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Effects of Circular Permutation on the Cis-Cleavage Reaction of a Hepatitis Delta
Virus Ribozyme: Application to Trans-Acting Ribozyme Design
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ABSTRACT. In this study we investigated the effects of the relocation of the wild type termini on the
folding of a cis-cleaving RNA Rz 1 that was modified from the autolytic domains of hepatitis delta virus
(HDV) RNA. Ten circularly permuted (CP) isomers of this ribozyme were synthesized. The structure
homogeneity of RNA molecules, the molar ratio of the active species that undergoes cis-cleavage, and
the rate of cis-cleavage were examined for each construct. CP isomers with new termini in H1 or at the
junction of H2-H3, H1—3y/4, Jis—H4, or H4-J,; of the proposed pseudoknot-like structure were inactive.
The single breaks of phosphodiester bond in H2, Up4, and at the ‘3end of Lp3 decreased but did not
abolish autolytic activity. The structural heterogeneity of RNA molecules may account for the limited
cis-cleavage of the latter three isomers. The findings of circular permutation analysis were used as the
basis for designing an active trans-cleaving ribozyme by dividing the cis-cleaving ribozyme into two
subdomains at;3 and Lp4. The ribozyme subdomain catalyzed the site-specific cleavage of the circularly
permuted composite substrate RNiA\trans. Thus, the structure of HDV autolytic domain could be
re-formed after two subdomains were associated through the base-pairing interactions of H1, H2, and H4.

The genomic and antigenomic senses of hepatitis deltabeen constructed [the variants in Wu and Huang (1992) and
virus (HDV)! RNA undergo cis-cleavage reactiam vitro in Wu et al. (1993)]. These RNA molecules, termed HDV
(Sharmeen et al., 1988; Wu et al., 1989). The site-specific ribozymes, retain most, if not all, of the essential elements
cleavage activity requires the presence of magnesium ion orof the natural HDV autolytic domains.
o_ther divalent cations (Wu et al., 1989; Suh et al., 1993). Circularly permuted (CP) RNAs, which are structural
Like other self-cleaving RNAs, the cleavage products of jgomers of an RNA molecule, have the wild type termini
HDV RNAs contain a Shydroxyl group and a'z3-cyclic c5nnected and the new termini created at alternative sites.

phosphate (Wu et al., 1989). The boundaries of the autolytic These CP RNAs allow the stud
. . y of the effect of the break
domains of both senses of HDV RNA have been defined of particular ribose phosphate backbone on the folding

(Sharmeen et al., 1988; Wu et al., 1989; Perrotta & Been, ; ; ;
i - ' pathway and the tertiary structure of an RNA [reviewed in
1990, 1992; Wu & Huang, 1992), and the sequence FeQUIe"ban and Uhlenbeck (1993)]. Recently, the effects of circular

ment _and secondary structure of each doma|_n have t.)eerbermutation on the folding of tRNA (Pan et al., 1991) and
investigated extensively. These two autolytic domains the binding of the RNA moiety of RNase P o its pre-tRNA

derived from complementary senses of HDV RNA have substrate (Pan & Zhong, 1994) as well as the interaction of

many common features. .Each domain contains four base—R17 coat protein and its binding site have been investigated
pairing regions that fold into a pseudoknot-like structure (Gott et al., 1993)

(Been et al., 1990; Perrotta & Been, 1991; Wu et al., 1992,
1993; Wu & Huang, 1992; Kummar et al., 1994). The In this study, we synthesized CP isomers of a cis-cleaving
sequence requirements of several single-stranded regions ofiDV ribozyme and investigated the effects of the relocation
these two domains are also quite similar (Wu & Huang, 1992; of 5'-terminus to 10 selected locations on RNA folding.
Kummar et al., 1992; Wu et al., 1993; Kawakami et al., 1993; Moreover, we divided cis-cleaving ribozymes into subdo-
Thill et al., 1993; Tanner et al., 1994). Although the mains by choosing different pairs of permissive locations as
understanding of the tertiary structure associated with thethe termini of each bimolecular RNA construct and four
pseudoknot-like catalytic RNA is limited, several variants trans-cleavage systems have been constructed. The site-
of HDV autolytic domains that cis-cleave efficiently have specific cleavage reaction of the substrate RNA catalyzed
by the corresponding trans-acting ribozyme was investigated
 This work was supported by a grant from National Science Council, @nd the ability to reconstitute HDV autolytic domain was

ROC (NSC-84-2311-B-001-075). evaluated.
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L Abbreviations: CP, circularly permuted; DTT, dithiothreitol; E, Plasmid Construction Rz 1 is a self-cleaving RNA which
extent of cleavage; EDTA, ethylenediaminetetraacetic acid; HDV, was previously named DG-5-7 [one of the variants in Wu et
hepatitis delta virus; HEPES, 2-[4-(2-hydroxylethyl)-1-piperazinyl]- g (1993)]. In construct Rz 1, the cDNA of ribozyme
ethanesulfonic acidk, cis-cleavage rate; PCR, polymerase chain ~ ) '
reaction; PEI, polyethylenimine cellulose; TLC, thin layer chromatog- S€duence was placed downstream of a T7 promoter and

raphy. between &Kpnl site and aHindlll site. TheHindlll runoff
0006-2960/96/0435-124$12.00/0 © 1996 American Chemical Society



