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The genome of hepatitis delta virus (HDV) is a 1,679-nucleotide (nt) single-stranded circular RNA that is
predicted to fold into an unbranched rodlike structure. During replication, two complementary RNAs are also
detected: an exact complement, referred to as the antigenome, and an 800-nt polyadenylated RNA that could
act as the mRNA for the delta antigen. We used a 5’ rapid amplification of cDNA ends procedure, followed by
cloning and sequencing, to determine the 5’ ends of the polyadenylated RNAs produced during HDV genome
replication following initiation under different experimental conditions. The analyzed RNAs were from the liver
of an infected woodchuck and from a liver cell line at 6 days after transfection with either an HDV ¢cDNA or
ribonucleoprotein (RNP) complexes assembled in vitro with HDV genomic RNA and purified recombinant
small delta protein. In all three situations the 5’ ends mapped specifically to nt 1630. In relationship to what
is called the top end of the unbranched rodlike structure predicted for the genomic RNA template, this site is
located 10 nt from the top, and in the middle of a 3-nt external bulge. Following transfection with RNP, such
specific 5’ ends could be detected as early as 24 h. We next constructed a series of mutants of this predicted
bulge region and of an adjacent 6-bp stem and the top 5-nt loop. Some of these mutations decreased the ability
of the genome to undergo antigenomic RNA synthesis and accumulation and/or altered the location of the
detected 5’ ends. The observed end located at nt 1630, and most of the novel 5’ ends, were consistent with
transcription initiation events that preferentially used a purine. The present studies do not prove that the
detected 5’ ends correspond to initiation sites and do not establish the hypothesis that there is a promoter
element in the vicinity, but they do show that the location of the observed 5’ ends could be controlled by

nucleotide sequences at and around nt 1630.

Three major stable RNA species are thought to be involved
in the replication of the hepatitis delta virus (HDV) RNA
genome: (i) the genomic 1,679-nucleotide (nt) circular single-
stranded RNA, (ii) its exact complement, the antigenome, and,
least abundant, (iii) an 800-nt polyadenylated RNA that is
presumed to be the mRNA for the delta protein (17). Using
primer extension on the polyadenylated RNA extracted from
cultured cells undergoing HDV genome replication, we re-
ported a 5" end that mapped to nt 1631 * 1 (6). For unex-
plained reasons, this polyadenylated species was not always
detectable by Northern analyses and/or primer extension (6).
Nevertheless, three subsequent studies report confirmation of
a5’ end in the vicinity of nt 1631 (1, 12, 18) and a recent study
has reported that nonpolyadenylated antigenomic RNAs can
have a 5" end at nt 1646 (12).

The site at nt 1631, as indicated in Fig. 1, is located 9 nt from
what we refer to as the top end of the predicted rodlike
genomic RNA. One hypothesis is that the 5" end corresponds
to a site of transcription initiation by RNA polymerase II (17).
However, if initiation is at nt 1631, it will begin with UTP,
which is puzzling, since transcription by Pol II, at least from the
normal DNA templates, usually begins preferentially with ATP
or GTP (4). A second hypothesis, which is linked to the first, is
that nearby sequence elements define a promoter for Pol II
(10). There are data, obtained by using cDNA constructs,
which suggest that a sequence as short as 30 nt (indicated in
Fig. 1) can, when expressed as a double-stranded DNA, act as
a promoter for RNA polymerase II (10). There are also in vitro
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transcription studies with HDV genomic RNA added to nu-
clear extracts, which are claimed to support both initiation of
transcription near nt 1631 and the concept of a nearby pro-
moter (1).

To test these two hypotheses further, we and others have
previously investigated mutations in this region of the rodlike
structure and observed some significant effects on genome
replication (1, 18, 21). However, more relevant for understand-
ing initiation are the determination of the 5’ end(s) for the
polyadenylated RNAs and an analysis of whether the location
of this end(s) is changed by alterations in the local sequence
and structure of the rodlike genomic RNA template.

