large delta antigen).

Regions of HDV sequence necessary for RNA binding. Our
next question was to determine whether one or more specific
regions on the HDV RNA were essential for binding. Figure
3 summarizes the results for 20 different RNAs that were

tested, 10 genomic and 10 antigenomic. Each of the regions
is indicated in relationship to the circular RNA, drawn in its
predicted rodlike folding, and underneath is an indication of
whether the RNA was able to bind to the delta antigen fusion
protein. The experiments were performed for both the small
and large fusion proteins, and the results were identical.

Consider first the genomic HDV RNAs shown in panels 1

TABLE 1. Effect of renaturation time on signal strength obtained
in Northwestern analyses

Renaturaton Signal boundb Signal ratio, sa/Ag-S
time t aA-

(days)a sa/Ag-S sa/Ag-L to sa/Ag-L

O 100 80 1.25
0.7 60 40 1.5
2 210 60 3.5
4 380 120 3.2
6 410 95 4.3

a As in Fig. 2, multiple samples of the two recombinant proteins, sa/Ag-S
and sa/Ag-L, were transferred electrophoretically from the gel to the filter.
The filter was divided into equivalent strips, treated with guanidine hydro-
chloride, and incubated at 4°C, first in buffer containing glycerol, sodium
chloride, and Nonidet P40 and then in buffer containing HEPES and 0.4%
nonfat powdered milk. The total of these incubation times was 7 days, and the
time indicated is that of the second incubation.

b The filter strips were incubated together with [32P]RNA transcribed as
described for panel 8 in the legend to Fig. 3. The resulting autoradiogram was
quantitated by densitometry.

to 10 of Fig. 3. The full-length RNA bound (panel 1), but five
smaller regions (panels 2 to 6), which in total spanned the
whole genome, were individually unable to bind. Even one
side of the rod (panel 7) or the other (4) was unable to bind.
However, we noted that when the region was able to fold
intramolecularly into an end of the rodlike structure, as in
panels 8 and 9, binding occurred. Not only did these two end
regions bind; when we assembled a middle region, as shown
in panel 10, binding also occurred. In panel 10, the assembly
was intermolecular, that is, between two RNA species, and
as will be subsequently made clearer, it was necessary, in

1 2 3 4 5 6 7 8 9 10

genomic

binding - +

11 12 13 14 15 16 17 18 19 20

RNA

binding.+ +

FIG. 3. Regions of HDV RNA necessary for binding to delta
antigen. Northwestern analyses of the delta antigen fusion protein
were carried out as described in the legend for Fig. 2C except that 20
different labeled HDV RNA species were tested individually. Panels
1 to 10 contained genomic RNA, and panels 11 to 20 contained
antigenomic RNA. The approximate locations of these RNAs on the
rodlike structure of HDV are indicated in the figure. The solid line
represents the unlabeled RNA, with the arrowhead being the 3' end
of that RNA; the broken line represents the remainder of the rodlike
structure. RNA-binding ability is indicated beneath each panel. The
precise locations can be deduced from the restriction map in Fig. 1,
along with the following descriptions of the cDNA fragments that
were transcribed from the pGem4B constructs: 1, positions 962 to
961; 2, 655 to 781; 3, 781 to 1087; 4, 1087 to 1624; 5, 1624 to 224; 6,
224 to 781; 7, 1624 to 781; 8, 655 to 1087; 9, 1427 to 224; 10, 224 to
655 and 1087 to 1427; 11 to 18 are complements of 1 to 8,
respectively; 19, 430 to 1427; 20, 781 to 224 and 1427 to 1087.
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FIG. 4. Evidence that HDV rodlike structure is necessary for

RNA-binding specificity. Northwestern analyses were carried out

with the small delta antigen fusion protein but with three different

labeling procedures. The representation of HDV RNAs used in

binding is as described in the legend to Fig. 3, except that the labeled

species are indicated beneath with an asterisk. (A) Competition

between one labeled rodlike HDV RNA and increasing amounts of

a different unlabeled rodlike HDV RNA. Labeled/unlabeled RNA

ratios: lane 1, 1:0; lane 2, 1:10; lane 3, 1:30; lane 4, 1:90. (B)

Complementation experiment with one labeled nonrod HDV RNA

and increasing amounts of unlabeled RNA from the opposite side of

the rod. Labeled/unlabeled RNA ratios: lane 1, 1:0; lane 2, 1:0.25;

lane 3, 1:1; lane 4, 1:4. (C) Interference experiment in which the

labeled HDV rodlike RNA was synthesized with increasing amounts

of ITP relative to GTP. ITP/GTP ratios: lane 1: 0:1; lane 2, 0.2:0.8;

lane 3, 0.5:0.5; lane 4, 0.8:0.2.

order for binding to occur, that the two RNAs first be

hybridized to each other.

When these experiments were repeated with antigenomic

HDV RNAs (panels 11 to 20), we obtained virtually the same

correlation; that is, binding was observed only if a part of the

rodlike structure could be formed.

