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Functional Domain-Assembly in Hairpin Ribozymes1
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Functional structures of hairpin ribozymes have been investigated by constructing vari-
ous chemically modified molecules. Domain-exchange and linker insertion experiments
were performed to find active conformations of the RNA enzyme showing cleavage
activity. Our experiments and other evidence suggest that the active structure has a
bent conformation, and that domain-interactions are essential for the cleavage activity.
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Small catalytic RNAs, discovered in various types of viroid,
virusoid, and virus satellite RNAs (2), are known to act as
enzymes with RNA cleavage or ligation activities. The se-
quences required for the catalytic activities have been char-
acterized and named hammerhead (2) or hairpin (3) de-
pending on their secondary structures. Several ribozymes
have been used to cleave target RNA in cultured cells (4-7).
hi particular, hairpin ribozymes have been used as effective
gene therapeutic agents because of their high cleavage ac-
tivity (8).

The hairpin ribozyme derived from the catalytic center of
the negative strand of the satellite RNA of tobacco ring
spot virus (sTRSV) is responsible for the cleavage and liga-
tion reactions of the satellite RNA during replication (9,
20). This ribozyme contains fifty bases and can cleave RNA
that binds to the ribozyme by base pairing (2, 11). The
cleavage reaction occurs by an in-line mechanism, requires
the presence of magnesium ions (12), and yields a 2f,3'-
cyclic phosphate and 5'-hydroxyl group. The hairpin ribo-
zyme contains four stem regions (helices 1—4) and two
internal loops (loop A and loop B) in domains I and II (Fig.
la) (11,13). Essential bases required for the cleavage activ-
ity in the internal loops have been identified by an in vitro
selection method (13-15). Point mutations (16-18), chemi-
cal modification (19), and UV cross-Unking analyses (20-
22) of the ribozyme have provided further information
about the secondary structure and the required sequencea
These experiments suggest that unusual base pairs, simi-
lar to the one found in the hammerhead ribozyme, exist in
domain II. The 2-amino group of guanosine at the 3'-cleav-
age site is essential for the cleavage reaction (18, 23); this
feature is unique, and is different from other small cata-
lytic RNAs. Sequence requirements in loop A were investi-
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gated by mutational experiments, and base triplets follow-
ing the 3'-cleavage site show diversity to some of extent (24,
25).

Although the reaction proceeds similarly to the hammer-
head ribozyme, a phosphorothioate substitution in the
cleavage site of the hairpin ribozyme does not affect the
cleavage activity (26), in contrast to the hammerhead ribo-
zyme (12, 27). It has been shown that cobalt hexamine,
which is an exchange-inert metal complex, can also induce
cleavage activity, as in the case of magnesium ions (28-30).
These results indicate that the metal ion required for cleav-
age does not bind directly to the phosphate oxygens, but
rather functions in outersphere binding to the ribozyme
and as a structural factor for maintaining the active confor-
mation of the ribozyme. It was also reported that hairpin
ribozyme cleavage is affected by aminoglycoside antibiotics
and polyamines (32).

The three dimensional structure of the hammerhead
ribozyme has been demonstrated by X-ray analysis (32,33).
However, the ternary structure of the hairpin ribozyme has
not been clarified. The structures of loop A (34) and loop B
(35) have been analyzed independently by nuclear mag-
netic resonance. These data demonstrate the presence of
non-canonical base pairs in both loops. Sheared G—A base
pairs have been found to exist in both domains. A uracil
next to the cleavage site on the 3' side adopts a flexible con-
formation in loop A In loop B, seven non-canonical base
pairs are present.

Since the internal loop located apart from the cleavage
site is also essential, a multi-folded structure may be the
active conformation for cleavage activity. Linker insertion
experiments suggested that the active conformation con-
tains a bent form from (36, 37). Recently, domain docking
has been supported by crosshnking (38) and fluorescence
resonance energy transfer (FRET) experiments (39-41). hi
this review, various types of hairpin ribozymes, obtained
during our efforts to investigate the topology of the do-
mains, are described. We have proven that a bent confor-
mation of the hairpin ribozyme is an active conformation.

