EDITOR’S CHOICE

The epsilon motif of hepatitis B virus RNA exhibits a
potassium-dependent ribonucleolytic activity
Dibyajnan Chakraborty* and Sagarmoy Ghosh
Department of Microbiology, University of Calcutta, India

Keywords
epsilon; G-quadruplex; HBV; noncanonical
polyadenylation site; ribozyme
Correspondence
S. Ghosh, Department of Microbiology,
University of Calcutta, Room No. MB-755,
University College of Science and
Technology, 35 Ballygunge Circular Road,
Kolkata-700 019, India
Fax: +9133 2461 4849
Tel: +9133 2461 5445 ext 340
E-mail: sgmicrobio@caluniv.ac.in
*Present address
GCC Biotech (India) Private Limited, West
Bengal, India
(Received 2 November 2016, revised 21
January 2017, accepted 22 February 2017)
doi:10.1111/febs.14050

Fourteen different classes of ribozymes are known that catalyse a range of
diverse chemical reactions. We report here a novel potassium-dependent
nucleolytic activity present in hepatitis B virus (HBV) RNA. A short RNA
region (53 nt) with enzymatic properties released itself from the viral
sequence by cis cleavages and could subsequently act in trans. The released
region encompassed the epsilon motif present in the HBV RNA. The 30 end
of the liberated fragment was within the noncanonical polyadenylation signal (UAUAAA) of the viral RNA while cleavages at about 53 nt upstream
sites released the fragment. Mutations of the primary scissile sites or annealing these sites with the antisense oligodeoxyribonucleotides blocked the
release of this short fragment and annulled subsequent trans cleavage activity. An exogenously synthesized short transcript of only this 53 nt was
active as a sequence-independent trans-acting nuclease and cleaved after
pyrimidines in viral or other substrate transcripts under physiological potassium ion concentrations. Formation of a G-quadruplex within this region
was suggested by circular dichroism and nondenaturing polyacrylamide gel
analyses. Our results reveal a unique natural example of a trans-acting
ribonuclease that cleaves at multiple sites in a sequence-independent fashion. The presence of this novel activity implores a dynamic structural behaviour in the e region and raises new questions about HBV gene regulation.

Introduction
Of the fourteen different classes of ribozymes, small
self-cleaving ribozymes comprise a mechanistically distinct class consisting of nine structurally different ribozymes each having a catalytic core of < 100
nucleotides [1–3]. Extended internal base-paring interactions align the scissile site to the catalytic core within
these ribozymes. Unlike larger ribozymes where metal
ions take part in the catalytic step, general acid base
catalysis by nucleobases accomplish nucleolytic cleavage in this group by an in-line SN2 mechanism [4,5].
Low millimolar concentrations of divalent cations or
molar concentrations of monovalent cations stabilize

the active conformation arrived through interactions
between nucleobases [6,7]. Dynamics of secondary
structures play a crucial role in RNA biology and the
structures of nucleolytic ribozymes have been thoroughly investigated to understand the catalytic conformations of different ribozymes [8,9]. However, unlike
proteinaceous enzymes, instances of allosteric control
in natural ribozymes are rare. In the pathogenic
bacterium Clostridium difficile, an allosteric group I
self-splicing ribozyme is controlled by a riboswitch
modulated by c-di-GMP [10]. The glmS ribozymes
have a ‘preorganized’ coenzyme binding pocket for

Abbreviations
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HBV, hepatitis B virus; HBV-Rz, HBV ribozyme; NMR, nuclear magnetic resonance;
pgRNA, pregenomic RNA.
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glucosamine-6-phosphate allowing the latter to directly
participate in reaction chemistry [11]. On the other
hand, the trans-acting nucleolytic ribozyme, the RNA
component of RNase P, comes in varying sizes across
phylogeny and associates with one or more protein
subunits [12]. The RNase P cleavage sites are always
at the junction between single-stranded and doublestranded regions in the substrate molecules and
sequences flanking the scissile site do not show any
sequence dependence [13].
Hepatitis B virus (HBV), a member of the Hepadnaviridae family consisting of hepatotropic DNA
viruses including related animal viruses such as duck
HBV and heron hepatitis virus, is a 42 nm particle with
an enveloped 28 nm nucleocapsid. Transcription by
host RNA polymerase II produces 30 -coterminal pregenomic/precore RNA (3.5 kb) and three subgenomic
RNAs (2.4, 2.1 and 0.8 kb) [14]. While the pgRNA
serves as a template for both reverse transcription and
translation, other RNAs encode viral proteins. The epsilon (e) element, a 60 nt bulged stem-loop, is present at
the 30 end of all Hepadnaviridae RNAs. The terminally
redundant pregenomic (pgRNA) and precore RNAs
contain two copies of e at both the 50 and 30 ends. During viral replication in the nucleocapsid, reverse transcription initiates from the bulge region in 50 -e [15–17].
In spite of differences in primary sequences, structure of
e is very similar between mammalian and avian viruses
[18,19]. However, in contrast to avian viruses having an
apical tetra-loop, NMR studies have confirmed the
presence of a pseudo-triloop in the apical domain of
HBVe [20,21]. Conspicuous absence of a detailed structure determination of the entire e motif leaves the structure of the CUGUUC central bulge region and the
stems around it uncertain. We show here evidences for a
possible G-quadruplex structure formation in the opposite arm of the central bulge.
In the present work, we demonstrated a trans-acting
endonucleolytic ribozyme in the e domain of HBV
RNA. The ribozyme was strictly dependent on physiological concentrations of potassium and a potentially
G-quadruplex forming region within the ribozyme was
suggested by circular dichroism and nondenaturing
polyacrylamide gel electrophoresis analyses. In a unimolecular reaction, the ribozyme catalysed its own
release from its parent transcript. Mutations in these
cleavage sites or annealing these sites with external
oligodeoxyribonucleotides abrogated ribozyme release.
When the externally synthesized ribozyme was added to
the substrate RNA of HBV origin, the ribozyme displayed strong trans cleavage activity and cleaved after
pyrimidines. The trans cleavage activity was also equally
prominent on a human glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) transcript. The ribozyme
activity was also demonstrated in a chimeric construct
where the ribozyme was placed upstream of a GAPDH
sequence. To our knowledge, this activity is novel and
distinct from other known classes of ribozymes. Our
studies show that the e structure is nestled within a ribozyme and raise the interesting possibilities of unexplored
regulatory avenues of HBV gene expression.