The initial aim of the present study, therefore, was to apply
a sensitive and specific 5’ rapid amplification of cDNA ends
(RACE) procedure to characterize the 5" ends of the polyade-
nylated HDV antigenomic RNAs, synthesized under different
conditions of HDV genome replication. Primer extension in-
volves the assumption that the elongated species are 100%
identical to the template strand; it would neither detect non-
templated 5" nucleotides, as occurs naturally for influenza virus
(15), nor the artifactual addition of nontemplated nucleotides
by reverse transcriptase (14). In contrast, 5" RACE determines
the actual sequence of the transcript. With this approach, we
observed specificity for 5’ ends located at nt 1630. We then
went on to use this 5'-RACE method to study the 5’ ends
obtained during replication of various mutants of HDV, espe-
cially those with base changes near the site at nt 1630.

MATERIALS AND METHODS

RNA from the liver of an infected woodchuck. A woodchuck chronically in-
fected with woodchuck hepatitis virus was superinfected with HDV. After 25
days the animal was sacrificed, and a liver sample (0.5 g) was taken and homog-
enized in a buffer containing guanidine isothiocyanate. Cesium chloride was then
added, and after centrifugation to equilibrium, the RNA band was collected and



6534 GUDIMA ET AL.

1640
|
u
primer cC G
extension U u
indicates U-a
5'-end Uu-aA
of mRNA U-aA
as cC-aG
1631 + 1 U-A
-G
|
1630 -jU |
U |
<-6
U -{A |- 1650
C -|G
A |
U -1]A
G -|C
A -|U
C -|G
1620 - y C
I u
C -|G
C -|G
U -|A |- 1660
G -|C
A-~(U
| C
C -G cDNA studies
G ~-|C suggest a
G -1C [ specific pol II
C-16 promoter
1610 - G -|C
G -|{C
A {
G -|C |- 1670
A G
U-|A
C -G
| C
G -j|C
G -|C
C -|G
1600 - U -|A
¢ -[s |- 1679
corresponds ! ¢ -
toaue Y| €
initiation - v
codon for E b 2
delta antigen C-¢
5' 3

FIG. 1. Predicted rodlike folding of nucleotide sequences present at one end
of the genome HDV RNA. The nucleotide sequence and numbering are as in
Kuo et al. (9). This end is sometimes referred to as the top of the rod (21). The
three sequence features indicated by boxes are the site corresponding to the
initiation codon for the small delta protein (19), the 5’ end of the polyadenylated
mRNA as determined by primer extension (6), and the location of a 30-nt
sequence which, when expressed as a double-stranded cDNA, is reported to have
promoter activity in transfected cells (10).

the RNA was precipitated by the addition of salt and ethanol, all as previously
described (3).

Oligo(dT) fractionation of liver RNA. The total liver RNA in 0.5 M NaCl-0.01
M Tris (pH 7.5)-0.1% sodium dodecyl sulfate, was applied to a column of 0.5 g
of oligo(dT)-cellulose (Sigma). The column was washed with the same buffer and
then eluted with 0.01 M Tris (pH 7.5)-0.1% sodium dodecyl sulfate. This cycle
was repeated a total of six times. From 0.5 g of liver we obtained 10 to 50 wg of
poly(A)-containing RNA. The quality of the HDV mRNA was confirmed by
Northern analysis.

Genome mutants. Mutations were constructed in pDL553, a plasmid based on
the vector pSVL (Pharmacia) and containing 1.2 cDNA copies of the HDV
genome. According to the nucleotide sequence of Kuo et al. (9), the insert is
from the unique Nhel site (nt 430) to Nhel to Xbal (nt 781). Four of the mutants
used in this study were described previously (21). Additional mutants were
constructed by using the strategy described by Wu et al. (21). All the mutations
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were made near the top of the rod, i.e., between nucleotide positions 1629 and
1648 on the genome.

In vitro RNA transcription and RNP assembly. Genomic RNA was tran-
scribed from plasmid pTW101, which contains 1.1 copies of the HDV genome
(Styl [nt 621] to Styl to Xbal [nt 781]) inserted between a T7 promoter and
terminator (21). Ribonucleoprotein (RNP) was assembled by combining this
RNA (500 ng) with purified recombinant small delta protein (200 ng) (provided
by Zuccola and Hogle), as previously described (5).

Transfection, RNA extraction, and Northern analysis. Huh7 cells (13) in a
35-mm-diameter culture dish were grown to approximately 70% confluence
before transfection with cDNA, RNA, or RNP with Lipofectamine or Lipo-
fectamine Plus (Life Sciences) according to the manufacturer’s instructions.
Total RNA was harvested with Tri reagent (Molecular Research Center, Inc.).