Jl and J3 modification
We have investigated the structure-function relationship

of the hairpin ribozyme by modifying the primary structure
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at four junctions (Jl, J2, J3, and J4) (Fig. lb). First, we
divided the hairpin ribozyme-substrate complex into three
fragments by cleavage at the hairpin junction (J3). The
ribozyme divided at J3 retains cleavage activity (16).
Although division at the hairpin loop decreases the cleav-
age activity somewhat, the cleavage activity of the J3-
divided hairpin ribozyme is rescued by extending helix 4
(42). In (-)sTobRV, junction 1 (Jl) is covalently connected to
121 extra sequences. In order to probe the flexibility at J l ,
complexes were constructed by joining a substrate to the
shortest strand of the three ribozyme fragments (Fig. 2b),
using multiple units of 1,3-propandiol phosphate at the
junction (37). Active conformations were obtained by
increasing the number of non-nucleotidic linkers. Com-
plexes without a linker, which are supposed to adopt an
extended form as shown in Fig. 2a, did not show cleavage
activity. Complexes with 1 or 2 linker units also showed no
cleavage activity. Significant cleavage was observed in the
molecule with three linker units, and the activity increased
with linkers in molecules bearing 4 and 5 linkers. Com-
plexes with 7,10, and 13 linkers showed cleavage rates 3.6,
7.3, and 8.7-fold higher than that the complex with 5 link-
ers. Complexes with 10 and 13 propandiol linkers showed
near maximal activities. These results suggest that extra
space at J l is required to form an active ribozyme struc-
ture, and a bent structure in the hairpin ribozymes caused
by the extra space was proposed. We constructed a model of

the bent complex by joining junctions with 13 linkers. The
same result was obtained by Feldstein and Bruening (36).
We further improved J l by introducing a new helix (helix
5) to confirm the flexibility at J l (Fig. 2c). An extra se-
quence was introduced at the 3'-end of the hairpin ribo-
zyme to increase the binding to substrate RNA as com-
pared to the wild type hairpin ribozyme (43). A three way
junction (TWJ) was formed between the newly designed
ribozyme and the substrate RNA The complex with a solid
TWJ showed less RNA cleavage activity than the wild type
hairpin ribozyme. However, the ribozyme with a TWJ com-
prising five unpaired bases or propandiol phosphate linkers
had higher cleavage activity than the parent ribozyme
without a TWJ. When a cis-cleavage system, in which the
5'-end of the substrate RNA is conjugated to the 3'-end of
the ribozyme, was employed, the complex with the TWJ
containing unpaired bases was also cleaved faster than the
complex with the solid TWJ. This suggests that these differ-
ences in the cleavage activities are derived from the confor-
mation, and this was proven by non-denaturing gel
electrophoresis. The interaction between domains I and II
might be poor in the complex with the solid TWJ, because
the three helices at the junction are equally extended. On
the other hand, a domain-domain interaction might occur
in TWJ containing unpaired bases, since the structural
stress originating in the TWJ of these complexes might be
released by the unpaired adenine or the propandiol phos-

domain II
helix 4 loop A helix 3
rj GUAUAUUAC A 3 '

„ GUG CUQGU
u • • • • • • •

CAC QACC—1
O A C A A A Q A I

3 ' C

helix 1

1
AAACAG
UUUGUC

10
AGAA J

CAGUS,
CUGA

*' i 1 helix 2

Fig. 1. Secondary structures of nnmain n . . .
hairpin ribozymes. a) A wild a UOmam II b domain II
type hairpin ribozyme (E50) and a helix 4 lOOD A helix 3 helix 4 helix 3
substrate (SI). Domain I involves
helix 1, helix 2, and an internal "GUG C U G G U " ~ I J 3
loop A; and domain n, helix 3, he-
lix 4, loop B, and a hairpin loop
(GUU). b) Modified hairpin ri-
bozymes constructed for studies of
structure-function relationships.
The covalent bonds of J l and J4
do not exist in the natural hairpin
ribozyme while bond J2conju- " — , h e | i x 2 helix 1 " T helix 2
gates the two domains in the wild
type ribozyme. J2 can be sepa- •»»»#)# *« | |
rated when J l is connected. When domain I domain I
domain I and domain II are con-
nected by J4, the two domains are aligned in a reverse joined ribozyme. Cleavage occurs depending on the linker length at J l and J4. Arrows
indicate cleavage sites. Substrates are shown by gray letters.

