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ABSTRACT. The ability of 6 ribozyme to catalyze the cleavage of an 11-mer RNA substrate was examined
under both single- and multiple-turnover conditions. In both cases only small differences in the kinetic
parameters were observed in the presence of either magnesium or calcium as cofactor. Under multiple-
turnover conditions, the catalytic efficiency of the ribozyrkgdKu) was higher at 37C than at 56°C.

The cleavage reaction seems to be limited by the product release step°@ta&w by the chemical
cleavage step at 58C. We observed substrate inhibition at high concentrations of the 11-mer substrate.
Cleavage rate constants were determined with a structural derivative characterized by an ultrastable L4
tetraloop. The kinetic parameteis{ andKy) and dissociation constark{) were almost identical for

both ribozymes, suggesting that the stability of the L4 loop has a negligible impact on the catalytic activities
of the examined ribozymes. Various cleavage inhibition and gel-shift assays with analogues, substrate,
and both active and inactive ribozymes were performed. Thg/@roxyl group adjacent to the scissile
phosphate was shown to be involved in binding with the ribozyme, while the essential cytosine residue
of the J4/2 junction was shown to contribute to substrate association. We clearly show that substrate
binding to thed ribozyme is not restricted to the formation of a helix located downstream of the cleavage
site. Using these results, we postulate a kinetic pathway involving a conformational transition step essential
for the formation of the active ribozyme/substrate complex.

Self—qleaving_sequences are _pregent in both the genomic Ji/2 5 1'G— 537 Sma I
and antigenomic RNA of hepaititis virus (HDV).! These v G_cc
sequences, known asself-catalytic domains, are required ' P2 g:g
for the processing of multimeric strands of both polarities o :(é Rz
into monomers during rolling circle replication of the virus S ¥'6—C20 U—A G
(for reviews see ref$—3). Trans-acting) ribozyme systems G—C p3G—C
have been generated by separating the RNA molecule at U—A C;3Ul0 5

! N ; : G—C GL3C Ja/2
various positions according to different secondary structure G—C CuC yu
predictions 4, 5). Thus far, the proposed pseudoknot _>g°U
secondary structure model best fits the experimental data for G GGG

30C—G

GG J1/4 0
51 U—é P4
sph 1—8—§

both the antigenomic and genomic RNAY.( This model
includes four stems (P1P4), two internal loops (L3 and

L4), and three single-stranded junctions identified in terms G—Cao c—a
of the linked stems (J1/2, J1/4, and J4/2) (see Figure 1). L4Gc o° Uy €

Trans-actingd ribozymes of either polarity have been _ i
designed and used almost exclusively to study the impaCtFlGURE 1: Secondary structure and sequencé nbozyme RzP1.1.

f mutati | tivi | It i The numbering of the nucleotides is from & 3 for both the
of mutations on cleavage activitg)( In general, trans-acting g hstrate and the ribozyme molecules. Paired regions are numbered