Northern analysis was performed to measure the accumulation of HDV RNAs
during the replication of wild-type and mutant genomes, both in infected livers
and in cells transfected with cDNA or RNP. RNA (1 to 5 pg) was glyoxylated and
submitted to electrophoresis through a gel of 1.5% agarose (21). After electro-
transfer to a charged nylon membrane (Zeta-probe; Bio-Rad), genomic or an-
tigenomic RNA was detected with RNA probes transcribed in the presence of
[«-*?P]JUTP (DuPont). Radioactivity was detected and quantitated with a phos-
phorimager system (Fuji Bio-Imaging).

5" RACE. 5" RACE was performed with a Clontech CapFinder kit, which is
designed to allow amplification of the 5’ end of messenger RNAs by reverse
transcription (RT)-PCR. Our amplification strategy was based on the manufac-
turer’s recommendations and is represented in Fig. 2. As input RNA for this
procedure, we used either polyadenylated RNAs selected from infected liver
tissue or total RNAs extracted from transfected cells. These RNAs (10 pg), in
water, were heat denatured for 2 min at 95°C and then specifically bound in 1 M
NaCl-20 mM Tris (pH 7.5)-2 mM EDTA to avidin-coated superparamagnetic
beads (10 wl; Dynal) that had been preincubated in the same buffer with an
excess of 5" biotin-(dT);,. The immobilized RNA was added to an RT reaction
mixture (10 wl) containing 50 mM Tris (pH 8.3), 6 mM MgCl,, 75 mM KCI, 2
mM dithiothreitol, 1 mM deoxynucleoside triphosphates, and 100 U of Super-
script II reverse transcriptase (Life Sciences) and then incubated at 42°C for 90
min. The reaction mixture also contained 10 pmol of Capswitch oligonucleotide
1 (CS1) (5'-TACGGCTGCGAGAAGACGACAGAAGGG-3'). This oligonu-
cleotide is considered to function as follows. When reverse transcriptase reaches
the authentic 5’ end of the mRNA, its terminal transferase activity adds several
nontemplated nucleotides to the 3’ end of the cDNA (14). If these extra nucle-
otides are CCC, the sequence GGG at the 3’ end of CS1 can hybridize and allow
the reverse transcriptase to switch templates from the mRNA to CS1. This
results in a cDNA that extends past the 5’ end of the mRNA to incorporate a
copy of the CSI sequence. For the subsequent PCRs, the cDNA then has a
specific primer-binding site at its 3 end.

To make the 5' RACE specific for HDV mRNA, a seminested PCR was
performed on this cDNA. The first PCR was done with the kit Capswitch primer
2 (CS2) (5'-TACGGCTGCGAGAAGACGACAGAA-3") and an HDV-specific
primer, 81 (5'-GGGAGCCCCCTCTCCATCCTTATCCTTCTTTCCGA-3'), lo-
cated at nt 1392 to 1426. (In some cases we used, as an alternative to 31, the
primer 5'-GAGCCCCCTCTCCATCCTTATCC-3', located at nt 1394 to 1416.)
The predicted product size was approximately 240 bp, given the suspected loca-
tion of the 5" end of the polyadenylated RNA at nt 1630. The second PCR was
done with CS2 and a nested HDV primer, 82 (5'-CCGGCCACCCACTGCTC
GA-3"), located at nt 1531 to 1549, which would give a product of approximately
130 bp. The reaction conditions were as follows: primers, 1 pM each; de-
oxynucleoside triphosphates, 0.2 mM; Klentaq Advantage DNA polymerase
buffer (40 mM Tricine-KOH [pH 9.2], 15 mM potassium acetate, 3.5 mM mag-
nesium acetate, and 75 pg of bovine serum albumin/ml) (Clontech), and 1x
Advantage Polymerase Mix (Clontech). Amplifications were performed with an
Idaho Technologies 1605 air thermocycler. An initial denaturation at 95°C for
2 min was followed by 35 cycles of 95°C for 1 s, annealing at 58°C for 1 s, and
extension at 68°C for 30 s for the first PCR or 10 s for the second PCR.