Hepatitis Delta Virus Ribozyme Biochemistry, Vol. 35, No. 1, 1996125

Table 1: Summary of Synthetic DNA Primers and Templates of PCR Reactions

name sequence'(5> 3) PCR B-primer PCR 3primer template
Rz 1 (10to—1)°+ (1 to 66)
CP-1 (2to67)+ (—10to 1) T7P + (20 16) (1 to—10)+ (67 to 53) Rz 1-T7
CP-2 (6to 67+ (—10to 5) T7P+ (6 to 22) (5to—10)+ (67 to 48) Rz 1-T7
CP-3 (10to 67 (—10t0 9) T7P+ (10 to 28) (9 to—10) + (67 to 45) Rz 1-T7
CP-4 (28to 67 (—10to 27) T7P+ (28 to 52) (27 to 1)+ (-1 to —6) Rz-CP
CP-5 (38to 673 (—10to 37) T7P+ (3810 52) (37 to 1)+ (-1 to —6) Rz-CP
CP-6 (41to 67) (—10to 40) T7P+ (41 to 55) (40 to 1)+ (-1 to —6) Rz-CP
CP-7 (48to 67 (—10to 47) T7P+ (48 to 67)+ (—10 to 5) (47 to 26) Rz 1-T7
CP-8 (53to 67} (—10t0 52) T7P+ (53 to 67)+ (—10 to 5) (52to 35) Rz 1-T7
CP-9 (59 to 67)+ (—10 to 58) T7P+ (59 to 67)+ (—10t0 5) (58 to 44) Rz 1-T7
CP-10 (17 to 67)+ (—10 to 16) T7P+ (17 to 42) (16 to—10) + (67 to 45) Rz 1-T7

aThe sequence of each @rimer is complementary to the ribozyme sequefide numbering system of nucleotides follows that of Figure 1.
¢T,P has the sequence of BAATACGACTCACTATA-3'. ¢ The sequence of CP-10 was different from other CP isomers of Rz 1 at H3 (see
Figure 1 for details).

transcript of construct Rz 1 contains 10 nucleotides upstreamform RNA, the gel-purified, internallj?P-labeled CP-1 RNA
and 66 nucleotides downstream of the cleaving point. that contained smonophosphate was head-to-tail ligated by
Construct Rz 1-T7 was derived from construct Rz 1 by T4 RNA ligase. The reaction was conducted in 40 mM
deleting the T7 promoter. For the construction of Rz 1-CP, HEPES, pH 7.2, 10 mM MgGJ 10 mM DTT, 1 mM ATP,
DNA oligos 5-TTAAG GATCC GGGGG ACTTC GGTCC  and 25 units of T4 RNA ligase at € for 5 h. The circular
GCGAA TGGGA AGCTT GGTAC-3 and 3-AATTA RNA and the unligated linear RNA were resolved by
AGCTT ATCCG ACCCA TCAGG TACCA AGCTT  polyacrylamide/urea gel electrophoresis.

CCCAT TC-3 were annealed and extended by Taq poly-
merase (Promega). The double-stranded DNA was com-
pletely digested bBanHl, followed by partial digestion by

Cis-Cleavage Reactions RNA was denatured at 995
°C for 1.5 min, cooled down to room temperature, and

: incubated at 50C for at least 5 min. A solution of Tris-
Hindlll and then cloned to pUC19. The sequence of each Incu
recombinant construct was confirmed by DNA sequencing HCI, pH 7.5, at 50°C, and MgC} that was prewarmed at

(Sanger et al., 1977). Constructs Rz 1-T7 and Rz 1-CP were20 °C for 5 min was then added to the RNA to initiate cis-
used as the femplates for PCR amplification. cleavage. The final concentrations of Tris-HCI and MgClI

Templates for RNA SynthesisThe template for the  Were 40 mMand 12 mM, respectively, in most of the cases.
synthesis of each CP isomer of Rz 1 RNA was generatedThe cis-cleavage reaction was quenched by the addition of
by PCR amplification. The primers and templates for each @n equal volume of 50 mM EDTA in 7 M urea. The full-
PCR are summarized in Table 1. Thepsimer of PCR  length RNA and cleavage products were resolved by poly-
contained a 17-nucleotide T7 promoter followed by the acrylamide-7 M urea denaturing gel. Since RNA molecules
ribozyme sequence, and th&-@imer of PCR contained  were labeled byd-*?P]JCTP, the relative number of moles
nucleotides that were complementary to the ribozyme of the remaining full-length RNA and cleavage product was
sequence. Usually, a 106L polymerase chain reaction calculated by dividing the radioactivity (cpm) of each RNA
contained~200 pmol of each primer. The templates of RNA fragment with the number of C residues in that RNA species.
37 and RNA 73 were synthesized by PCR as well. The PCR The extent of the cis-cleavage reactiéns defined as the
products were directly used as templates for RNA synthesis (moles of cleavage product)/[(moles of cleavage prodtict)
without further purification. (moles of remaining precursor RNA)]. Thevalue repre-

