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ABSTRACT. Hammerhead ribozymes were found to be not very efficient in cleaving long RNA substrates

in trans Oligonucleotide facilitators, capable of affecting hammerhead ribozymes by interacting with
the substrate at the termini of the ribozyme, may improve this reaction. We determinédo the

effects of 18 DNA and RNA oligonucleotide facilitators on three substrates containing 39, 452, and 942
nucleotides, respectively, by estimating the facilitator influences on association between ribozyme and
substrate and on the cleavage step. The effects increase with the length of the substrates. With the
39mer substrate a maximal 4-fold enhancement of the ribozyme activity could be detected, the reaction
with the 942mer substrate was accelerated up to 115-fold by facilitator addition. In long, structured
substrates the facilitators have the potential to preform the substrate for the ribozyme attack. Due to this
preforming effect, the rate of ribozymeubstrate association was increased as well as the rate of the
cleavage step. '&nd facilitators accelerate both of these rates, largely independent on the facilitator
length. The rate of the cleavage step is raised as a result of a favorable activation energy gain by these
facilitators. With all substrates, theé-8nd facilitators increase the association rate between ribozyme
and substrate in dependence on their length. With the 39mer substratestig:facilitators decrease the

rate of the cleavage step. With the long substratemn8 facilitators partially increase the rate of the
cleavage step due to their preforming potential with these substrates. In some examples, combinations of
several 5end and 3end facilitators provide an additional improvement over single facilitators in both

the association between ribozyme and substrate and the cleavage step. Results suggest that even short
facilitators may be efficient effectors enhancing hammerhead ribozyme mediated cleavage of long substrates.

Hammerhead ribozymes are small catalytic RNA mol- in vivo than ribozymes with short stem sequences (Crisell
ecules (Symons, 1992; Bratty et al.,, 1993) capable of etal., 1993). Evaluating the effect of the length of the stem
cleaving a RNA substratan trans in a sequence specific  sequencem vitro with long substrates yielded no consistent
way (Uhlenbeck, 1987; Haseloff & Gerlach, 1988). Since results. In some cases short ribozymes were more active
the sequence requirement for the cleavage site within the(Ellis & Rogers, 1993) while in other cases long ribozymes
substrate is minimal (Nakamaye & Eckstein, 1994; Shi- showed higher efficiency of the association and the cleavage
mayama et al., 1995; Zoumadakis & Tabler, 1995), ribozyme step at physiological temperatures (Crisell et al., 1993).
activity can be directed to specific RNA's by choosing target  Ribozymes with long stems are expected to have lower
complementary ribozyme stem sequences flanking the cata-specifity in target recognition than ribozymes with short
lytic hammerhead motif (Haseloff & Gerlach, 1988). stems (Herschlag, 1991). Additionally, the product dissocia-

This led the interest to the application of hammerhead tion from the ribozyme is inhibited by the stabilities of the
ribozymes to inactivate RNAn vivo. In recent years, the  fibozyme-product complexes (Goodchild & Kohli, 1991;
potential of hammerhead ribozymes to inactivate RNA Ellis & Rogers, 1993). This causes a decrease of catalytic
substrates has been tested successfully in many experimenté!nover and one of the great advantages of the catalytic
[for review see Marshall et al., (1994)]. antisense molecules is lost. _ _

However, ribozyme-mediated inhibition of target RNGA Thus, due to their higher catalytic potential short ribozymes

vivo could not be correlated to the catalytic activittyvitro should b_e preferre(_i_in pr_inciple, parti_cularly because the use
(Crisell et al., 1993; Homann et al., 1994; Larson et al of chemically modified ribozymes with increased nuclease

1993). Beside the fact of interactions of the ribozyme with resistance can be envisaged (Heidenreich et al., 1994;
proteins within the cell (Sioud, 1994; Heidenreich et al., Paolella et al., 1992) and has recently been applied success-

1995) and the unpredictable consequences of these interacf-u”y in vivo (Lyngstadaas et al., 1995). In light of this, it

tions on ribozyme activity, the length of the ribozyme stem should be atiractive to achievg improvement in the_ e_:fficiency
sequences seems to be critical. Ribozymes with long Stemof cleaving long substrates with ribozymes containing short

sequences were found to be more efficient in inhibiting RNA stem sequences. . .
Some ways to address this problem have previously been

testedin vitro. The connection of a ribozyme to an anchor
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S0006-2960(96)01397-9 CCC: $12.00 © 1996 American Chemical Society




15314 Biochemistry, Vol. 35, No. 48, 1996 Jankowsky and Schwenzer

binding to nucleic acids. The nonspecific binding proteins (NAP-5, Pharmacia). The sense primer contained the T7
Ncp7 and Al were found to enhance the activity of promotor sequence (TAA TAC GAC TCA CTA TAG GCC
hammerhead ribozymes to cleave short (Tsuchihashi et al.,.GCG TCG ATC TCG CCA ACT GG), and the antisense
1993; Bertrand & Rossi, 1994; Herschlag et al., 1994) and primers determined the length of the amplification products
long (Mtller et al., 1994; Mahieu et al., 1995) substrates. for the templates for S 942 (GCA GTA GCT CCA ACA
Also the glyceraldehyde-3-phosphate dehydrogenase wasGTG CTT CC) and for S 452 (TCC GAG GTT TGT CTC
found to increase hammerhead activity (Sioud & Jespersen,CAG GTA), respectively.
1996). PCR was performed in 1Q4L solution containing 1 pM

