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FIG. 3. Recombinant DNA cloning and sequencing of specific
HDV RNA sequences. (A) The strategy for going from RNA to
clonable double-stranded DNA spanning the region Sall (962) to
PstI (1087) is explained in the text. (B) Recombinant clones were
screened with an HDV RNA probe and then either reconfirmed as
such (left side) or tested for hybridization to oligonucleotide C (right
side). (C) Two recombinant clones from panel B were subjected to
dideoxy sequencing. One clone was expected to be unchanged (wt)
and the other to be modified (mutant) at position 1012. The sequenc-
ing confirmed this; the two clones differed only in A to G at 1012 (*).
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obtained comparable results for both genomic RNA (serum)
and antigenomic RNA (liver).
Thus, the approach of examining the HDV RNA gave

results roughly comparable to the earlier protein studies
(Fig. 2) in which we assayed the relative abundance of the
longer form of delta antigen in the transfected chimpanzee
and cell cultures, in which genome replication occurred.

Independent PCR-based assay for detecting HDV sequence
changes. The above strategy for the detection of nucleotide
changes at position 1012 was quantitative, but the sensitivity
was limited by the number of recombinant clones screened.
In addition, it depended on cloning and sequencing. Thus,
we exploited the alternative strategy of Wu et al. (34), which
is able to specifically amplify only those molecules that
contain the base change. This can be explained with Fig. 4.
An RNA sample containing antigenomic HDV sequences
was reverse transcribed with primer A, and then aliquots
were subjected to PCR amplification with the primer pair E
plus D or F plus D. The primers E and F were end labeled,
and so the PCR products were assayed by a denaturing
sequencing gel and screened for an 83-base species. The first
primer pair detects the normal HDV sequence of Kuo et al.
(12). Primer F, however, differs from E in its 3' nucleotide,
which corresponds to position 1012. F will only pair pre-
cisely to antigenomic HDV RNA that has been modified
from A to G at position 1012. As Wu et al. (34) have shown,
the annealing temperature of the PCR reaction required
optimization so that the first primer pair detected only
unmodified HDV (Fig. 4B, left panel, lane 2 versus lane 1),
while the second pair detected only modified HDV (Fig. 4B,
right panel, lane 1 versus lane 2).

This strategy was applied to various RNA samples con-
taining HDV sequences. For the COS7 cells transfected with
pSVL(Ag), we detected only unmodified DNA (lane 4),

plasmid: wt mutant

whereas in those transfected with pSVL(D3), we detected
modified as well as unmodified DNA (lane 3).
A reconstruction to determine the specificity and sensitiv-

ity of this assay procedure was performed with unmodified
DNA in the presence of decreasing amounts of modified
DNA. We could readily detect 1 part of modified DNA in the
presence of 100 parts of unmodified DNA (data not shown).
This result also made clear the specificity of this PCR-based
assay.

Action of unwindase on HDV RNA. In the previous sec-
tions, we showed that in the termination codon of the delta
antigen, some RNA molecules are changed from A to G. As
mentioned in the Introduction, we wished to test the hypoth-
esis that this change was initiated by RNA duplex unwindase
action converting A to I, followed by RNA-directed RNA
synthesis perpetuating the I as G. We sought direct experi-
mental evidence to support the role of unwindase. Also,
since unwindase is known to have a specificity for double-
stranded rather than single-stranded RNA, we were inter-
ested to know whether the rod structure of the delta RNA,
with an average of 70% of bases paired, would also act as a
substrate for unwindase.
Four different HDV RNA constructs were made (Fig. 5A).

These RNA species were initially transcribed via bacterio-
phage RNA polymerases from recombinant transcription
plasmids and were labeled with [Ot-32P]ATP. They were then
hybridized, as necessary, to make the structures shown,
before being incubated for 2 h at 37°C in an extract of HeLa
cells that contained unwindase activity (16, 27, 28). After
this, the RNAs were extracted, digested with nuclease P1,
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and analyzed by thin-layer chromatography, followed by
radioimaging. Since nuclease P1 releases 5' nucleotides, the
conversion of A to I could be monitored simply as the
transfer of label from pA to pl. This occurred to a significant
extent only for the 100% double-stranded RNA (Fig. SB,
lane 2), and the extent of conversion was 30%. With the
three other RNA substrates, the extent of conversion was
much lower. It could, however, be detected with a 5-day
exposure of an autoradiogram and was about 1%. Such
modifications were proved to depend on treatment of the
RNA with the cell extract that contained unwindase activity.
Also, a heat-inactivated extract failed to induce the changes
(data not shown). Figure 5B shows additional controls. Lane
5 showed that without P1 digestion the label remained exclu-
sively at the origin. Lane 6 showed that with P1 digestion
followed by phosphatase treatment, the label was released
and migrated as free phosphate. The migrations of pA and pl
were confirmed by using unlabeled standards that were lo-
cated by UV light. From these studies, we deduced that if
unwindase was involved in vivo in the modification of HDV
RNA, then a fully double-stranded RNA would be a preferred
substrate. Yet it remains possible that a lower extent of
modification, but with some specificity, could also occur on
HDV RNA that was either single stranded or folded into the
rod structure. Another possible substrate could be created by
an intermolecular interaction between HDV RNA and an
RNA in the cellular extract. If unwindase caused the A-to-G
change at position 1012 in the termination codon, the A would
have to be in the antigenomic RNA. The modified base would
then have to replicate to be perpetuated as a G.