ribozymes were shown to cleave at a slower rate than thep1—p4, while joining regions are named according to the paired
corresponding self-cleaving RNA strand. However, these elements they link. The structure is shown according to the
rates were comparable to those of similar intermolecular Pseudoknot model5]. A dotted line represents the sequence
removed in the trans-acting ribozyme as compared to the self-
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and hairpin ribozymes. To learn more about the reaction mM EDTA/7 M urea running buffer as previously described
pathway ofd ribozyme cleavage, we focused on the kinetic (13). The reaction products were visualized either by
analysis of a trans-acting form of the antigenomic ultraviolet shadowing over a fluorescent thin-layer chroma-
ribozyme, which was divided into substrate and enzyme at tography plate or by autoradiography. The bands corre-
the J1/2 junction of the pseudoknot model. Two versions sponding to the correct sizes for the ribozymes and substrates
of this ribozyme, which differs from the wild-type form by  were cut out. These transcripts were eluted overnight at 4
a shortened P4 stem and an extension of stem P2, wer€C in a solution containing 0.1% SDS and 0.5 M ammonium
generated (see Figure 1). These versions differ by their L4 acetate and were then precipitated by adding 0.1 volume of
loops, which are composed of either an ultrastable tetraloop3 M sodium acetate, pH 5.2, and 2.2 volumes of ethanol.
(UUCG, in RzP1.1/4.1) or its reverse form (GCUU, in The amounts of purified transcripts were quantified by
RzP1.1), which is known for its relative instabilityg)( spectrophotometry at 260 nm.
Although the modification of the L4 loop and the extension  Synthesis and Purification of RNA and RNA/DNA Mixed
of the P2 stem have been shown to result in an increasedPolymer RNA and RNA-DNA mixed polymers were
cleavage activity of both cis- and trans-actihgibozymes, synthesized on an automated oligonucleotide synthesizer
no detailed kinetic studies have been perform&d7( 10). (Keck Biotechnology Resource Laboratory, Yale University),
In this paper, the kinetic parameters for ribozymes with and deprotected according to previously described procedures
modified L4 loops were determined at both 37 and°&6 (14). These polymers were purified by 20% PAGE. Major
under both multiple- and single-turnover conditions. Since bands were excised and eluted as described above.
the 6 ribozyme has the unique property of using calcium as  End-Labeling of RNA Synthetic oligoribonucleotide (1
efficiently as magnesium as cofactor, we determined the pmol) was end-labeled in a mixture containing 1.6 pmol of
kinetic parameters in the presence of each of these ions[y-?P]ATP, 10 mM Tris-HCI, pH 7.5, 10 mM MgGJ 50
Finally, we investigated the binding process using analogues,mM KCI, and 3 units of T4 polynucleotide kinase at 32
substrate, and both active and inactive ribozymes. for 30 min. The excessy[*?P]JATP was removed by
applying the reaction mixture onto a spin column packed
EXPERIMENTAL PROCEDURES with a G-50 Sephadex gel matrix. The concentration of
Plasmids Carryingd Ribozymes Cloning of the trans-  labeled transcripts was adjusted to 0.05 pprlal/ The 3
acting ribozyme sequence was achieved through the annealproduct (7-mer) was '3&and-labeled with ¢-%2P]Cp in the
ing of two pairs of complementary and overlapping oligo- presence of T4 RNA ligase according to the procedure of
nucleotides representing the entire length of the ribozyme the manufacturer (Pharmacia).
(57 nt; Figure 1), and subsequent ligation of the resulting  Kinetic Analysis under Single-Turner Conditions Single-
double-stranded DNA fragment into pUC19 to create a turnover conditions as described by Hertel et &b) (were
plasmid harboring thé ribozyme (referred to as pRzP1.1; used with some modifications. Briefly, various concentra-
for details of construction see réfl). The minigene was tions of ribozyme, ranging from 5 nM to4M, were mixed
designed so as to have unigiph and Sma restriction sites with trace amounts of substrate (final concentratichnM)
(see Figure 1). The sequence of the T7 RNA promoter wasin a final volume of 18L and subjected to denaturation by
included at the 5end of the ribozyme so as to pernmit heating at 95°C for 2 min. The mixtures were quickly
vitro transcription. Mutant ribozymes were constructed by placed on ice for 2 min and then equilibrated to the reaction
replacing the SpH—Sma fragment of pRzP1.1 by an temperature for 5 min prior to initiation of the reaction. To
oligonucleotide duplex containing the desired altered se- initiate cleavage, 2L of a solution containing 500 mM Tris-
qguence (pRzP1.1/P4.1 or pRzP1.1/P4.1/J4-2.1, namely, theHCl, pH 7.9, and 100 mM either Mggbr CaCh was added
A4; mutant). The sequences of all engineered ribozymesto the mixtures. The cleavage reactions were followed until
were confirmed by DNA sequencing. Plasmids containing the end point of cleavage was reached. The reactions were

wild-type and mutant ribozymes were digested wiima, sampled at various time points by removing2 aliquots
purified by both phenol and chloroform extractions, and and adding them to 8L of ice-cold formamide/dye mixture
precipitated for further use as templatesrinitro transcrip- (95% formamide, 10 mM EDTA, 0.05% bromophenol blue,
tion reactions. and 0.05% xylene cyanol). These samples were analyzed

RNA Synthesis In wuitro transcription reactions were by 20% PAGE, and the radioactive bands were quantified
performed according to standard procedures with T7 RNA with a Phosphorlmager (Molecular Dynamics). The fractions
polymerase 12). Unlabeled ribozyme was synthesized by of substrate cleaved were determined, and the rate of
in vitro runoff transcription onSma-linearized pUC19 cleavage K.,9 was obtained from fitting the data to the
construct (1Qtg). Unlabeled and internally labeled substrate equationA; = Ay(1 — e ¥), whereA is the percentage of
RNA ([a-%2P] GTP) were synthesized from partial oligode- cleavage at time A is the maximum percentage of cleavage
oxynucleotides duplexes flanked on theend by the T7 (or end point of cleavage), aridis the rate constankyg.
promoter sequence. Briefly, deoxyoligonucleotides (500 Each rate constant was calculated from at least two measure-
pmol) containing the substrate and the T7 promoter sequencenents. The values d{,,s obtained were then plotted as a
were denatured by heating at 96 for 5 min in a 20uL function of concentrations of ribozyme for the determination
mixture containing 10 mM Tris-HCI, pH 7.5, 10 mM Mgg£l of the kinetic parameters: apparekt: and Ky. Values
and 50 mM KC} and allowed to cool slowly to 37C. The obtained from independent experiments varied less than 15%.
in zitro transcription reaction was carried out with the partial  Cleavage Reactions under Multiple-Turper Conditions
duplex as template. All transcripts were passed through The catalytic parametet§y andk., were determined under
Sephadex G-50 spun columns and purified on 20% poly- conditions of excess substrate in20reactions. Substrate
acrylamide gels (PAGE) with 50 mM Tridhorate (pH 8.3)/1 (concentrations ranging from 50 nM to ) and ribozyme
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Table 1: Summary of Pre-Steady-State and Steady-State Kinetic Pardmeters