Results
Low concentrations of potassium ions sponsored
cleavage
T7 RNA polymerase was used to synthesize a RNA
fragment (50 pg) harbouring the 50 end of the pgRNA
transcript including the e element (nucleotide coordinates 1817–1970 in NCBI accession no. AY945307)
(Fig. 1A). Following synthesis, 50 pg was radiolabelled
at either 50 or 30 end for subsequent analyses. From a
30 -radiolabelled precursor, incubation with potassium
ions between 50 and 400 mM generated multiple cleavage products with optimum activity observed between
100 and 250 mM (Fig. 1B and inset therein). Additional steps to aid folding of RNA like denaturation
at 95 °C followed by gradual cooling to room temperature did not affect cleavage pattern or its efficiency.
The majority of the cleavages were within 60 nt from
30 end while cleavages near the 50 end were also
observed. Conversely with a 50 -radiolabelled substrate,
identical K+ concentrations yielded major cleavage
products between 40 and 25 nt positions (from 50 end)
and a minor product at about 115 nt that roughly correspond as the cognate fragment to the 60 nt product
seen with 30 -labelled 50 pg (Fig. 1C). Therefore, potassium ions at concentrations between 100 and 250 mM
elicited widespread cleavage of 50 pg and preference
for scissile sites near the termini was dependent on
K+ concentrations (compare between lanes 4 and 7 in
both Figs 1B and C). Temporal analysis with the 30 radiolabelled 50 pg revealed that within first 2 min of
reaction, a doublet of two major products began to
accumulate with lengths between 55 and 60 nt (P1, P2:
cleavage sites between 1915 and 1920 nt of HBV
sequence coordinates) and beyond 45 min these products (P1 and P2) were completely degraded to smaller
sized fragments (Fig. 1D and inset therein). A similar
temporal analysis of self-cleavage with a 50 -radiolabelled substrate in 150 mM KCl recorded initial cleavages around 1835–1840 nt being most prominent in
the 50 end (Fig. 2). The 115 nt product gradually
diminished beyond 20 min indicating further processing of this fragment. When we checked whether these
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cleavage reactions were also stimulated by other
cations, monovalent sodium and most notably, divalent cations (Mg2+, Ca2+) did not elicit any cleavage
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of 50 pg (Fig. 1E). It was also clear that 50 pg RNA
remained stable at 37 °C for 180 min in the absence of
exogenously added salts (lane 1, Fig. 1E) and it
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Fig. 1. Potassium activates self-cleavage in HBV RNA. (A) 50 pg (174 nt) was synthesized in vitro by T7 RNA polymerase. The inserted HBV
sequence (154 nt: 1817–1970) contained the 50 end of pgRNA with the e motif (the stem-loop structure shown in red, 1847–1907 nt) and
noncanonical polyadenylation signal (pA, UAUAAA, 1916–1921 nt). Terminal nucleotides were from the vector pcDNA3.1(+). Location of 32P
label in the RNA after radiolabelling is indicated. Radiolabelled GeneRulerTM Ultra Low range DNA ladder (Thermo Scientific, Waltham, MA,
USA) was used as a size marker. (B) 30 -radiolabelled 50 pg (1 ng, 20 femtomoles) was cleaved upon incubation with KCl and scissile sites
varied with KCl concentrations. Cleavage efficiency of 50 pg was calculated as (1 – pixel value of 50 pg/total pixel value in that particular lane)
%. Maximum activity was observed between 100 and 250 mM (inset, mean plot  standard deviation, N ≥ 5). (C) Similar experiment with
50 -radiolabelled 50 pg demonstrated cleavage products from 50 end, indicating cleavages were frequent towards both 50 and 30 ends. (D)
Temporal analysis showed that 30 -radiolabelled 50 pg was initially processed into two major cleavage products, P1 and P2 (~ 60 nt from 30
end) which were also subsequently degraded (inset, mean plot  standard deviation, N ≥ 5). Accumulation and subsequent degradation of
P1 and P2 was calculated as percent pixel values corresponding to P1 + P2 in the total pixel value in a particular lane. (E) Cleavage was
specifically dependent on K+ ions at low concentrations. Other di- or monovalent cations were ineffective. 50 pg was stable in reaction buffer
under the conditions of the experiment (lane 1, control).

degraded only in the presence of K+. Taken together,
50 pg molecules were cleaved at least in any one of
1835–1840 nt and 1915–1920 nt regions within first
30 min of reaction.
We observed that addition of other monovalent or
divalent cations to 50 pg in the presence of 150 mM
KCl abrogated the stimulatory effect of potassium ions
(Fig. 3). Addition of Mg2+ and Ca2+, common cofactors for small ribozymes, inhibited self-cleavage and
effect of monovalent cations were particularly severe.
We believe that K+ induced a specific RNA structure
at these concentrations which could be altered by
other cations. In addition, interference of RNA structure by either urea or formamide also repressed selfcleavage activity.

showed a wide distribution in size, highlighting multiple endonucleolytic cleavages taking place within initial 15 min, as seen previously (Fig. 1B). However, we
did not check the structure of the phosphate groups
attached to the 30 end of these fragments.

Characterization of cleavage specificity
The scissile sites and the secondary structure in 50 pg
were then analysed by RNases A, T1 and V1 digestions (Fig. 4A). We identified that cleavages after
U1916 and U1918 generated P1 and P2 respectively.
These are the U residues of the noncanonical
polyadenylation signal (UAUAAA) present in all HBV
transcripts. In Hepatitis delta virus antigenomic ribozyme, the presence of upstream canonical polyadenylation signal sequence (AAUAAA) enhanced the rate
and extent of ribozyme activity. However, the
polyadenylation signal was not used as the scissile site
[22]. All scissile sites were 30 to the single-stranded
pyrimidines located within loop regions immediately
following a stem as depicted by RNase V1 digestion
and did not show any sequence specificity. We next
interrogated the pattern of cleavage at these sites. Efficient phosphorylation by T4 polynucleotide kinase
indicated the presence of free 50 -OH in the nascent
fragments after cleavage reactions (lane 4, Fig. 4B).
When compared to the control cleavage reactions with
50 - or 30 -radiolabelled 50 pg, the nascent products

Fig. 2. Time-dependent degradation of 50 -radiolabelled 50 pg. The
cleavage at 50 end of 50 pg was efficient. While the major cleavage
product of 40 nt remained stable, the 50 counterpart of P1/P2 (115
nt) progressively diminished with time. When viewed together with
Fig. 1D, it is obvious that the fragments from both termini undergo
extensive processing. Experimental conditions are detailed under
Materials and methods section.
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Fig. 3. Addition of other mono- or divalent cations to 150 mM KCl abrogated cleavage efficiency. Ca2+ and Mg2+, at 5–10 mM concentration
almost completely blocked cleavage. The presence of NaCl or LiCl, at 100 mM concentration also had the same effect. We ruled out ionic
effect of added monovalent salts since 250 mM KCl showed appreciable amount of cleavage activity (Fig. 1B). Perturbation of RNA structure
with either 3 M urea or 30% formamide compromised cleavage. N ≥ 3 with error bars representing standard deviation. For calculation of
cleavage efficiency, see Materials and methods.

