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Hepatitis B viruses (HBVs) replicate by reverse transcription of an RNA intermediate. Packaging of this
RNA pregenome into nucleocapsids and replication initiation depend crucially on the interaction of the reverse
transcriptase, P protein, with the cis-acting, 5’ end-proximal encapsidation signal €. The overall secondary
structure is similar in all of the hepadnaviral € signals, with a lower and an upper stem, separated by a bulge,
and an apical loop. However, while € is almost perfectly conserved in all mammalian viruses, the € signals of
duck HBV (DHBV) and heron HBV (De and He, respectively) differ substantially in their upper stem regions,
both in primary sequence and in secondary structure; nonetheless, He interacts productively with DHBV P
protein, as shown by its ability to stimulate priming, i.e., the covalent attachment of a deoxynucleoside
monophosphate to the protein. In this study, we extensively mutated the variable and the conserved positions
in the upper stem of De and correlated the functional activities of the variant RNAs in a priming assay with
secondary structure and physical P protein binding. These data revealed a proper overall structure, with the
bulge and certain key residues, e.g., in the loop, being important constraints in protein binding. Many
mutations at the evolutionarily variable positions complied with these criteria and yielded priming-competent
RNAs. However, most mutants at the conserved positions outside the loop were defective in priming even
though they had e-like structures and bound to P protein; conversely, one point mutant in the loop with an
apical structure different from those of De and He was priming competent. These results suggest that P protein
binding can induce differently structured € RNAs to adopt a new, common conformation, and they support an
induced-fit model of the e-P interaction in which both components undergo extensive structural alterations

during formation of a priming-competent ribonucleoprotein complex.

The hepadnavirus family comprises several mammalian
members, including the prototypic human hepatitis B virus
(HBV), and two less closely related avian representatives, duck
HBV (DHBYV) and heron HBV (HHBYV). All hepadnaviruses
are small, enveloped DNA-containing viruses that replicate by
reverse transcription (for reviews, see references 18 and 19) of
an RNA intermediate, the pregenome, which also serves as
mRNA for the capsid protein and the reverse transcriptase (P
protein). Specific encapsidation of the RNA pregenome into
nucleocapsids (10, 13, 21) and initiation of its reverse transcrip-
tion (15, 20, 26, 27, 32) are mediated by the interaction of P
protein, probably in concert with cellular chaperones (8), with
the structured, cis-acting € signal (Fig. 1A).

Human HBYV ¢ adopts a characteristic bulge-and-loop sec-
ondary structure (13, 21). Its sequence and structure are highly
conserved in all mammalian hepadnaviruses (16), and its 5
end-proximal € signal is sufficient for specific RNA encapsida-
tion (10) and replication initiation (24). In the avian viruses, a
second, downstream element (region 2; see reference 6) is
required, but otherwise the € signals of DHBV and HHBV (De
and He, respectively) are clearly related to human HBV ¢ in
function and overall structure (Fig. 1B); both contain a bulge
(for sake of simplicity we use this term rather than the correct
term, asymmetric internal loop; see reference 17) separating
the lower and upper stems and an apical loop (4). In He,
however, the region corresponding to the upper stem in De not
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only diverges in primary sequence from Dg at seven positions
but also contains many fewer Watson-Crick base pairs. None-
theless, He interacts productively (33), and with only about
twofold lower efficiency than De (4), with DHBV P protein.
While this promiscuity suggests a rather relaxed specificity,
human HBV ¢ is completely discriminated against by DHBV P
protein (22), indicating the existence of specific constraints for
productive binding. To elucidate the sequence- and structure-
specific determinants underlying the interaction between P
protein and €, we analyzed a series of avian € mutants in which
we simultaneously replaced several nucleotides (nt) in the api-
cal region, either 6 of the 7 residues that are variable between
De and He (v positions) or all 3 residues in this region that are
conserved between DHBV and HHBV (k positions); in addi-
tion, we altered two positions in the De loop sequence that is
completely conserved in He. In most cases, the new nucleotides
did not correspond to the authentic De or the He sequence
(Fig. 1B and Table 1).

First, we tested productive interaction with DHBV P protein
of the mutant RNAs using a trans-priming assay that measures
the e-dependent covalent transfer to P protein of a de-
oxynucleoside monophosphate (ANMP) from the correspond-
ing deoxynucleoside triphosphate (dNTP); this assay revealed
a variety of activities whose levels ranged from zero to essen-
tially wild-type (wt) levels. We then correlated functional ac-
tivity with the predicted and, for several representative vari-
ants, experimentally determined secondary structures. Finally,
we used a direct assay to distinguish physical and productive
binding to DHBYV P protein. Our experiments revealed a sur-
prising flexibility in primary sequence in particular at the vari-
able positions. The inactive variants, on the other hand, al-



4972 BECK AND NASSAL

O

[preS| S |
[ P |

[=]
3]
w
o

capsid assembly

He

v1@
< Wvs
Vo @) 5‘/4
~
2580 . O\ “G"s
uhe USes k3 v
v N A
v c
Cy—gV
Ay
Ue—pa U —a
G—cC 6—C
G=—C G=—C
A—yY a—y'
A—uy A—uy
C—G c—G
C—a C—g
G=U G—u
U—a u—a~A

FIG. 1. (A) Functional roles of &-P interaction. The line symbolizes a linear
version of the circular DHBV genome, the diamond represents the polyadenyl-
ation signal, and the open rectangles above the line represent the three major
ORFs. Numbers are nucleotide positions. The wavy lines represent the termi-
nally redundant RNA pregenome, which also serves as mRNA for the capsid and
the P protein (small and large circular and oval objects; the P protein is labeled
P). De is shown as a symbolic hairpin, and the direct repeat elements DR1, DR2,
and DR1* are shown as boxes. Region 2 is an as yet not well-defined second
element required for pregenome encapsidation. Binding of P protein to 5’ De
triggers addition of capsid protein subunits and thus nucleocapsid assembly; in
addition, P copies a few nucleotides of the De bulge into a DNA primer that is
covalently linked to the protein. The entire complex is then translocated to
DRI1*, and the primer is extended to form minus-strand DNA. (B) Secondary
structures of De and He. The models shown are those in best accord with direct
structural data (4). Positions varying between He and De are encircled (marked
v0 to v6); of these, vl to v6 were simultaneously mutated. The conserved posi-
tions in the apical part substituted in this study are marked k1 to k3. The
originally proposed 7-nt loop sequence (10) is shaded. The nucleotide numbers
of De and He differ by 6; in this report, DHBV nomenclature is consistently used
for all variants.

