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ABSTRACT. Reversely joined ribozymes (Komatsu et al., 1995) have been proven to be active. Here we
describe the construction of hairpin ribozymes with separated domains, but containing complementary
arms for association of the two domains. Linker nucleotides were inserted between the arms and domains.
These ribozymes were active under the standard conditions (12 mMJMg€pending on the length of

the linker. When the complementary arms were covalently joined through a stable loop, these ribozymes
showed cleavage activities. However, tig value of the stemloop ribozymes was found to be larger

than that of the parent ribozyme, which can adopt

both linear and bent conformations. Kinetic analyses

of these modified hairpin ribozymes suggest a higher turnover of the hairpin ribozyme as compared to
other small ribozymes. The present ribozymes provide insight into the nature of the domain interaction
and are suitable for physicochemical studies on the tertiary structure of the hairpin ribozyme.

Small catalytic RNAs, discovered in various types of
viroid, virusoid, and virus satellite RNAs (Symons, 1992),
are known to act as enzymes for RNA cleavage or ligation
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reactions. The sequences required for the catalytic activities
have been characterized and named hammerhead (Forster
& Symons, 1987) or hairpin (Hampel & Triz, 1989)
depending on their secondary structures. Several ribozymes
have been used to cleave target RNA in cultured cells (Sarver
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et al., 1990; Koizumi et al., 1992; Bratty et al., 1993; domain|
Christoffersen & Marr, 1995). In particular, hairpin ri- b domain Il
bozyme has been used as an effective gene therapeutic agent s GUAUAUUAC 3
. . . N CGUG CUGGUGC
because of its high cleavage activity (Yu et al., 1993; Leavitt GCAC, ., GACCACG,
etal., 1994). The hairpin ribozyme derived from the catalytic e 10 !
center of the negative strand of the satellite RNA of tobacco OpcAA o
ringspot virus (STRSV) is responsible for the cleavage and AAACAG  Gucamacd
ligation reactions of the satellite RNA during replication N CcucA SS]..
(Buzayan et al., 1986; Haseloff & Gerlach, 1989; Feldstein domain |

etal., 1989). This ribozyme contains 50 bases and can cleave
RNA that binds to the ribozyme by base-pairing (Hampel
& Tritz, 1989; Hampel et al., 1990). The cleavage reaction
occurs by an in-line mechanism, requires the presence of form 1
magnesium ions (Van Tol et al., 1990), and yields' &2

cyclic phosphate and'fhydroxyl group. It has been sug-

gested that the hairpin ribozyme cleaves RNA by a different WL
mechanism from that of the hammerhead ribozyme with
respect to the requirement of metal ions (Dahm & Uhlenbeck, *

1991; Chowrira et al., 1993), from the results of phosphoro- form 2

thioate substitution experiments (Buzayan et al., 1988; fgyre1: Sequences of hairpin ribozymes. (a) Postulated secondary
Koizumi & Ohtsuka, 1991; Chowrira & Burke, 1992). The structure of the catalytic domain of the sTobR\J( hairpin
hairpin ribozyme contains four stem regions (helicestlL ribozyme. Domain | consists of helix 1, helix 2, and the internal
and two internal loops in domains | and Il (Figure 1la; loop, and domain Il consists of helix 3, helix 4, and the large internal

. ._loop. (b) Reversely joined ribozyme with a six-adenosine linker.
Hampel et al., 1990; Berzal-Herranz et al., 1993). Essential (c) Schematic drawing of the relative positions of the domains of

bases required for the cleavage activity in the internal 00ps a hairpin ribozyme. Form 1 indicates the active bent form and form
have been identified by an in vitro selection method (Berzal- 2 the inactive extended form. Domain | and domain Il are drawn

Herranz et al., 1992, 1993; Joseph et al., 1993). Pointin black and gray, respectively. Arrows indicate the cleavage sites.