Preparation of RNAs The internally*?P-labeled RNAwas  sents the molar ratio of the full-length RNA molecules that
synthesized by T7 RNA polymerase runoff transcription undergo cis-cleavageEna is the E value when the cis-
reaction in the presence of20 uCi [a-*P]CTP, 0.3 MM cleavage reaction levels offEna represents the reactive
CTP, 1 mM of each ATP, GTP, and UTP, and PCR products species of each RNA, and its value varied between 20% and
or Hindlll-digested construct Rz 1 as template. Typically 909 for the cis-cleaving RNAs in this report. In general,
the in vitro transcription reaction was carried out in the the reaction follows the pseudo-first-order kinetics for the
presence of 12 mM MgGht 37°C for 1 h, and the reaction  fist 4—5 half-lives of cis-cleavage reaction. The cis-

was stppped by addition of an equal volume of 50 mM cleavage ratekj was the slope of the plot of In (& E/Emay)
EDTA in 7 M urea as described [see Wu et al. (1989) for | ¢ ime.

details]. For the synthesis of Rz 1, the concentration of . _ )
MgCl, was decreased to 4 mM, the reaction temperature was | WO-Dimensional Gel Electrophoresis Analysithe RNA

changed to 10C, and the reaction time was elongated to Molecules were denaturedenatured and preincubated with
12 h . The full-length transcript was purified from poly- 40 MM Tris-HCI at S0°C for 30 min prior to electrophoresis.
acrylamide gel containing 7 M urea as described (Wu et al., The electrophoresis on the first dimension was carried out
1989). The concentrations of RNA 37 and RNA 73 were in & native 10% polyacrylamide gel (acrylamide:bisacryl-
determined from the specific activity of CTP, the CTP amide= 19:1) in 50 mM Tris-HOAc, pH 7.5, and 10 mM
contents of each RNA and the radioactivity of the RNA Mg(OAc), at 12 W for 4.5 h at room temperature. The
fragment. non-denaturing gel slice was then turned by 86d mounted

To obtain RNA molecules that contained 'anBonophos- in a 10% polyacrylamide gel containing 7 M urea. The
phate, transcription reactions were carried out using 3 mM electrophoresis of the second dimension was conducted in 1
GMP in addition to 1 mM of each NTP. To prepare circular x TBE buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.0).
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Identification of Cleaage Site About 1000 cpm of the
purified [a-3?P]GTP or [p-*?P]CTP-labeled 5cleavage
product of CP isomer was digested by 0.37 unit of nuclease
P1 (Sigma) in 0.1 M NHOACc, pH 5.0, at 37C for 30 min.
The reaction products were then applied to a polyethylen-
imine cellulose (PEI) plate (Sigma). The thin layer chro-
matography (TLC) was conducted in 1.1 M NbAc, pH
7.5.

The location of the cleaving point was confirmed by primer
extension. The purified'sleavage product was annealed
with 10 000 cpm of thé?P-labeled PCR '3primer of CP-7
(Table 1) in 20 mM Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM
MgCl,, and 0.75 mM MnGl containing 2 mM dNTP’s. The
primer extension reaction was conducted at°@for 30
min with 1 unit of retrotherm reverse transcriptase (Epicentre

Technologies). In addition, dideoxy sequencing of construct -

Rz 1 with the same'gend-labeled primer was conducted in
parallel to serve as size markers.

Trans-Cleaage Reaction RNA 73 (substrate) and RNA
37 (enzyme) were mixed, heated at-%b °C for 1.5 min,

Lai et al.
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Ficure 1: The sequences of different RNAs. (A) Rz 1 islmdlll
runoff transcript. Its sequence starts at G-10 &d terminates at
U66 (3). Each CP isomer contains an extra U residue (U67) in
comparison to Rz 1. G-10 and U67 are ligated in each CP isomer.

cooled down to room temperature, and preincubated at 50The residues downstream and upstream of each arrowhead are the

°C for at least 5 min to promote annealing. The trans-
cleavage reaction was then initiated by adding a stock
solution of Tris-HCI, pH 7.5, and Mgglo final concentra-
tions of 40 and 12 mM, respectively. Alternatively, the
substrate and enzyme RNA's were de- and renatured
separately; substrate RNA and enzyme RNA were preincu-
bated with Tris-HCI/Mgd solution at 5¢°C for more than

5 min individually. Two RNA solutions were mixed to

5'- and 3-termini, respectively. X” represents the cleaving point.
H1—H4 are the four double-stranded regions, Ji4, and J,, are

the single-stranded regions connecting different helices. (B) The
sequence of CP-10. The sequence of the H3 of this isomer is
changed to enhance the efficiency of transcription reaction.

cleavage reaction of HDV ribozymes (Perrotta & Been 1990).
Residues—-10 to —2 and residues 6367 may serve as the
linkers to connect the'5 and 3-boundaries of the cis-

initiate the trans-cleavage reaction. The trans-cleavage¢l€aving domain. Ten positions in the interior of the

reaction was conducted at 5C, and the reactions were
stopped by the addition of 2 volumes of 50 MM EDTA in 7
M urea.