lowed us to determine several general requirements for
productive binding: one is the formation of an e-like overall
structure and another is the presence of certain key residues
that are assumed to have direct contacts with the protein be-
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TABLE 1. Structural and functional properties of De variants

. P protein
positions”  (kcal/mol) _
structure Priming Binding
V series
De AUCGUG 0 wt De +++ ++4+
He ccuccu 1.2 wt He +++ +++
V1 GAGCAA <0 +++ ND
V3 UAACAC 0.9 He-like +4++ +++
V7 UAGCAC <0 +++ ND
V28 GGACAA 2.0 +++ ND
V2 GAAGAC 8.8 * ND
V5 UAAGAC 7.9 non-De and =+ -
non-He
V24 GAAGAA 6.2 * ND
K series
wt De or He UGU
K2 AAG <0 * ++
K8 AAC 2.4 + ND
K9 CAC 24 He-like - +4++
K10 CCA 1.6 He-like + ND
K11 GAC 2.6 * ND
K12 GUA 1.6 He-like + +4++
K22 CCG 0.3 + ND
K23 CUA 1.6 * ND
K26 cucC 24 + ND
L mutants
wt uu
L4 CuU 0 wt De + -
L5 UA 2.5 non-De and  +++ +¢
non-He
L4,5 CA 1.4 De-like * ND

“ For structural context, see Fig. 1B. The positions mutated in the V series
were v1 to v6, those mutated in the K series were k1 to k3, and those mutated in
the L mutants were 14 and 15.

? AAG = AG, — AG ., ¢, i.€., the difference in free energy (AAG) between the
most stable e-like (AG,) and non e-like (AG,, ¢) structures as calculated by
M-FOLD.

¢ Priming activity at 1 uM trans RNA was normalized to wt De (100%) and the
De-independent priming signal (0%). Binding efficiency at 80 nM € RNA was
normalized to wt De (100%) and P-protein-independent background binding
(0%). +++, 50 to 100%; ++, 20 to 50%; +, 10 to 20%; =, 1 to 10%; —, <1%;
ND, not determined.

¢ Variant L5 displayed 50 to 60% of wt binding efficiency at a 1 uM concen-
tration.

cause their substitution impedes protein binding. The con-
served residues outside the loop apparently have a special role,
as several mutants bound to P failed to support priming. How-
ever, we also identified a point variant with a secondary struc-
ture whose apical region differs from those of both De and He
but still mediates priming. Together, these data show that a
complex but tractable hierarchy of structure and sequence-
specific determinants is involved in productive €-P protein in-
teraction; they also suggest structural flexibility within the
RNA as an important criterion for protein binding.

MATERIALS AND METHODS

Chemicals, enzymes, and cells. Reagents for agarose gel electrophoresis were
purchased from Serva (Heidelberg, Germany), and polyacrylamide gels were cast
from premade acrylamide solutions (AppliChem, Darmstadt, Germany). En-
zymes for molecular cloning experiments were obtained from Boehringer
(Mannheim, Germany) or New England Biolabs (Bad Schwalbach, Germany).
For enzymatic structure probing, RNase A and T, from Boehringer were used.
In vitro translations were performed with rabbit reticulocyte lysate from Pro-
mega (Heidelberg, Germany). Radioactively labeled nucleotides were obtained
from Amersham (Braunschweig, Germany). All plasmids were transformed into
Escherichia coli Top 10 cells (Invitrogen, NV Leek, The Netherlands) and grown
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in Standard I medium (Merck, Darmstadt, Germany) supplemented with ampi-
cillin at 50 wg/ml.

Secondary structure predictions. For secondary structure predictions, the pro-
gram M-FOLD (38) was used. For comparison with experimental secondary
structure analyses, all foldings were performed with the complete sequences of
the experimentally used 76-nt € transcripts comprising the 57-nt stem loop
(DHBV nt 2560 to 2616; HHBV nt 2566 to 2622) plus additional and, in all
constructs, identical terminal sequences as previously described (4). Since these
additional sequences did not pair with the central sequences in essentially all
optimal and relevant suboptimal foldings, they have apparently no influence on
the folding of the stem-loop part. All predictions were carried out for a default
temperature of 37°C.

Plasmid constructs. All De mutants were obtained by replacing the original
HindIII-to-Clal De cassette in plasmid pDel (3) with synthetic DNA duplexes
that were degenerate at the desired positions. For the V series (mutations at the
V positions), these positions were nt 2583 (G/T), 2585 (A/G), 2594 (A/G), 2595
(C/G), 2596 (A/G), and 2597 (A/C), for the K series (mutations at the K posi-
tions), these positions were nt 2584 (A/C/G), 2586 (A/C/T), and 2598 (A/C/G),
and for the L mutants (mutations in the loop sequence), these positions were nt
2590 (T/C) and 2591 (T/A). Nucleotides at other positions are nucleotides of
DHBV 16, except for the K variants, which contain HHBV sequence at positions
2583 (C), 2585 (C), and 2594 to 2597 (T, C, C, and T, respectively). Individual clones
obtained after transformation into E. coli Top 10 cells were characterized by se-
quencing; the corresponding variants are listed in Table 1. As the template for in
vitro translation of DHBV 16 P protein, we used plasmid pT7AMVpol16H6 (3),
which encodes the complete P protein open reading frame (ORF) plus an insert of
six His residues between codons 2 and 3; in the in vitro priming assay, this variant was
as active as wt P protein.