The products of the seminested PCR were extracted with phenol and precip-
itated with ethanol. Then they were cloned via the T overhang of the PCR
product into the vector pCRII (Invitrogen). In later experiments the PCR prod-
ucts were cloned with a TOPO-2 cloning kit (Invitrogen). Positive colonies were
identified by hybridization with an HDV [y-**P]ATP-labeled oligonucleotide, 83
(5'-CTCGGCTAGAGGCGGCAGTCCTCAGTA-3'), located at nt 1599 to
1625. Plasmid DNA was isolated by a miniprep procedure (PerfectPrep; 5 Prime
3 Prime), and the sequence of the insert was determined by automated sequenc-
ing (Applied Biosystems). In >90% of the clones, the 3’ limit of the HDV
genomic sequence was followed by GGGG, and in <10% it was followed by
GGG. In this approach, if the 5’ end of the antigenomic template corresponds to
C, we can have a corresponding uncertainty in a 5'-RACE determination of the
5" end.

To test the specificity of this 5'-RACE procedure, we used an RNA with 3’
polyadenylation and a known 5’ end, as synthesized in vitro by T7 RNA poly-
merase. For such transcription a double-stranded DNA template was generated
by expression PCR (7). The primers were 5'-biotin-GGATCCTAATACGACT
CACTATAGGGAGGagaaaagagtaagag-3" and 5'-(T),sgagtggaaacccget-3'. The
first primer encodes a T7 promoter joined to 15 nt of HDV antigenomic se-
quences (lowercase) beginning at nt 1640. The second primer ends transcription
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FIG. 2. The 5'-RACE strategy. As described in Materials and Methods, a CapFinder kit from Clontech was adapted to determine the 5’ ends of polyadenylated
antigenomic HDV RNAs. Three of the numbers at the top of the diagram represent the 5’ ends of the three HDV primers, using the genome numbering of Kuo et

al. (9). The fourth number, 934, indicates the site of poly(A) addition (6).

of HDV sequences (lowercase) at nt 935, which corresponds to the natural
polyadenylation site of HDV mRNA (6). The RNA product of in vitro tran-
scription was then submitted to the 5'-RACE procedure. The product of the
second PCR was homogeneous in size. It was cloned with the TOPO-2 kit. Five
clones were sequenced, and each began with the sequence 5'-GGGAGGagaaa
ag-3'. This 5’ end was as expected for T7 polymerase initiation on the DNA
template.

RESULTS

HDV RNA from liver tissue and cultured cells in which the
wild-type genome was replicating. An 800-nt polyadenylated
HDYV RNA was first observed in the liver of an infected chim-
panzee by Northern analysis (2). By primer extension on poly-
adenylated RNA from cells transfected with HDV cDNA, the
5" end was mapped to nt 1631 = 1 (6), using the genome
numbering of Kuo et al. (9). As an independent approach to
detecting these 5’ ends, we used a 5'-RACE procedure, as
summarized in Fig. 2 and described in Materials and Methods,
and applied it to the polyadenylated RNA isolated from the
liver of a woodchuck at the peak of an HDV infection. All 27
of 27 clones sequenced indicated a 5’ end corresponding to nt
1630. A similar study was made with the RNAs from Huh7
cells at 6 days after transfection with a cDNA construct, pSVL
(D3), which is known to initiate HDV genome replication (8).
In this experiment 27 of 32 clones indicated 5" ends at nt 1630.
The other five clones indicated ends at nt 1620, 1627, 1655,
1664, and 1667.

Thus, our results with 5 RACE were within 1 nt of those
obtained earlier by primer extension but were still not the
same. Thus, as a control for the specificity of the 5'-RACE
procedure, we applied it to a polyadenylated RNA with a
known 5’ end. As described in Materials and Methods, we
found that our observations corresponded to the expected 5’
end. Thus, we trust data obtained by 5" RACE over that ob-
tained by primer extension. We speculate that interpretation of
the primer extension data was deceived by what is now known
to be a property of reverse transcriptase, namely, the ability to
add one or more nontemplated nucleotides to the 3’ end of a
primer extension product (14).

In summary, these 5'-RACE studies provide an answer dif-
ferent from that obtained by primer extension. Furthermore,
they show that even for different experimental situations of
wild-type HDV genome replication, nt 1630 is the predomi-
nant site for the 5’ end of the polyadenylated RNA generated.

Thus, if nt 1630 is an initiation site, then the RNA transcript
begins with an adenosine, which is more consistent with initi-
ation by RNA polymerase II (see Discussion). Furthermore, if
the predicted rodlike structure of the genomic RNA is relevant
to initiation, then this initiation occurs with an unpaired uri-
dine, located in the middle of a 3-nt external bulge, as a
template (Fig. 1).