RESULTS

Rz 1 Rz 1 is an HDV ribozyme that possesses the
characteristics of the autolytic domains of both senses of
HDV RNA. In this study, Rz 1 was the wild type molecule
containing 76 nucleotides (residuelO to residue 66) that
may fold into a pseudoknot-like structure (Figure 1). Itis
an active cis-cleaving RNA, since more than 90% of the Rz
1 RNA molecules underwent cis-cleavage at the rate@#
min~t in the presence of 12 mM Mgght 50°C (Figures
3Aand 4). InRz 1, the'sGGUA-3 at the 5-terminus and
the B-AAGCU-3 at the 3-terminus are non-HDV sequences
to allow high efficiency of the RNA synthesis and to provide
the sequence for the runoff transcription reaction. In
addition, a well-characterized hairpin loop of non-HDV RNA
(Cheong et al., 1990), i.e., H4 and loop 4, has substituted
the self-complementary sequences located at #e&l8 of
the autolytic domain of each sense of HDV RNA (Wu &
Huang, 1992; Wu et al, 1993). The H1 angk #f Rz 1

ribozyme molecule were selected for circular permutation.
Three of them were located in double-stranded regions (H1
for CP-1 and CP-2, and H2 for CP-9), two of them were in
single-stranded regionsfJfor CP-3 and Lp4 for CP-7),
and the remaining five were at the junctions of different
structural/sequence domains (Figure 1A,B). In addition, the
circular isomer of Rz 1 was synthesized by connecting the
termini of one of the CP isomer by T4 RNA ligase. Since
a correctly folded structure is required to maintain the activity
of a catalytic RNA, the effect of the ligation of the wild
type termini and the relocation of the-f&rminus to a
particular location on the overall folding of ribozyme Rz 1
could be monitored by assaying the cis-cleaving activity of
circular isomer and CP isomers. The cis-cleavage reaction
was typically carried out in the presence of 40 mM Tris-
HCl and 12 mM MgC]} at 50°C after the RNA was heat-
denatured and then renatured. The activity of each isomer
was evaluated by the kinetics of cis-cleavage reaction as well
as the fraction of the active full-length RNA molecules that
undergoes cis-cleavage.

The cis-cleavage of the circular isomer could not be
detected under standard assay conditions (data not shown),
but the elevation of [MgG] from 12 to 20 or 40 mM

have the same sequences as the corresponding regions @fignificantly enhanced its cis-cleavage activity (Figure 2B).

the autolytic domain of HDV antigenomic RNA. The
remaining sequences of Rz 1 were derived from the autolytic
domain of HDV genomic RNA.

Circularly Permuted and Circular IsomersCircularly

Nevertheless, the circular RNA cleaved at a substantially
reduced rate as compared to the linear RNA even in the
presence of higher [Mg@ll (Figure 2A,B). Itis likely that

the ligation of the wild type 5 and 3-termini may generate

permuted (CP) RNA of Rz 1 was individually synthesized certain steric constrains that destabilize H1. Consequently,
by transcribing the corresponding DNA template obtained the spacial arrangement of the cleaving point is disturbed,
from polymerase chain reactions. The residues upstream ofand certain essential functional groups associated with the
the cleavage site as well as the single-stranded nucleotidedirst base pair of H1 and;d are misaligned. Moreover, the

near the normal '3erminus are not required for the cis- magnesium binding site of the circular isomer may be altered.
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A B Table 2: Rate of Cis-Cleavage of Different RNAs in the Presence
of 12 mM MgCk, and 40 mM Tris-HCI (pH 7.5) at 50C
Rz 1 Circular Rz 1 RNA k (min~1)2 Emax (%)°
12 mM MgCl2 20 mM MgCl2 40 mM MgCl2 Rz1 0.43 90%
CP-3 0.23 50%
0 5 100 15 30 0 30' 60' 120' 0 30' 60' 120' CP-4 0.80 20%
CP-7 0.04 40%

sees ®eee CP-9 0.0024 ~30% (2 h)

@ The rate of cis-cleavage of the active species of Rz 1 or CP isomer
was determined as described (Materials and MethdHs)x represents
“ L I -9 - -. the active RNA species of each variafithe cis-cleavage reaction of

CP-9 did not level off after 2 h of incubationEmnax of CP-9 was
m assumed to be 100% for the determinatiorkof

the 2-h incubation period (Figure 3), and its cis-cleavage
] . . e rate was estimated to be 100-fold slower than that of Rz 1

FIGURE 2: The cis-cleavage reactions of Rz 1 its circular and CP Table 2). P biv. th f . |

isomers. (A) Rz 1 was incubated at 30 with 40 mM Tris-HCI ( able 2). Presumably, the con _ormatlo_na_\ ] rearrangement

for 30 min (0), or with 40 mM Tris-HCI and 12 mM Mggfor 5, instead of the cleavage process is rate limiting. Therefore,

10, 15, and 30 min. The upper bands and lower bands are the full-the single breaks imgd (CP-3), in Lp4 (CP-7), at the'&nd

length RNA and the ‘cleavage product, respectively. The 5 of | p3 (CP-4) as well as near the bottom of H2 (CP-9) may

cleavage product ran off the gel. (B) The circular isomer was ; : ; :
incubated at 50C with 40 mM Tris-HC for 120 min (0) or with not disrupt the catalytic core since each of these CP isomers

40 mM Tris-HCI and 20 or 40 mM MgGlfor 30, 60, and 120 ~ undergoes cis-cleavage. In the presence of 12 mM MgCl
min. The upper bands are the circular RNA, and the lower bands each active CP isomer is more reactive than the circular

are the linearized RNA. isomer. The results reveal that a single break of the
phosphodiester bond at an appropriate location may over-
come the perturbation of the catalytic core caused by the
ligation of wild type termini. Moreover, the breaks if,J
(CP-3) and Lp4 (CP-7) had the most significant effect.
Nevertheless, the relief of the alteration of folding geometry
was not complete since none of these cis-cleaving CP isomers
was as reactive as Rz 1.