In vitro transcription. Mutant and wt De RNAs were obtained by in vitro
transcription of the corresponding plasmids after linearization with Clal. The T7
transcripts are nominally 76 nt in length and contain DHBV sequence from nt
2557 to 2624 plus short terminal vector-derived sequences essentially as de-
scribed above. Unlabeled RNAs were produced with a MEGAscript kit (Am-
bion, Austin, Tex.). RNA concentrations were determined photometrically and
by comparison with a tRNA standard on ethidium bromide-stained agarose gels.
For binding studies and native gel analysis, internally 3>P-labeled RNAs (specific
activity, about 1.5 X 10° cpm/pmol) were obtained by in vitro transcription in the
presence of [a-*?P]CTP (specific activity, 800 Ci/mmol) with T7 RNA polymer-
ase (New England Biolabs).

Secondary structure analysis. Enzymatic probing was performed essentially as
previously described (12). In vitro transcripts >*P labeled at their 5’ ends were gel
purified, precipitated with isopropanol, resuspended in TE buffer (10 mM Tris-
CI™, 1 mM EDTA [pH 7.4]), and renatured by heating to 75°C and slow cooling
to room temperature. Aliquots containing 5 X 10* cpm in a volume of 50 ul of
TMK buffer (50 mM Tris-Cl™, 40 mM KCI, 10 mM MgCl, [pH 7.5]) supple-
mented with 100 g of total Saccharomyces cerevisiae RNA per ml were treated
for 20 min at 23°C with RNase A (specific for unpaired pyrimidines; 1 ng per
reaction) and RNase T, (specific for unpaired G residues; 1 U per reaction).
Alkaline hydrolysis ladders were obtained as previously described (3). G-specific
RNA sequencing was performed by RNase T, digestion under denaturing con-
ditions (14). Reactions were stopped by phenol extraction, and the products,
after ethanol precipitation and separation on 8% polyacrylamide gels containing
7 M urea, were visualized with a PhosphorImager (Molecular Dynamics, Krefeld,
Germany).

Native polyacrylamide gel electrophoresis (PAGE). Internally ?P-labeled De
RNAs were gel purified to electrophoretic homogeneity, renatured in TE buffer,
and adjusted to structure probing buffer conditions as described above. After 15
min of equilibration at room temperature, 1/6 volume of loading buffer (60%
sucrose in 10 mM Tris-C1~, 100 mM NaCl, and 0.1 mM EDTA [pH 7.5]) was
added and the samples were electrophoresed for 2 h at 20 W and a surrounding
temperature of 4°C on a precooled gel containing 10% polyacrylamide in 0.5X
Tris-borate-EDTA buffer. As a control, several RNAs were also renatured in
TMK buffer; this treatment did not alter their mobilities from those after rena-
turation in TE buffer.

trans-Priming assay with DHBV P protein and mutant De RNAs. His-tagged
DHBYV P protein was in vitro translated in rabbit reticulocyte lysate programmed
with a De-deficient transcript obtained from plasmid pT7AMVpol16H6 linear-
ized with AfIIT (DHBYV position 2526). After 1 h at 30°C, mutant or wt De RNAs
were added to equal aliquots of the lysate at a 1 uM concentration and incubated
for 90 min at 30°C to allow for binding to P protein. Priming was performed by
adding [a-**P]dATP (specific activity, 3,000 Ci/mmol) in 1 volume of 2X priming
buffer (34) and incubation for 1 h at 37°C. Reactions were stopped by addition
of sample buffer, and aliquots were analyzed by sodium dodecyl sulfate-PAGE.
Labeled P protein was visualized with a Phosphorlmager, and relative priming
efficiencies were estimated by quantifying the band intensities with ImageQuant
software.

Direct binding assay. P protein-bound and free De RNAs were separated as
previously described (3). In brief, His-tagged DHBV P protein was in vitro
translated for 30 min and then internally >?P-labeled mutant or wt De RNA
(specific activity, about 1.5 X 10° cpm/pmol) was added to a final concentration
of 80 nM and incubated for a further 75 min at 30°C. For metal-affinity purifi-
cation, the samples were mixed with 1 volume of Ni-nitrilotriacetic acid-agarose
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(Qiagen, Hilden, Germany) in 400 l of binding buffer (3) and shaken for 90 min
at 4°C. The beads were washed twice with binding buffer and twice with TMK
buffer, and the remaining radioactivity was measured by scintillation counting.
Bound RNA was isolated by phenol extraction and subsequent ethanol precip-
itation and analyzed by denaturing PAGE.

Indirect binding assay by priming competition. This assay was performed
essentially like the frans-priming assay except that instead of a single € RNA
species, a mixture containing 0.2 uM wt D€ and 2 uM mutant De RNA was used.

RESULTS

Design of mutant De sequences. Six of the seven positions
where He differs from De are clustered at the base of the De
loop (designated v1 to v6 [Fig. 1B]), while the loop sequence
itself and three residues at its boundaries (designated k1 to k3)
are identical. The term loop sequence is here defined as the
apical 7 nt suggested to be unpaired in the originally proposed
De structure model (10), although direct data are more com-
patible with the slightly different arrangement shown in Fig. 1
(4). Assuming that sequence conservation and divergence in
the authentic viral RNA elements may reflect different struc-
tural and functional contributions from the corresponding po-
sitions, we chose to separately mutate the k and the v positions.
To this end, we introduced into the previously described pDe
plasmid (3) synthetic degenerate DNA cassettes in which ei-
ther the v or k residues were replaced by, mostly, non-Deg or
non-He nucleotides. From randomly picked colonies we iso-
lated seven different V and nine K variants. Their sequences
are listed in Table 1, together with those of the loop variants
L4, L5, and L4,5, in which, in the context of wt D¢, the U
residues at loop positions 4 and 5, either alone or in combina-
tion, are exchanged for C and A, respectively. L4 and L4,5 have
previously been shown to have strongly reduced activities in
the priming assay (2).