To explore the 50 boundary of the fragments cleaved
at U1916/U1918, a primer spanning the 1900–1920 nt
was extended by reverse transcriptase to detect transcripts that remained stable after 180 min of
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incubation with different K+ concentrations (Fig. 5A).
Only at K+ concentrations that permitted cleavage,
the primer was extended to a final length of about 60
nt. If compared with the extensive cleavage of the 50
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Fig. 4. Characterization of cleavage profile. (A) RNases A, T1 and V1 were used to map the cleavage sites and secondary structures in 30 radiolabelled 50 pg. Extended runs in 6% denaturing PAGE (12, 20, 40 h) were necessary to confidently map cleaved RNA fragments.
Potassium ions induced cleavages 30 to the pyrimidines and their numbers represent HBV genome position (AY945307). P1 and P2
represent products of initial cleavage shown in Fig. 1D and now ascertained to be generated by cleavages after U1916 and U1918
respectively. Alkaline lysis (OH.), RNase T1 sequencing lanes provided identification landmarks and untreated 50 pg RNA were loaded in lanes
marked C. For structural mapping, two concentrations of RNases were used and KCl-mediated cleavage lanes were from 15 to 180 min
reactions. The fastest moving unnumbered G (in 12 h gel) was from vector sequence present in 30 end of 50 pg. Since after 180 min 50 pg
was degraded to very short nucleotides (Fig. 1D, lane 14), no band was visible in 180 min reaction when the gel was run for 40 h. (B) T4
polynucleotide kinase mediated strong phosphorylation (lane 4) confirmed the presence of 50 -OH in nascent cleavage products after
incubation of unlabelled 50 pg with KCl for 15 min. The absence of products in lane 1 underscores de novo generation of products in lane 4.
Cleavage reactions with end-labelled 50 pg were run in parallel and cartoons above the lane depict the position of radiolabel. The
phosphorylated bands did not have any counterpart in end-labelled substrates indicating they did not contain any terminal nucleotide and
were generated by a minimum of two de novo endonucleolytic cleavage events. The bands at 70–80 nt and 55–60 nt regions showed
predominant product RNAs after 15 min (**).

and 30 terminal fragments after 180 min in 100–
200 mM KCl (Fig. 1B–D), the RNA templates available for primer extension appear to be extraordinarily
stable under the same condition and resistant to any
further cleavage. We also noticed that a subpopulation
of reverse transcriptases stalled specifically in the presence of 100–350 mM KCl (lanes 5–8), possibly owing
to the formation of secondary structures in the template RNA under these K+ concentrations. Surprisingly, reverse transcriptase could not extend the primer
on the uncleaved 50 pg as a template without any added
K+ (lane 1). It could be possible that 50 pg by itself
attained a structure that either prohibited annealing of
primer or blocked progress of reverse transcriptase.
We hypothesize that cleavages at U1916/U1918 acted as
a trigger for structural changes in RNA templates and
allowed progress of reverse transcriptase. The 30
boundaries of these primer extended products mapped
to
1860–1863
nt
positions
(CUGU)
when

electrophoresed alongside the dideoxy chain termination reactions (Fig. 5B). Based on these observations,
we concluded that a central region in 50 pg within the
1864–1916 nt (53 nt) of HBV remained stable under
the conditions while its flanking sequences were
cleaved extensively.
A structure of 50 pg was predicted through Mfold
web server that also showed the scissile sites in loop
region (Fig. 5C) [23]. This prediction is consistent with
the RNA structure analysis observed in Fig. 4A where
U1916/U1918 was clearly located in a region where
RNase V1 was ineffective. However, the Mfold structure could not predict the apical triloop observed in
NMR analysis [20,21].
Exogenous RNase is not involved in cleavage
The pattern of cleavage demonstrated in the above
reactions is extremely unusual for a self-cleaving

The FEBS Journal 284 (2017) 1184–1203 ª 2017 Federation of European Biochemical Societies

1189

A novel nucleolytic activity in e motif of HBV RNA

D. Chakraborty and S. Ghosh

Fig. 5. The presence of an intact central region after prolonged incubation. (A) A primer spanning P1/P2 cleavage sites was used to detect
any fragment remaining after incubation for 180 min in different KCl concentrations. Only at concentrations permitting cleavage, a 55 nt
cDNA product was obtained. Specific to these lanes, reverse transcriptase stalled at a few locations ( ) implying structural roadblocks in
the template RNA. Primers could not be extended at cleavage-nonpermissive KCl concentrations (10–50 mM and 400–1000 mM) or in its
absence (lane 2, 0 mM). (B) Dideoxy sequencing reactions with the same primer positioned the 30 end of the primer extension products to
residues 1860–1863 (CUGU). The extending Taq polymerase stalled significantly at positions 1865–1869. (C) A representative Mfold
generated structure of 50 pg with the scissile sites marked in red. The presence of U1916/U1918 in the loop region is experimentally validated
in Fig. 4A amid extensive base-pairing between nucleotides characteristic of the e region. However, the apical triloop as proven by NMR
studies is not reflected in the Mfold structure.

ribozyme. We could not find any sequence specificity
for cleavage similar to other ribozymes. We also noted
that there was a temporal pattern in cleavage events.
While the P1 and P2 fragments were generated initially, they were subsequently broken down into smaller fragments on extended incubation (Fig. 1B).
Secondly, cleavage sites were restricted to both the 50
and 30 ends of 50 pg leaving its central region largely
intact (Fig. 5A). Several possibilities could account
for this behaviour. Primarily, there could be a proteinaceous nuclease contamination that degrades
specific RNA structures attained in 50–400 mM KCl.
Alternatively, there could also be nonspecific RNA
self-degradation emanating out of attainment of
1190

distinct structures that formed specifically in the presence of K+ but not by other monovalent or divalent
cations. Finally, the intact central region of 50 pg accumulated over time could have a trans nuclease activity
that degraded the P1 and P2 fragments in a sequenceindependent fashion.
We extensively ruled out the possibility of any contaminating ribonuclease activity in our reagents. In
Fig. 1E, we showed that the 50 pg RNA was stable at
37 °C for 180 min (lane 1) and cleavages were specific
to the presence of potassium ions and no other added
salt could elicit cleavage. Therefore, the source of this
putative nuclease could be the RNA preparation or
the KCl and this family of RNases was exclusively
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reaction in two time points, viz., 15 min (Fig. 6B) and
180 min (Fig. 6C). We found that both profiles of P1
and P2 accumulation and their subsequent degradation
remained unchanged in the presence of excess nonspecific RNA molecules. Nevertheless, it could still be
argued that the contaminating proteinaceous RNase
was resistant to all such treatments and the unrelated
RNA did not provide any sequence or structural
recognition pattern for the contaminating RNase. To
counter this argument, we tested an antisense 50 pg
RNA (50 pgas) and a mutated 50 pg RNA (50 pgmut)
where A’s replaced U1916 and U1918, the cleavage sites
for P1, P2 generation (Fig. 7A). Both 50 pgas and
50 pgmut were extremely stable under the conditions in
which 50 pg was extensively degraded. We next investigated whether addition of extraneous primer sequences
against 1900–1920 nt and 1850–1870 nt regions could
inhibit cleavage at these regions (Fig. 7B). These
oligonucleotides bind to the sequences that form the
boundaries of the intact central region (1864–1916 nt)
of 50 pg. In the conventional e structure, the 1860–1863
nt region is part of the central bulge and the 1916–
1918 sequence immediately follows the lower stem and
thereby are spaced away from each other [25]. Processing of 50 pg was completely inhibited by these external
oligonucleotides. Complete absence of any cleavage in
the mutant and antisense construct as well as by sitespecific oligonucleotides unequivocally established that
primary cleavage at these positions (1860–1863 nt and
1916–1918 nt) was a prerequisite for extensive degradation of 50 pg and nullified the presence of any exogenous RNase in our assays.