Further evidence that rodlike structure is necessary for

HDV RNA binding. Figure 4 presents three additional exper-

iments undertaken to test the interpretation that the rodlike

structure of HDV RNAs was necessary for specific binding
to the delta antigens.
The first experiments were to test whether the binding

could be inhibited. As summarized in Fig. 4A, the binding

ability of a region of labeled rodlike genomic HDV RNA

could be competed with by the presence, during incubation,

of an increasing excess of unlabeled rodlike RNA from a

different region of the genome. Such competition could also

be achieved with unlabeled RNA from the same region, but

not with a subdomain ofHDV genomic RNA that was unable

to fold into the rodlike structure (4).

The second experiments were to see whether a labeled

RNA from a region of the genome that could not bind could

ultimately be made able to bind by hybridization to an

unlabeled RNA from the other side of the rod structure. As

summarized in Fig. 4B, this complementation did indeed

occur. The inverse experiment, in which the labeled strand

was replaced by an unlabeled strand and vice versa, gave an

identical result (4).

The third experiments were to see whether labeled RNA

from a region capable of intramolecular folding into the

rodlike structure might lose its binding ability if it were

deprived of its folding ability. To do this, we synthesized the

labeled RNA with increasing amounts of ITP. This substrate

can substitute for GTP (25), and should lead to a product in

which the degree of base-pairing, of the Watson and Crick

type, should be the same, while the degree of associated
hydrogen bonding should be significantly reduced. As shown
in Fig. 4C, such substitution did lead to a major loss of
RNA-binding ability.
From the above experiments and those described in the

previous section, it appeared that six separate regions of
rodlike structure, three on genomic and three on antige-
nomic HDV RNA, were each able to give specific binding
with the delta antigen. Additional experiments, however,
made the picture more complicated. First we asked whether
other non-HDV RNAs with a rodlike structure might also be
able to bind. The single-stranded genomic RNAs of the plant
viroids have many features in common with HDV, including
both circularity and a rodlike folding (30, 31). We picked one
such viroid, PSTV. From a dimer of cDNA inserted into
pGem4B, we transcribed labeled RNA and tested it for
binding. Relative to HDV rodlike RNA, the PSTV RNA,
which could have folded into a rod, failed to bind to delta
antigen (4). (The PSTV RNA species used was a dimer
rather than a monomer. We believe this does not weaken our
conclusion because trimers of HDV, as well as monomers,
still bind efficiently [4].) The second level of complication
came when we tested 100% double-stranded RNAs. In each
case, we used a pGem4B construct to synthesize a pair of
complementary RNAs, prehybridized these, and tested them
for binding to the delta antigen. We tested three such
hybrids: (i) a nonrod region on the HDV genome; (ii) a
400-base sequence from the genome of Rous sarcoma virus
(22); and (iii) the dimer of PSTV RNA. All of these double-
stranded species gave efficient binding (4). In contrast to
this, both double- and single-stranded DNAs failed to bind
(4).
From the above observations of RNA binding, we were

concerned with the possibility that rodlike RNAs or 100%
double-stranded RNAs might not bind more efficiently, but
preferentially escape some RNase activity during incubation
with the nitrocellulose filter. Three arguments can be made
against this possibility. First, the results of the incubations
were unchanged by the presence or absence of a relatively
large amount of unlabeled tRNA. Second, we tested the
labeled RNAs both before and after incubation by glyoxal
gel electrophoresis (24) and were unable to detect any
degradation. Third, the PSTV RNA was expected to be a
rodlike structure, and it failed to bind.

Gel retardation assays of HDV RNA binding. The studies
described above were carried out with a single assay proce-
dure, the Northwestern. As described below, we undertook
to confirm the results with a second procedure, a gel
retardation assay. We used the method of Konarska and
Sharp (14), in which the labeled RNA is incubated with the
fusion protein before being loaded onto a nondenaturing
acrylamide gel. Typical results are shown in Fig. 5 for both
an HDV rodlike RNA and a non-HDV non-rodlike RNA. It
can be seen that as the amount of fusion protein was
adjusted, some specificity, as measured by the amount of
retarded HDV RNA relative to that for non-HDV RNA,
could be achieved (lane 3), but even this specificity was lost
when more fusion protein was used (lane 4). (The complexity
of the retarded band was reproducible but remains unex-
plained. It could be because of alternative conformations of
the labeled RNA. It may also be due to lack of size
homogeneity for the antigen [see Fig. 2A].) Direct quantita-
tion of the signals in panels A and B, lanes 3, indicated about
a 10-fold greater level of binding to the HDV RNA. We first
optimized certain other annealing variables, such as the
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FIG. 5. Gel retardation assay of RNA binding to antigen. (A)
Aliquots of labeled HDV rodlike RNA were incubated with increas-
ing amounts (0, 0.4, 1, and 2 ,ul in lanes 1 to 4, respectively) of a

concentrated solution of the partially purified fusion protein with the
small antigen prior to electrophoresis on a nondenaturing gel. (B)
Similar analysis except that the labeled RNA was replaced by that
made from unmodified pGem4B.

presence of a competitor RNA, the concentration of magne-
sium ion, and the temperature, in order to get this result.