Functional analysis of De and He variants by in vitro prim-
ing. DHBV P protein, in vitro translated in rabbit reticulocyte
lysate, exhibits enzymatic activity (31) as measured in a priming
assay (Fig. 2A). A functional De sequence, either on the RNA
used for P protein in vitro translation (which contains region 2
of the encapsidation signal as part of the P ORF) or added as
a separate RNA in trans, mediates the covalent transfer to the
protein of an appropriate dNMP from the corresponding
[>*P]dNTP (34). This reaction mimicks the first step of reverse
transcription of the RNA pregenome and provides a sensitive
test for the functional integrity of variant De sequences; a
negative result does not, however, discriminate between a lack
of physical versus productive binding (see below). In our study,
the variant € sequences were in vitro transcribed, isolated, and
subjected to the priming assay at a standard frans-RNA con-
centration of 1 WM (for wt De RNA, P protein labeling reaches
a maximum at this concentration; see references 4 and 33).
Usage of equal aliquots from a single preparation of P protein
served to exclude experimental variation in the levels of effi-
ciency of in vitro translation.

The results obtained with the individual variants are shown
in Fig. 2B. Most evident were the extensive variation in the
signal intensities produced by the V variants, ranging from
almost background to wt levels (compare, e.g., Fig. 2B, lanes
V3 and V5), and the general strong reduction in signal inten-
sities observed for the K variants (e.g., lanes K2 to K26). Of the
loop mutants, L4 and 14,5 were essentially inactive while L5
produced a relatively strong signal (L lanes). Semiquantitative
values were obtained by measuring the signal intensities with
the PhosphorImager (Table 1). Hence, on one hand, a surpris-
ingly large number of nucleotide exchanges were tolerated
without functional consequences, in particular at the v posi-
tions, while other combinations, even of a few foreign nucle-
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FIG. 2. Effects of mutations on the priming reaction. (A) Principles of the priming assay. P protein is in vitro translated from an mRNA lacking Dg, which is instead
supplied in trans as a separate RNA molecule (see legend to Fig. 1 for clarification of symbols). Upon productive binding and provision of a suitable *?P-labeled dNTP,
P protein becomes covalently linked to the corresponding dNMP. (B) Priming efficiencies of various V, K, and L mutants. The indicated trans RNAs were added at
a concentration of 1 uM to equal aliquots from a P protein in vitro translation reaction mixture, and the labeled P protein, after sodium dodecyl sulfate-PAGE, was
visualized with a PhosphorImager. Nucleotide sequences of the individual V, K, and L variants are summarized in Table 1, which also contains an estimate of their
priming efficiencies as measured by the extent of P protein labeling. Note that the weak bands obtained with some variants do not exceed the background priming signal

in the lane without De (—).

otides as in the K variants or a single substitution as in variant
L4, led to reduction if not complete loss of function. With the
following experiments, we sought to link these functional dif-
ferences with the secondary structures of the individual RNAs.

High sequence flexibility at the variable positions in the
context of an e-like overall structure. First, we used the M-
FOLD program (38) to predict the secondary structures of the
variant € RNAs, although the validity of this theoretical ap-
proach is limited in some respects; for instance, the program
slightly favors non-¢-like secondary structures for De and He
over the experimentally confirmed bulge-and-loop arrange-
ment (4). For wt De and Hg, the calculated differences in free
energy between AG values of the most stable €-like and non-
e-like structures (termed AAG values and calculated for €
RNAs of 76 nt in length) are rather small (0 kcal/mol for De
and 1.2 kcal/mol for He). Many variants exhibited similarly low
AAG values ranging from <0 to 2.6 kcal/mol, which would not
allow for unambiguous statements about their structures. How-
ever, for the V variants we noted a striking correlation between
inactivity in the priming assay and a large positive AAG value
(>6.0 kcal/mol) (Table 1). Such a large unfavorable AAG plau-
sibly reflects the possibility that the corresponding RNAs
adopt a stable non-¢-like structure that is incompatible with P
protein binding. To test this notion, we selected a representa-
tive pair of V mutants with drastically different activities,
namely V3 and V5, for direct enzymatic secondary structure
analysis. Both variants contain the same non-D¢ and non-He
nucleotides at five of the six mutated v positions and differ only
at v4. Mutant V3 carries a C residue, displays near wt priming
activity, and has a small AAG value (0.9 kcal/mol). V5, with a
G residue at the corresponding position, is essentially inactive
and exhibits a large AAG (7.9 kcal/mol). This pair of mutants
was therefore particularly attractive for distinguishing between
structural and sequence-specific contributions to productive P
protein binding.

While we have not completely determined the structures of
these RNAs, we took advantage of the fact that the existence
of an e-like structure can be easily monitored by its sensitivity
to digestion with RNase A at U2574 in the De bulge. The
absence of this signal, in turn, indicates the absence of the
e-like bulge; similarly, G2589 is a hallmark residue in the wt De
loop (Fig. 1; these residues are also explicitly marked in Fig. 4
to 7). For simpler comparison, we use the DHBV numbering
system also to indicate the corresponding residues in He (au-

thentic HHBV numbers may be easily obtained by adding 6 to
the given DHBYV position number).

As the presence of more than one conformer can lead to
superposition of cleavage signals from different structures, we
first analyzed De, He, and variants V3 and V5 as well as variant
L5 (see below) by nondenaturing gel electrophoresis. Because
of the known 3’ end heterogeneity of in vitro transcripts, RNAs
of homogeneous lengths were isolated by electrophoresis on
denaturing gels and renatured and their mobilities were com-
pared under denaturing and native conditions (Fig. 3). Expect-
edly, all transcripts migrated identically in the presence of
urea, while distinct mobility differences were revealed on the
nondenaturing gel. All variants tested in this assay produced
only one major band, suggesting the presence of one major
conformer. Identical mobility patterns were obtained regard-
less of whether renaturation of the transcripts was performed
in TE buffer or in the TMK buffer (not shown) used in the
subsequent probing experiments. These were essentially per-
formed as previously described for wt De and He (4).