Fig. 6. The presence of proteinaceous nucleases is unlikely in the
reagents. (A) An additional round of deproteinization with SDS and
trypsin followed by treatment with phenol–chloroform did not
change the cleavage pattern of 30 -radiolabelled 50 pg in 150 mM KCl
at 37 °C. B, (C) Coincubation of 30 -radiolabelled 50 pg with up to 50fold molar excess of an unlabelled nonspecific RNA (NS) did not
alter the cleavage profile of 50 pg. Neither P1, P2 generation
(15 min, panel B) nor its degradation (180 min, panel C) was
affected by the presence of NS RNA.

active on RNA structures attained in 50 pg in the presence of 50–400 mM KCl. An additional round of
deproteinization of 50 pg with a combination of SDS
and trypsin followed by phenol–chloroform extraction
did not affect cleavage (Fig. 6A) [24]. Incubation of a
30 -radiolabelled 50 pg with 150 mM KCl in the presence
of 50-fold excess of an unrelated RNA (NS) also did
not affect cleavage profiles. Since P1 and P2 accumulated at earlier time points of incubation which was
followed by their degradation, we performed this

A trans-acting ribonuclease
Our next aim was to address two important questions
regarding the observed cleavage activity. The first question was whether initial cleavages in 50 pg were intra- or
intermolecular events. To answer this question, a small
amount (0.05 ng, 1 femtomole) of 30 -radiolabelled 50 pg
was incubated with 10- and 100-fold excess of nonradioactive 50 pg molecules and a ‘time-course’ study was
performed for 15 min (Fig. 8A). The absence of any second order rate enhancement in generation profile for P1
and P2 indicated that the observed cleavage at U1916/
U1918 was solely intramolecular [26].
We next investigated how the terminal fragments
(P1 and P2) were degraded. In Fig. 7A, we demonstrated that 50 pgas or 50 pgmut were extremely stable
while 50 pg was not. In fact, the breakdown of 50 pg left
an intact central region while its terminal regions were
extensively cleaved (Fig. 5A). We investigated if this
breakdown of the terminal regions was a result of the
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Fig. 7. Cleavage is susceptible to alterations in 50 pg. (A) [a-32P]UTP-labelled 50 pg, 50 pg antisense RNA (50 pgas) or a mutant in U1916/U1918
(50 pgmut) were checked for their cleavage efficiency. Both 50 pgas and 50 pgmut remained intact in the presence of 150 mM KCl at 37 °C
indicating importance of the RNA sequence and indispensability of the P1/P2 cleavage sites. The length of 50 pgas was shorter than 50 pg as
primers for PCR amplification to generate the template for in vitro transcription excluded pcDNA regions of 50 pg. (B) Interference binding to
50 pg by the deoxyoligonucleotides complementary to the boundaries of the intact central region blocked KCl activated cleavage. The cartoon
depicts a Mfold generated structure of 50 pg with the 1850–1870 nt region in red and 1900–1920 nt region in blue against which the primers
were targeted.

activity of the released central region from 50 pg. A uniformly radiolabelled RNA substrate ([a-32P]UTPlabelled, corresponding to P2: 1919–1970 nt) was incubated separately with the intact region of 50 pg, now
termed as HBV-Rz (1865–1916 nt) or its antisense
sequence (HBV-Rzas) or 50 pgmut where the release of
HBV-Rz was blocked by mutating U1916/U1918 residues (Fig. 8B). Substrate P2 was degraded extensively
only in the presence of HBV-Rz but not by the other
two RNAs. The presence of intact P2 fragment in the
presence of HBV-Rzas or 50 pgmut proved that released
central region (HBV-Rz) was responsible for breakdown of terminal fragments. This observation further
established that multiple cleavage products observed in
Figs 1 and 4B were a mixture of products from both
cis and trans cleavage events during generation and
subsequent degradation of terminal fragments by the
nascent HBV-Rz and not by any exogenous RNase Alike nuclease that also cleaves after pyrimidines.
The direct proof of true ribozyme activity was provided when increasing the amount of ribozyme
1192

resulted in enhanced degradation of substrate RNA
molecules [27]. A uniformly radiolabelled substrate P2
was incubated with HBV-Rz (Fig. 8C) and degradation of the substrate RNA increased with increasing
amounts of HBV-Rz. Therefore, P2 degradation was
directly dependent on the enzymatic activity present in
the HBV-Rz. A time-course analysis of a 50 -labelled
substrate P2 cleavage revealed that the reaction initiated within the very first minute and essentially all the
substrate molecules were cleaved within 15 min
(Fig. 8D). It was also evident that HBV-Rz executed
multiple cleavage reactions similar to that observed
during degradation of 50 pg.
We next explored whether the HBV-Rz activity was
also active on non-HBV RNA sequences. A 55 nt
human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) sequence was transcribed in vitro, radiolabelled at 30 end and incubated with 50 pg or 50 pgmut
(Fig. 9A). Similar to our observations with HBV
sequence (substrate P2, Fig. 8B), 50 pg degraded the
GAPDH sequence but the 50 pgmut could not. We
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Fig. 8. cis release of a trans-acting ribozyme. (A) A trace amount (0.05 ng, 1 femtomoles) of 30 -radiolabelled 50 pg was incubated with 10and 100-fold excess of unlabelled 50 pg in 150 mM KCl and incubated for indicated times. Control lanes did not receive any unlabelled 50 pg.
Unimolecularity of ribozyme release reaction was demonstrated by unchanged reaction profile of labelled 50 pg in the presence of unlabelled
molecules (inset, mean plot  standard deviation, N ≥ 3). Calculation of cleavage was done as described in Fig. 1B. (B) A [a-32P]UTPlabelled RNA substrate, corresponding to P2 (substrate P2) was degraded in the presence of 150 mM KCl by exogenously added 1865-1918
nt region of HBV (HBV-Rz). An antisense RNA to HBV-Rz (HBV-Rzas) was inactive. Addition of 50 pgmut where release of HBV-Rz was
blocked by mutating U1916/U1918, also could not degrade substrate P2. In control lane, substrate P2 did not receive any external RNA. (C)
Degradation of 0.1 ng of [a-32P]UTP-labelled substrate P2 accelerated with increasing amounts (0.1–10 ng, 5–500 femtomoles) of HBV-Rz.
Lane 1 (control) indicates substrate RNA alone and lane 2 (0 ng) did not receive HBV-Rz. (D) 1 ng (60 femtomoles) of 50 end-labelled
substrate P2 was incubated with 10 ng (500 femtomoles) of unlabelled HBV-Rz in the presence of 150 mM KCl at 37 °C for different time
periods (0–15 min). At each time point, denaturing gel loading dye was added in the sample to stop the reaction. Samples were fractionated
on 15% polyacrylamide, 8 M urea gel.