mutations (Sekiguchi et al., 1991; Anderson et al., 1994;
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structure and the required sequences. These experiments
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suggest that unusual base pairs, similar to the one found insynthesis was carried out with an Applied Biosystems DNA/
the hammerhead ribozyme, exist in domain Il. The 2-amino RNA synthesizer (model 394A). All RNAs were synthesized
group of guanosine at theé-8leavage site is essential for with dimethoxytrityl groups at their'sends. Deprotection
the cleavage reaction (Chowrira et al., 1991; Grasby et al., of the bases was performed in ¢. MPH/EtOH (3:1, v/v)
1995), and this feature is unique and is different from other at 55°C for 16 h. The 2TBDMS groups were removed
small catalytic RNAs. There are similar sequences in the by 1.0 M tetrabutylammonium fluoride (TBAF, Aldrich) in
satellite RNAs of chicory yellow mottle virus (SCYMV; THF at 37°C for 18 h (Scaringe et al., 1990), and the
Rubino et al.,, 1990) and arabis mosaic virus (SArMV; reaction was quenched by 5 volumes of 0.1 M triethylam-
Haseloff & Gerlach, 1989), and they also have RNA cleavage monium acetate buffer (pH 7.0). After purification on an
activities (DeYoung et al., 1995); however, they cleave open C-18 column preequilibrated with 50 mM triethylam-
NGUA most effectively, whereas NGUC is cleaved fastest monium bicarbonate (pH 7.5), the dimethoxytrityl group was
by the hairpin ribozyme derived from sTRSV. removed in hydrochloric acid (pH 2) for 15 min at room
The three-dimensional structure of the hammerhead ri- temperature. The reaction was neutralized with c. .QH
bozyme has been demonstrated by X-ray analysis (Pley etand desalted on Sephadex G25. RNAs were purified by
al., 1994; Scott et al., 1995). However, the ternary structure reverse phase and anion exchange column chromatographies,
of the hairpin ribozyme has not been clarified. Since the as described previously (Komatsu et al., 1993), using
internal loop that is distantly located from the cleavage site u-Bondasphere (C-18), 3.9 mm i.d. x 150 mm (Waters), and
is also essential, a multifolded structure may be the active TSK gel DEAE-2SW, 4.6 mm i.d. x 250 mm (Tosoh),
conformation for the cleavage activity. Linker insertion columns, respectively. Substrate RNAs werelabeled
experiments suggested that the active conformation containsaccording to the previous report (Sekiguchi et al., 1991).
a bent form (Feldstein & Bruening, 1993; Komatsu et al., Cleavage Reactions of Ribozymes with Separated Do-
1994). We have also shown that a new hairpin ribozyme, mains. The ribozyme solutions contained equivalent moles
in which two domains were replaced, was still active of domain | and domain Il. The ribozyme (M) and the
(Komatsu et al., 1995). From these results, it is clear that substrate solutions (40 nM) were dissolved separately in the
the domair-domain interaction leads to the cleavage reac- cleavage buffer (40 mM Tris-HCI, 12 mM Mggland 2
tion, and a bent form is essential for the RNA cleavage mM spermidine-3HCI). The ribozyme (30L) and the
activity. Recently, Burke and co-workers showed that the substrate solutions were heated at € for 2 min and
completely separated domains of the hairpin ribozyme were immediately transferred to an ice bath, and aliquots were
active under high ribozyme and magnesium concentrationspreincubated separately at 3Z for 7 min. After the
(Butcher et al., 1995). Their results support the idea that a preincubation, an equal volume of the ribozyme was added
bend exists in the catalytic topology of the hairpin ribozyme. to the substrate solution to start the reaction. The reaction
Since the active conformation of the ribozyme presumably mixture was incubated at 3Z, and aliquots were taken at
requires an unknown doma#tlomain interaction, it may be  time intervals and added to loading solution containing 8 M
difficult for the completely separated domains to maintain urea and 50 mM EDTA to stop the cleavage reaction. The
the associated form in low magnesium concentrations. percentages of the cleavage were determined by a Bioim-
A ribozyme with two separately engineered domains aging analyzer (FUJIX BAS2000). Half-lives for substrate
connected by six adenylate linkers was more active than thatcleavage t,;) were determined from a least squares fit of
with cytidylates (Figure 1b, Komatsu et al., 1995). In this the data points on a plot of the logarithm of the percentage
reversely joined ribozyme, the active bent conformation is of the remaining substrate versus time. Cleavage rate
maintained only by the internal losgoop interaction. There  constants were obtained from the relationskig= 0.693/
may be an alternative, inactive conformer, in which the t,.
relative position of two domains is extended. Therefore, it Cleavage Reactions with the Hairpin Ribozymes Contain-
is thought that there is an equilibrium between the bent anding a Stable Loop. The ribozyme strands of the three
the extended conformations in the rejoined ribozyme (Figure complexes and the substrate were dissolved separately in the
1c). This inactive conformation would disrupt a structure cleavage buffer, and were denatured by heating &6for
analysis by nuclear magnetic resonance (NM®&) X-ray 2 min, followed by cooling in an ice bath. After the
methods. In this paper, we describe separated hairpinribozyme and substrate solutions were preincubated sepa-
ribozymes with complementary arms that assist to form the rately at 37°C for 7 min, an equal volume of ribozyme
active bent conformation (Figure 2a). We also prepared solution was added to the substrate solution, and the reaction
joined ribozymes with a stable hairpin loop. The activities was started in a final volume of 2@L, containing 5-50
of these ribozymes were compared with that of the parent nM ribozyme strands and 0.624.5uM substrate. From the
reversely joined ribozyme. The ribozymes designed here cleavage products, the initial velocities were calculated over
suggest a possible mechanism of higher turnover numbersa time range that was within a specified rangel(%
of the hairpin ribozyme as compared to the hammerheadcleavage), and the kinetic parameters were obtained from
ribozyme. These stabilized ribozymes seem to be suitableHanes-Woolf plots. The first-order rate constankg were
for X-ray or NMR analyses of the tertiary structure of hairpin determined using 20 nMfnd-labeled substrate treated with
ribozymes. various concentrations of ribozyme strands to saturate the