pre-steady-state steady-state

temperature
(°C) cofactor Keat (Min~2) Km (nM) keal K (Min~1-M~1) Keat (Min~2) Ku (nM) kealKm (Min~1-M~1)
37 Mg?t 0.32+ 0.03 9.9+ 1.0 3.0x 107 0.69+ 0.03 510+ 22 1.4x 1C°
37 car 0.41+ 0.05 10.3£ 0.9 4.0x 107 0.71+ 0.05 262+ 19 2.7x 1¢°
56 Mg?t 1.2+0.1 330+ 36 3.6x 1¢° 1.1+0.1 1300+ 140 8.5x 10P
56 car 1.0+ 0.1 570+ 59 1.8x 1¢° 1.3+0.1 2200+ 200 5.9x 10°
a See Experimental Procedures section for experimental details.

(50 nM) were denatured together in the presence of 50 mM A

Tris-HCI (pH 7.9) and a trace amount 2 nM) of internally 2 5 10 15 20 30 45 60

labeled substrate. The mixture was then preincubated at the -XC

testing temperature for 5 min. The reaction was initiated
by the addition of bivalent metal ions to a final concentration
of 10 mM. The reactions were stopped by removing aliquots
(1.5ulL) at regular time intervals and adding them to.40
of ice-cold formamide/dye mixture. Reaction products were
analyzed on 20% PAGE gels, and the fraction of substrate
cleaved at each time point was determined by radioanalytic
scanning with a Phosphorimager. Initial reaction velocities
were calculated over a time span that was within the linear
range K1 turnover), and LineweaveBurk plots were used
to calculateKy and k... Measurements of the kinetics of
inhibition were performed with either thé 8nd product,
the B end product, or the chemically synthesized SdC4
analogue at 37C under the conditions described above. To
avoid substrate inhibition phenomenon, three different
concentrations (50, 100, and 250 nM) of eitheei3d product
or SdC4 analogue were tested as inhibitor in the presence
of various substrate concentration varying from 50 to 750
nM. Either in the absence of inhibitor or in the presence of
the B end product (with several concentration ranging from
250 nM to 20uM), the substrate concentration was ranging
from 50 nM to 1uM. These experiments were performed . .
at least in duplicate and averalfevalues are reported. 200 300
Determination of Equilibrium Dissociation Constanthe [RZ] (nM)
equilibrium dissociation constants were determined by a FIGURE 2: Activity assays under pre-steady-state conditions. (A)

slight modification of the method described previousi§)( Example of a 20% PAGE autoradiogram of a cleavage assay at 56
Various ribozyme concentrations (usually ranging from 1 nM °C in the presence of 10 mM CaClndicated at the top are the

to 1 M) were individually incubated with trace amounts of  times (in minutes) at which aliquots were removed from the reaction
either the substrate analogue or the@®duct until equilib- ~ MXture. S, XC, and BPB are substrate, xylene cyanol, and

] bromophenol blue, respectively. (B) Plotslgfs versus ribozyme
rium was reached (1 h) and were then loaded onto nonde-¢qncentration in the presence of either 10 mM Mg(Cl) or CaCh

naturing gels. Quantification of bound and free substrates (o) at 37°C. Kinetic parameters were determinated by means of
was performed with a Phosphorimager as described earlier.nonlinear curve-fitting based on pseudo-first-order analysis under
different conditions.
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RESULTS
Pre-Steady-State Conditian&ibozyme RzP1.1 possess-

inactive conformation that could not bind the substrate into
a productive fashion or, more probably, to an equilibrium
ing the GCUU L4 loop was used in the initial kinetic between the active and inactive ribozyme/substrate com-
determinations under pre-steady-state conditions (fRz] plexes that is dependent on the occurrence of a conforma-
[S]). The experiments were performed at both 37 and 56 tional transition (see Discussion). By use of trace amounts
°C in the presence of either magnesium or calcium as of labeled substrate, pseudo-first-order rate constants for
cofactor (Figure 2). As an example of a typical autoradio- cleavage K.n9 were determined with increasing enzyme
gram obtained in these experiments, that for the incubation concentrations so as to obtain the appakgpandKy values

of 5 pmol of ribozyme with 0.1 pmol of substrate at 56
in the presence of 10 mM Mggis shown in Figure 2A. In