explained the data as release of HBV-Rz to be a necessary condition for trans activity on other substrate
RNAs which was not afforded by 50 pgmut. Therefore,
HBV-Rz was efficient against both HBV and nonHBV sequences, and as shown in Figs 6B and 6C, the
presence of 50-fold excess of unrelated NS RNA did
not inhibit its activity. We proceeded to make a chimeric RNA with HBV (1817–1919 nt) followed by
downstream GAPDH sequence (HBV-G). A control
chimera where the release of HBV-Rz was blocked by
mutating the U1916/U1918 (HBVm-G) was also tested.
These constructs were used to ascertain if the release
of the HBV-Rz was independent of its downstream
HBV sequences and if released, whether HBV-Rz
could recapitulate the results obtained in Fig. 9A. In
Fig. 9B, we showed that the HBV-Rz could efficiently
release itself from HBV-G and degrade the neighbouring GAPDH sequence. However, the mutant chimera
did not show any such activity and remained intact.
This observation reinforced our conclusion that HBVRz autocatalytically released itself from its flanking

sequences and independently demonstrated its trans
cleavage activity.
A G-quadruplex in e
To understand the potassium dependence of the HBVRz, we searched bioinformatically through QGRS
Mapper for the presence of putative G-quadruplex
forming sequences in 50 pg following the typical algorithm Gx-N1–7-Gx-N1–7-Gx-N1–7-Gx, where x ≥ 2 and
N is any nucleotide [28]. Multiple overlapping
G-quadruplex forming regions composed of two tetrads with long and unequal loop lengths (0–5 nt) were
suggested in 1886–1904 nt (19 nt) of HBV with a maximum G-score of 18 (Table 1). Even though these
scores were not suggestive of strong quadruplexes, we
nevertheless decided to experimentally verify whether
such G-quadruplexes could still form in these
sequences. Quadruplexes with two G-tetrads are found
in nature even though structures with three or more
tetrads are considered to be more stable [29,30].
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Fig. 9. HBV-Rz could autocatalytically release itself and act on other RNA sequences. (A) A 30 -radiolabelled 55 nt human GAPDH RNA
transcript was treated with 50 pg or 50 pgmut and the products were fractionated in 20% denaturing PAGE. The necessity of free ribozyme
release was underscored by the inability of 50 pgmut to act on GAPDH RNA. (B) HBV-Rz was active on the same GAPDH sequence put
downstream of 1817–1919 nt HBV sequence (HBV-G), akin to 50 pg cleavage. A release defective mutant with A1916/A1918 (HBVm-G) was
stable under the same condition. Both RNAs were 158 nt long, 30 -radiolabelled and the products were fractionated in 15% denaturing
PAGE.

Table 1. QGRS Mapper based prediction of G-quadruplex forming
regions in 50 pg. G-quadruplexes were predicted in the 1886–1904
nt region of HBV RNA sequence. Guanine residues that are
predicted to participate in G-quadruplex formation are underlined

Position

Length

Potential quadruplex forming
G-rich sequences

G-score

85
85
85
85
86
86
86
89

19
19
14
19
13
18
18
15

GGGUGGCUUUGGGGCAUGG
GGGUGGCUUUGGGGCAUGG
GGGUGGCUUUGGGG
GGGUGGCUUUGGGGCAUGG
GGUGGCUUUGGGG
GGUGGCUUUGGGGCAUGG
GGUGGCUUUGGGGCAUGG
GGCUUUGGGGCAUGG

18
18
17
17
17
17
17
17

Circular dichroism analysis with a 29 nt oligonucleotide with the embedded 19 nt HBV sequence
within (50 pgGwt) showed a molar circular dichroism
(Δe) profile characteristic of a RNA quadruplex with
parallel topology [31] (Fig. 10A). In Li+ or in buffer
only, the positive Δe peaks were identical at 266.8 nm
with their negative peaks at 239.1 and 235.3 nm
respectively. However, addition of 100 mM KCl diminished the Δe max value and the positive and negative
Δe peaks appeared at 265.6 and 238.2 nm respectively.
Such pattern was completely destroyed in the oligonucleotide 50 pgGmut, where the G’s responsible for the
candidate quadruplex were mutated to A residues.
1194

Therefore, these G residues could potentially form a
quadruplex even in low ionic strength conditions but
presence of K+ altered its geometry. However, RNA
quadruplexes are not restricted to parallel topology
alone and other complex structures are also possible
[32,33]. Gel mobility shift analyses suggested formation
of two stable conformations of unimolecular G-quadruplexes within this sequence and indicated their
propensity for K+-induced structural alterations
(Fig. 10B). The generation of unimolecular quadruplex
in 50 pgwt results in a more compact structure that
migrates faster in the gel than 50 pgGmut where no such
structure could form [34]. In agreement with the prediction of overlapping quadruplex forming sequences,
generation of two faster running species could have
resulted from two different unimolecular complexes
formed by different guanines where one complex forms
a more compact structure. Both these unimolecular Gquadruplex complexes formed efficiently in the absence
of any added salt. In the presence of increasing concentrations of K+, these complexes displayed an intermediate mobility between the stable unimolecular
quadruplex and the mutant oligonucleotide clearly
indicating a change in G-quadruplex structure specifically taking place in response to ambient K+. Formation of such salt-independent quadruplex, however, is
not unique. During human mitochondrial transcription, an ion-independent G-quadruplex formed in the
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Fig. 10. An internal G-quadruplex structure was modulated by potassium ions. (A) Circular dichroism analysis of 29 nt 50 pgGwt (1884–1912
nt) harbouring the putative G-quadruplex region (1886–1904 nt) revealed a molar circular dichroism (Δe) pattern typical of RNA quadruplexes
with parallel topology. Stable quadruplexes formed in buffer alone (blue) or in the presence of 100 mM LiCl (red). Presence of 100 mM KCl
(green) slightly altered the positions of positive and negative peaks and diminished the Δemax value. The coordinates of the positive and
negative peaks under different conditions for 50 pgGwt are indicated in table. 50 pgGmut did not exhibit any pattern. Data represent mean of
three independent experiments. (B) Native PAGE analysis of 50 pgGwt and 50 pgGmut oligonucleotides. The faster migration of 50 pgGwt
compared to 50 pgGmut indicated formation of two stable unimolecular complexes in the absence of salts. However, K+ induced a dosedependent retardation of mobility of these complexes. 50 pgGmut was impervious to presence of K+. (C) A primer against the 1950–1970 nt
region in 50 pg was extended in the presence of indicated concentrations of monovalent salts. A maximum of 10 mM concentration was
necessitated to suppress ribozyme activity of 50 pg in KCl. Progress of reverse transcriptase went through multiple ‘roadblocks’ only when
K+ was present implying a potassium-dependent structural alteration in 50 pg.