The results for the active variant V3 and the inactive variant
V5 are shown in Fig. 4A. Most evident was the very small
number of accessible nucleotides in V5, all in a contiguous
region partially overlapping the De loop; in particular, the
bulge-specific signal at U2574 was virtually absent. V3, by

Denatured Native
DE He L5 V3 V5 DE HE L5 V3 V5
-
s
.- -
£ -

FIG. 3. Electrophoretic mobilities of selected € RNAs under native and de-
naturing conditions. The indicated in vitro transcripts were gel purified under
denaturing conditions, renatured, and analyzed by electrophoresis in polyacryl-
amide gels containing no urea (native) or 7 M urea (denatured). The appearance
of a single major band for each RNA on the native gel suggests the presence of
only one major conformer. The high mobility of V5 versus that of V3 RNA
indicates a compact, largely base-paired structure, while the low mobility of He
versus that of De is in accord with its relatively open apical conformation.
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FIG. 4. Secondary structures of variants V3 and V5. (A) Enzymatic structure
probing. 5’-end-labeled V3 and V5 RNAs were denatured, renatured, and
treated with RNase A, T}, or no enzyme (lanes A, T, and 0, respectively). The
products were analyzed on denaturing polyacrylamide gels; as a marker, RNA
fragments obtained by partial alkaline hydrolysis were used (lanes OH™). He
lanes show the products obtained with wt He RNA, and lane S shows the
G-specific fragments generated from wt De RNA by RNAse T; under sequenc-
ing conditions. The bars on the left show the positions of the stem-loop elements
in wt De. The bulge- and loop-specific indicator residues U2574 and G2589,
respectively, as well as those residues that differ between He and the variants, are
explicitely indicated. C/G indicates the only sequence variation between V3 and
V5. (B) Secondary structure models for V3 and V5 RNAs. The prominent
cleavage positions derived from RNAs treated with RNase A and T, shown in
panel A are superimposed (arrows) on the structures which they fit best. The
sizes of the arrows correspond approximately to the signal intensities. The bulge
and loop nucleotides of wt De are shaded in both models. The arrow in paren-
theses corresponds to a product that in wt De is due to secondary cleavage (4).
Asterisks mark residues that may be hypersensitive to RNAse A digestion,
because the following A creates a preferred substrate for the enzyme (12).

contrast, produced a series of signals, both at U2574 and in the
apical region. Many of these coincided with nucleotides also
accessible in He (Fig. 4A, He lanes). These data indicate a
largely base-paired, non-g-like arrangement for V5 that is fully
compatible with the calculated most stable model (Fig. 4B),
and that arrangement is further substantiated by the signifi-
cantly increased mobility of V5 RNA on the nondenaturing gel
(compare lanes V3 and V5 in Fig. 3). The active variant V3, by
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contrast, shares many structural features with He, especially
the bulge and a relatively open apical region. We conclude that
a stable non-¢-like structure interferes with productive binding
to P, that even a single nucleotide exchange can bring about
this type of drastic structural change, and that formation of
such improper structures is predictable by a large AAG value as
defined above; this latter assumption is substantiated by the
fact that all V variants with AAG-values of >6.0 kcal/mol
(Table 1) were inactive. Hence, the only major restriction for
sequence divergence at the v positions seems to be that new
nucleotides must not, in the given sequence context, induce
formation of stable non-¢-like structures.

Sequence-specific constraints to priming competence at the
conserved k positions despite an &-like overall structure. All of
the nine K variants displayed drastically reduced activities in
the trans-priming assay (Fig. 2), suggesting that at least one of
the k positions contributes in a sequence-specific way to pro-
ductive P binding. In contrast to those of the V variants, the
calculated AAG values were small and gave no clear indica-
tions for stable non-e-like structures. We therefore directly
analyzed the secondary structure of the best-performing vari-
ant, K12, which had about 15% of the activity of wt Dg, and
that of K9, which was essentially inactive; their primary se-
quences differ at k positions 1, 2, and 3 (K12, GUA; K9, CAC).
The nuclease sensitivity patterns of both variants (Fig. 5A)
were similar to that of wt He; the bulge indicator at nt U2574
was clearly detected, and the series of further products indi-
cated a similarly nonpaired apical region. One apparent dif-
ference was the relatively strong signal, in K12, at position
U2597, which was weak in wt He and virtually absent from K9.
How this relates to the partial priming proficiency of K12 is
currently not clear. However, while subtle structural differ-
ences cannot be monitored by enzymatic probing, the data
provide direct evidence that it is not overall structure, as with
V5, that reduces their priming competence but rather the na-
ture of the replaced nucleotides. Surprisingly, however, the
lowered or abolished priming competence of the K mutants
did not correlate with an inability to bind to P protein (see
below).

Drastically different consequences of mutations at individ-
ual positions in the De loop sequence. All of the variants
described above contained multiple mutations in comparison
to De and He. The loop sequence (positions 2587 to 2593 in De
and positions 2593 to 2599 in He) is completely conserved
between the two viruses, and several previously published data
had suggested that the loops in De (22, 28) and human HBV ¢
(21, 23) contain important sequence-specific determinants for
P binding. The three loop variants we analyzed differ from wt
De only at one or two positions (in L4, U2590 is replaced by C;
in L5, U2591 is replaced by A; and L4,5 contains both muta-
tions). In accord with previous data (2), L4 and L4,5 exhibited
drastically reduced priming activities, but L5, at a concentra-
tion of 1 wM, gave a signal of about two-thirds of that of wt De
(Fig. 2B, L lanes).