QUAUAUUAC A
--GUG CTJGGU

• • • •
GACCA-;

A C A A A Q A
10

1 AGAA
AAACAG OUCA

CAGU-
CUGA

loop B loop A

inactive
helix 5

L : -(CHgQkCHaPCh)- kcat/KmL : -(CHgCHaCHaPOQ-

n = 0-3 inactive n=0 less active 1.8
n =5,7,10,13 active n=2 less active 1.9

n=5 active 7.2

Fig. 2. Schematic drawing of modified hairpin ribozymes. a) Extended form of the ribozyme to which J l is covalently connected without
a linker, b) Bent form of the ribozyme. J l is joined through propandiol phosphate linkera c) The hairpin ribozyme with a three-way junction
(TWJ). Propandiol and adenosines were used as linkers (L). Arrows indicate cleavage sites. Enzyme parts and base pairs are shown by bold
and thin hues, respectively.
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phate tract, and the flexibilities of the three helices might
increase the domain-domain interaction. The difference in
the activities between TWJs in the presence or absence of
unpaired bases suggests that the flexibility of the TWJ is
important for the cleavage. Burke and co-workers also
demonstrated using FRET that a TWJ with mismatched
bases at J l allows domain docking (41). In the natural con-
struct, a four-way junction is formed at J l , and, strikingly,
gel mobility shift assay and FRET showed that the four
way junction at J l can achieved more domain docking than
two or three-way junctions (38,41).

J2 modification
We divided the hinge region (A14-A15) of the hairpin

ribozyme by joining J l with tri- or penta-cytidylates (Fig.
3a) (44). In these constructs of the ribozyme, S53 without
linker, S57 (n = 3) and S59 (n = 5) are substrates and the
rest oligonucleotide, E14 is an enzyme. S59, S57 and S53
are inactive in the absence of E14, but S57 and S59 are
cleaved at the same site as the wild type ribozyme in the
presence of E14. S57 with three cytidine linkers shows an
unexpectedly high cleavage activity. This result is interest-
ing because it has been shown that the ribozyme joining at
J l with 3 propandiol linker units does not show high cleav-
age activity. The reason for this might be that the struc-
tural stress at the hinge is released by disconnecting the
hinge. Division at the hinge might allow domain docking
even though J l is connected with a short linker. To investi-
gate the structural properties of the hinge region in detail,
E14 was substituted with 15-mer RNAs (E15X, X = A, U,
or G) with an additional base X at the 3' end (Fig. 3b). The
extra base (X) was supposed to interact with one of the
bases in the linker region, 5' UA(C)/i 3', of S59 and S57.
Although it was difficult to confirm the formation of the
base pairs between the added A or U and the bases in the
linker, S59 and S57 were cleaved in the presence of either
E15A or E15U. However, E15G did not cause any cleavage.
This inhibition of the cleavage reaction derives from base
pairing between the 3'-end of E15X and the opposite base
in the linker sequences of S57 or S59. To confirm whether
or not these inhibitions derive from base pairing, the 3'-end
of the linker was altered to either U or G (S57U (Y = U)
and S57G (Y = G) in Fig. 3), and the cleavage of these sub-
strates in the presence of E15X was analyzed. The S57U-

E15G and S57G-E15G complexes were found to be active to
the same extent as S57U-E14 or S57G-E14. However, the
cleavage rates for both S57U-E15A and S57G-E15C were
lowered to 43 and 10%, respectively. This means that the
base pairing of the X in E15X with a base at the opposite
side was responsible for the inhibition of the cleavage of the
S57-E15G complex. The extent of inhibition for S57U-E15A
was smaller than that for S57-E15G. This might have
resulted from the difference in the stability of the G-C and
A»U base pairs. The additional base at the S'-end of E15X
was further extended from one to five bases and a series of
E19 induced the cleavage of both S57 and S59. This result
indicates that the 3'-extra bases of these E19 series do not
prevent the formation of the active bent conformation.