MATERIALS AND METHODS substrate at 37C.

. ) . Gel Mobility Shift Assay.The ribozyme strands of the
RNA SynthesisAll RNAs were synthesized using phos-  {hree complexes and the substrate (SdA, 40 nM) were

phoroamidite units purchased from GLEN Research. The jissolved separately in cleavage buffer containing 3%
1 Abbreviations: S and R, substrate and ribozyme, respectively; glycerol. After the nb.ozyme. and S.UbStrate solutions were

NMR, nuclear magnetic resonance; TBDMSit-butyldimethysilyl; heated at 90C for 2 min and immediately transferred to an

TBAF, tetrabutylammonium fluoride. ice bath, each solution was incubated at@7or 7 min, an
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equal volume of ribozyme solution was mixed with the a R(m-n)/S1 complexes R(m-n) m n
substrate, and then the mixture was incubated &C3ih a domain I ~RO0) 0 0
final volume of 10uL. Thirteen concentrations of the . omain R(0-2) O 2
ribozyme strands were studied from 5 nM to 500 nM. After n=0,2,4, S ceua® PR e Uy RQO-4) 0 4
an hour of incubation, the gel mobility shift assay was . (RYRmeeAC, cannca B¢ 6° R 2 2
performed using a 10% [acrylamide: bis(acrylamide) ratio gevaece R(2-4) 2 4
of 29:1] native polyacrylamide gel in 40 mM Trscetate helbeS A 221:2; 4 o
(pH 7.5) and 12 mM magnesium acetate buffer at room 5 CGACGGG R(4-4) 4 4
temperature. The percentages of complex formation were (A)m—aaacac o™ guca? gggjg; b
measured by a BAS 2000 (FUJIFIX). The dissociation L1 7"%cyea AU R(6-4) 6 4
constantsKy) were calculated from the plots of the percent- m=0,2,46 domaiﬁl s1 -

age of the complex versus the ribozyme concentration, using
the equatiorKy = [ribozyme; total at midpoint} Y,[SdA;
total] (Pyle et al., 1990).

The conformational analysis of the three stelmop

. . R(6x-n)/S1 complexes
ribozyme complexes was performed by a similar procedure

as that used for thdy measurement. The uncleavable L domain II
substrate analog (SdA) was combined with the ribozyme n=0,2,4, S caue A e Ty
strands. The aliquots contained 20 nM SdA and:Nl ' (RIn=GCAC, aanca 2 C
ribozyme strands in the cleavage buffer (40 mM Tris-HCI, ¥ ecveeee

12 mM MgCk, and 2 mM spermidine-3HCI; 16L). After 5 (&) 6—anncac”®™ cyca s
the solution was incubated for 1 h, 30% glycerol was added Ly QUUUSUC ., CAGU

to achieve a final 6% glycerol concentration. The complex 3 A g1
formation was analyzed using an 8% (acrylamide:bis- domain |