HDV RNA from cells in which mutated HDV genomes were
replicating. The above-mentioned 5'-RACE studies showed
that transfection of cells with cDNAs gave 5’ ends largely in
agreement with those detected for RNA isolated from the liver
of an infected woodchuck. Therefore, we used this cDNA
strategy to examine the importance of the nucleotide sequence
and predicted secondary structure of the genomic HDV RNA
template in determining this initiation site (Fig. 1). As will be
explained, we found that the introduction of mutations could
cause a decrease in the accumulation of antigenomic RNA
and/or changes in the position of the 5’ end. As summarized in
Table 1, the locations focused on three areas: the 3-nt external
bulge, which includes nt 1630 and also the top 5-nt loop, and
the adjacent 6-bp stem.

Consider first the results obtained for the following five
mutations in the 3-nt external bulge: U(1630)C, U(1630)G,
U(1630)A, U(1629)UU, and G(1648)GU. At 6 days after
cDNA transfection, total cellular RNA was extracted. As
shown in Fig. 3A, Northern analysis was then used to quanti-
tate levels of antigenomic RNA. Relative to the unmodified
wild-type genome as 100%, all five mutants gave measurable
levels of antigenome accumulation, with U(1630)G, at 6%,
being the lowest. Next, we tested each of the RNAs in the
5'-RACE assay. The results, as shown in Fig. 3B, were that
four of the mutants gave a predominant species of PCR prod-
uct similar in size and intensity to that obtained with the wild
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TABLE 1. Summary of genome mutations and corresponding sites on genome for 5’ ends deduced from 5° RACE of polyadenylated RNA

HDV genome Predicted changes Antigenomic RNA Total no. Occurrence of 5’ ends?
. a of top structure . o of clones
mutagenesis target elements” accumulation (%) sequenced® Predominant site Additional site(s)
3-nt external bulge
U(1630)C Bulge sequence 25 7 C(1630)”
U((1630)G Bulge sequence 6 11 U(1629)° U(1642)?
U(1630)A Bulge sequence 80 10 U(1629)° A(1630)!
U(1629)UU Bulge + 1 nt 9 9 U(1642)’ U(1630)", U(1654)"
G(1648)GU Bulge — 1 nt 47 7 U(1630)7
A(1631)G Bulge sequence 100 26 C(1618)°, U(1630)*, U(1629)%,
U(1638)%, G(1641)%, U(1642)?,
C(1621)", C(1663)"
U(1629)A Bulge sequence 100 49 C(1628)%', U(1642)"3, U(1640)°,
A(1672)%, C(1668)°, U(1630)",
U(1654)
G(1648)- Bulge + 1 nt 44 19 U(1630)"" U(1642)°, lC(1628)‘, U(1629)",
C(1656)
U(1629)-[= U(1630)-] Bulge — 1 nt 42 18 U(1630)"" U(lg36)2, C(1674)%, C(1632)",
C(1656)", C(1663)"
G(1648)GUA Bulge — 2 nt <1¢ 21 C(1663)*, U(1642)*, U(1654)°,
U(1630)%, C(1618)", C(1621)",
U(1624), C(1632)", U(1637)',
A(1643)", U(1649)', C(1656)",
C(144)!
G(1648)GUAA Bulge — 3 nt <1° 0
S-nt top loop
U(1637)UCU Top loop + 2 nt 100 21 U(1630)" U(1642)?
U(1637)UCUCU Top loop + 4 nt 80 17 U(1630)°%, A(1625)%, C(1628),
U(1635)%, U(1624)", U(1633)",
U(1636)", U(1642)"
6-bp stem
U(1637)UG, U(1642)UC Stem + 1 bp 60 19 U(1630)°, C(1621)%, U(1662)?,
C(1618)", U(1637)", U(1642)",
A(1650)", C(1656)", U(1657)",
G(1671)!, U(13)', C(105)"
U(1637)UGA, U(1642)UUC  Stem + 2 bp 40 15 U(1630)%, U(1640)°, U(1624)",

A(1625)", A(1652), A(1660)",
U(1662)", G(1667)", G(1671)",
A(1678)"

¢ Each mutant is described in terms of the genomic nucleotides before the change, the site of change (in parentheses), and the nucleotides after the change.
® These theoretical predictions were obtained by using the program MFOLD (version 3.0) provided by Michael Zuker. In some cases, alternative, closely related

structures were also obtained.