Hairpin ribozyme with replaced domains (J4 modifi-
cation)

The results described above suggest that the active con-
formation of the hairpin ribozyme is a bent structure. If
this tertiary structure is conserved, then the hairpin ribo-
zymes would retain cleavage activity. We constructed a new
type of hairpin ribozyme in which the two domains are sep-
arated and rejoined to yield ribozymes (Fig. 4a) (44). It had
been shown that hairpin ribozymes can be divided at the
hairpin loop (16,42). To replace domain II, E50 was divided
between A15 and C16, and the 5'-end of E50 was linked to
G30 in the hairpin loop using oligocytddylates (Cn, n = 0, 3,
6, 9, 12, and 18) as linkers. These newly rejoined enzyme
strands, RC0-RC18, were hybridized with E19, and the
cleavage reactions of SI were analyzed. In 12 mM Mg2"1",
RCrc-19 complexes (n = 3, 6, 9, 12, and 18) gave cleavage
products, while RCO-19, which has no linker, was found to
be inactive. These ribozymes could cleave excess amounts
of target RNA. As the linker length of RCrc-19 is increased,
the k^JK^ values for the rejoined ribozymes increases. The
reason for the dependence of k^JK^ on the linker length is
not clear, but the two domains might be in more favorable
contact, due to the flexibility produced by the insertion of
the cytidine linkers. However, the potential turnover of the
rejoined ribozymes is lower than that of the parent ribo-
zyme. Larger linkers are required for the cleavage activity
of the rejoined ribozymes. It is thought that this result
derives from the tertiary contact of the two domains. In the
active bent conformation, there may be some distance be-

E14
*J E15X -0C3-

S53, S57 or S59 ^~-f S57Y

L:rC
S53-E14 n=0 inactive
S57-E14 n=3 active
S59-E14 n=5 active

X
-A
-G
-C
-U
-C
-G

5--UUUUU31

-AAAAA
-GUUUU
-GGGUU

Y
C
C
C
C
G
G
C
C
C
C

active
inactive

active
active

inactive
active
active
active

inactive
inactive

kx102(mirr1)
2.7
0.084
3.3
3.4
0.12
0.87
3.6
2.6
0.065
N.D.

Fig. 3. The hairpin ribozymes divided at the
hinge (J2) and rejoined at Jl . a) S53-E14,
S57-E14, and S59-E14 complexes. J l was con-
nected by cytidine linkera b) S57-E15X and
S57-E19 complexes. E15X and E19 contain ex-
tra sequences at the c -̂end. Enzyme parts and
base pairs are shown by bold and thin lines, re-
spectively.
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tween helix 1 and helix 4 in the parent ribozyme.
Since this reversely joined ribozyme retains cleavage ac-

tivity, the importance of the bent conformation for activity
has been confirmed. Although completely separated do-
mains of the hairpin ribozyme are active at high concentra-
tions of ribozyme and magnesium ion (45), it is difficult for
the completely separated domains to maintain the associa-
tion form at low magnesium ion concentrations. Therefore,
we made further constructions of hairpin ribozymes with
separated domains, but containing complementary arms to
allow the association of the two domains as shown in Fig.
4b (46). Linker nucleotddes were inserted between the arms
and domains to investigate the relative domain alignment.
These ribozymes were active under the standard conditions
(12 mM MgCl), depending on the length of the linker. Both
L(m) and L(n) linkers are required for cleavage, and the
L(m) linker in domain I influenced the cleavage activity
more than L(n). These differences in the contributions of
L(m) and L(n) to the cleavage activities derive from their
conformations. When the complementary arms are co-
valently joined through a stable loop, these ribozymes show

cleavage activities. However, the K^ values of the stem-loop
ribozymes were found to be larger than that of the parent
ribozyme, which can adopt both linear and bent conforma-
tions. Kinetic analyses of these modified hairpin ribo-zymes
provide insight into a higher turnover of the hairpin
ribozyme as compared to other small ribozymes. In these
ribozymes, the bent conformation is thought to be en-
hanced, and may be suitable for physicochemical studies on
the tertiary structure of the hairpin ribozyme.

Three-domain ribozyme
Based on the requirement of domain-domain interaction

for ribozyme activity, we constructed a new type of hairpin
ribozyme with three stem-loop domains in one molecule
(Fig. 5a). In this ribozyme, another domain (domain 10 was
connected to the 3'-end of domain II of the parent hairpin
ribozyme, and the new ribozyme was trimmed at domain I'
during a run-off transcription reaction from the plasmid
harboring the ribozyme gene with three domains. The trim-
ming reaction appeared to proceed automatically as shown
in Fig. 5b (47). The processed ribozyme was designed to

L:rC
nbozyme kcat/Km (min'1-|lM-1)

RCO-19
RC3-19
RC6-19
RC9-19
RC12-19
RC18-19
E30-19

0 .025
0.092
0 .32
0 .35
0 .89
0 .64

L

L2, n=

0
2
4

0

0

0

rA

0
.048

.059

.088

k

0

0

0

x102 (min"1)

L1, m=
2
. 1 1

.53

.95

4
0 .48

5 .0

6 .2

0 .