The CP isomers with a single break of the phosphodiester
bond in H1 (CP-1 and CP-2) or at the junction of Ha3
(CP-10), HYxJ14 (CP-5), dis—H4 (CP-6), or H4-J4, (CP-

8) did not cleave in the presence of 12 mM Mg(lata not
shown). However, unlike the circular isomer, these CP
isomers remained inactive when they were incubated with

Fraction of uncleaved RNA
[1-extent of cleavage (E)]

P e higher concentration of Mgg(data not shown). Since these
e S S A A CP RNAs have the breaks either in certain structural domains
or at the junction of two structural/sequence domains that
Time (min) are essential for autolytic reaction, the loss of cis-cleavage

Ficure 3: Time course of the cis-cleavage reaction of Rz 1 and activity of these isomers is not surprising. The results
different CP isomers. The reactions were conducted in the presencesonfirm that HDV ribozyme has a compact structure.
of 40 mM Tris-HCI and 12 mM MgGlat 50°C. Moreover, the folding geometry of the catalytic core may
It is possible that the elongation of the linker between the be severely altered by the single break of the phosphodiester
5'- and 3-boundaries of the autolytic domain may relieve bond in each of these CP isomers.
some unfavorable constraints associated with the circular The RNA molecules synthesized by a standard transcrip-
molecule. This possibility was not examined. tion reaction contain a'8riphosphate. It is likely that the
Four CP isomers cis-cleaved, but their cis-cleavage activi- highly negatively charged triphosphate group affects the
ties varied. Only~20% of CP-4,<50% of CP-3, anc50% folding of each CP isomer. To examine this possibility, CP
of CP-7 underwent cis-cleavage at 8D in the presence of RNAs with a 3-monophosphate were synthesized by the
12 mM MgChL. Prolonged incubation under the same transcription reactions that contained excess GMP (described
condition did not elevate the extent of cleavage (Figure 3). in Materials and Methods). Since GMP may compete with
The low extent of cleavage suggests that a large amount of GTP for the first nucleotide of transcript but cannot be
the RNA molecules of these isomers are irreversibly trapped incorporated elsewhere, the full-length transcripts contained
in certain inactive conformation(s). The kinetics of cis- primarily 5-monophosphate. For each CP isomer, the cis-
cleavage of the reactive RNA molecules of each CP isomer cleavage activity of the mixture of Bnonophosphate RNA
was investigated. CP-3 and CP-4 cleaved at a rate compa-and 3-triphosphate RNA was indistinguishable from that of
rable to that of Rz 1 (Table 2). The reactive CP-7 molecules the pure 5triphosphate RNA (data not shown). Thus, the
cleaved at a rate-10-fold slower than that of Rz 1 (Table triphosphate to monophosphate replacement at the 5
2). The destabilization of the superstable hairpin loop due terminus of each CP isomer had no detectable effect on the
to the disconnection of Lp4 and H4 may account for the folding of ribozyme molecule (data not shown).
reduction of cis-cleavage rate. Unlike the other CP isomers, We performed cis-cleavage reactions under different
the cis-cleavage reaction of CP-9 did not level off during conditions known to affect RNA folding to examine whether
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resolved by electrophoresis on the second-dimensional
denaturing gel. The results showed that the minor species
represented the residual full-length RNA whereas the major
species was the'-8leavage product (Figure 4B). These
findings suggest that the presence of 10 mM magnesium ion
in the non-denaturing gel of the first dimension allowed the
cis-cleavage of Rz 1 to occur.

Each CP isomer that lost cis-cleavage activity had a
distinct migration pattern on non-denaturing gel (Figure 4A).
In the case of CP-1 and CP-2, most of the RNA molecules
migrated together, with a migration rate slightly slower than
cr-3 st CPa that of Rz 1. Thus, the RNA molecules containing a single
r break of the phosphodiester bond in H1 adopt relatively
| 2nd compact structure(s). In contrast, CP-5, CP-6, and CP-8

RNAs were more heterogeneous in structure. About 40%
\_ | of CP-5,>50% of CP-6, and~80% of CP-8 existed as a
very slow-migrating form on non-denaturing gel, suggesting
l a less compact structure. This result implies that certain
| interactions that are important for folding have been disrupted
' ' by the relocation of 5 and 3-termini to the junction of H+
Jua, a—H4, or H4-Jy,. Furthermore, preincubation with
12 mM MgCk for 30 min at 50°C prior to the non-
denaturing gel electrophoresis did not alter the migration
pattern, including the total number and relative amount of
each species, of any inactive CP isomer (data not shown).