(acrylamide) ratio of 29:1] nondenaturing polyacrylamide gel Ficure 2: Separated domain hairpin ribozymes. (ajnR)/S1

in 40 mM Tris—acetate (pH 7.5) and 12 mM magnesium complexes. Ribozymes contain both the substrate binding region
acetate buffer at 4C. and domain Il. Domain | and domain Il involve Lin{ and L2 §)

linkers, respectively, and R(— n) indicate ribozyme complexes

RESULTS AND DISCUSSION (m =0,2,4,6n=0, 2, 4). (b) Control molecules; RXG‘I"I)/S].
complexes lack the hybridizing arms of domain I. Solid lines and

Divided Hairpin Ribozymes with Complementary Arms. dotted lines show covalent and hydrogen bonds, respectively.

Divided hairpin ribozymes with complementary arms (helix
. K I R(m-0) R(m-2) R(m-4) R(6x-n)
5) and adenylate linkers were constructed as shown in Figure L1 L1 L L
2a. In these ribozymes, the two domains are separated, buty;, 572 4 6 o 2 4 6 0 2 4 6 0 2 4 Si-ES
they are able to associate by the complementary base-pairing
arm that can play a role as an anchor for the noncovalent
interaction of the two domains to maintain an active, bent
form (form 1, Figure 1c). The adenosine linkers (I =
0—6; L2, n = 0—4) were inserted between the two domains
and the base-pairing arms. Twelve complexes were con-
structed by combinations of domain | and domain Il (Figure
2). These ribozymes are named R{tl12), in which L1 or
L2 refers to the number of adenylate residues in the linker. - - - - & < products
Separated domains without a complementary strand{R (6
n), Figure 2b] were prepared as control molecules. Since Figure 3: Autoradiogram of 20% denaturing polyacrylamide gel
the binding of the two domains is essential to evaluate the analysis of the reactions with separated domain ribozymes. The
effect of the linker lengths on the cleavage activities, the number of linkers (L1 or L2) is indicated at the top of the gel. 6
cleavage reactions were carried out under single-turnover! the L1 row indicates domain | without hybridizing arms. ES0 is
o . a wild-type hairpin ribozyme (Figure l1a). The-énd-labeled

conditions, and the first-order rate constan_ts were calculatedg peirates (20 nM) were treated with the ribozyme R{L2) (810
(Ruffner & Uhlenbeck, 1990). The analysis of the cleavage nm) for 20 min and E50 (20 nM) for 10 min at 3.
reactions indicated that the complexes, except for-R{0
(without either L1 or L2 linker), had cleavage activities These results suggest that the length of L1 influences the
(Figure 3). Psuedo-first-order rate constants were deter-cleavage activity more than that of L2. However, the lack
mined, and are shown in Figure 4. The values are shown inof L2 seemed to be disadvantageous for the cleavage. These
Table 1 together with the results of the control molecules. differences in the contributions of L1 and L2 in the cleavage
The rates of the cleavage reactions became higher as eitheactivities might be derived from their conformations. Al-
the L1 or the L2 linker length increased, and particularly though the above result suggests that the duplex formation
seemed to depend on the length of L1. Although -RZ% of helix 5 is responsible for the cleavage activity, the control
and R(4-4) had about 80-fold higher activities as compared molecules shown in Figure 2b also were tested for their
to those for R(6-2) and R(G-4), respectively, R(24) and cleavage abilities. As shown in Table 1, the molecules
R(4—4) showed 10-fold activity over R{20) and R(4-0). without the hybridization arm [R¢—n), n = 0, 2, or 4]
When the number of bases in L1 was changed from 4 to 6, revealed little cleavage activity under the standard conditions.
the cleavage activities increased about 2-fold. The ribozymesR(6—2) and R(6-4) had about 300 times higher activity than
with the same L1 linkers [R(62) and R(6-4), R(4-2) and R(6X—2) and R(&X—4). These results confirmed that the
R(4-4), R(2-2) and R(2-4)] had almost the same activities. high cleavage activities of Rt-—n) (m= 2, 4, 6;n = 2, 4)