9 .

9 .

I

79

5

5

Fig. 4. Ribozymefl joined in reverse, a) J l
and J2 are separated and J4 is joined by cy-
tidine linkers. The cleavage activities in-
crease with the increase in linker length, b)
Ribozymes with separated domains. The two
domains have complementary anchor se-
quences to facilitate their association. En-
zyme parts and base pairs are shown by
bold and thin lines, respectively.

domain II

TriRz

L: rA n=5

domain II
>p3J

5'FTriRz 3'FTriRz

TriRz
Fig. 5. a) The hairpin ribozyme with three domains. Domain I'
is connected to the ^-end of domain II by adenosine linkers. The three
domain ribozyme is autoprocessed at the cleavage site in domain I'
during transcription from the template DNA. b) Scheme of the self-

trimming reaction of the ribozyme. The 5'-side fragment (5'FTri-
Rz) cleaves the target RNA in trans. Enzyme parts and base pairs are
shown by bold and thin lines, respectively.
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cleave an external substrate RNA derived from the mRNA
of human inducible nitric oxide synthase, and was shown to
cleave at the expected, unique site. Domain II of the ribo-
zyme acts as the catalytic domain for both the cis- and
frxms-cleavage of RNA. Since this new ribozyme is able to
process 3'-extra nucleotides autocatalytdcally without an-
other ribozyme for trimming, this ribozyme is useful not
only for proving the active conformation of RNA but also
for in vivo applications. These ribozymes provide important
models with which to improve our understanding of the
role of the domain-domain interaction in the catalytic ac-
tivity.

The cleavage activity of the three-domain hairpin ribo-
zyme was further improved by increasing the number of
linker bases connecting domain I' with domain II from six
to seven. The ribozyme was designed to release a trans-act-
ing ribozyme that is able to bind target RNAs through
three hybridizing arms (TWJ) (48).

We have assembled two domains of the hairpin ribozyme
in various ways, and those constructs suggest that the two
domains interact with each other in antiparallel fashion.
Domain docking between domains I and II is supported by
various experiments. However, it is still unclear what kinds
of interactions promote the docking. Gait and co-workers
proposed a model of domain docking that involves a zipper
structure (49). The ribose zipper would be formed between
the 2'-hydroxyl groups of residues A10-G11 of loop A and
C25-A24 of loop B. We introduced 4-thio- (4SU), 2-thio Ĉ Û),
4-O-methyluridine (.m"\J), and cytidine substitutions for
U+2 in the substrate (50). A hairpin ribozyme cleaved the
substrate RNA with either C+2,4SU+2, or 4MeU+2 at about
14-, 6-, and 4-fold lower rates, respectively, than the natu-
ral substrate. In contrast, the substrate with a 2SU+2 was
cleaved with the same activity as the natural substrate.
These results suggest that the 04 of U+2 is involved in
hydrogen bonds at loop A, but the 02 of U+2 is not recog-
nized by the active residues. Based on circular dichroism
data in addition to these cleavage results, we propose the
conformational change of U+2 from the ground state to the
active molecule during the reaction. Domain docking is fast
and not rate-limiting (40). Since this process is a key step
in the cleavage and ligation reactions, the tertiary struc-
ture of the hairpin ribozyme should be determined for a
detailed understanding of the reaction.

Conclusion
Modified hairpin ribozymes have been constructed chem-

ically to investigate their active conformation, and a bend
structure was found to be essential for cleavage activity.
Based on these experiments, new ribozymes, which can be
processed during transcription of the gene by self-cleavage,
have been designed and used to cleave external RNA sub-
strates. Tertiary interactions of internal domains of the
ribozyme were investigated by alternating the primary
structure or by introducing modified bases at essential
positions. The results indicate that chemical synthesis is
useful for investigating the structure-function relation-
ships of active molecules.
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