CP-3, CP-4, and CP-7 each migrated as more than one
species on non-denaturing gel. Moreove§0% of CP-3
[ ] | cis-cleaved in the process of two dimensional gel electro-
' phoresis. In contrast, CP-4 or CP-7 did not undergo cis-
cleavage (Figure 4A,B). The structural heterogeneity of CP-
3, CP-4, and CP-7 may account for the low extent of cleavage
of each CP isomer, although it is not clear which species of
each isomer folds correctly for cis-cleavage. CP-9 migrated

RNA was analyzed by electrophoresis on a 10% non-denaturing as a single species on non-denaturing gel, and the mobility

gel. (B) Electrophoresis on the second-dimensional denaturing geI.Of this species was very similar to that of Rz 1 (Eigure 4A).
“— 1st” and “— 2nd” illustrate the orientations of the first and the The CP-9 RNAs appear to have structures similar to those

second dimensions, respectively. The longer products of the cis-of CP-1 and CP-2 which are relatively compact; however,
cleavage reactions of Rz 1, CP-3, and CP-9 are indicated by gt |east some of the CP-9 RNAs cis-cleaved in the non-
arrowheads. denaturing gel (Figure 4B).
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Ficure 4: Two-dimensional gel electrophoresis analysis. (A)
Electrophoresis on the first-dimensional non-denaturing gel. Each
RNA was denatured at 985 °C for 1.5 min, cooled down to room
temperature, and then incubated with 40 mM Tris-HCI at°60

for 30 min. After the addition of a 1/5 volume of 30% glycerol
containing 0.05% bromophenol blue and 0.05% xylene cyanole,

inactive isomers can be activated or the activity of active
isomers can be enhanced. The variation of [MyBktween
12 and 40 mM alone or together with the change of
incubating temperature to 37 or 8C did not affect the cis-

Identification of the Cleaing Point Experiments were
conducted to examine whether the cleavage sites of the cis-
cleaving CP isomers remained unaltered. The sequence of
the residues around the cleaving point was determined by

cleavage reactions (data not shown). Repeated cycles of hegf€arest neighbor analysis for CP-3, CP-7, and CP-9. The
de- and renaturation (one cycle means-96 °C for 1.5  [0-*P]GTP-labeled 5cleavage products of each CP RNA
min and then 50C for 5 min) (Wu & Lai, 1990) elevated ~ released*®P-labeled pUp after nuclease P1 digestion
slightly the molar ratio of the reactive RNA molecules (the (Figure 5A). Thus, the cleaving points of these CP isomers
extent of cleavage) of the cis-cleaving CP isomers (data notWere between a U residue’Y@nd a G residue (B Since
shown). In contrast, the addition of 2230 M formamide  there are many'8JG-3 in the RNA molecule, the exact
or 1-5 M urea severely decreased the extent of cleavage Oflocatlon of the cleavage site was further conﬂrmed_by_pnmer
these CP isomers (data not shown). However, none of theseeXtension of the ‘cleavage product. The results indicated
treatments activated any of the inactive CP isomer (data notthat the cleaving points of CP-7 and CP-9 were between U
shown). — 1/G+ 1 (Figure 5B). Thus, the cleavage sites of the active
Structural Homogeneity of Different CP Isomera two- CP isomers remain unaltered.
dimensional gel electrophoresis analysis was developed to Design of Trans-Clezing Ribozymes The information
examine the structural homogeneity of Rz 1 as well as its obtained from the cis-cleaving CP isomers provides a rational
CP RNAs (described in Materials and Methods). Rz 1 basis for the design of trans-cleaving ribozymes. Four
migrated as two species on the first-dimensional non- bimolecular constructs were made by dividing the cis-
denaturing gel (Figure 4A). The minor species migrated cleaving ribozymes into substrate and enzyme subdomains
slightly slower, while the major species, which represented from permissive locations. In addition, two RNA molecules
~90% of the materials, comigrated with thec3s-cleavage  of each construct associate via base-pairing interactions to
product of Rz 1. The nature of these two species was reconstitute the pseudoknot-like structure of HDV autolytic



Hepatitis Delta Virus Ribozyme

A B
& &
P
PO C N SN o
RASCOR K
R L
éib c55\ ng CA UG OCCCCO
B — =
S - -
-
=
- -
| -
PG @ . - g= -
3
pU>p @ | = =9 - -
C> 2
SAJ:) ' - L
-
pG>p @ - -
ori ‘ ‘ # ‘ ._ -
aC oG oC uG oC uG - -
el
’ -

Ficure 5: The identification of the cleaving point of different CP
isomers of Rz 1. Nearest neighbor analysis of thel@avage
products of CP-3, CP-7, and CP-9 (A) and primer extension of the

3'-cleavage products of CP-7 and CP-9 (B) were conducted as

described in Materials and Methods. RNAs were internally labeled
by [0-32P]CTP @C) or [0-32P]GTP @G). In addition, pC, pG, and
four 32oN>p’s were run in parallel to serve as markers.

domain. The catalytic efficiency of each trans-cleaving
ribozyme was determined.

A ribozyme molecule (RNA 37) that contains thesirand
of H2, the entire H3 and Lp3, the-8trand of H1, J4, and
the B-strand of H4 was constructed (Figure 6A). The
corresponding substrate molecule (RNA 73) has a circularly

permuted composite: it contains the complementary se-

quences for the formation of H1, H2, and H4, the region,
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decreased~5-fold) when the H4 of this trans-cleavage
system was elongated from the 4-bp Rz 1 sequence to the
11-bp RNA 73/RNA 37 sequence (data not shown).