¢ We used the 5'-RACE strategy as applied to polyadenylated RNAs isolated from cells transfected with the indicated HDV mutants. Colonies were isolated, and

the total number sequenced is indicated.

@ Results of the 5" ends determined, expressed in terms of the nucleotides on the genomic RNA template, are listed as predominant sites if at least 50% were the
same; otherwise, they are listed as additional sites. For each of the detected sites, the number of individual clones is indicated as a superscript. A limitation of the
5'-RACE strategy, as indicated in Materials and Methods, is that if the indicated template nucleotide corresponds to C, it is also possible that the actual end corresponds

to the 3’-adjacent genomic nucleotide that is not C.

¢ The ability of these two constructs to accumulate antigenomes could not be rescued by the provision of small delta protein in trans (reference 17 and data not

shown).

type, although additional, larger bands were sometimes
present. Only a fainter band of 130 bp was detected with the
fifth mutant, U(1630)G.

The PCR products shown in Fig. 3B were cloned and se-
quenced to determine the 5" ends. The results for each mutant
are summarized in Table 1. For U(1630)C, all the clones had
the same 5’-end location as the wild type, although the first
nucleotide synthesized would now be G rather than A. For
mutants U(1630)G and U(1630)A, most of the 5" ends were
moved to nt 1629. This shift would maintain the first nucleotide
incorporated as an A, just as for the wild type. Mutant
U(1629)UU increased the predicted bulge by only 1 nt, but it
moved most of the 5’ ends to nt 1642. In contrast, mutant
G(1648)GU decreased the bulge by 1 nt and yet the ends were
unchanged. We note that for these five mutants there was not

a clear correlation between the level of antigenomic RNA
accumulation, as detected by Northern analysis (Fig. 3A) and
the maintenance of the 5’ end of the polyadenylated RNA at nt
1630 (Table 1).

Table 1 summarizes the results for these five mutants. We
next constructed six more mutants in order to better evaluate
the importance of the sequence and structure of the 3-nt-bulge
region.

U(1629)A and A(1631)G each changed the nucleotide im-
mediately adjacent to nt 1630. These changes had no effect on
the accumulation of HDV RNA and yet they moved most of
the 5" ends away from nt 1630 and also created a significant
heterogeneity for the other detected sites.

The other four mutants either increased or decreased the
size of the predicted bulge. G(1648)-, like U(1629)UU, in-
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FIG. 3. Antigenomic RNA accumulation and 5 RACE for HDV RNAs
produced by cells transfected with cDNAs mutated at and around a 3-nt external
bulge predicted for the genomic RNA. Huh7 cells were transfected with cDNA
corresponding to either the wild type or five specific mutants (as described in the
text). After 6 days, the total RNA was extracted and examined by glyoxylation,
agarose gel electrophoresis, and Northern analysis to detect antigenomic RNA
(A) or by nested RT-PCR and nondenaturing agarose gel electrophoresis and
ethidium staining of the 5'-RACE product (B). In panel A, lane M contains
end-labeled 1-kb ladder (Life Sciences) and at the right is indicated the position
of 1,679-nt unit-length antigenomic RNA. In panel B, lane M is unlabeled 1-kb
ladder and at the right is indicated the position of the 130-bp PCR product. In
lane 3, the ~60-bp product corresponds to a primer-dimer artifact.

creased the bulge by 1 nt; however, in this case the majority of
5" ends remained at nt 1630. U(1629)-, like G(1648)GU, re-
duced the size of the bulge by 1 nt. The predominant 5’ end
was still U(1630), but now several minor sites were also ob-
served. With G(1648)GUA we reduced the bulge by 2 nt; this
greatly reduced genome accumulation (<1%), and there was
no longer a predominant 5’ end. Finally, with G(1648)GUAA,
which eliminated the predicted bulge, not only was the genome
accumulation undetectable by Northern analysis (<1%), but
so were the 5’ ends.

To summarize these results so far, it seems that the sequence
and/or the size of the predicted 3-nt bulge can control whether
the 5’ ends are located at nt 1630. We note that changing the
nucleotides adjacent to position 1630 had a more profound
effect than changes at 1630 itself. Also, when the size of the
bulge was reduced from 3 to 1 or 0 nt, there were profound
effects on both RNA accumulation and the ability to detect 5’
ends at nt 1630.