Surprisingly, the experimental structure analysis of the vari-
ants (Fig. 6) revealed that the inactive mutant L4 produced a
nuclease sensitivity pattern that was absolutely indistinguish-
able from that of wt De (Fig. 6A; compare D¢ and L4 lanes);
a similar result was obtained with L4,5 (L4,5 lanes). Hence,
despite having a De-like secondary structure, these mutants are
unable to productively interact with P protein; the single nu-
cleotide exchange in L4 acts on the sequence-specific rather
than on the overall structural level. The active variant L5
showed clear signals around U2574, which, though they were
weaker than in wt Dg, indicated that the bulge nucleotides
were exposed; however, a whole series of new fragments was
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FIG. 5. Secondary structures of variants K9 and K12. (A) Enzymatic probing.
Probing data were obtained as described for variants V3 and V5 in the legend to
Fig. 4. (B) Secondary structure models. Cleavage positions derived from the
results of experiments shown in panel A are marked by arrows (see the legend to
Fig. 4B for clarification); the structures shown are those that fit best the exper-
imental data. Authentic residues at the k positions are indicated inside the loop;
the asterisks indicate cleavage sites containing the preferred RNase A target
pyrimidine A.

generated in a region corresponding to the upper-right half-
stem of De (Fig. 6A, L5 lanes) and the strongest loop-specific
signal was shifted from G2589 to G2586. This nuclease pattern
does not accurately correspond to any of the stable conforma-
tions predicted by M-FOLD. To test whether L5 RNA adopts
two or more similarly stable conformations producing overlap-
ping patterns, we also subjected this variant to nondenaturing
gel electrophoresis; as only a single major band was observed
(Fig. 3), we have no positive indication for the presence of
more than one major conformer. Because of these difficulties,
we do not propose a specific secondary structure model for LS
(in Fig. 5B, the nuclease pattern is simply superimposed on the
wt De structure). However, the additional nuclease-sensitive
sites in L5 clearly demonstrate the structural differences in its
apical region from Deg; notably, this rather drastic structural
change is caused by a single exchange in a nonpaired region.
Furthermore, the structure of free L5 RNA is not identical to
that of He, yet L5 rather efficiently supports the priming reac-
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tion with DHBV P protein (see above). Hence, LS, in addition
to He, provides another example of a distinctly structured
RNA that interacts productively with the same protein.

Physical interaction with P protein is required but not suf-
ficient for productive binding of € RNA. Production of signals
in the priming assay beyond a low background is dependent on
the presence of €. On the other hand, evidence for the exis-
tence of binding-competent but priming-inactive € RNAs has
been previously presented (22). We therefore applied a direct
interaction assay to the variants described above to distinguish
between physical and productive binding that leads to priming.
The assay relies on immobilizing an N-terminally His-tagged
DHBV P protein to an Ni*"-containing matrix; binding of
labeled € RNA to P protein is monitored by scintillation count-
ing and reanalysis of the bound RNA by denaturing PAGE.
RNA immobilization to the matrix is P protein dependent and
specific, as De but not human HBV & RNA is retained by
DHBYV P protein (3).

In one set of experiments, we compared the amounts of
various internally labeled € RNAs which, after incubation at an
average RNA concentration of about 80 nM with in vitro-
translated P protein, were immobilized to the solid phase (Fig.
7A). A semiquantitative evaluation of these data is shown in
Table 1. The priming-incompetent variants V5 and L4 did not
significantly bind to P protein, confirming our conclusion that
an improper overall structure (V5) or mutation of a key resi-
due (such as U2590 in L4) prevents binding. However, not only
the priming-competent wt RNAs and variants V3 and L5 but
also K12, K9, and, to a lesser extent, K2 (not shown) bound to
P protein, despite their severely reduced or even completely
negative priming phenotype.

These results were further corroborated in priming compe-
tition experiments. Here, a normal trans-priming reaction with
200 nM wt De RNA was supplemented with a 10-fold molar
excess of several K mutants and the nonbinding L4 variant. In
this format, binding-competent variants were expected to com-
pete with wt De RNA and hence to reduce the priming signal.
In accord with their inactivity at a concentration of 80 nM (Fig.
2B), the tested K variants gave signals only slightly above
background when they were present alone at a 2 uM concen-
tration (Fig. 7B, lanes without wt De). However, all K variants,
but not L4, substantially diminished wt-De-mediated labeling
of P protein (Fig. 7B, lanes with wt D¢) and therefore acted as
competitive inhibitors. Hence, many K variants are able to
interact with P protein despite their severe priming defects.
This clearly attests to the existence of requirements for priming
that go beyond mere physical binding.

DISCUSSION

The € sequence is highly conserved in all mammalian hepa-
titis B viruses. Not unexpectedly, therefore, the € signals and P
proteins of human HBV and woodchuck HBV (WHYV) can
functionally substitute for each other (37). In this evolutionary
light, the substantial sequence and structure divergence in the
apical part of the avian hepadnavirus € signals is per se re-
markable; even more surprising is the similarly efficient inter-
action of De and He with DHBV P protein (4, 33).

The combined structural and functional analysis of the De
variants reported in this paper allows for several generaliza-
tions that explain this apparent promiscuity: (i) in accord with
their divergence in De and Hg, the v positions tolerate many
mutations and hence are not essential for sequence-specific
contacts with protein; (ii) even here, however, single nucleo-
tide exchanges can be deleterious if they induce stable, non-
bulge-containing structures; (iii) such nonproductive structures
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FIG. 6. Secondary structures of variants L4, L5, and L4,5. (A) Enzymatic probing. Experimental conditions were as described in the legend to Fig. 4. The specific
nucleotides noted for positions 2590 and 2591 reflect the order of the samples as they were applied to the gel. wt De and L4 generated indistinguishable patterns, while
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on the right. (B) Secondary structure models. The structural model for L4 is identical to that of wt De and in accord with the data; for LS, none of the stable predicted
structures fits perfectly to the probing data; for better orientation, the cleavage positions are superimposed on the wt De model.

can be predicted by a large unfavorable AAG value; (iv) certain
key residues act as sequence-specific determinants, as demon-
strated by the loop variant L4, in which replacement of a single
U prevents protein binding despite preservation of the wt De
secondary structure; (v) physical binding is insufficient for
functional activity as illustrated by many k-position mutants;
and (vi) not only the natural He RNA but also an artificial De
variant, L5, with a substantially differing apical structure can
productively interact with DHBV P protein. Based on these
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P protein-
bound ‘
RNA . * . .
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FIG. 7. Physical binding of € RNAs to DHBV P protein. (A) Direct binding
assay. The indicated internally 3*P-labeled € RNAs were incubated for 75 min
with in vitro-translated, N-terminally Hiss-tagged DHBV P protein; then, Ni**-
loaded nitrilotriacetic acid-agarose beads were added and the RNAs that re-
mained bound after extensive washing were analyzed by denaturing PAGE (3).
(B) Competitive binding assay. Priming reactions were performed as described in
the legend to Fig. 2 with 2 M mutant RNA, either alone (—) or in the presence
of 200 nM wt De RNA (+). The lanes without competitor RNA (—) show the
background signal produced with no trans RNA and the level of protein labeling
with 200 nM wt De alone. Note that all K variants strongly reduced the priming
signal and that mutant L4, which did not bind in the direct assay, also had no
measurable effect in this assay format.

results, we propose a dynamic model for the €-P interaction
that accounts for the phenotypes of all analyzed RNAs.