-— G O E — - . - - asas — <XS1
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~ 10 complex 1 Rzy domain |l
R 5 GUAUAUUAC ,
GCGUG CUGGUGC 3
80 =x CGCAC GACCACG §'
: ACAA%GA 1
- 6.0 RA6 (A)6
§ 30 AGAA 40
- 40 5 AAACAG GUCAAA3'
d UuuGuC CAGU _,
= 3 CUGA s
2.0 S2
domain |
[ o
6_-JEQ:'7 2
420 0 8 complex2 ,, domainll
m 5 GUAUAUUAC !
i GCGUG CUGGUGC 3
FicurRe 4: Cleavage rate constants versus L1 and L2 linker lengths. (R)GCGCAC o CACCACES'
R(n—0), white bars; R{—2), gray bars; R{—4), black barsif = "R§°'5) 10
0, 2, 4, 6). g
A CCGG 4 AA 50
AAGGCCAAACAG GUCAAA 3'
Table 1: Cleavage Rate Constarisq 10? min~1) of Hairpin JUUGUC oa CACUs:
Ribozymes with Separated Domains A s2
L1, m= domain |
L2, n= 0 2 4 6 & domain Il
2 ooss 033 50 95 00 ORI D
. . . . . G
4 0.088 0.95 6.2 9.5 0.038 A Gace CacampeA o ot°
A 30
aThe lettersm and n indicate the number of adenine bases of the HR(6-0)
L1 and L2 linkers, respectively. Substrates (20 nM) were treated with 0 AGAA 50 '
810 nM ribozyme strands at 3Z in the presence of 12 mN Mgl (A)Sf}f}gggg Agggg‘:‘a
A s2
domain |

resulted from the formation of helix 5. Recently, it was Ficure5: Secondary structures of the stemmed hairpin ribozyme
shown that the cleavage reaction occurred even in completerS_ltJ)bstrate C%r]ngil)?;%se.nﬁgrﬂgll(ezgrslaggntﬁi:tsgfSra brset\r/aetresegoj;]cq)ig}gg
i i irpi i rnoozyme wi .

?gﬁirﬁéfdetdgrallgzs(;f tuf)v\\;\gl\?e:y?f?e ()rl;ggli;pr:r; \r,:,z(r);y;neer- 2 consists of HR(66), R21, and S2. Complex 3 consists of HR-

: " . ! . (6—0), R21, and S2. Arrows and solid lines indicate the cleavage
formed with high magnesium ion concentrations. The sjtes and the covalent bonds, respectively.
ribozymes with separated domains presented here show
cleavage activities even under the standard buffer conditionstaple 2: Kinetic and Binding Parameters for Complexes1

(12 mM MgCL), because the association of the two domains (Figure 5)

was _aided by the hybridizing arms of the two domains. complex1  complex 2 complex 3
Prewo_usly, we showed that Ionger. linkers between .th.e two Koot (min 1) 27x102 ND 35x 102
domains were re_qwred for the high cleavage activity of _ (nm) 22 ND 150
reversely joined ribozymes (Komatsu et al., 1995). In the kea/Km (min~nM~%)  2.1x 10 ND 0.23x 1073
present experiments, linear linkers with the same lengths ki (min™) 12x107? 0.077x 1072  24x107?

were not equal in their abilities to stimulate the cleavage. Ka(n 95 8.0 10

This showed that not only the linker length but also the
position is important for the bent conformation fixed by the (Figure 5). When helix 5 was coaxial with either helix 1 or
helix. These linkers seem to extend in the same direction helix 4, the cleavage activities were decreased in a range
as the helix. When the length of L2 is longer than L1, for the Rfn—0) or R(0—n) ribozymes, and the reason for
domain Il is distant from both helix 5 and domain I. The the inhibition was unclear. To investigate the differences
interaction between domain | and domain Il then seems to of the cleavage activities caused by the differences in the
be disturbed. On the other hand, if the length of L1 is longer, position of the inserted linker, two ribozymes with six
domain | is close to domain Il, with a favorable interaction. adenosine linkers at L2 (complex 2) or L1 (complex 3) were
However, L2 must exist for efficient cleavage. If there was prepared. These ribozymes formed complexes with substrate
no L2 linker in domain I, helix 4 and helix 5 would become  S2 (lacking the 3end cytidine of S1). The activities of these
coaxial in the two-domain complex. These conformations ribozymes were compared with that of complex 1, which
should be stable from the point of the base-stacking effect. had a linear linker instead of helix 5. The cleavage reactions
However, these coaxial conformations might be unfavorable were performed at 37C under multiple turnover conditions
for the domain-domain interaction, because there is no for measurement of the kinetic parameters (Table 2).
structural relaxation between the two domains to allow Complex 3, which had only the L1 linker, showed almost
domain | to approach domain II. the samek.,: value with complex 1, although thk, of
Two Hairpin Ribozymes Containing a Stable Loojn complex 3 was 7-fold larger than that of complex 1.
the ribozymes R{—n) examined above, the two domains Complex 2, with the L2 linker, did not work catalytically,
are associated by only seven base pairs in helix 5, and theand kinetic parameters were not obtained. In the active
number of base pairs seems too low for the enzyme to turnribozyme (complex 3), it is likely that the substrate binding
over efficiently at 37°C. For further stabilization of the  region of domain | (A38-A53) approached domain Il and
bent conformation, ribozymes with a stable hairpin loop interfered with the binding to the substrate, because of the
(Heus & Pardi, 1991) introduced at helix 5 were constructed presence of the bent conformation aided by helix 5. To
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investigate the cleavage abilities of these complexes, a
labeled substrate was treated with excess amounts of the
ribozyme to saturation concentrations, and the first-order rate
constantsK) were obtained. The values kj for complex