In addition to the 3-nt external bulge, we targeted two other
sites which have been previously studied and shown to be
essential for HDV genome accumulation (21). Between the
external bulge (which includes nt 1630) and what we refer to as
the top of the rod are two other secondary-structure elements:
a 6-bp stem and a terminal 5-nt loop (Fig. 1). Our next aim was
to determine the importance of these elements in the specific-
ity of 5’ ends. Previously, we have reported studies of HDV
genome replication for a series of 22 mutants made in these
regions (21). Studies with some of these mutants were carried
out as before. As summarized in Table 1, we tested increases in
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the size of the top loop of 2 and 4 nt. Neither increase had a
significant affect on RNA accumulation. The 5’ ends were not
changed by the 2-nt increase, but with the 4-nt increase, there
were many sites in addition to nt 1630. A similar result was
obtained when the length of the stem was increased by 1 or 2
bp. However, for each of these changes in either the top loop
or the adjacent stem, the most frequent 5’ end was still at nt
1630.

In summary, the above mutagenesis studies allow certain
generalizations as to the role of genomic RNA sequence and
structure on the accumulation of antigenomic RNA and, in
parallel, the detection of specific 5" ends. The examined mu-
tants in the top loop and adjacent stem were able to reduce the
specificity of the 5" end. In contrast, some of the mutations at
and around the predicted 3-nt external bulge had more pro-
found effects in that they created specific sites other than nt
1630. Overall, these findings support the hypothesis that the
sequence and structure near the top of the rodlike structure,
and especially the predicted 3-nt bulge, are important for the
specificity of the 5’ ends of the polyadenylated mRNA species.

HDYV RNA from cultured cells at early times after transfec-
tion with RNP. In each of the above-mentioned studies, using
RNAs from either an infected animal or transfected cells, we
examined the 5’ ends of those polyadenylated RNAs present at
times when genome replication was well under way. The sen-
sitivity of the 5'-RACE procedure allowed us to look at earlier
times and test the possibility that during replication there was
somehow a time-dependent selection for mRNAs with such
specific 5" ends.

To do this, we made use of our recent findings that linear
HDV genomic RNA synthesized in vitro can be complexed
with recombinant small delta protein to make RNPs, which
following transfection into cells, will lead to HDV genome
replication (5). Cultures of Huh7 cells were transfected with
such RNPs, and total RNA was isolated at 0, 3, 6, 12, 24, and
48 h. We first used Northern analyses to detect unit-length
antigenomic RNA. As shown in Fig. 4A, we could readily
detect such RNA at 48 h. Next, we examined the polyadenyl-
ated RNA by the more sensitive 5'-RACE procedure and
detected a major band of RT-PCR product not only from the
RNA at 48 h but also at 24 h (Fig. 4B). This band was the same
size, 130 bp, as that produced from the RNA isolated from the
liver of an infected woodchuck (data not shown). To obtain
more precise data, we cloned the RT-PCR products and se-
quenced multiple clones (data not shown). For RNA isolated
at 24 h, we found that in 11 of 12 clones the 5’ end was at nt
1630 (the exception was at nt 1668). Similarly, at 48 h, nine of
nine were at nt 1630. Even with the increased sensitivity of the
5'-RACE procedure, analysis of the RT-PCR products corre-
sponding to RNAs harvested at 3, 6, and 12 h did not yield
valid 5" ends. (Clones detected by hybridization were rare and
contained sequence discontinuities considered to be artifacts
of PCR amplification.)

In summary, these results show not only that we detected the
mRNA species as early as 24 h after initiation of replication
but also that the specificity for 5’ ends at nt 1630 was already
the same as that detected at much later times, when replication
was well under way.