Improvement of the catalytic activity of hammerhead HTF cDNA insert, 0.4 mM primers, 0.2 mM of each dNTP,
ribozymes may also be achieved by the addition of oligo- 3 mM MgCl,, 2 units ofTagpolymerase (Promega), 50 mM
nucleotides capable of interacting with the substrate RNA KCI, 10 mM Tris/HCI, and 0.1% Triton X-100. The sample
adjacent to a terminus of the hammerhead ribozyme. Thesewas overlayed with 40 mL of mineral oil. Prior to the
oligonucleotide facilitators were found to enhance the reaction cycles in a Biometra Personal Cycler the solution
turnover of short substrates (Goodchild, 1992; Nesbitt & was denatured at 95C for 5 min. Tag polymerase was
Goodchild, 1994; Jankowsky & Schwenzer, 1996) as well added during the first annealing step a60 First extension
as the activity to cleave long substrates (Denman, 1993,was carried out at 72C for 2 min, followed by 30 cycles
1996). according to the reaction scheme: 1 min at’@5 1 min at

In order to understand the process of facilitator action, 60°C, 2 min at 72°C. Last extension occured for 5 min at
we previously determined the influence of different facilita- 72 °C, and finally the solutions were cooled to°G. For
tors on catalytic turnover as well as on association and each substrate the reaction was done 10-fold, the solutions
cleavage step of a hammerhead ribozyme with a shortwere combined, and an aliquot was analyzed on a 1.6%
substrate (Jankowsky & Schwenzer, 1996). agarose gel. Only one band for every substrate template

In the present work we have extended our investigations appeared. To remove thaqg polymerase the combined
of the facilitator action onto the ribozyme reaction with solutions for every substrate were extracted with phenol/
longer substrates. This kinetic analysis should provide a chloroform/isoamyl alcohol (25:24:1). The unincorporated
more detailed insight into the potential of facilitators to dNTP’s were removed on Sephadex (NAP 5, Pharmacia),
enhance the hammerhead ribozyme activity within the more and the purified templates were precipitated with ethanol.

complex system of a structured RNA substrate. In Vitro Transcription. For each substrate tha vitro
transcription was performed at 3T in 100uL of solution
MATERIALS AND METHODS containing 50 mM Tris/HCI (pH 7.5), 6 mM Mg&l2 mM

spermidine, 10 mM DTT, 40 units of T7 RNA polymerase
(Promega), 100 units of RNasin (Promega), ancy3PCR-
generated template. ATP, CTP, and GTP concentrations

Choice of Sequences$:or our experiments we constructed
a hammerhead ribozyme with seven nucleotides in every

stem complementary to the human tissue factor (HTF) were 500uM each, UTP was 400M, and 100Ci of [a%%P]-

mMRNA between the bases 1479 and 1493 of the gene (Figur: : : .
1; Mackman et al.,, 1989). As substrates we used threeeg[lz(g?no?;bgllggrgggs?rgltaeosm) was present in order to obtain

domains from the HTF MRNA, consisting of either 39, 452, After 60 min 5 units of RNase-free DNase (Promega) was
or 942 nucleotides, respectively (Figure 1). All three dded and incubated at 3T for 15 min, followed by
substrates contain identical ribozyme target sequences as Wextraction with phenol/chloroform/isoamyl alcohol (25:24:

as identical facilitator binding sequences. 1) and removal of the unincorporated NTP’s on Sephadex.

R‘f)::ermzalfei:qugiis ::1 dR;\l'zs"’tlpadteDSNégmgrc;nscrl]?ﬁgsd.eZHThe substrates were precipitated with ethanol and analyzed
Ibozyme, 1acil ' y W Y 12€05n 4% denaturing PAGE (7 M urea). Only one band

on an Applied Biosystems 392 DNA/RNA synthesizer as s
described (Jankowsky & Schwenzer, 1996). All oligonucleo- ?ep qplﬁzgd :cr?cr: c?r?)(c;)k; astilé)as\t/\rlzgedag:grrm?ngcrit? Oe Lguzrg&agm was
tides were purified by denaturing PAGE0%, 7 M urea, recovery. ranged between 25 and 3 of RNA subs,trate

40 V/cm). Product bands were visualized by UV shadowing Ribozyme ReactionsRibozyme reactions were performéd
and eluted (0.5 M ammonium acetate, 1 mM EDTA) (Gait in 10 uL of 50 MM Tris./HCI (pH 7.5) with 10 mM MgGl

et al.,, 1991). Concentrations were calculated according to at 37°C unless otherwise stated. Ribozyme and substrate
BosreL(t1936)S. 39 was-Ebeled with F¥2P1-ATP and ourified were denatured separately with Tris/HCI buffer at’@5for

du N rabed ] Wka A keg SWIh b>Pl- 1932 purttie 2 min and immediately cooled on ice, followed by incubation
as described (Jankowsky chwenzer, )- at reaction temperature for 3 h. This incubation time was

PCR. The templates foin wvitro transcription of S 452 necessar ;
) y for reproducable folding of the long substrates.
and S 942 were synthesized by PCR (Chabot et al., 1992).g 4 ter incubation times resulted in irreproducible cleavage

pUC18 containing HTF cDNA was purchased from ATCC. rates. whereb : ; ; ;
. . i . y longer incubation times did not change the
The plasmid was digested withal, and the 1.2 kb HTF leavage rates. After this time the facilitators were added
cDNA insert band was separated on a 1% agarose gel and,,g jncyhated for 15180 min, dependent on the ratio of
purified with Gene Clean Il (Bio 101 Inc.). facilitator to substrate.
PCR primers were synthesized on an ABI 392 DNA/RNA  £q reactions with preannealing of substrate and ribozyme
sythesizer using standard protocols and purified on Sephadexye rihozyme solution was added and incubated for additional