CSB II RNA and stimulated transcription termination
and primer formation [35]. We therefore inferred that
formation of G-quadruplex was possible in the candidate region in e and interaction with K+ altered its
structure. In the larger context of 50 pg, preincubation
with low concentrations of different monovalent salts
affected primer extension by reverse transcriptase
(Fig. 10C). For K+ ions, concentrations up to 10 mM
was used to prevent any ribozyme activity. Only in the
presence of K+, reverse transcriptase was inhibited at
multiple locations while Na+ or Li+ could not block
its progress. In these experiments, we used a primer
that annealed to the 30 end of 50 pg RNA (1950–1970
nt region). It should be recalled that the primer targeted against the 1900–1920 nt region failed to reverse
transcribe 50 pg under the same conditions (lanes 1 and
2, Fig. 5A). In accordance with the above findings, we
concluded that K+ ions modulated 50 pg RNA structure possibly through a G-quadruplex region.

Discussion
Inside the nucleocapsids, reverse transcription of the
pgRNA is initiated by the binding of virally encoded
reverse transcriptase, the P protein to e motif. Multiple

rounds of long-distance template switches are required
to produce the partially double-stranded relaxed circular DNA found in infectious virions [15]. In HBV,
recognition of the apical pseudo-triloop of the e motif
by the P protein is essential for encapsidation [21,36].
While the internal bulge, but not the apical loop of e
is required for P protein–e interaction, the protein
priming reaction is dependent on apical loop, internal
bulge and the short distance between cap and the e
element, similar to the requirements for RNA packaging [37–39]. Even though the overall structure of the e
element is conserved in Hepadnaviridae, the human e
displayed relatively stronger primer loop and apical
stem-loop stability than its avian counterparts [40].
However, for HBV DNA synthesis, multiple structural
rearrangements in e are necessary following the priming step and sequences in e accordingly interact with /
and x regions of pgRNA [15,41–43]. Therefore, e does
not display a rigid secondary structure but instead provide dynamic changes in conformation depending on
the stage of viral DNA replication.
We have systematically identified a trans-acting ribozyme activity in the e region. The uniqueness of the
ribozyme lies in its ability to cleave endonucleolytically
at multiple sites in a sequence-independent fashion.
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Fig. 11. Conservation of the 50 pg region in different HBV genotypes. Alignment of the 50 pg sequence against different HBV genotypes
reveals high conservation over the entire region. Both scissile sites and the G-quadruplex forming region are conserved among the major
genotypes. The scissile residues were always pyrimidines (marked with * in red boxes). The G-quadruplex (70–88 nt in the alignment), is
shown in the blue box with quadruplex forming G’s indicated by arrows. The colour codes indicating the degree of conservation is
mentioned in the figure. The 50 pg used in our study corresponds to AY945307.1, highlighted in red.

Since this sort of activity is unprecedented, we had to
extensively rule out the presence of any contaminating
proteinaceous ribozyme from our assay. The ribozyme
activity remained intact through repeated rounds of
phenol–chloroform and SDS treatments. Even when
large molar excess of non-HBV RNA was added, the
ribozyme activity remained undiminished. However,
mutations that prevented the release of the ribozyme
1196

or interference binding of oligonucleotides to the primary scissile sites completely abolished cleavage. Primer extension analysis identified an intact central
region in the RNA that remained stable even though
its flanking sequences in both 50 and 30 ends were
extensively degraded. A short transcript of this central
region (53 nt) when incubated with its 30 flanking
sequence or a GAPDH sequence, successfully
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recapitulated the cleavage pattern observed with its
precursor 50 pg RNA. Cleavage activity was dosedependent, typical of an enzyme. The ribozyme also
could excise itself out from a chimeric RNA and
demonstrate catalytic activity. Therefore, this 53 nt
ribozyme displayed a sequence-independent trans
endonuclease activity. Curiously, the ribozyme possibly
harboured a unimolecular G-quadruplex of parallel
topology in one of the arms of the e stem. Quadruplex
structures are presumably important for a plethora of
biological processes [44–46]. In synthetic ribozymes
where G-rich elements were nestled between substrate
and catalytic modules of hammerhead [47] and HDV
[48] ribozymes, K+ ions regulated their activity. However, integration of G-quadruplex into a naturally
occurring ribozyme is never reported. We showed that
the candidate G-quadruplex in e was stable, formed
independent of ions, and potassium altered its shape.
However, we did not check the quadruplex formation
in the context of 174 nt long 50 pg RNA.
The entire 50 pg sequence and the cleavage sites
showed excellent conservation among major HBV
genotypes (Fig. 11). Moreover, the G residues involved
in putative G-quadruplex formation were also highly
conserved. Therefore, in these HBV genotypes, a ribozyme activity nestled in e is possible. One possible
exception could be the genotype G often found coinfected with HBV/A2, where this region contains a 36
nt insertion [49,50]. Curiously, the point of 36 nt insertion is within the putative G-quadruplex structure
identified in our study and HBV/G shows a low
pgRNA level and inefficient viral secretion apart from
the altered level of core proteins.
Although the majority of established nucleolytic
ribozymes self cleave, HBV-Rz displays trans cleavage
activity. This requires that HBV-Rz physically interacts with its substrate and recognizes the pyrimidines
in single-stranded regions. However, questions, remain
open regarding how HBV-Rz recognizes its substrate
nucleotides and the role of potassium ions in forming
the catalytic site or if the metal ions actually take part
in cleavage reactions. The catalysis of both proteinonly and RNA-only forms of trans-acting RNase P
requires a two-metal ion mechanism to cleave the
phosphodiester bond [51,52] while self-cleaving ribozymes utilize a general acid–base catalysis with metal
ions used as cofactors [53]. Proteinaceous RNase A,
similar to HBV-Rz, cleaves 30 to single-stranded
pyrimidines. His12, His119 and an additional cationic
acid, like the ammonium group in the lysine side chain
of RNase A, comprise the active site of the enzyme
and accomplish cleavage by general acid–base catalysis
[54–56]. Specificity for pyrimidines at the scissile site is