DISCUSSION

This application of a 5'-RACE procedure (Fig. 2) to the
polyadenylated antigenomic RNAs of HDV has provided sev-
eral findings which increase our understanding of HDV ge-
nome replication. (i) The 5’ site located at nt 1630 was repro-
ducible in our studies. For example, 27 of 27 sequences from
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time after transfection (h)

0 3 6 12 24 48

- 1679 nt

FIG. 4. Time course for RNP transfection. Linear HDV genomic RNA was
combined in vitro with purified recombinant small delta protein and then used to
transfect cultures of Huh7 cells, as previously described (5). At the indicated
times after transfection, total RNA was extracted and analyzed, as for Fig. 3, by
Northern analysis to detect 1,679-nt unit-length antigenomic RNA (A) and by 5’
RACE to detect RT-PCR products (B), with the ethidium bromide-stained band
at 130 bp being a preliminary indication of a polyadenylated antigenomic RNA
species with a 5" end near nt 1630.

liver tissue were at nt 1630. Moreover, we obtained the same
answer for RNAs from infected liver tissue and for cultured
cells transfected with either a cDNA construct or an RNP
assembled in vitro. (ii) The new result was different from pre-
vious primer extension studies that indicated a 5’ end at nt
1631. (iii) Exploiting the sensitivity of the 5'-RACE procedure,
we were able to detect 5 ends for RNAs isolated from cells as
early as 24 h after transfection with RNP (Fig. 4). We thus
found that these 5’ ends were at nt 1630, just like those de-
tected at much later times after the initiation of replication.
(iv) Finally, when 5" RACE was applied to RNAs from cells
transfected with mutated HDV genomes, we were able to
detect situations in which the 5’ ends were relocated, some-
times without a major inhibition of genome replication as
assayed by accumulation of antigenomic RNA (Fig. 3 and
Table 1). In most cases the novel sites, like nt 1630, were
consistent with initiation by a purine, usually an adenosine
(Table 2). However, it must be pointed out that not only Pol IT

TABLE 2. Deduced 5' ends other than those at U(1630)“

Nature of 5’ end expressed

in terms of: No. of Frequency
occurrences (%)
Template Product
U A 93 51
C G 65 36
G C 9 5
A U 15 8

“ For each determined 5’ site other than those at U(1630), we deduced the 5’
nucleotide of the template and product RNAs, as indicated. The values were
extracted from the data in Table 1.

J. VIROL.

but also Pol I and Pol III preferentially initiate with a purine
(4, 11, 16, 20).

An obvious interpretation of the 5’ ends that we have de-
tected by 5" RACE is that they are sites for the initiation of
RNA-directed RNA synthesis. Objectively, further studies are
needed to establish this. Furthermore, other interpretations
need to be excluded. For example, it might be that 3'-end
processing by polyadenylation of antigenomic precursor RNAs
is coupled with some form of 5" processing to make an mRNA
that is both translatable and stable; polyadenylated RNAs with
more sequence at the 5’ end would be able to fold into the
rodlike structure, which could make them less likely to be
translated and less stable or perhaps make them substrates for
RNA editing.

While our data support the interpretation that the sequence
and predicted structure of the genomic RNA around nt 1630
are important, we nevertheless consider that there is not yet
sufficient evidence to conclude that any RNA structure in the
vicinity actually defines a promoter. Some of the mutations we
have characterized here were able to change the location of the
detected 5’ ends, and in some cases, especially when we re-
duced the size of the predicted 3-nt external bulge region, they
were able to reduce RNA accumulation to undetectable levels,
and yet all the sites of mutagenesis considered were only ad-
jacent to the region that has been claimed to contain a pro-
moter element (as indicated in Fig. 1). As mentioned in the
introduction, it has been claimed that a double-stranded
cDNA version of the genomic sequence will act in transfected
cells as a promoter for RNA polymerase II (10). However, in
such studies mapping of the 5’ end by primer extension either
failed or yielded multiple 5’ ends (10). Furthermore, in our
own studies, we consider that all of the 5’ ends we obtained
were derived from RNA transcripts that were RNA directed
rather than DNA directed. And, as an additional test to ex-
clude the latter possibility, we studied polyadenylated RNAs
expressed in cells transfected with a cDNA construct that con-
tained a 2-nt deletion at nt 1425, about 200 nt away from most
5’ ends. As previously characterized, this genome, with a mu-
tation in the open reading frame of the delta protein, is only
able to undergo genome replication when delta protein is pro-
vided from a separate plasmid (8). When this mutant alone was
transfected into cells and the polyadenylated RNAs were
tested by the 5'-RACE procedure, we were unable to detect
any clones whose sequences indicated 5" ends at nt 1630 or
anywhere in the vicinity (data not shown). Thus, we can infer,
and thereby further support the interpretation, that the 5" ends
detected for wild-type genomes and for the replication-com-
petent mutants described in Table 1, were all obtained for
polyadenylated RNA species that were RNA directed rather
than DNA directed.
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