3 h. These reactions were started by the addition of MgCI
! Abbreviations: DTT, dithiothreitolk,, ribozyme-substrate as-  Reactions without preannealing were started by adding the

sociation rate constari;, rate constant of the cleavage stBpgac-sub) ; i i
dissociation constant of the facilitatesubstrate complex; PAGE, ”bozyme' Cleavage rates in these reactions were not

polyacrylamide gel electrophoresis; TSBO, target sequence blocking Significanﬂy a“ered either_ by add_ition of Mngmediately
oligonucleotide. prior to the reaction or by incubation of MgGhith ribozyme
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A HTF mRNA
S 942 l
S 452
S 39 i
RNA 3/9 UUGGGCAGU
RNA 3/12¢ AGUUCUGUUAAA
RNA 3/12b ACCUCACCCUUG
RNA 3/12a GGUUUGGGCAGU AAGUUUAUU RNA 5/9
RNA 3/24 3 ACCUCACCCUUGGGUUUGGGCAGU _. . AAGUUUAUUCCA 5 RNA 5/12
RNA 3/36 AGUUCUGUUAAAACCUCACCCUUGGGUUUGGGCAGU AAGUUUAUUCCAGAUUCAGUCUCU RNA 5/24
Ternennnennn el l Frrnrenenneninernnnrnnn
CAAGACAAUUUUGGAGUGGGAACCCAAACCCGUCA?\J????UC?????L{?UUCAAAUAAGGUCUAAGUCAGAGA.... Substrates
5 4
3" UAGUUCA AUGUGAC 5 3
Hellx 1l : < U? Helix |
G AC
c-G Ribozyme
A-U
G-C
G-C Helixii
A G
GU
Association Cleavage Dissociation
B 2 o
Rz + Subh ee———— Rz-Sub &———> Rz.P1-P2 e3> Rz + P1 + P2
C S 942 S 452 S 39
+RNA 3/12a No facilitator +RNA 3/12a No facilitator +RNA 3/12a No facilitator

5942 ..,

'—;'. $ 452— S 30—
P - - . S _—oew “‘m

- -
P25 - - me.

P225— e e -

15 30 45 60 120 240 5 10 15 15 30 60 02 04 06 05 1 1.5
minutes

FiIGure 1: (A) Sequences of ribozyme, substrates, and facilitators. The substrates are named according to the number of nucleotides. They
represent parts of different length of the HTF mRNA. These segments are indicated in the lower section of the figure, and the arrows mark
the cleavage site (at nucleotide 270). The substrates S 452 (nucleotid484af the cDNA; Scarpati et al., 1987) and S 942 (nucleotides
42—-984 of the cDNA) have the samé-terminus but differe in their '@erminus. The sequence of S 39 (nucleotides—2Z8P of the

cDNA) is contained in both of the longer substrates. Only the RNA facilitators are displayed, the DNA facilitators contain the same sequences
as their RNA counterparts. Numbering of ribozyme helices is according to Hertel et al. (1992). The boldface type within the ribozyme
represents the conserved nucleotides of the catalytic core. (B) Simplified kinetic scheme of the hammerhead ribozyme reaction. (C) Effect
of RNA 3/12a on the cleavage of the different substrates. Reaction times are indicated. Concentrations: 100 nM ribozyme, 30 nM substrates,
and 3uM facilitator.

and substrate, respectively, for more than 60 min. This RESULTS
indicated that in our system Mg does not significantly

affect the structures of the long substrates. In reactions without facilitator the turnover decreased

. i ) considerably with increasing substrate length in reactions
Aliquotes of 2uL were taken at appropriate times, added ith and without preannealing of substrate and ribozyme
to 8 uL of ice-cold quenching buffer (8 M urea, 50 mM (Tables 1 and 2).
EDTA, 7.5% glycerine, 0.05% bromophenol blue, and 0.05% A quantitative comparison of the facilitator effects on the
xylene cyanoblue), and separated on 4% denaturing PAGEjfferent substrates requires the determination of the rate
for the longer substrates and 20% denaturing PAGE for the constants of the relevant reaction steps. We determined the
S 39 substrate, respectively. rate constants of the association between ribozyme and
Quantification was carried out with a Molecular Dynamics substrate as well as the rate constants of the cleavage step.
Phosphorimager, and nonlinear regressions were calculated Determination of the Rate Constant of Ribozyme and
using the Enzfitter software (Biosoft). Substrate AssociationThe rate of ribozyme and substrate
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Table 1: Facilitator Effects on Association between Ribozyme and Substrate