In summary, only after careful adjustment of several
variables could even a limited amount of HDV-specific RNA
binding be demonstrated by this gel retardation assay. Thus,
the evidence of specificity for the rodlike structure comes
only from the Northwestern analysis.

DISCUSSION

Our results on the binding of the two forms of delta antigen
to HDV RNA species are consistent with those of two
previous studies, which showed that certain HDV RNA
species bound more efficiently than non-HDV RNAs (8, 20,
23). However, our data appear to be the first evidence for a

role of HDV RNA structure. The most abundant naturally
occurring species of genomic and antigenomic HDV RNAs
are circular and are predicted to be able to fold by intramo-
lecular base-pairing into a rodlike structure. We have actu-
ally tested a total of six different rodlike regions on the
genome and antigenome and found that they all give antigen-
specific binding in a Northwestern assay. However, certain
qualifications must be made regarding the interpretation of
our results.

(i) Our evidence for specificity was from the Northwestern
assays, not from the gel retardation assays. The success of
the former results could be a consequence of the ability to
allow a renaturation of the recombinant protein prior to the
binding assay.

(ii) It may be relevant that we did not use natural delta
antigens. They were not only protein fusions; because they
were grown in E. coli, they may have lacked some critical
posttranslational modifications, such as phosphorylation at
serines (3), that could be necessary for full function. One can

state, however, that Macnaughton et al. (23) did use the
small form of the delta antigen as grown in animal cells and
in the absence of any fusion, but nevertheless were unable to
achieve as much specificity as reported here.

(iii) It might seem inconsistent that the rodlike RNA of
PSTV, unlike that of HDV, did not also bind. It is unlikely
that this was due simply to a difference in the extent of
intramolecular base-pairing; PSTV has 70% base-pairing
(26), versus 74% for the HDV sequence of Kuo et al. (18).
The quality of pairing may be relevant; crudely, PSTV has
54% G+C, while the HDV sequence of Kuo et al. has 65%
G+C. This interpretation might fit with our data on the
effects of ITP substitution; when the G+C of the rodlike
HDV RNA was reduced from 65% to no less than 52%, there
was a dramatic loss of binding ability (Fig. 4C, lane 2).
Another explanation is that it is not the rod per se but
something within or associated with the rod that is necessary
for binding. After all, PSTV replicates without the need for
any encoded protein; thus, both PSTV and HDV RNAs may
have a basic rod structure so as to facilitate RNA-directed
RNA synthesis. Proceeding further with this logic, we spec-
ulate that the HDV genome might have evolved further, so
as to be able not only to code for a protein, but to have
multiple sites within its rodlike structure for the binding of
that protein to allow certain nonviroid functions, especially
packaging.

(iv) We are puzzled that 100% double-stranded RNAs,
both HDV and non-HDV, were able to bind as efficiently as
rodlike HDV sequences. However, it must be noted that the
regions of such undisrupted strictlv double-stranded RNA in
the predicted rodlike structure of Kuo et al. (18) are short;
the longest is only 11 bp. Also, we need to question the
relevance of 100% double-stranded RNA to the in vivo
situation; we know that such sequences are avoided by
animal cells, presumably because if unchecked, they can
lead to induction of interferons (28).

(v) Our observations that both the large and small forms of
the delta antigen will bind HDV RNA are consistent with the
studies of Lin et al. (20); they have defined, within the coding
region shared by both proteins, a domain essential for RNA
binding. Our results are also consistent with our previously
reported in vivo assays in that the two proteins differ
fundamentally in their ability to support genome replication;
actually, the large antigen acts as a potent dominant negative
mutation on the essential small antigen (5, 17). Such studies
indicate that binding to HDV RNAs involves multiple copies
of both forms of the antigen, with only the small form
supporting genome replication, while in the presence of even
relatively few copies of the large antigen, the replication is
suppressed. Thus, RNA binding, as it occurs in vivo, may
involve significant protein-protein interactions; there may be
antigen-antigen interactions, and it could even be that one or
more cellular proteins participate to achieve additional spec-
ificity.

(vi) In terms of virion assembly, our results are consistent
with the observation that both forms of the delta antigen can
be packaged (1). We were unable to see any difference
between the binding of genomic and antigenomic RNA; this
result is consistent with the role of the antigen in supporting
the synthesis of both genomic and antigenomic RNAs, but
we still have an incomplete picture of why HDV virions
package almost exclusively genomic RNA with very little
antigenomic RNA.

(vii) Our finding that there are multiple regions on the
HDV genomic and antigenomic RNAs that support antigen
binding may mean that there is no equivalent of a single
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";origin-of-assembly sequence," as has been found on many
other RNA viruses, such as tobacco mosaic virus (13) and
even the HBV pregenomic RNA (12). Of course, HDV is
different from other animal viruses in many ways, and this
might be just one more difference; alternatively, such a
sequence may actually exist but has not been detected as
such by our assays.
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