(see Figure 2B and Table 1). The appategtvalues from
the various test conditions were consistent; for example, at

the present case, the reaction reached up to 95% of cleave®7 °C in the presence either of magnesium or calcium the

substrate. In general, we observed that up te- @6 of

keat Values obtained were 0.32 mihand 0.41 min?,

substrate was cleaved within the incubation time, suggestingrespectively. The appareli, values with either calcium
that most, if not all, of the bound ribozymes were in a or magnesium were identical at 3C (10.3 and 9.9 nM,
catalytically active form. The small fraction of uncleaved respectively). In contrast, the apparent valueXgfwere

substrate may correspond either to ribozymes folded into slightly different at 56°C, 330 nM and 570 nM in the
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FiGure 3: Activity assays under steady-state conditions. (A) Monitoring of ribozyme cleavage with time. Internally labeled (less than 1
nM) and unlabeled substrate (500 nM) were cleaved by 50 nM ribozyme in the presence of 10 mMak8TIC. The concentration of
product over that of ribozyme ([P]/[E]) represents the number of turnovers. (B) LineweBuek plots of kinetic experiments performed

at both 37°C (O) and 56°C (O) in the presence of 10 mM magnesium. The amount of ribozyme was fixed at 50 nM, preannealed with
varying concentrations of substrate (S). Initial velocitigy\Were calculated over a time span that was within the linear rangeyrnover).

presence of either magnesium or calcium, respectively (seeexample, in the presence of a 100-fold excess of substrate
Table 1). Thus, the appareKt, are 30-60-fold larger at over ribozyme we observed 35 turnovers that occurred with
56 °C than at 37°C. Considering that thi, values were a similar rate constant. Thus, we concluded that atG6
almost identical at 37C and 56°C, the variation of the  the enzyme-product dissociation step is no longer rate-
apparentKy suggests the occurrence of a temperature- limiting.

dependent step during the formation of the active ternary 14 establish the MichaelisMenten parameters of this
complex. ThekeandKy values (0.32 mintand 9.9 "M)  iho,yme we considered only the percentage of cleaved
estimated at 37C in the presence of magnesium as cofactor gpstrate during the first turnover. Under these conditions
are almost identical to those recently reported for the Sameho initial velocity increased with increasing substrate

ribozyme in an independent experiment (0.34 mhiand 17 concentration up to zM at 37°C and 4uM at 56°C (Figure
nM; 11). In this experiment the apparekt.andKy values — 3py  pevond these substrate concentrations the initial

were alsq Qetermlned for a structural derivative CharaCte.nzedveIocities decreased. This profile is characteristic of substrate
by a stabilized UUCG. L4 Ioop (RZP1'1/4_'1) to be 0.23 mhin inhibition (16); hence, we believe that in high concentrations
and 9'.3 ?M' rgspectlvely, with ma_gnelzsmm_ ﬁs colchtor and the substrate interacts with a region of the ribozyme different
2(‘;;612?(':: T?]I:IS ;cz)trz rirt])lt\)/lz’ r::a:‘\)/(zzli\cl)?\z'(l?vgllg 1 fzg(ljugzlgls 1 /from the recognition domain, and this interaction results in
41) ha\)e i den'tical kinetig parameters suggésting that t'hemactlvatmn of the ribozyme. At 58C t_hls interaction would
stability of the L4-P4 hairpin has a négligible impact on pe Ie;s stablle, and consequer)tly a'hlgher substrate concentra-
tion is required to observe it. Similar results were also

the gblhty of these ribozymes to mediate cleavage at observed with calcium as cofactor (data not shown).
physiological temperatures.

Steady-State ConditionsThe cleavage activity of ri- Extrapolation of the linear portion of the Lineweaver
bozyme RZP1.1 with the GCUU L4 loop was also deter- Burk plots yielded MichaelisMenten parameters under
mined under steady-state conditions (fS][Rz]) at 37°C various conditions (see Table 1). At 3T, theKy was

with 10 mM magnesium as cofactor (Figure 3A). Time slightly higher in the presence of magnesium as compared
course experiments were carried out with various concentra-to calcium as cofactor, 510 nM to 262 nM, respectively.
tions of substrate, and the ratio of product to enzyme Inversely, at 56°C the Ky was slightly higher (2-fold) in
concentrations was plotted. This experiment was aimed atthe presence of calcium as compared to magnesium. The
determining whether the product release step becomesKm values seem to depend on temperature as, for example,
limiting (16), as the 3reaction product is still able to form  in the presence of magnesium the appakams at 37 and

a complex with the ribozyme through Watse@rick base 56 °C are 510 and 1300 nM, respectively. In the presence
pairing. We observed a burst of rate as previously reported of calcium as cofactor, however, the apparptincreases