S39 S 452 S 942

facilitator k2 [x1P minTIM™]  kPrel ke [x1Pmin"tMY] kPrel k?2[x10 mintM-1] k°rel
none 43+ 58 1 0.94+ 0.06 1 0.11+ 0.01¢ 1
RNA 3/9 141+ 18! 3.3 11.8+£ 0.9 12 5405 53
RNA 3/12a 168+ 13 4 11.3+ 1.0 12 6.2+ 0.4 56
RNA 3/24 - - 7.8+04 8 5.9+ 04 53
RNA 3/36 - - 8.6+ 0.7 9 5.9+ 0.6 53
RNA 3/12b - - 0.92+ 0.08 1 0.10t 0.0 1
RNA 3/12c - - 0.99+ 0.09 1 0.12£ 0.01¢ 1
RNA 3/12a-RNA 3/12b - - 8.9+ 04 9 4.5+ 0.6 41
RNA 3/12bt+RNA 3/12c - - 1.02+ 0.09 1 0.10f 0.01¢ 1
RNA 3/12a-RNA 3/12b+RNA 3/12c - - 7.0+ 0.6 7 12.0+1.0 110
RNA 3/12a-RNA 3/12c - - 11.1+1.1 11 5905 53
RNA 5/9 60+ o 1.4 1.32+0.12 1.3 0.12+ 0.01¢ 1
RNA 5/12 63+ 9 15 1.90+ 0.21 2 0.13t 0.02¢ 1
RNA 5/24 - - 4.7+0.3 5 6.4+ 0.4 58
RNA 3/12+RNA 5/12 - - 6.3+ 04 6 8.7+ 0.9 79
RNA 3/24+RNA 5/24 - - 6.2+ 0.4 6 12.7+1.0 115
DNA 3/9 1384+ 1¢¢ 3.3 1.00+ 0.09 1 - -
DNA 3/12a 150+ 184 3.6 11.7+ 1.2 12 - -
DNA 3/24 - - 8.4+ 0.2 9 6.3+ 0.5 57
DNA 3/36 - - 8.4+ 0.6 9 5.7+ 0.5 52
DNA 3/12at+DNA 3/12b+DNA 3/12c - - 7.1+0.8 7 12.1+1.2 110
DNA 5/9 48+ 7 1 0.90+ 0.07 1 - -
DNA 5/24 - - 5.0+ 0.6 5 6.1+ 0.3 55
DNA 3/24+DNA 5/24 - - 6.4+ 0.5 6 124+ 1.2 112

ak; was obtained by least-squares fits from at least three or five independent measurements of time courses of product formation (Figure 4).
Each time course consists of five points. The standard errors of the curve fits were situated usually between 0.03 and 0.12. All values were
obtained with 30 nM substrate z@M, facilitator and 100 nM ribozyme, unless otherwise stated. Errork;faepresent the deviation of the average
value ofk;, obtained from several determinatiofig he relativek, is the quotient ok; with facilitator divided by thek; without facilitator in order
to indicate the relative facilitator effect60 nM substrate, 3000 nM facilitator, and 200 nM ribozyh2.nM substrate, 1.aM facilitator, and 40
nM ribozyme.€ This value is in very good agreement with the multiple-turnover valuéf@Ky, = 45 x 10° min~* M~1 (Jankowsky & Schwenzer,

1996), which is also expected to reflect the association rate constant (Fersht, ' Td&5¥acilitator DNA 5/9 obviously does not form a stable
duplex with the substrate S 39 at the concentrations used (Jankowsky & Schwenzer, 1996).

Table 2: Facilitator Effects on the Rate Constants of the Cleavage Step

S 39 S 452 S 942

facilitator ko [min—Y] kP rel ko [min—Y] ko rel k* [min~1] kP rel
none 2303 1 0.057+ 0.003 1 0.0185: 0.0020 1
RNA 3/12a 3.5+£0.3 1.5 0.51+ 0.04 9 0.52+ 0.04 28
RNA 3/24 - - 0.46+ 0.04 8 0.50+ 0.04 27
RNA 3/36 - — 0.50+ 0.04 9 — -
RNA 5/12 1.2+ 0.2 0.5 0.03H-0.003 0.5 0.01@&: 0.001 0.5
RNA 5/24 - - 0.10+£ 0.01 2 0.32+0.03 17
RNA 3/12at-RNA 5/12 3.2£04 1.4 0.44+ 0.05 8 0.62+ 0.07 33
RNA 3/24+RNA 5/24 - - 0.42+0.04 - 0.86+ 0.06 46
DNA 3/12a 3.0+0.3 1.3 - - - -

ak, was determined in single-turnover experiments with preannealing. Association is not limiting under these conditions (Jankowsky & Schwenzer,
1996). Values fok, were determined from the slope of the plot-eih (1—frac[P]) versus time. Each plot was obtained from three (S 39) or five
(S 452 and S 942) points in a time course and every time course was measured 2- or 3-fold. Concentrations were 30 nM substrates, 3
facilitators, and 4.5«M ribozyme for S 452 and S 942 or 1:8M ribozyme for S 39. Errors fok, represent the deviations obtained from the
calculation of the average of different determinations. Standard deviations of the-fin¢f—frac[P]) versus time were usually in the range
0.03-0.15.° Relative values represent the quotientkefvith facilitator divided byk, without facilitator.

association can be monitored by the time course of productappropriate time after the start of the reaction should
formation if the association between ribozyme and substrateimmediately stop the substrate turnover. This was found to
becomes rate limiting for the overall reaction. be the case with all substrates (Figure 2).

However, it has to be proven that the rate of the cleavage This enabled us to describe the time course of reactions
step is actually considerably faster than the rate of the without preannealing and with appropriate ribozyme excess
association, i.e., whether it is possible to neglect the over the substrate (Figure 3) with the integrated form of the
concentration of ribozymesubstrate complex during the second-order reaction law for the association reaction (Young
reaction. We tested this by addition of oligonucleotides & Anderson, 1985).
complementary to the ribozyme target sequences (target
sequence blocking oligonucleotides, TSBO). These TSBOsfrac[P]= Ry{1 — exp[(R, — Skyt]}/
are capable of inhibiting the ribozyme reaction by preventing {S — RoexplRy — S)kqtl} (1)
the hammerhead association with the target. If the concen-
tration of ribozyme-substrate complex during the reaction The term frac[P] is the fraction of product formed and equals
can be neglected, then the addition of a higher concentrationfrac[P] = P/S (P is the product concentration)R, and &
of TSBO, compared with the ribozyme concentration, at an are the initial ribozyme and substrate concentrations, respec-
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o8 . association of ribozyme and substrate. At S 942, combina-
o7l Ny tions of two 24mer 3end and 5end facilitators enhanced
os thek; by a further 2-fold, compared with the effect of a single
°r ( facilitator.
_ o5F No effect on the association between ribozyme and
& el . . . substrate could be detected with facilitators binding not
£ directly adjacent to the ribozyme (RNA/DNA 3/12b, RNA/
03 DNA 3/12c, Table 1).
02t Analogous DNA or RNA facilitators did not cause
o1l /o significant differences in their influence on the association
with the substrates S 452 and S 942 (Table 1).
O T 2 s e s s 7 e Effect of Substrate Length on the Clege Step.The rate
min constants, without facilitators indicated a dependence of

FIGURE 2: Effect of TSBO addition during a single-turnover the cleavage step rate on the length of the substrates (Table
reaction of S 39 without preannealing of substrate and ribozyme. 2); k, decreased with increasing length of the substrates.