accomplished by the side chain of Thr45 through formation of hydrogen bonds with pyrimidine base and
sterically excluding purines [57,58]. We speculate that
a similar sieving mechanism in the active site is present
in HBV-Rz for pyrimidine specificity.
The functional aspect of this novel ribozyme in
HBV biology is not immediately conceivable with our
existing knowledge. The purpose that would be served
by the ribozyme by cleaving its own viral sequence is
still unclear. We understand that a detailed investigation is necessary to ascertain if such alteration in e
structure takes place during HBV infection. A minimal
mechanistic requirement for successful replication of
HBV would be to control its own ribozyme activity.
This can be accomplished by binding of cellular proteins to the pgRNA that affects formation of the ribozyme structure. So far, only three cellular factors have
been shown to interact directly with the e domain. The
p65 protein binds to one arm of the lower stem [59]
and subunits (NF90/NF45) of the heterodimeric
nuclear factor of activated T-cells (NF-AT), in association with the molecular chaperone GRP94, recognize
the upper bulge region of epsilon domain [60]. Since
the G-quadruplex forms on the cognate arm of the
stem, it is possible that binding of these proteins to the
e element is necessary for securing the replication and
encapsidation-competent shape of the e motif by preventing conformational switching in e. Unavailability
of such factors would allow G-quadruplex formation
in the e region and association of K+ ions to the Gquadruplex would trigger ribozyme activity. The availability of these e-binding proteins in hepatocytes must
therefore have to coincide with the synthesis of
pgRNA to utilize it for replication and encapsidation.
On the other hand, binding of a fourth factor, cellular
Zinc finger antiviral protein (ZAP) to the terminally
redundant region of pgRNA fostered degradation [61].
However, the mechanism of this post-transcriptional
degradation is unknown. Alternatively, melting of the
e structure by translating ribosomes can also influence
ribozyme activity. The start codons of two ORFs (C0
and C) are located within e and their recognition is
accomplished by ribosomal scanning. In an elegant
study on the role of upstream C0 ORF on translation
of downstream C and P proteins, Chen et al. [62]
demonstrated threefold reduction in RNA level by
active translation on e region (Fig. 2B therein). Translating 80S ribosomes have already been shown to inhibit encapsidation of pgRNA [63], implying a direct
role of translation on the stability and availability of
pgRNA for replication. Therefore, e structure can be
altered by a variety of factors like rearrangement of
complementary binding regions or binding of cellular
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proteins or ongoing translation and can regulate the
ribozyme forming potential.
The expression patterns of HBV RNAs are temporally regulated [64] and the viral X transcript is made
early and long before transcription of other viral
RNAs. It is possible that the ribozyme functions as a
check against accidental synthesis of viral RNAs in a
nonconducive environment for replication of HBV. It
is also intriguing to find ribozymatic cleavage site
within a noncanonical polyadenylation activation signal. Since it is not uncommon to find ribozymes in
30 -UTR of mammalian genes where they facilitate transcriptional termination/polyadenylation [24,65,66], utilization of the polyadenylation signal sequence as the
ribozymatic cleavage site would surely elicit important
questions. From our observations, we surmise that
there could be variations to the e structure that can
lead to unforeseen consequences for the viral RNAs
and speculate that cellular factors would be recruited
to protect pgRNA from self-catalysed degradation.
To summarize, the location and function of HBV
ribozyme is interesting in many aspects. First, it
demonstrates that the e domain can possibly exhibit
alternative conformations. Secondly, the choice of the
noncanonical polyadenylation sequence as a primary
site of ribozymatic self-cleavage raises intriguing possibilities in HBV gene expression and in a more general
sense in control of cleavage/polyadenylation where
such noncanonical sites exist. Finally, the HBV ribozyme demonstrates a unique RNase A-like pyrimidine
specific endonuclease activity in the family of nucleolytic ribozymes.

Materials and methods
Construction of 50 pg vector and RNA synthesis
The 1817–1970 nt region from HBV genome (subtype ayw,
NCBI accession no. AY945307) was cloned in pcDNA 3.1
(+) through HindIII and EcoRI sites to generate the 50 pg
vector. The pcDNA backbone was modified to shorten the
length between the start of the T7 transcript and the HindIII site and T7 RNA polymerase was used for transcription from EcoRI linearized template. The 50 pg transcript
(174 nt) harbours sequences in the following order from its
50 end: 15 nt from the vector, 154 nt HBV region (1817–
1970 nt), 5 nt from EcoRI site. Transcription was carried
out for 4 h at 37 °C with Ribolock (20 U, Thermo Scientific) and 10 mM NTP mix. The RNA products were fractionated by 6% urea-PAGE. Gel slices were excised
parallel to a well where an aliquot was loaded with ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA) to aid
in visualization and incubated in elution buffer containing
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25% aqueous solution of b-mercaptoethanol for 2 h at
60 °C. Eluted RNA was phenol extracted twice and subsequently ethanol-precipitated, and dried in air. After dissolution in nuclease free water (Thermo Scientific), RNA was
quantified by A260.

50 end radiolabelling
A quantity of 1 pmol of gel purified 50 pg RNA was
dephosphorylated at 37 °C for 30 min in the presence of
FastAP thermosensitive alkaline phosphatase (Thermo Scientific) in the supplied buffer. The enzyme was inactivated
at 75 °C for 5 min. Due to the presence of 100 mM KCl in
the reaction buffer, 50 pg was heavily degraded during
dephosphorylation and it was absolutely essential to purify
the 50 pg from its cleavage products. The dephosphorylated
pool of RNA was 50 -radiolabelled with T4 Polynucleotide
kinase at 37 °C for 30 min in the presence of 1 fmol of
[c-32P]ATP and run in 6% denaturing PAGE. The wet gel
was exposed to phosphor screen to locate the position of
50 pg. After excision and further precipitation, gel purified
RNA was quantified using a scintillation counter (PerkinElmer, Waltham, MA, USA).

30 end radiolabelling
A single [a-32P]dCMP nucleotide was added to the 30 end
of 50 pg following established methods [67]. Briefly, 4 pmol
gel purified 50 pg RNA was incubated with Klenow fragment, exo (Thermo Scientific) in the presence of 30 end
specific antisense primer (aagaattcAGAAGTCAGAAGGCAAA) bearing the complementary sequence (italicized) to
50 pg while the capitalized sequence denotes complementarity against 1954–1970 nt of HBV. [a-32P]dCMP was added
against the g shown in primer sequence. The reaction was
carried out in 20 lL with 50 mM Tris-HCl (pH 8.0), 5 mM
MgCl2, 1 mM DTT and 10 pmol of [a-32P]dCTP and incubated at 37 °C for 3 h. 30 end-labelled RNA was then purified from denaturing PAGE as described earlier.

Additional deproteinization of 50 pg
Denaturing PAGE purified 30 labelled 50 pg (as described
above) was incubated with 1 lg trypsin at 37 °C for
30 min. Trypsinized RNA was then phenol extracted and
treated with 20% SDS at 37 °C for 30 min followed by
10 min at 90 °C. SDS treated 50 pg was again phenol
extracted and purified from denaturing PAGE.

Self-cleavage reaction
The self-cleavage reactions of 50 pg RNA was carried out
with 1 ng (20 femtomoles) of 30 -radiolabelled RNA in buffer containing 10 mM Tris/HCl (pH 7.0) in a final volume
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of 10 ll. Incubations were carried out at 37 °C for the indicated time and K+ concentrations. An additional heat
denaturation of 50 pg followed by gradual cooling to room
temperature to aid folding did not affect cleavage pattern
and this step was therefore omitted. Same conditions were
followed up for HBV-G and HBVm-G transcripts described
in Fig. 9B. All the reactions were stopped by addition of
equal volume of ice chilled denaturing gel loading buffer
containing 95% formamide and kept at 90 °C for 5 min
before loading on 8% denaturing PAGE. RNA bands were
quantified using the IMAGEQUANT TL software (GE Healthcare Bio-Sciences Corporation, Piscataway, NJ, USA).

Molecularity of initial cleavage reaction
A trace amount of 30 -end-labelled 50 pg (0.05 ng, 1 femtomoles) was incubated with 150 mM KCl in the presence of
10- and 100-fold molar excess of unlabelled 50 pg at 37 °C
[68,69]. Control reactions did not receive any unlabelled
50 pg. Reactions were terminated after 1, 2, 3, 5, 10 and
15 min by addition of ice chilled formamide gel loading
dye. Samples were fractionated on 15% denaturing PAGE.