The other three trans-cleavage systems were constructed
by interrupting the sequences of Rz 1 frogp system 03/

30), Lp3 (system 04/40), or Lp4 (system 07/70). For each
system, the substrate contains the cleavage site while the
corresponding ribozyme possesses trans-cleaving activity.
Bimolecular constructs similar to those of systems 03/30 and
07/70 have been made previously (Been et al., 1993; Puttataju
et al., 1993; Branch & Robertson 1991; Wu et al., 1992).

For system 07/70, the formation of the pseudoknot-like
structure requires the base-pairing interactions in H2 and H4.
However, similar to that of system 73/37, the efficiency of
the trans-cleavage reaction of system 07/70 was significantly
affected by the size of H4. The catalytic efficiency could
be enhanced 100-fold when the 4-bp H4 of Rz 1 sequence
was extended by 2 base pairs, and further extension of H4
to 12 bp elevated the catalytic efficiency another 10-fold (data
not shown). A modified version of system 07/70 has the
kealKm Of ~1 x 10° M~1 min~%; nevertheless, the affinity
between the substrate and ribozyme RNAs of this bimolecu-
lar construct was so tight that the ribozyme can hardly turn
over (data not shown).

The reconstitution of the autolytic domain of system 03/
30 relies on the formation of the 7-bp H1. The trans-
cleavage reaction of this system occurred, even though the
kealKm Was estimated to be 26G00-fold lower than that
of system 73/37 [the data was derived from a single-turnover
reaction in which 5 nM of substrate was incubated with 50
nM of ribozyme, and the value d¢./Kn was obtained by
dividing the rate of cleavage that follows the first-order
kinetics by the ribozyme concentration (50 nM)]. The low
efficiency of trans-cleavage of system 03/30 may be due to
the less stable bimolecular complex. However, although the
assay conditions differed, the catalytic efficiency of system

and the residues upstream of cleaving point (Figure 6A). The 33/30 seemed to be lower than that of a similar system

autolytic domain conceivably can be reconstituted by the
formation of H1, H2, and H4. This system 73/37 represents
the division of CP-3 RNA at Lp4 (or the division of CP-7
RNA at J) into two parts, whereas the H4 of RNA 73/
RNA 37 bimolecular construct was extended in comparison
to that of Rz 1 RNA (Figure 1A and 6A). When RNA 37
and RNA 73 were mixed in the presence of WIgRNA 37
catalyzed the cleavage of RNA 78 trans (Figure 6B).
When RNA 37 (2.5 nM) was incubated with excess amount
of RNA 73 (50 or 100 nM), RNA 37 behaved like a true

enzyme since it was capable of multiple rounds of cleavage
(Figure 6C). Steady state rates of cleavage were measure

at several substrate concentrations that were at least 4-fol

greater than ribozyme concentration in the presence of 12

mM Mg?* at 50°C (Figure 6D). AKp, of 58 nM andkc; of
0.66 min* were obtained from these data (Figure 6E). The
second-order rate constark.4Km) was 1.1x 10° M1
min~t, which was within the range 18610° M~* min~? for
the association of oligonucleotides to form the duplex
(Nelson & Tinoco, 1982) and for the binding of substrate
RNAs to the corresponding ribozymes (Fedor & Uhlenbeck,

constructed by Been’s group (1992) in which the substrate
molecule was shorter from thé-&nd. The formation of
complex with alternative conformations and/or the presence
of intramolecular interactions because of the extra residues
associated with the substrate molecule may account for the
lower efficiency of trans-cleavage of system 03/30. The
details of the kinetics of the trans-cleavage reaction have
not been investigated.

In the case of system 04/40, the cleavage of substrate could
be detected when the trans-cleavage reaction was performed
nder conditions of ribozyme excess. Nevertheless, the
atalytic efficiency of system 04/40 was lower than that of
system 03/30 even though the bimolecular complex of the
former contains more base pairs than that of the latter (data
not shown). Thus, the base-pairing interaction energy in H1,
H2, and H3 is not high enough to compensate the alteration
of RNA folding caused by the break of the phosphodiester

bond at the 3end of Lp3.

DISCUSSION

1990; Herschlag & Cech, 1990). Nevertheless, the extended We studied the effects of single breaks of the phosphodi-

H4 in the RNA 73/RNA 37 bimolecular construct seems to
be important for the formation of substrate/ribozyme com-
plex. The catalytic efficiencyk{./Ky) was enhanced 100-
fold (the kea: Was increased~20-fold, and theK, was