Open circles represent the time course without addition of TSBO, Compared withk, for S 39, the rate constant was reduced
and filled squares show the time course with addition of TSBO 40-fold with S 452 and 125-fold with S 942.

after 1.23 min (indicated by the arrow). Concentrations: 100 nM

ribozyme, 30 nM substrate, @ TSBO. Effect of Facilitators on the Cleage Step.All facilitators
which bind directly adjacent to the 3’-end of the ribozyme
o7 accelerated the cleavage step (Table 2). The relative effects
06} ' onk; increase with the length of the substrates. The length
o5k ' of the 3-end facilitators did not have significant effects on
- the enhancement dé.
& 3 The effects of the Sfacilitators on the cleavage step were
£ o3f length-dependent (Table 2). The facilitator RNA 5/12
02} reducedk, by the same factor at all three substrates. In
o1k v . contrast, the facilitator RNA 5/24 accelerated the cleavage
step at the long substrates. The relative activation was not
° 10 20 20 20 50 60 as high with S 452 as with S 942. However, the facilitator
min RNA 5/24 caused a significantly smalllerwith S 942 than

Ficure 3: Time course of a single-turnover reaction of S 452 with  the facilitator RNA 3/24 (Table 2), whereas the association
RNA 3/12a (wedges) and without facilitator (squares). Concentra- rate constank; was enhanced by both of these facilitators

tions: 30 nM substrate S 452, 100 nM ribozymey3 facilitator by nearly the same amount (Table 1).

(no preannealing). With all substrates, the combined addition ¢feBd and
tively. The rate constarit; can be calculated by a least- 5-end facilitators resulted in an activation of the cleavage
squares fit of the time course (Figure 3). step (Table 2). At S 39 and S 452 the relative effects were

Effect of Substrate Length on Association between Ri-as high as with the'3and facilitator alone. At S 942 the
bozyme and SubstrateThe association ratk, decreased  facilitator combinations activated more than a single facilita-
considerably with increasing length of the substrates. Com- tor.
pared with thek; for S 39, the association rate constant is  In order to obtain further information about the influence
reduced 45-fold with S 452 and 388-fold with S 942 (Table of the facilitators on the cleavage step, we estimated the
1). facilitator effect on the transition state of the cleavage step

Effect of Facilitators on Association between Ribozyme by calculating the activation parameters from the temperature
and Substrate.All 3'-end facilitators increased the ribo- dependence df, (Table 3).
zyme—substrate association rate constanwith the length The facilitator RNA 3/12a was selected to compare its
of the substrates (Table 1). Whereas therd facilitators effect on the three substrates. This facilitator decreased the
caused only a four-fold enhancementkgfvith the shortest  activation entropy as well as the activation enthalpy with
substrate, S 39, it was increased 10-fold with S 452 and 50-all three substrates, however, by a larger factor with the
fold with S 942. The association rate improvement at all longer substrates than with S 39.
substrates was largely unaffected by the length of the 3 ~ No significant differences in the activation parameters

end facilitators. could be detected between analogous RNA and DNA
The 3-end facilitators displayed different effects (Table facilitators.
1). With the short substrate the 9mer and 12meerkl No effect on the activation parameters was found for the

facilitators caused small improvements of the association by facilitator RNA 5/12, despite its significant influence &n
enhancingk; by 1.5-fold. With the substrates S 452 and S (Tables 2 and 3).
942 these facilitators did not show any effect. In contrast Influence of the FacilitatorSubstrate Ratio on the
to the 3-end facilitators, the effect of theé-&nd facilitators Facilitator Effect. The shape of the time course of product
was dependent on the facilitator length. Compared with the formation with increasing facilitatersubstrate ratios suggests
12mer 3-end facilitators, a significant highég for the two an equilibrium of facilitator-substrate complex with free
longer substrates could be detected with the 24mend substrate (Figure 4). Due to the difference of the turnover
facilitators. The activation effect of these facilitators was rates between reactions with and without facilitator at S 942
higher with S 942 than their effect on S 452. (Table 1) the turnover of substrate not present in the
The combined addition of'3&nd and 5end facilitators, facilitator—substrate complex can be neglected. Thus, the
tested only with the long substrates, also improved the equilibrium concentrations of facilitatersubstrate complex
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Table 3: Facilitator Effects on Activation Parameters for the Cleavage Reaction

substrate facilitator Ea? [kcal mol ] AG*arcy [keal mol AH* 37y [keal mol] AS zrc)d [cal molt K=Y
S 39 none 261+ 1.1 20.2+ 0.1 255+ 1.1 17.1+1.2
RNA 3/12a 21914 19.9+ 0.1 21.3+1.4 45+ 15
RNA 5/12 26.6+ 1.7 20.5+£ 0.1 26.0+ 1.7 17.7+1.8
DNA 3/12a 221+ 1.2 20.0£ 0.1 21.5+1.2 48+ 1.3
S 452 none 21.61.7 225+ 0.2 19.8+£ 1.7 -8.7£1.9
RNA 3/12a 9.2+ 0.5 21.1+ 0.2 8.6+ 0.5 -40.3+ 0.7
S 942 none 28.81.6 23.1+£ 0.3 28.2+ 1.6 16.5+£ 1.9
RNA 3/12a 16.5+ 1.0 21.1+ 0.2 15.9+ 1.0 —-16.7+1.2