Sequence flexibility and constraints in the apical part of
avian hepadnavirus encapsidation signals. The initial func-
tional screen by the frans-priming assay revealed drastically
different activities for the V variants, while most mutations at
the conserved k positions and a single mutation at one position
in the loop (L4), but not at another position (L5), markedly
reduced or abolished productive binding (Table 1).

The straightforward conclusion from the activity of many V
variants with non-De and non-He nucleotides at five of six
positions is that many different sequences fulfil all require-
ments for productive interaction with P protein. Without con-
sideration of the role of the De or He sequence as part of the
pre-C OREF, this result indicates that there is little selective
pressure on conserving the primary sequence at the v positions;
this conclusion plausibly explains the divergence between De
and He. The v positions also show the highest variability when
the € signals of all DHBV sequences deposited in the GenBank
database are compared (not shown). In addition, these data
argue strongly against sequence-specific contributions of the v
positions to P protein binding, since active RNAs containing
each of the four possible nucleotides were found.

Nonetheless, some V mutants were essentially inactive; our
data indicate that this defect is caused by the formation of
stable, non-¢-like structures. The inactive variant V5 showed
very few nuclease-sensitive sites, and the bulge-specific RNase
A cleavage products were virtually absent. The existence of the
largely base-paired structure lacking the bulge derived from
these experiments is further supported by the high mobility of
V5 RNA on native polyacrylamide gels (Fig. 3); bulges, as
present in wt De and He RNAs and in the active variant V3,
have been demonstrated to induce kinks that slow down mi-
gration (5).

The proposed V5 structure also conforms to the most stable
structure predicted by the M-FOLD program. While it is dif-
ficult to judge the relevance of alternative predicted structures
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with similar calculated free energies, as with wt De and He (4),
the differences in stability (Table 1) between e-like and non-
e-like structures for V5 and all other inactive V variants were
drastically higher (AAG = 6.2 to 8.8 kcal/mol) than for the
active variants (AAG = =2.0 kcal/mol); also, the absolute AG
values for these improper structures were much larger than for
wt De and the active variants (AG = —16 to —18 kcal/mol
versus —10 to —13 kcal/mol). Hence, a large positive AAG
value is most likely a valid criterion to predict the inactivity of
€ mutants. The low intrinsic stability of the &-like arrangement
in the avian signals is probably the reason for the dramatic
influence that sometimes even single nucleotide substitutions
had on overall RNA structure. For human HBV ¢, by contrast,
the experimentally confirmed bulge-and-loop arrangement is
also calculated to be much more stable than any non-e-like
structure (AAG = —6.0 kcal/mol for a 57-nt € RNA).

For the K variants, as well as the loop mutants, the AAG
criterion was not applicable, as all calculated stability differ-
ences were low (less than 2.6 kcal/mol); this suggested in turn
that grossly aberrant overall structures were not responsible
for their greatly reduced or abolished activities. Of the nine
k-position mutants tested in the priming assay, only K12 pro-
duced a reasonable signal (about 15% of that of wt Dg). En-
zymatic probing of variants K12, K9, and K10 (not shown)
produced signals compatible with all RNAs having &-like fea-
tures, in particular, the typical bulge. In the apical region,
relatively many signals were observed, mostly at the same po-
sitions as in He. Currently, we cannot rule out the possibility
that minor structural alterations compared with De or He
contribute to the reduced priming activities of the K variants;
also, we have not explicitely tested whether these RNAs are
present in one or more different conformations. However, our
data suggest that the K variants have similar overall e-like
structures and that their priming defects relate to sequence
rather than structure. This argues for an involvement of one or
more of the k positions in sequence-specific interactions with
the protein that do not, however, act on the level of physical
but of productive binding (see below). The functional defects
of the K variants are mirrored by the evolutionary conservation
of the k positions in De and He and also in the other known
DHBYV sequences.

A clear-cut example for the importance of RNA sequence in
P protein recognition was provided by variant L4, in which the
replacement of U2590 by C, in accord with previous observa-
tions (2; mutant SLM13 in reference 29), drastically reduced
functional activity but did not induce any detectable structural
differences from wt De. This striking dependence of priming
(and binding to the protein [see below]) on the chemical na-
ture of the base in the context of an unaltered overall structure
suggests U2590 as a direct contact point between RNA and
protein.

In this light, the substantial priming activity of mutant L5
was unexpected, as in this mutant U is replaced by the chem-
ically less related A. With the caveat that the observed nucle-
ase products arose from more than one RNA conformer
present in the test solution (although we detected only one
major band on native polyacrylamide gels), the presence of the
nuclease products indicated the accessibility of the character-
istic bulge nucleotides but also the single strandedness of a
region that, in Dg, forms the right half of the upper stem.
Establishing an explicit secondary structure model for L5 will
require further investigations; however, the available data
clearly demonstrate that free LS RNA, or at least a major
portion of it, adopts a structure that is distinct from those of De
and He yet is able to support priming. Hence, the naturally
occurring He sequence represents probably but one of many
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alternatives to authentic De RNA that can productively inter-
act with P protein.