1 and complex 3 were almost the same as khg and
complex 2 showed weak activity (Table 2). The two
domains of complex 3 interact with each other more easily,

due to the bent conformation, and the cleavage step seemed

to be stimulated. The inactivity of complex 2 is consistent
with the results obtained in the reaction of the separate
domain ribozyme [R—n)], and this confirms that the L1

linker in these ribozymes influenced the cleavage activity
more than L2, even though the length of the linkers inserted

between the two domains is the same in the cases of complex

Biochemistry, Vol. 35, No. 30, 199®819

3 4 5 6 7 8

< complex 2

S = <€ complex 3

< complex 1

<« SdA

2 and complex 3. These results also suggest that the coaxial

orientation of helix 5 with helix 1 is responsible for the
inactivity of the ribozyme, but that of helix 5 with helix 4 is
not. Another reason for the inactivity of complex 2 may be
derived from the basebase interactions of the adenosine
linker with the substrate binding region in complex 2 (A38
A53), which might inhibit substrate binding to the ribozyme.
To investigate whether the ribozyme strands of the three
complexes bind to the substrate RNA, a gel shift analysis
was performed. An uncleaved substrate (SAAJGACU-
AGUCCUGUUU3), in which 5A was replaced with deoxy-
adenosine, was synthesized|dbeled, and mixed with the
ribozyme strands at concentrations from 10 nM to 500 nM,

in the presence of magnesium ions. It was proven that the .
three ribozymes formed complexes with the substrate analog LI

under the conditions of the gel shift analysis, and ke

values for these complexes were obtained (Table 2). Since
theKq values for the three complexes were almost the same,

the formation of complex 2 was also confirmed. This result
indicates other possibilities for the inactivity of complex 2.

This difference in the activities between complex 2 and
complex 3 may result from a difference in the conformations

FIGURE 6: Autoradiogram of nondenaturing gel analysis. Complex
formation was assayed by combining theBd-labeled, uncleavable
substrate analog SdA with ribozyme fragments [R21, RA6, HR-
(0—6), HR(6-0), RA6—R21, HR(G-6)—R21, or HR(6-0)—R21]

as described previously (Chowria & Burke, 1992; Komatsu et al.,
1994). Lane 1, SdA; lane 2, SdAR21; lane 3, SHARAG; lane 4,
SdA—HR(0—6); lane 5, SAA-HR(6—0); lane 6, complex 1; lane
7, complex 2; lane 8, complex 3.

a domain Il

helix 4

domain I

helix 4 helix 3 helix 3

helix 5 ™
helix 5

helix 1 helix 2
domain |

helix 1 helix 2
domain |

Ficure 7: lllustration of the predicted conformations of the bent
hairpin ribozyme. Conformation of the bent hairpin ribozyme with
longer L1 linker (a) and with longer L2 linker (b). Conformation
a is inactive by mismatching of the two domains. In conformation
b, the two domains are located in favorable positions.