a Activation energyEa was determined from the product of the gas constant R with the slope of the Arrhenius plots)oféngus 1T. k, was
estimated (Table 2) at 20, 25, 30, 37, 40, and°60in two or three independent experiments at each temperature. Errdes fepresent the
standard deviation of the linear fit of the Arrhenius plot with the average valuek,fat the temperatures indicated abo¥&ree activation
enthalpy was calculated accordingA6* = —RT In (hk/kgT); ks is the Boltzmann constant, is the Planck constant, arRlis the gas constant.
Errors for AG* represent the standard deviation of the different estimatioks aif 37 °C. ¢ Activation enthalpy was obtained accordingAel* =
Ea — RT. ¢ Activation entropy was calculated accordingA&" = (AH* — AGH)/T.
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°o 5 10 15 20 25 30 Ficure 5: Effect of the facilitator-substrate ratio on the equilibrium
min concentration of facilitatersubstrate complex (wedges, RNA 3/12a;

Ficure 4: Time course of single-turnover reactions of S 942 with squares, RNA 3/36). From this plot the dissociation constant of

different facilitator-substrate ratios. The facilitator combination of Lhe f?cilit;oltoanubstfr_?te corgplextds?gac,sub) c?n be determined
RNA 3/24 and RNA 5/24 was used. Concentrations: 30 nM PY & least-squares fit according to the equation
substrate, 100 nM ribozyme, and 30 nM (circles), 96 nM (wedges), fraction[facilitator/substrate}

300 nM (squares), and @M (triangles) facilitator. [facilitator—substrate complex}/[S]

at increasing facilitatorsubstrate ratios can be calculated _ _

according to eq 1 by settirlg to the maximal value for the 0-3Kac-sunf[Slo + [Flo/Slo + 1) [O'ZS(KZ"“E’H“{ os
facilitator (Table 1) and calculatin§, which under these [Slo + [F¢/[S]o + 1)” — [F1o/[Sll™
circumstances equals the equilibrium concentration of fa- which is a rearranged form of the equation for the equilibrium
cilitator—substrate complex. In this way, the dissociation constant (Jankowsky & Schwenzer, 1996), wherg §H [F} are
constants of these facilitatosubstrate complexd€ygac_sun) the initial concentiatlon of substrate and facilitator, respectively;
can be obtained (Figure 5). We estimated for the complexes' 2 eciiatorisubsirate]= [(F1o/[Slo-

[RNA 3/24—S 942-RNA 5/24] the Kygac-sup) = 121 nM, .
for [RNA 3/36—S 942] theKggaosuzy = 136 nM and for Effect of Substrate Length on the Association between

[RNA 3/12a-S 942] the Kygassuy = 37 NM. For the Ribozyme and SubstrateWe' dgtected a cor_lsiderably
complex [RNA 3/12aS 942] thisKqgac_sun is higher by 6 decreased rate for the association between ribozyme and
orders of magnitude than the theoretically calculated value Substrate with the long substrates, compared with the short
(Turner et al., 1990). substrate. This is in accordance with previous observations
The facilitator-substrate ratio required for the maximal Cconcerning the comparison of ribozyme activity between

facilitator effect is considerably higher for the long substrates Short and long substrates with identical ribozyme target
(Figure 6). Moreover, with S 452 and S 942 longer Sequences (Heidenreich & Eckstein, 1992; Denman, 1993).
facilitators needed higher facilitatesubstrate ratios than !N long structured RNA's the access of the target sequences

RNA 3/12a for their maximal effect (Figure 6). by the ribozyme is inefficient (Heidenreich & Eckstein,
1992).

DISCUSSION However, a portion of the long substrate has to allow the

As the prerequisite for ribozyme-mediated degradation of fibozyme attack as the prerequisite for the hammerhead
target RNA’s the structures of these RNA’s have to allow reaction to occur. The decrease of the association rate
first the association of ribozyme and substrate and secondconstant for S 942 and S 452, compared with S 39, suggests
the proper positioning of the catalytic groups of the ribozyme that in our system only a small portion of S 942 and S 452
in order to enable the hydrolysis of the scissile bond within allows cleavage by the ribozyme. Thus, the value Kpr
the substrate. Our results suggest that, in comparison withshould reflect conformational changes of the long substrates
a short substrate, both steps are inhibited within long from conformations not suitable for ribozyme cleavage to
substrates. those which can be cleaved.
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change in structured RNA’s (LeCuyer & Crothers, 1993,
1994). Thus, due to a structural change in the environment
of the ribozyme target sequence within the long substrates,
driven by the facilitators, the ribozyme association is
improved. This effect is large if the facilitator is capable of
driving the ribozyme target sequence out of the “normal”
structure of the substrate and this structural change allows
an effective ribozyme association. However, the facilitator
substrate complex must have the potential to adopt a stable
conformation which outweighs the facilitator mediated
structural change within the substrate without involving the
ribozyme target sequence in structure formation. It should
be noted that even short facilitators (RNA 3/9) show a
considerable effect in our system.

The different relative effects of identical facilitators with
both substrates S 942 and S 452 suggest that binding of the
same facilitator (or the same facilitator combination) may
induce structural changes resulting in different accessebilities
of the target sequences within S 452 and S 942.