Physical versus productive RNA binding to P protein. Ap-
plication of a direct binding assay (3) allowed us to distinguish
physical from productive RNA-P protein interactions. The
priming-defective variants V5 and L4 did not detectably bind
to immobilized P protein, which for L4 is in accord with an
independently obtained result by Tavis and Ganem (mutant
SLM13 in reference 29; this RNA apparently displayed some
activity in a yeast expression system [28]). Thus, both an im-
proper overall structure (V5) and the absence of a key residue
like U2590 (L4) prevent efficient physical binding to P protein
and, as a consequence, priming. Drastic effects of single nu-
cleotide exchanges on protein binding similar to those in L4
have also been observed in some other protein-binding RNAs
(for a review, see reference 7), for instance, in human immu-
nodeficiency virus type 1 TAR (25), the iron response element
(9), and RNA phage operators (35). Recent structural data
indicate that often these mutationally defined residues are in
direct contact with their cognate proteins (e.g., reference 30).
However important such single nucleotides may be, their role
in binding is conceivably modulated by, in particular, the local
environment (36). This role of the local environment may
explain why simultaneous substitution (G—A) of the residue
preceding the L4 mutation was reported to partially restore
binding (mutant de-loop3,4 in reference 22). On the other
hand, our variant LS was clearly priming competent while the
double-mutant de-loop5,6 (containing the nucleotides CA in-
stead of the authentic UG) apparently bound to P but was
priming deficient (22). Hence, context is important, and con-
clusive interpretations for variants with multiple nucleotide
exchanges require analyses of several related mutants.

It is therefore noteworthy that all tested K mutants rather
efficiently bound to immobilized P protein; the partially active
variant K12 did not bind better than the priming-incompetent
mutant K9, as estimated from the similar amounts of 3?P-
labeled RNAs retained on the matrix at two different concen-
trations (80 nM and 1 pM). Limited titration data indicate
three- to fourfold-reduced but easily detectable binding for
variant K2. That binding occurs at the authentic € binding site
on P was confirmed in the priming competition experiments
where all binding-proficient variants, but not the binding-in-
competent mutant L4, led to clear reductions in the intensities
of the wt De-mediated priming signal. These data confirm that
RNA binding is an essential prerequisite but not per se suffi-
cient for priming.

The existence of binding-competent but priming-deficient
De loop mutants has led to the proposal that, as with the
TAR-Tat interaction in human immunodeficiency virus type 1
(for a review, see reference 11), a cellular loop-binding factor
may be required for priming (22). The high frequency of the
same phenotype in the K mutants makes it equally likely that
the priming defect is directly related to the &-P interaction,
which suggests that the k positions contain determinants not
only involved in initial P recognition but in a subsequent struc-
tural rearrangement (see below).

A model for productive £-P protein interaction. Several, but
not all, of the above-described results may be explained by a
simple lock-and-key recognition mechanism. RNAs having a
grossly aberrant shape (VS5), or containing improper bases at
one or more key positions (L4), do not stably bind to the
protein (Fig. 8A). However, the fact that three RNAs with
differing secondary structures not only physically but produc-
tively interact with DHBV P protein, as well as the fact that
binding-competent K variants are unable to support priming,
deserves further attention. The rather moderate functional
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FIG. 8. Models for the interaction between avian hepadnavirus € signals and
DHBV P protein. (A) Lock-and-key model. P protein has a binding pocket
whose shape determines whether an RNA can bind or not; binding is prevented
by an improper overall RNA structure (e.g., that of variant V5) or the absence
of one or more key residues, even in the context of a correct overall structure
(variant L4; X). This simple model, however, does not distinguish between
physical and productive binding, and it does not explain productive binding by
RNAs with differently structured apical regions. (B) Induced-fit model. As in
panel A, overall structure and key residues are important, but in addition,
structural flexibility in the apical € part allows for a conformational change in the
RNA (and, possibly, the protein). All binding-competent RNAs meet this crite-
rion, but priming competence requires additional structural alterations in the
RNA and the protein (see reference 29; the structural alterations are symbolized
by the different shape of the P protein); in binding-competent but priming-
deficient RNAs, such as several K variants, the ability to undergo such secondary
conformational changes appears to be defective.

consequences of structural diversity in the apical stems of the
De, He, and L5 RNAs could be accounted for if, upon binding
to P protein, all three were forced into a new common, or at
least similar, conformation (Fig. 8B). There is accumulating
evidence for the general nature of such induced-fit mecha-
nisms in RNA-protein interactions affecting both the RNA and
the protein (e.g., reference 1). Sufficient flexibility in an RNA’s
structure to accommodate such a rearrangement may there-
fore be another criterion for binding to P protein.

A mechanistic alternative is that of several preexisting RNA
conformers, only the proper one is recruited into the complex
with P protein. While our data do not explicitly exclude such an
interpretation, we consider this possibility less likely. First, the
native PAGE assays give no positive evidence for the existence
of stable alternative structures; this result is particularly evi-
dent from the markedly different mobilities of wt De and the
priming-competent variant V3 and from the absence of any
detectable band that might correspond to a common, active
conformation. Second, a rapid equilibrium between substan-
tially different alternative structures giving rise to a single band
is unlikely for kinetic reasons. While minor structural changes
may take place with fast kinetics, rearrangements involving the
breaking and reformation of several hydrogen bonds occur
very slowly under conditions of low concentrations of salt and
low temperature, as were used in the native PAGE assays (7a).
Furthermore, we have recently obtained direct evidence that
the apical structure of wt D¢ RNA bound to P protein is
substantially different from that in free RNA (3a).

Finally, productive RNA binding has recently been reported
to alter the protease sensitivity of the DHBV P protein (29),
suggesting a structural alteration in the protein. From these
and the above-described results, we envisage that productive
€-P protein interaction is a multistep process. First, binding
and nonbinding RNAs are discriminated against because of
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their overall shape and certain key residues. While the struc-
ture of binding-competent RNAs (and protein) may already
change at this stage, a second structural alteration of the RNA,
and the protein, is required to make the entire complex prim-
ing competent (Fig. 8B). In this scenario, the binding-compe-
tent K variants fulfil the first criterion but are unable to sup-
port the switch to a priming-competent conformation. A direct
comparison of priming-competent and incompetent € RNAs in
the complex with P protein should reveal the postulated struc-
tural differences and hence allow us to test this model.
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