between the two complexes, as discussed in the case of thés linked with the smaller domain | (complex 3), the two

separated domain ribozymes [R{n), Figure 2].
Conformational Analysis of the Hairpin Ribozyme by
Insertion of a Single Linker Native gel electrophoresis was
carried out to compare the conformations of both complex
2 and complex 3, which were different in the linker position.
The complex formations were analyzed by using theril-

labeled substrate (SdA) and each ribozyme strand [R21, RAG,

HR(6—0), or HR(0-6)]. The substrate analog did not bind
with R21 (the 5 side fragment of the ribozyme) (lane 2,
Figure 6). However, the'aide fragments [HR(06), HR-
(6—0), or RAB] of the ribozymes were able to bind to SdA,
because thesé€-8ide fragments have the substrate binding

domains seem to interact easily, as shown in Figure 7b, which
shows the similar relative relationship of the two domains
in the wild-type hairpin ribozyme, because helix 2 and helix
3 are covalently connected (Figure 1a).

Genomic and antigenomic strands of the hepatitis delta
virus can cleave RNAs catalytically, and have been suggested
to have pseudoknot-like structures (Perrota & Been, 1991).
These ribozymes have four stems and exhibit a complicated
folding. A stem (stem IV) and a loop of the hepatitis delta
virus ribozymes seem to play a similar role as the helix 5 of
the bent ribozyme used here (Figure 5), because both-stem
loops seem to stabilize the folding structure of the two

region (lane 3, lane 4, and lane 5). Three complexes weredomains. It is possible that these multiply folded structures

found to be formed by combining SdA with the ribozyme
strands. Complex 1, with the smallest molecular weight,

are not favorable for the turnover reaction of the substrate.
On the other hand, the wild type and the reversely joined

moved fastest in the gel. However, complex 2 was retardedribozyme may have advantages in binding to substrates, due
more than complex 3, which has the same molecular weightto the equilibrium between the bent and linear forms. The

as complex 2. This difference in the mobility suggested a
difference in their conformations. Since similar differences
in migrations were also detected in SAA mixed with the 3
side ribozyme fragment, the conformations of the S&A
side ribozyme fragments [HR{&B) or HR(6-0)] were

linear form may be favorable for binding with the substrate,
because the binding cannot be inhibited. Then the complex
forms a bent conformation by a loefioop interaction.
These conformational changes may enable the wild-type
ribozyme to have efficient turnover. The turnover ability

proposed to be different from each other. Complex 3 may of the stemmed ribozymes was found to be low, but the
adopt a more compact conformation than complex 2. If the chemical step of cleavage seemed to be high, due to fixed
linker (A6) is inserted at the side of domain Il as in the case active conformations. These results suggest that the internal
of complex 2 in Figure 5, the two domains may be distant loop—loop interaction required for the cleavage was con-
from each other (Figure 7a). However, if the hexa-adenylate served in the present stemmed ribozymes, and these com-
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plexes may be suitable for NMR or X-ray structural analysis Butcher, S. E., Heckman, J. E., & Burke, J. M. (1996)Biol.

tor lve the | I interaction. Chem. 27029648-29651.

0 resolve Ihe looploop Interactio Buzayan, J. M., Gerlach, W. L., & Bruening, G. (1988ature
323 349-353.

CONCLUSION Buzayan, J. M., Feldstein, P. A., Bruening, G., & Eckstein, F. (1988)

Biochem. Biophys. Res. Commun. 1360-347.

We have constructed ribozymes with two domains re- Chzosvgg_‘""éBEZOM" & Burke, J. M. (1992Nucleic Acids Res. 20

placed (reversely joined ribozymes) and have proved that Chowrira, B. M., Berzal-Herranz, A., & Burke, J. M. (1994}ture
these ribozymes were still active (Komatsu et al., 1995). In  354,320-322.

this report, we modified the reversely joined ribozymes by Ché)i\ggr%m?s'tr;\,ﬂ .ézl?igrézsa_l-ll—é%ganz, A, & Burke, J. M. (1993)-

separating the domains at the linker region, but combined cpyistoffersen, R. E., & Marr, J. J. (1995)Med. Chem38, 2023
them by linking the complementary arms as an anchor. 2037.

These ribozymes had cleavage activities at low magnesiumbPahm, S. C., & Uhlenbeck, O. C. (199B)Jochemistry 309464
ion c_oncentratlons, by the as§ocw_;1t|on of the two domains in DeYourig, M. B., Siwkowski, A. M., Lian, Y., & Hampel, A. (1995)
solution. Although the domain without the complementary  Bjochemistry 3415785-15791.

anchor regions showed weak cleavage activity, the cleavagedos Santos, D. V., Fourrey, J. L., & Favre, A. (199Bagchem.

ity i i ; Biophys. Res. Commun. 1987 7—-385.
activity increased by the addltlo.n .Of the anchor reg'o.”' dos Santos, D. V., Vianna, A.-L., Fourrey, J.-L., Favre, A. (1993b)
probably due to an easier association of the two domains nycleic Acids Res. 2201-207.