The facilitator has to bind directly adjacent to the ribozyme
in short substrates, otherwise no coaxial helix stacking occurs
(Goodchild, 1992). With long substrates, the facilitator also
has to bind directly adjacent to the ribozyme to improve
ribozyme-substrate association (Table 1). The lack of an
effect with facilitators binding not adjacent to the ribozyme
(RNA 3/12b and RNA 3/12c) also rules out an enhancement
of the ribozyme-substrate association rate due to nonspecific
volume exclusion effects, which could be caused by the
considerable increase of the overall RNA concentration in

A the experiments of facilitated cleavage versus the experiments
of nonfacilitated cleavage (Table 1).

The facilitator effect on ribozymesubstrate association
2l at long substrates, thus, results from the preforming effect
and additionally from the effect of the coaxial helix stacking.
The relative facilitator effects are higher with the long
substrates because unfavorable structures within the sub-

strates seems to be the main hindrance for effective ri-
Lbs 2 a o : 10 bozyme-substrate association (Dahm & Uhlenbeck, 1991).
ratio [faclfitator/substrate] The facilitator-mediated preforming effect provides higher
Ficure 6: Effect of the facilitator-substrate ratio for activating |mprqvemgnt of the ribozymesubstrate association than
effects with the different substrates. The abscissa marks the quotienoaxial helix stacking.
of concentration of facilitator and substrate. The ordinate indicates Influence of the FacilitatorSubstrate Ratio on the
the k; with faCi!ita.tOf divided by thek; without faCi!itatOl’ (Table Facilitator Effect. A remarkable difference between the
1). Concentrations: 30 nM substrates, 100 nM ribozyme. effect of the facilitators on short and long substrates could

Effect of Facilitators on the Association between Ribozyme be detected in the facilitateisubstrate ratios required for
and Substrate. It has previously been reported that the the maximal facilitator effect. These different ratios are the
combination of short, adjacent binding oligonucleotides outcome of different stabilities of the complexes formed
displays synergistic cooperativity during hybridization as between a facilitator and the three substrates, respectively.
antisense DNA (Maher & Dolnick, 1988) and during triple Thus, the formation of the complexes between the facilitators
helix formation (Strobel & Dervan, 1989). This is assumed and the long substrates are not as favorable as those with
to result from enhanced stability of the hybrids due to coaxial the short substrate. This may be the result of conformational
helix stacking at both DNA and RNA (Lin et al., 1989; changes within the long substrates required for the formation
Walter & Turner, 1994; Walter et al., 1994). Binding of of the facilitator-substrate complexes. This is also evident
oligonucleotides adjacent to a hammerhead ribozyme has alsdrom the lower stability of the complexes [RNA 3/3& 942]
been observed to affect the ribozyme reaction (Goodchild, and [RNA 3/24-S 942-RNA 5/24], compared with the
1992). At a short substrate the facilitator obviously acceler- complex [RNA 3/12aS 942]. Because longer facilitators
ates the association between ribozyme and substrate mainlare capable to form considerable more base pairs with the
by the effect of coaxial helix stacking (Jankowsky & substrate than shorter facilitators, longer facilitators should,
Schwenzer, 1996). theoretically, form more stable complexes (Turner et al.,

In contrast to their moderate effect on ribozynsibstrate 1990). In contrast to this, the stability of the complex [RNA
association with short substrates, the facilitators cause a3/36-S 942] is reduced byAAGz»c = 0.8 kcal/mol,
considerable improvement in the ribozyrsubstrate as-  compared with the complex [RNA 3/12& 942], as obtained
sociation with longer substrates. Short, complementary from the difference in dissociation constants of both com-
oligonucleotides may additionally induce a conformational plexes. Presumably, the energy gain by the formation of