ester bond in the interior of a cis-cleaving HDV ribozyme
Rz 1. The wild type termini of Rz 1 were ligated, and 10
locations in this cis-cleaving RNA were selected to be the
new 3-terminus. The autolytic activity of each CP isomer
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Ficure 6: Trans-cleavage of RNA 73 (substrate) catalyzed by RNA 37 (enzyme). (A) The sequence and proposed secondary structure of
a circularly permuted trans-acting ribozyme (RNA 37) and its substrate (RNA 73). The residues of RNA 73 are underlined. H4 of this
bimolecular construct was extended in comparison to that of Rz 1. There is a UC mismatched pair in H4, which was incorporated accidentally.
(B) Cleavage of 5 nM2P-labeled substrate by 10 nM enzyme. The substrate (S) and cleavage produetsd(P3) were separated by
electrophoresis on a 10% polyacrylamige M urea denaturing gel. (C) Cleavage reaction with excess substrate. The reaction mixture
contains 50 or 100 nM of?P-labeled substrate and 2.5 nM of enzyme. Moles of product generated per mole of enzyme ([PJ/[E]) as a
function of time are plotted. RNA 73 and RNA 37 were preannealed for the experiments of B and C. (D) Multiple-turnover kinetics of
cleavage reaction. The cleavage of different concentrations of substrat#q@®M) catalyzed by 2.5 nM of enzyme. The steady state rate

of cleavage Y,, nM/min) was divided by the concentration of enzyme (fER.5 nM), and the value d¥/[E] (with the unit of mir?) is

plotted vs substrate concentration ([S], nM). Data of open circles were derived from the experiments with preannealed substrate and enzyme
(S * E). For the data of closed circle, the two RNA molecules were not preincubatedEp (E) Eadie-Hofstee plot of the data to
generateKn, (slope) andks (Y-intercept),Y = 0.66 — 58X.

was examined to evaluate the effect of single breaks on RNAthe deleterious effect of the ligation of the wild type termini.
folding. The Jy4, J2, and Lp3 regions of HDV ribozyme have
The structural probing and mutational analysis studies havestringent sequence requirements (Wu & Huang, 1992; Kumar
illustrated that HDV ribozymes contain four double-stranded et al., 1992; Kawakami et al., 1993; Wu et al., 1993; Thill
regions (H:-H4). The secondary structure rather than the et al., 1993; Tanner at al., 1994). It has been postulated
sequences of helices H1, H2, and H4 is critical for cis- that some residues of these regions are directly involved in
cleavage. Moreover, two helices (H2 and H3) may stack the cleavage process or Ffgbinding. In addition, certain
coaxially and the framework of HDV ribozymes has a residues may participate in sequence-specific interactions that
pseudoknot-like structure (Perrotta & Been 1991; Been et are critical for maintaining the tertiary structure of catalytic
al., 1992; Kummar et al., 1992; Wu et al., 1992, 1993; Wu core. Results of circular permutation analysis illustrate that
& Huang, 1992). The previous thermodynamic studies have the single breaks at thé-bnd of ;4 (CP-5), the 3end of
indicated that a break in an RNA helix can notably stabilize J4 (CP-6), and the'send of J, (CP-8) completely abolished
the helical structure (Walker et al., 1994). In addition, a cis-cleavage activity. Besides, the single break at the 3
large amount of the single breaks in the helical regions of end of Lp3 (CP-4) prevented a large portion of the RNA
tRNA, RNase P RNA, or the R17 coat protein binding site molecules {-80%) from adopting correct conformation for
did not affect the tertiary structure of each RNA molecule cis-cleavage. Thus, both the integrity of the phosphodiester
(Pan et al., 1991; Pan & Zhong, 1994; Gott et al., 1993). backbone and the identity of the catalytically important
However, in this report, we showed that breaks at the 5 residuesini, Jy,, and Lp3 are critical for the overall folding
strand of H1 were not tolerated and a break in H2 severely and/or the stabilization of HDV ribozyme.
decreased cis-cleavage activity. It is likely that certain  In contrast, the CP isomers that have single breakgdin J
catalytically important residues or functional groups, such and Lp4 cis-cleaved reasonably well despite of the detri-
as the first base pair of H1 of CP-1 and CP-2, and tlie J mental effect of the ligation of the wild type termini. Thus,
region of CP-9 may be misplaced when the helical structure the relocation of the 'Sterminus to either region has a
of H1 or H2 was altered. Alternatively, the stabilization of relatively small effect on the tertiary structure of the HDV
the helical structure of H1 or H2 is not sufficient to overcome autolytic domain. The result is fully agreeable with the three-



Hepatitis Delta Virus Ribozyme

dimensional model of HDV ribozyme proposed by Tanner
et al. (1994) in which both;3 and Lp4 project away from

the catalytic core. Moreover, it is also consistent with the
previous findings that the HDV autolytic domain can be
reconstituted after the cis-cleaving HDV ribozyme was
separated at;d (Been et al., 1992; Puttataju et al., 1993) or
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& Been, 1993) into two subdomains.

Furthermore, we tried to construct trans-cleaving ri-
bozymes by dividing the cis-cleaving RNAs into a substrate
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the corresponding substrate subdomain with varying ef-

ficiency. Thus, the tertiary structure of HDV autolytic

domain could be reconstituted through the base-pairing
interactions in each bimolecular construct, although the

ability of each construct varied.

The ribozyme molecule of a bimolecular construct with
the termini at g, and Lp4 possessed high catalytic efficiently.
The result provides additional evidence that the integrity of
Jizand Lp4 is not essential for the folding of HDV autolytic
domain. The novel trans-acting ribozyme (RNA 37) interacts
with its substrate (RNA 73) that contains circularly permuted
sequences through the formation of H1, H2, and HA4.
Although this bimolecular construct contains more inter-
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