(6, 10). The more products accumulated, the slower the 8-fold over the same temperature range (262 and 2200 nM,
turnover was. The rate constant was estimated to be 0.5respectively). In contrast, the estimatieg; values ranged
min~! during the first turnover, and then it decreased from 0.71 min!to 1.3 min? regardless of the temperature
progressively during subsequent turnovers until it becameand the metal ion cofactor (see Table 1). Overall, the
negligible, reaching 0.05 min during the fourth turnover  apparent second-order rate constants fs/Kv) appeared
(Figure 3B). This decrease in rate was observed at therelatively similar for both cofactors at both temperatures, and
different substrate concentrations tested at@with either the turnover of the ribozyme is slightly faster at 37 than
calcium or magnesium as cofactor (data not shown). In at 56°C. The experiments were repeated four times at 37
contrast, we did not observe any decrease in rate when the’C and twice at 56°C, with reproducible results being
experiments were performed at 56 (data not shown). For  obtained, ensuring that the reported differences are real.
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Ficure 4: Temperature dependence of the rate constiagi).( 60 _
Reactions were performed under steady-state conditions with 250 ~
nM substrate being incubated with 50 nM ribozyme at the desired &
temperature. Rate constants were determined and plotted as a g
function of the temperature in CelsilC)) as well as 1/temperature 3 40 _|
in kelvins (K). @, O) Ribozymes with either the GCUU (RzP1.1) -2
or the UUCG (RzP1.1/4.1) ultrastable L4-loop, respectively. S
. . [
Temperature Sensifty of Ribozyme Clemge The & Jo
cleavage activities of the two L4 loop versionsiaiibozyme
were estimated at different temperatures under multiple-
turnover conditions. The values &f,s were estimated at o
i | | T T T 1
several temperatures between 23 and®5and an Arrhenius s 100 200 300 400 500

plot was drawn (Figure 4). The optimal temperatures of the [RZ] (M)
ribozymes harboring the GCUU and the UUCG L4 loops o ".
(RzP1.1 and RzP1.1/P4.1, respectively) were estimated tof'GURE 6: Example of a binding shift assay between the SdC4

A1 0 o . analogue and the active ribozyme. Different concentrations of
be~41°C and 45°C, respectively. Thus, the presence of ribozyme were individually mixed with trace amounts of end-

the ultrastable tetraloop in RzP1.1/P4.1 seems to increas@apeled substrate{l nM), incubated at 37C for 1 h, and analyzed
slightly the resistance to nonphysiological temperatures. on a nondenaturing polyacrylamide gel. Fractions of bound and
These estimated optimal temperatures are relafvely low Ga ot o natant, was. obiained from fiting the data 1o the
Eompartid tcl’. those Ofthammfert?]ead rlbozymesdﬁfﬂ?)i d equation % bound su’bstra@e [Rz]/Kq + [RZ], whgre [Rz] is the

sing the linear portion of the curve, we delermined concentration of ribozyme. The fraction of substrate bound in the
activation energies of 17.5 and 18.6 koabl™* for the presence of either 10 mM Mgg{(O) or CaCh (O) is indicated.
UUCG and GCUU L4 loop ribozymes, respectively.

Inhibition Assays Inhibition assays were performed at under similar conditions, indicating that the binding of both
37 °C with three different chemically synthesized ana- molecules appears to be similar. The slightly higher apparent
logues: (i) an 11 nt RNA identical to the substrate except K, of the 3 product may suggest that the interaction between
for the presence of a deoxyribose residue at position 4 (thethe substrate and thieribozyme is not restricted to the base-
cleavage site), namely, SAC4) @ 7 nt RNAcorresponding paired domain (the P1 stem). Indeed, theértion of the
to the 3 product (the substrate portion base-paired to the substrate would probably contribute to the substrate
ribozyme); and (iij a 4 nt RNA corresponding to the'5  ribozyme interaction; however, no inhibition was detected
product. Substrates with a deoxyribonucleotide at the when the 5product analogue was tested as inhibitor (Figure
cleavage site, as well as the 7-mép®duct, had previously  5). Higher concentrations (ranging from 250 nM up to 20
been shown to act as analogud8<20). Under steady-  uM) of the 5 product were tested, but no inhibition was
state conditions, a 250 nM concentration of either the SdC4 detected (data not shown).
analogue or the'3product was used in order to minimize Binding Shift Assays To learn from both the substrate
substrate inhibition phenomena. All experiments lead to the and product binding t@ ribozyme, we performed gel shift
conclusion that both the’3end product and the SdC4 assays under conditions similar to those of cleavage assays.
analogue are competitive inhibitors (e.g., Figure 5). The Trace amounts of end-labeled analogue (SdC4 or the 3
estimated inhibition constant&} of the SdC4 analogue and  product) were incubated at 3T with various concentrations
the 3 product were 321 nM«£ 24 nM) and 712 nM £ 73 of ribozyme, and the mixture was analyzed on native
nM), respectively. Thé& value of SdC4 analogue is in the polyacrylamide gels. Figure 6 shows a binding curve of
same range as the appar&at estimated for the substrate assays performed with the SAC4 analogue and the ribozyme
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Table 2: Equilibrium Dissociation Constahts DISCUSSION
| bstrat ive rib i”a‘;five fi?ozg’me The Twod Ribozyme Versionsin this study we charac-
analogue _ substrate _ active ribozyme (A7 mutant terized trans-acting ribozymes under both pre-steady-state
uncleavable 3'8;?rgguct . 228(3‘))) 2%21(5’0) and steady-state conditions. Previously, it has been reported
cleavable all RNA 25 (70) that a large proportion o ribozymes would fold into