Postcleavage phosphorylation
Following cleavage of 1 pmol of unlabelled 50 pg in 150 mM
KCl, phosphorylation of the nascent fragments by T4
polynucleotide kinase (10 U, Thermo Scientific) was carried
out for 30 min at 37 °C in the presence of 1 fmol of [c-32P]
ATP. Samples were heat inactivated at 75 °C for 10 min
and analysed by denaturing PAGE.

Inhibition of cleavage by antisense
oligonucleotides
Self-cleavage reaction of 30 -labelled 50 pg RNA was carried
out at 150 mM KCl in the presence of an antisense oligonucleotide targeting either 1900–1920 nt (50 -TTATAAGGAT
CAATGTCCATG-30 ) or 1850–1870 nt (50 -GGCTTGAA
CAGTAGGACATGA-30 ) of HBV. The reaction conditions
were same as described before. Reactions were inactivated
by adding ice cold denaturing gel loading dye and electrophoresed on 15% denaturing PAGE.

absence of any radiolabelled nucleotide. Following purification from polyacrylamide gels, 1 ng (60 femtomoles) radiolabelled substrate P2 was incubated with 150 mM KCl and
increasing amounts (0.1–10 ng, 5–500 femtomoles) of unlabelled HBV-Rz at 37 °C for 15 min. Reaction was stopped
by addition of denaturing gel loading dye and the samples
were resolved in 15% denaturing PAGE.

Preparation of chimeric constructs
A chimeric construct (HBV-G, 158 nt) was prepared with
1817–1919 nt region from HBV genome followed by 30-84
nt position of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript variant 3, mRNA (NCBI Reference Sequence: NM_001289745.1). In the mutant
construct HBVm-G, the U1916/U1918 was mutated to A’s.
Eight partially overlapping oligonucleotide sequences spanning the entire length of 158 nt were synthesized, mixed in
equimolar concentrations in aqueous solution, heated to
95 °C for 5 min and allowed to gradually cool down to
room temperature. An aliquot from the 1 : 10 dilution of
hybridized oligonucleotides was gap filled by Klenow polymerase, exo (Thermo Scientific) in the presence of 250 lM
dNTP mix at 37 °C for 30 min. Final construct was prepared by PCR amplification with GAPDH sequence specific
reverse primer and HBV sequence specific forward primer
having a T7 promoter sequence overhang at the 50 end.
PCR amplified product was phenol extracted, precipitated
with ethanol and used as template for in vitro transcription.
After purification, RNAs were 30 end radiolabelled following the protocol described above. Briefly, 5 pmol of gel purified RNAs were incubated with [a-32P]dCTP and Klenow
fragment, exo (Thermo Scientific) in the presence of 30 end
specific antisense primer (GAGAAACCGGGGGCGC) which
is complementary (italicized sequence) to last 15 nt of
human GAPDH RNA used in chimeric constructs. Annealing of this primer with the RNA, generates a G residue
overhang in the oligonucleotide allowing a single [a-32P]
dCMP to be added in the 30 terminal of the hybridized
RNA molecule against the G shown in primer sequence.
The cleavage condition used for the chimeric RNAs was
identical to that employed for 50 pg.

Primer extension
trans cleavage of terminal residues
For trans cleavage of terminal residues, 1919–1970 nt (for
substrate P2) and 1865–1917 nt (the ribozyme, HBV-Rz)
regions of HBV genome were PCR amplified with the forward primer containing the T7 promoter sequence. Purified
PCR products were used for in vitro transcription. While
substrate P2 was transcribed either in the presence of
[a-32P]UTP to uniformly label the substrate or 50 endlabelled with [c-32P]ATP, HBV-Rz was transcribed in the

A quantity of 0.5 pmol of unlabelled 50 pg was incubated
for 15 min at 37 °C with different concentrations of KCl
(Fig. 5A). In Fig. 10C, low concentrations of K+ or other
monovalent cations were added to 50 pg and incubated at
room temperature for 15 min. Preincubation with 10 mM
KCl did not sponsor ribozyme activity (Fig. 1B). A 50 -radiolabelled primer (Fig. 5A and 5B, antisense to 1900–1920
nt: 50 -TTATAAGGATCAATGTCCATG-30 ; Fig. 10C,
antisense to 1950–1970 nt: 50 -AAGAATTCAGAAGTCAG
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AAGGCAAA-30 ) was added to the sample and reverse
transcribed by RevertAid reverse transcriptase (Thermo
Scientific) at 42 °C for 1 h. Reaction was stopped by adding equal volume of ice chilled denaturing gel loading buffer and fractionated on 15% denaturing PAGE.

Preparation of G-quadruplex containing RNA
oligomers
Four partially complementary oligonucleotides spanning
the 1884–1912 nt (29nt) were mixed together in equimolar
amounts, heat denatured and slowly cooled to room temperature to anneal and gap filled by Klenow polymerase to
make the template construct (50 pgGwt) for PCR amplification. The forward primer for PCR contained a SP6 RNA
polymerase promoter as 50 overhang to generate 29-mer
RNAs with 2 and 8 nt G-quadruplex flanking ends at the
50 and 30 termini respectively. Similar strategy was used to
make a mutant template (50 pgGmut) where G-quadruplex
forming guanine residues were replaced by adenines to disrupt the structure. Both the constructs were confirmed by
sequencing. SP6 RNA polymerase was chosen over T7
RNA polymerase to avoid three essential guanine residues
that must be provided at the 50 end of T7 transcripts. For
nondenaturing gel electrophoresis studies, RNAs were radiolabelled at 50 end as described earlier. For circular dichroism analysis, RNA was purified through gel filtration
(NucAway, Ambion, Austin, TX, USA) after digestion
with DNase I (Thermo Scientific). Following quantification,
5 lM RNA in 10 mM Tris-HCl (pH 7.5 at 25 °C) and when
necessary, with different added salts (100 mM) was heated
at 95 °C for 5 min, chilled on ice and incubated at 37 °C
for 16 h [70].

Circular Dichroism studies
CD analysis was performed in a Jasco J-815 spectropolarimeter using a cuvette of 1 cm pathlength at 18 °C using
a peltier assembly (Jasco CDF-426L/15; JASCO Corporation, Tokyo, Japan). A CD wavelength scan with a range
of 340–220 nm was performed at a scan rate of
50 nmmin1. Baseline was set with either 10 mM Tris-HCl
buffer (pH 7.5 at 25 °C) or with added salts (100 mM LiCl
or KCl) wherever required. Each reaction was done in triplicate with each sample analysed five times and their mean
value was taken.

Gel mobility shift assay
For gel mobility shift assay, 15 000 cpm each of 50 endlabelled 50 pgGwt and the mutant RNA were incubated at
95 °C for 5 min and chilled on ice in the presence of
10 mM Tris-HCl buffer (pH 7.5 at 25 °C). Folded RNA
were distributed to tubes containing 0 mM and 100 mM
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KCl, respectively, in a final volume of 10 ll and incubated
at 37 °C for 16 h. Furthermore, 2500 cpm of each sample
was resolved in 12% nondenaturing PAGE at 4 °C [34,35].
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