relative effect

-]
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more base pairs with the longer facilitator is required to activation entropy become more complex within longer
outweigh the additional conformational strain mediated by RNA's (Li et al., 1995).
this facilitator in comparison with the shorter facilitator. A decrease in activation entropy was detected at all
Moreover, the facilitator substrate ratios for RNA 3/12a  substrates with the'@nd facilitators. These facilitators may
and for RNA 3/36 required for the maximal facilitator effects, restrict the flexibility of the ribozyme substrate complex
respectively, are very similar at both S 452 and S 942. This within the transition state. This unfavorable entropy effect
suggests similar stabilities of the facilitatesubstrate com-  is outweighed by the decrease in activation enthalpy, i.e.,
plexes for identical facilitators with both substrates. the transition state, which is higher ordered by the facilitator,
Although the stability of the complex [RNA 3/245 942 can be passed with lower energy.
RNA 5/24] is lower than the stability of the complex [RNA The differences between the activation parameters with
3/12a-S 942], the combination of the 24mer facilitators and without facilitator are very similar for both S 942 and S
provide a significant higher improvement of the ribozyme  452. Despite the different relative changeincaused by
substrate association than the facilitator RNA 3/12a. Thus, RNA 3/12a at S 942 and S 452, this facilitator might induce
the highest facilitator effect does not require the highest a conformational rearrangement with similar energetic and
stability of the complex formed between substrate and entropic changes in both S 942 and S 452. This fact, taken
facilitator. together with the very similar stabilities of the facilitator
Effect of Substrate Length on the Clege Step.Struc- substrate complexes of both substrates with identical facilita-
tures within the substrates obviously also affect the cleavagetors and the absence of an effect by facilitators binding distant
step. As the prerequisite for cleavage, the ribozyme to the ribozyme, suggest, that at the long substrates only a
substrate complex must adopt a Y-shape (Amiri & Hager- limited domain is involved in the required conformational
man, 1994; Tuschl et al., 1994; Pley et al., 1994; Scott et rearrangement for facilitator binding.
al., 1995). Due to unfavorable substrate structures, the This is in accordance with investigations concerning the
ribozyme-substrate complex may be present in a conforma- folding behavior of larger ribozymes. It has been reported
tion which is not sufficient for the cleavage reaction. This that these ribozymes, which require a defined structure for
would prevent the proper positioning of the required their function, are folding in several domains. These
functional groups for the chemical step. Consequently, for domains adopt their structures largely in a independent
the long substrates the obtained cleavage step rate constamhanner (Zarrinkar & Williamson, 1994; Pyle & Green, 1994;
k2 should reflect the conformational change of the ribozyme  Pan, 1995).
substrate complex into the required Y-shape. This implies In order to obtain insight into the differences betweén 3
a flexibility of the catalytic core of the ribozyme which has end and 5end facilitator effects ok, the influences of more
also been concluded from other observations (Herschlag etfacilitators on the activation parameters were tested with S
al., 1994). 39. The inhibitory effect of the 'send facilitator on the
Effect of the Facilitators on the Cleage Step. No cleavage step does not significantly change the activation
consistent observations have been published about theparameters. Although thé-Bnd facilitator also binds to the
facilitator effect on the cleavage step. Goodchild (1992) and substrate and should restrict the flexibility of the ribozyme
Nesbitt and Goodchild (1994) did not find any facilitator substrate complex in the transition state as well, no decrease
effect on the cleavage step. On the other hand, Denmanin activation entropy is observed. However, it has been
(1993) as well as our group (Jankowsky & Schwenzer, 1996) reported that the additional stability of a helix provided by
detected such an effect. coaxial helix stacking of a second, adjacently binding helix,
With S 39 the 3end facilitators activate and the-&nd is dependent on whether the second helix binder8l or
facilitators inhibit the cleavage step. This tendency is also 5'-end to the first helix (Walter & Turner, 1994). This is
found with the long substrates. However, with some caused by the different structures dfdangling and 5
facilitators, these position effects are interferred by the dangling ends (Petersheim & Turner, 1983)-E8d dangling
preforming effect, which is always activating. The facilita- ends (corresponding to the potentiaehid facilitator binding
tor-mediated change & at the long substrates emphasizes sequences of the substrates, Figure 1) stack on the other
that the preforming potential of the facilitators at the long strand (corresponding to the ribozyme helix 1) (Petersheim
substrates contributes a higher portion of the facilitator effect, & Turner, 1983) and contribute to a higher helix stabiliy
compared with the influence of the facilitator position. than 3-dangling ends (corresponding to the potentia¢3d
Further insight into the effect of the facilitators on the facilitator binding sequences of the substrate), which do not
cleavage step can be obtained from the influence of the show these stacking effects (Turner et al., 1990).
facilitators on the activation parameters of the cleavage step. Probably, due to different structures of the facilitator
The facilitator mediated changes of the activation parametersbinding sequences of the substrate, the binding of the 5
should indicate the conformative influence of the facilitators end facilitator is less favorable for the transition state of the
on the ribozyme-substrate complex within the transition cleavage step than the dangling facilitator binding sequence
state, because the facilitators hardly act directly on elemen-without facilitator.
tary chemical steps of the hammerhead cleavage. Conclusions. In our experiments a more than 100-fold
The cleavage step is a monomolecular reaction which enhancement of the ribozyme activity with a long substrate
should be reflected in a positive activation entropy (Hertel was detected with some facilitators. This increase is higher
& Uhlenbeck, 1995). This was found to be the case for the than the previously reported enhancement of the ribozyme
short substrate S 39. activity by the protein Ncp7 at a substrate of comparable
However, conformational rearrangement within the sub- length (Mahieu et al., 1995).
strate during the cleavage step may cause a negative With long substrates the facilitators have the potential to
activation entropy at long substrates. Additionally, the preform the substrate for ribozyme reaction. In our system
influences of metal ion binding and solvent effects on the even short 3end facilitators (9mer and 12mer) are effective.
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In some cases, the combination of several facilitators further Larson, G. P., Bertrand, E., & Rossi, J. J. (1988thods 519—
improves the ribozyme activity. 27.

Despite a small effect on short model substrates, facilitators LeCuyer, K. A., & Crothers, D. M. (1993iochemistry 325301~
provide a very interesting approach to improve the activity
of hammerhead ribozymes which show poor cleavage of long
Sulggﬁr?)ftiz.ntial intracellular applications facilitators might Li, ., Bevilacqua, P. ., Mathews, D., & Tumer, D. H. (1995)

- - Biochemistry 3414394-14399.
be of higher interest for the use of short and probably i, 5 B Blake, K. R, Miller, P. S., & Ts'o, P. O. P (1989)
modified ribozymes because the activity of a short ribozyme  Biochemistry 281054-1061.
could be enhanced. Thus, facilitators should preferably used| yngstadaas, S. P., Risnes, S., Sproat, B. S., Thrane, P. S., & Prydz,
with exogenous delivery strategies, where ribozyme and H. P. (1995)EMBO J 14, 5224-5229.
facilitators would be co-transfected into the cells. Endog- Mackman, N., Morrissey, J. H., Fowle, B., & Edington, T. S. (1989)
enous co-expression of ribozyme and facilitator would be  Biochemistry 281755-1762.
possible but more complicated because both facilitator andMaher, L. J., & Dolnick, B. J. (1988)lucleic Acids Res. 18341~

LeCuyer, K. A., & Crothers, D. M. (1994proc. Natl. Acad. Sci.
U.S.A. 91 3373-3377.

ribozyme have to be processed correctly at their ends. 358
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