aSee Experimental Procedures section for experimental deiails; inactive conformations/). W? postulated that the Sequence
units are nanomolar; values in parentheses are % maximum bo’und_mC the P4__L4 stem-loop, which has an acces_sory function
complex. in catalytic core assemblyp), may be responsible for these
misfoldings. Consequently, we constructed two identical
(RzP1.1) in the presence of either magnesium or calcium. llbozymes carrying either an unstable GCUU loop (RzP1.1)
The dissociation constant) were estimated to be 30 and ~ or an ultrastable UUCG loop (RzP1.1/4.1) (Figure 1). Both
52 nM in the presence of either magnesium or calcium, ribozymes have a P2 stem extended by three0Gpairs in
respectively. Thus, calcium and magnesium promote the order to stabilize the stem and ensure efficient transcript
formation of the substrateanalogue complex in a similar ~ synthesis. Unexpectedly, their kinetic parametég énd
manner. If this difference irKq is significant, it would Km) and dissociation constark{) were virtually identical.
suggest that the substratébozyme association is weaker These results suggest that the stability of the L4 loop appears
in the presence of calcium as compared to magnesium.to have a negligible impact on the ability of the ribozyme to
Similarly, a K4 of 28 nM was determined for the SdC4 mediate binding and cleavage at®7. However, the results
analogue and the RzP1.1/4.1 ribozyme with the ultrastableof cleavage assays performed at different temperatures
L4 loop (Table 2). From an independent experiment, we showed that the version with the ultrastable tetraloop seems
recently reported &4 of 31 nM for the same compled (). to have a somewhat higher resistance to nonphysiological
Thus, modification of the L4 loop did not alter the binding temperatures. Previously, it has been demonstrated that a
of the SAC4 analogue to the ribozymes. Using the ultrastabletemperature of 4555 °C could enhancé ribozyme turnover
L4 loop version of thed ribozyme, we observed Ky of as compared to 37C (21). We suspected that the version
122 nM for the 3 product 3-end-labeled with ¢-3?P]Cp, with the ultrastable loop should have more resistance to
which is an uncleavable analogue like SdC4 (Table 2). The higher temperatures. Since the designed P4 stem was
binding of the 3 product was slightly weaker than that of sufficient to provide stablity to the ribozyme, and the
the SAC4 analogue. However, the maximum bound complexultrastable L4 loop did not affect the optimal temperaturature
(e.g., capacity) was estimated at 14% with thep@duct of the ribozyme, we propose that the inactive formation of
3'-end-labeled compared to 80% with the SdC4 analogue.these ribozymes is a consequence of the misfolding of
These results suggest that tHepBoduct/ribozyme complex  another region of the catalytic RNA; for example, the three
is weaker. When the' Product was 5end-labeled, th&q Watson-Crick base pairs of the P3 stem.
and the maximum bound complex were estimated to be 42
nM and 14%, supporting the conclusion that the product/
ribozyme complex is weaker (data not shown).

Most of the ribozymes characterized in this study adopted
active conformations, unlike other versions of thébozyme
(7). At 37 °C under steady-state conditions, we observed a

IBmd'n? shift das.f,t%ys n trletpges%nce of n:sgtnﬁsmbm WETe}urst that occurred near one unit of ribozyme concentration.
aiso periormed with a mutated rnbozyme that Narbors an s spseryation supports the notion that most of the

219 tehrlzoslsrjsee?:iglocs Itl(())sr::g fg?;zlai(li/ei‘(l).sli/r;]: azt.lg).si;li—(r)]r:a EUti[:ggribozyme was active. Furthermore, the burst yielding a
) yt ) . P y slower rate of product formation indicates a change in the
ao ribozyme completely inactive at both 37 and%&(data I : ,
... rate-limiting step from the cleavage step in the first turnover
not shown). The A mutant bound the SdC4 analogue with .
to the product release step in subsequent turnovers. Slow

a Ky of 191 nM (Table 2). This dissociation constant is .
7-fold weaker than that of the active ribozyme, suggesting product release was also suggested as one possible cause of
' low turnover for other versions of thieribozyme (0, 18).

that G,y may play either a direct or an indirect role in the
binding of the substrate. We also observed that the A In coptrast, v.ve'c')bserved that at 56 the cleavage step
remains the limiting step for all turnovers.