DISCUSSION

Three lines of evidence showed that during the replication
of the HDV genome there was a nucleotide change in the
amber termination codon of the delta antigen. In the three
clones that were partially sequenced and did have the A-to-G
change, we were unable to find any additional changes in the
approximately 100 bases of flanking sequence. To search for
other changes on the HDV genome, we modified the strategy
used in Fig. 3 to obtain more sensitivity. We thus found eight
changes at other sites, but the frequency was about 500-fold
lower than in the termination codon. Also, the changes were
independent of genome replication (data not shown).
We found that the fraction of molecules changed at the

termination codon was as much as 41% for the HDV RNAs
from the liver and serum of the infected chimpanzee. This
relatively high level could be related to the fact that the
infection had been established more than 6 weeks in the
animal, in contrast to the transient transfection studies with
the cultured cells. However, in a separate series of transient
transfections, we observed that the extent of change (as
judged by Western analysis) depended on the extent of
genome replication and could be at least as high as in the
infected chimpanzee (data not shown). Thus, the appearance
of the change was independent of cell-to-cell spread.
The change only occurred when there was RNA-directed

RNA replication of HDV. Presumably the change occurred
either after or during rounds of RNA-directed RNA synthe-
sis. What is the evidence that the change might have
occurred via the action of the recently found cellular activ-
ity, RNA duplex unwindase (1, 20, 27, 28)? (i) Examples
exist with other RNA viruses (2, 6, 18). (ii) The change of A
to G was consistent with the known properties of unwindase
action (1, 28). (iii) We could reconstruct A-to-I changes on
HDV RNA in vitro. (iv) The 15 of 16 examples from the
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FIG. 4. PCR-based approach to detect specific single-base
changes in HDV RNAs. (A) As explained in the text, the strategy
was to reverse transcribe antigenomic HDV RNA sequences with
primer A and then use samples of this product as a template for PCR
with either primers E and D or F and D. Primer F, unlike E, will give
perfect base pairing only to antigenomic sequences that have been
modified by an A-to-G change at position 1012. (B) Primers E and F
were end labeled so that the PCR product could be assayed by using
a denaturing acrylamide gel and screening for an 83-base species.
The left panel shows the detection of wild-type (wt) sequence; the
right panel shows the mutant sequence. Lanes 3 and 4 made use of
RNA from COS7 cells transfected with pSVL(D3) and pSVL(Ag),
respectively. As controls for specificity of amplification, we used
PCR templates that were pure wild-type DNA (lane 2) or pure
mutated DNA (lane 1). The nucleotide sequence of these two
controls was obtained in Fig. 3C. Lanes M and the associated
numbers refer to a size marker of bacteriophage X174 DNA
digested with Hinfl and end labeled.

HDV sequencing of Wang et al. (30) were all consistent with
unwindase action. At best, these four lines of evidence are
circumstantial. For item iv, the directionality of the base
transitions is not known. For item iii, our reconstructions
with double-stranded RNA could be argued to be irrelevant
because they allow multiple changes, whereas HDV replica-
tion has so far revealed only the single change in the
termination codon. (Of course, molecules with multiple
changes could have been selected against, for example, by
means of competence for replication.) It remains possible
that unwindase action was on a specific region of intermo-
lecular or even intramolecular double-stranded RNA. And it
is also possible that unwindase was not involved at all.

If unwindase action was definitely the cause of change on
HDV and certain other RNA viruses (2, 6, 18), then there
would be important consequences for our understanding of
the replicative structures of these viruses. Since unwindase,
at least in vitro, has a clear preference for RNA substrates
that are double stranded, we would have to conclude that the
RNA species that are modified must, at least transiently, exist
in a double-stranded conformation. In this respect, we have
previously isolated double-stranded HDV species from in-
fected cells and tissues (8, 26). However, there is the dogma,
as recently restated by Weissmann (33), that double-stranded
viral RNA structures are either the nonproductive conse-
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FIG. 5. Ability of HDV RNA structures to act as substrates for RNA duplex unwindase. (A) The four constructs shown contained different
amounts of intermolecular and intramolecular base pairing. They were assembled by using RNA species synthesized in vitro in the presence
of [a-32P]ATP. (B) They were then subjected to treatment with unwindase activity, followed by extraction and digestion with nuclease P1
before chromatography with solvent 2 of Wagner et al. (28). Radioactivity was quantitated in situ with a Radioanalytical Imaging system. The
indicated positions of pA and pl were established by cochromatography of unlabeled standards (Sigma), as localized with UV light. Sample
5 was a control of undigested RNA, which remained at the origin. Sample 6 corresponds to a digest as in sample 1 but followed by an

additional treatment with bacterial alkaline phosphatase to verify the release of free phosphate (p).

quences of "collapsed" transcription or artifacts of extrac- lished data), implying that the small antigen is sufficient for
tion. genome replication. Also, recent experiments have shown
While our studies offer an explanation of the long-standing that in the absence of the small antigen, the large antigen is

puzzle ofHDV encoding two different electrophoretic forms not sufficient for genome replication (M. Chao, S.-Y. Hsieh,
of delta antigen, they also raise new questions. Previously, and J. Taylor, unpublished data). Experiments are needed to
we have shown that the smaller antigen when provided in address whether the changes occur in every infected cell.
trans allows a mutant genome to replicate (11); in this Maybe the two forms have different functions or even a

experiment, no large antigen was detected (M. Chao, unpub- cooperative function, such as in packaging. We are tempted
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to speculate that the replicating HDV exploits the ability of
its genome to be modified by the host, so as to allow the
synthesis of the additional larger form of the delta antigen.
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