(Figure 2). When adenosine linkers were inserted betweenFeldstein, P. A., & Bruening, G. (1993 ucleic Acids Res. 21

the anchor region and the catalytic domains, the cleavage  1991-1998.

activities increased, depending on the number of linker bases.FEIS%S_teGT’ P. A, Buzayan, J. M., & Bruening, G. (19&%)ne 82

These ribozymes (Figure 2) seemed to always maintain theforster, A. C., & Symons, R. H. (198Dell 49, 211-220.
bent conformation, which may not be advantageous for the Grasby, J. A., Mersmann, K., Singh, M., & Gait, M. J. (1995)

FH ; Biochemistry344068-4076.
binding of a substrate strand. The ribozyme complexes Hampel, A.. & Triz, R. (1989)Biochemistry 284929-4933.

containing a stemloop (complexes 2 and 3, Figure 5) were  ampel. A., Triz, R., Hicks, M., & Cruz, P. (1990ucleic Acids
tested for their cleavage activities under multiple turnover  Res. 18299-304.

conditions. Complex 3 was found to be active, in contrast HaSG«"O':f: i-: é;f‘ (ge”j‘_dk \’(\/1-9'-9-1%989:;9“295% ;13_15924
. . : eus, H. A., & Pardi, A. cience ~194.
to complex 2, and it was shown by native gel analysis that Joseph, S., Berzal-Herranz, A., Chowrira, B. M., Butcher, S. E., &

the conformations of these complexes were different from  Burke, J. M. (1993)Genes De. 7, 130-138.
each other. These results suggest that the relative locationg<oizumi, M., & Ohtsuka, E. (1991Biochemistry 305145-5150.

of the two domains should be similar to the wild type. Koizsu4mi, M., Kamiya, H., & Ohtsuka, E. (199Z3ene 117179~

In conclusion, the present results indicate that the bent Komatsu, Y., Koizumi, M., Sekiguchi, A., & Ohtsuka, E. (1993)
formation is essential during the cleavage reaction, but Nucleic Acids Res. 21185 190.
con g g ’ Komatsu, Y., Koizumi, M., Nakamura, H., & Ohtsuka, E. (1994)

may be not favorable for the binding and release of substrates J. Am. Chem. Soc. 118692-3696.
and products. From these experiments, a hypotheticalkomatsu, Y., Kanzaki, I., Koizumi, M., & Ohtsuka, E. (1993)

; ; Mol. Biol. 252,296—-304.
mechanism for a higher turnover number of the natural Leavit, M. C.. Yu, M., Yamada, O., Kraus, G., Looney, D.,

hairpin ribozyme may be derived. The wild-type hairpin Poeschla, E., & Wong-Staal, F. (1998um. Gene Ther. 5
ribozyme is able to bind to a substrate in the linear form, 1115-1120.

ins i i Perrota, A. T., & Been, M. D. (1991Nature 350 434—436.
and then the two d_omams interact by transforming to a bent Pley, H. W.. Flaherty. K. M. &(Mckg, D. B. (109Ayature 372
structure for catalytic cleavage. For the release of the cleaved gg 74
products, the molecule may again change its conformation. pyle, A. M., McSwiggen, J. A., & Cech, T. R. (199P)oc. Natl.
- o . ) . Acad. Sci. U.S.A87, 81878191.
The modified hairpin ribozymes described in this paper Rubino, L., Tousignant, M. E., Steger, G., & Kaper, J. M. (1990)
are rather rigid to react as an enzyme, but are useful for J. Gen.Virol. 71 1897-1903.

structural studies of looploop interactions in RNA and for ~ Ruffner, D. E., & Uhlenbeck, O. (1990)lucleic Acids Res. 18

X . 6025-6029.
the design of new ribozymes. Sarver, N., Cantin, E. M., Chang, P. S., Zaia, J. A., Ladne, P. A,
Stephens, D. A., & Rossi, J. J. (1998gience 24,71222-1225.
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