mutant ribozyme bound thé Broduct with aKy of 276 nM,
supporting the notion that the cytosine at position 47 of the  In addition, substrate inhibition occurred in steady-state
active ribozyme contributes to the ribozyme/substrate as- conditions at concentrations greater than 1 apdWat 37
sociation. The capacity of the inactive ribozyme to bind the and 56°C, respectively. These results suggest that at high
3 product was limited (6%), suggesting that this complex substrate concentrations there is probably a greater amount
was relatively weak. The inactivesAmutant was used to  Of the inactive form of the ribozyme due to an undesirable
evaluate the binding of the substrate, which is a cleavableinteraction. Sequence analysis revealed some potential
molecule as compared to the uncleavable analogue. The A regions of the substrate and the ribozyme that could be
mutant ribozyme binds the RNA substrate witiKaof 25 responsible for this interaction. Apart from the P1 domain,
nM (Table 2). The only difference between the SdC4 the L3 loop harbors the sequencgdCCUC,4, which might
analogue and the RNA substrate is tHehgdroxyl group pair to the substrate GGCGGG sequence. The helix
adjacent to the scissile phosphate. Therefore, the 8-foldformation between the substrate and L3 loop might prevent
stronger binding of the RNA substrate as compared to thethe folding of the ribozyme required for catalysis. At 56
SdC4 binding indicates that thé-Rydroxyl group adjacent  °C, this putative interaction might be less stable, and therefore
to the scissile phosphate is involved in substrate binding to a larger portion of substrate is required in order to obtain a
the ribozyme. similar inhibition.
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Magnesiumversus Calcium as CofactorThe apparent  substrate, the'®nd product, and the 8nd product. Since
keat Values determined in the presence either of magnesiumall kinetic analyses were performed in the presence of
or calcium were identical under similar conditions, suggesting saturating concentrations of either magnesium or calcium (10
that both ions support a similar chemical cleavage. In mM), metal ion binding was not considered. This working
contrast, the estimate#, and K4 values were slightly  hypothesis is supported by the observation that in the
different (e.g.,<2-fold). For example, under steady-state presence of active ions (like Mgand C&") the ribozyme/
conditions, we determined valueskf of 510 and 262 nM substrate complex goes through a conformational transition
at 37°C, and 1.3 and 2.2M at 56 °C, in the presence of that alters the patterns of metal ion probing (D. A. Lafontaine,
magnesium and calcium, respectively values of 28 nM S. Mercure, and J.-P. Perreault, unpublished data). In
with magnesium and 52 nM with calcium were obtained by contrast, inactive metal ions (like €dand Zrf") do not
binding shift assays. This difference is insignificant, al- support this conformational transition.
though it is possible that these two metal ions might interact ~ Steady-state results show that the rate-limiting step is
differently with the active ribozyme/substrate complex. A temperature-dependent. At 3T it is the product release
previous report of Puttaraju et aR1) stated that calcium  step, while at 56C it is the chemical step. Since tlhgy
enhanced reaction turnovers as compared to magnesiumyalues were estimated by using only data from the first
while Suh et al. 22) show that both calcium and magnesium turnover, they can be compared to thg: estimated from
support similar cleavage activity. Our results with calcium pre-steady-state experiments designed to measure the rate
agree with those of Suh et al23), leading us to suggest of reaction of the conversion of ES to ER.£n) and are
that the efficiency of cleavage with either magnesium or unaffected by the rate of complex association. The fact that
calcium depends on the ribozyme sequence. From indepenthe k., values under both single- and multiple-turnover
dent experiments, we observed that magnesium and calciumconditions are similar suggests that under these two condi-
gave slightly different cleavage patterns due to metal ion- tions the rate-limiting step is the rate of the chemical
induced cleavage when one of these ribozymes was subjectedleavage. Thekey values in the present work are in
to identical tests with either calcium or magensium (D. A. agreement with the values ranging between 0.1 to 1.0'min
Lafontaine, S. Mercure, and J. P. Perreault, unpublishedreported previously for other versions for theribozyme
data). This indicates thal ribozyme binds calcium and (6, 10, 18).
magnesium with some minor differences that can cause small Under pre-steady-state conditions the apparent Michaelis
variations in the binding affinity, resulting in slightly different Menten constantK), which is the concentration of E at
Kum andKq4 values. half-maximum rate, represents the apparent dissociation

To learn how the metal ion cofactors are involveddin  constant of the E®omplex. On the other hand, the apparent
ribozyme catalysis, we determined the nature of the rear- Ky determined under steady-state conditions is a measure
rangement of the ribozyme conformation due to the addition of the ribozyme bound in any form to the substrate (ES and
of the substrate and magnesium. Assuming that uponES). Similar values of apparerity andKy under steady-
addition of the metal ion to the ribozyme both the substrate state or pre-steady-state conditions implies that the majority
and the substrate/ribozyme complex incorporate magnesiumof E-bound molecules are capable of going through the
ions prior to activity, we used various conditions including reaction steps without the rate-limiting conformational
mixing magnesium with the ribozyme prior to the addition changes within the complexl§). At 37 and 56°C, we
of substrate, and vice versa, to initiate catalytic cleavage estimated the apparek, values to be 9.9 nM and 330 nM
reactions (data not shown). However, we could not detect under pre-steady-state conditions and 510 nM and 1300 nM
any significant effect of the various initiation methods on under steady-state conditions, respectively. These data are
the cleavage reactions, suggesting that the addition of metalin ageement with those reported for other versions)of
ions into the ribozyme/substrate complex is so rapid that it ribozymes studied at 37C (6, 10, 18). The differences in
could not be distinguished by this method. Similar experi- Ky between the pre-steady-state and steady-state experiments
ments were performed with a genomic-derived versiod of indicate that the ES complex is undergoing a slow internal
ribozyme @). In that study, it was shown that the cleavage conformational rearrangement yielding the' E@mplex. We
rate could be maximized by a preincubation of substrate andbelieve that under pre-steady-state conditions the conforma-
ribozyme together, and then initiation of the reaction by the tional transition is bypassed and the reaction goes directly
subsequent addition of the magnesium. The same reportto ES complex formation prior to initiation (e.g., addition
suggested that the magnesium ions do not interact with theof magnesium). The fact that the single-turno¥gr (10
pro-R oxygen directly but are essential to the formation of nM) and binding shifty (25—28 nM) are similar suggest
the active complex of the ribozyme and its substr8jeQur that the majority of E molecules that bind substrate are
results also support this suggestion, since both calcium andcapable of catalyzing the reaction at37. In contrast, the
magnesium gave similar valueslqf; (for the chemical step)  pre-steady-stat&y values were significantly higher at 56
andKy andKg (for the binding process). °C (>33-fold), near the steady-stakg,, suggesting that a

Kinetic Pathway To analyze our experimental data, we large proportion of the ES dissociates rather than goes
considered a kinetic pathway that required a conformational through the reaction steps. Also, one possible explanation
transition step for formation of the active ternary complex: for the higher appareriy under steady-state conditions,

which is similar to theK, of the competitive SdC4 analogue,
E+8 =—=ES —=ES§' —~EP2 —=E+P2 would be that the ES complex is slowly transformed into
P1 the active EScomplex. Overall, thée./Ky values (16—
10’ min~*-M~1) are comparable to those of other ribozymes,
where E, S, P1, and P2 are respectively the ribozyme, thesuch as the- 10’ min~—1-M~1 reported for the group | intron
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(23). In this latter system the reaction is also limited by REFERENCES

substrate association under single-turnover conditions and
byproduct release under multiple-turnover conditions.

Both the 3 product and the SdC4 analogues give relatively
similar K4 values in gel shift assays with the active ribozyme
(122 and 28 nM, respectively) and with the inactive; A
mutant ribozyme (276 and 190 nM, respectively). The 4.
similarity of the equilibrium dissociation constants was
expected because the base-pairing regions of both analogues 5.
are identical. However, the maximum bound complex (the 6.
capacity to bind) was significantly reduced with thé 3
product as compared to the SdC4 analogue with both the
active and inactive ribozymes (6-fold lower). One hypothesis
to explain this decrease is that thepBoduct does not pass 8
through the conformational transition that the SdC4 analogue
does. Therefore, the conformation transition contributesto g
stabilizing the substrate/ribozyme complex, resulting in a
higher proportion of bound complex, without decreasing the 10.
Kgvalue. As a consequence, we propose that th&ion
of the substrate might have an important contribution to the 11-
mechanism; at least one interaction in the ribozyme/substrate
complex involves a chemical group of the substrate that is
located upstream of the scissile phosphate (in tip@&ion). 13
These gel shift assays also showed a 7-fold differenég in
in the binding of both the SAdC4 analogue and thprdduct 14,
to the active ribozyme as compared to the inactive ribozyme.
This difference indicates that the cytosine residue at position 15.
47 contributes to the binding mechanism. Cross-linking
experiments and tridimensionalribozyme models suggest 16.
that residue Gz is in close proximity to the scissile phosphate
(19, 20, 24, 25). Therefore, it appears reasonable to
hypothesize that £ can interact with a chemical group near
the cleavage site. We also observed a difference in the g
binding of the SAC4 analogue and the RNA substrate to the
A47 mutant ribozyme (8-fold stronger), suggesting that the 20.
2'-hydroxyl group adjacent to the scissile phosphate is
involved in the binding with the ribozyme. Thus, the results  21.
reported here suggest that the ribozymeg e 2-hydroxyl
adjacent to the cleavage site, as well as another chemical 2
group in the substrate portion, may directly or indirectly
contribute to the binding mechanism. Both the substrate
recognition and binding processes of thebozyme are not 24
restricted exclusively by the formation of a helix composed
of either six or seven WatsetCrick base pairs (e.g., P1
stem), but rather the' portion of the substrate also playsa  25.
major role in both processes, and as a consequence it cannot
be ignored in further studies.
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