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ABSTRACT

We have investigated the cleavage induced by metal
ions in an antigenomic form of a
ribozyme. A specific Mg 2*-induced cleavage at position
G;, at the bottom of the P2 stem was observed to
occur solely within catalytically active ribozyme—
substrate complexes (i.e. those that performed the
essential conformational transition step). Only the
divalent cations which support catalytic activity per-
mitted the detection of specific induced cleavages in
this region. Using various mutant ribozymes and
substrates, we demonstrated a correlation between

enzymatic activity and the Mg 2*-induced cleavage

pattern. We show that the efficiency of the coordination

of the magnesium to its binding site is related to the

nature of the base pair in the middle of the P1 stem
(i.e. Rz,5-Sg). Together with additional evidence from
nuclease probing experiments that indicates the
occurrence of a structural rearrangement involving

the bottom of the P2 stem upon formation of the P1
helix, these results show that an intimate relation-
ship exists between the folding and the catalytic
activity of the delta ribozyme.

trans -acting delta

shorter ultra-stable stem—loop derived from the UNCG family
(6). Finally, the P2 stem has been elongated, and the sequence
modified so as to begin with three guanosines to facililate
vitro transcription. Under single-turnover conditions, this
ribozyme cleaved a model substrate (11 nt in size, Fig. 1) with
a rate constant of 0.32 mityan apparent £ of 9.9 nM and an
apparent second order rate constant &f13’ min-M-1(5).

According to the crystal structure of genondieltaribozyme
no tightly bound metal ion is located within the catalytic RNA.
This results in a structure that appears to be stabilized entirely
by nucleic acid interactions (4). However, a previous study of
the antibiotic inhibition ofdeltaribozyme suggested that both
neomycin and magnesium are likely to displace lead ion(s),
raising the hypothesis thdeltaribozymes do indeed possess
metal ion coordination site(s) (7). Recently, it has been shown
that hammerhead, hairpin and VS ribozymes do not require
divalent metal ions for their catalytic activity, provided that
mimics such as cobalt hexaamine or monovalent metal ions
can support the cleavage ability (8). In contrasifaribozyme
has an absolute requirement for the presence of divalent metal
ions in order for self-cleavage to occur (8), clearly indicating
that divalent metal ions play an indispensable role in folding
and/or active site chemistry of this ribozyme.

The induced cleavage approach has been successfully used
by many groups to elucidate metal ion binding sites (e.g. 9-12).

This method is based on the fact that water molecules bound by
metal ions can be substantially more acidic than free ones. If a
INTRODUCTION metal ion is coordinated to other ligands, the m a bound
Hepatitis delta virus (HDV) possesses a single-strandewater molecule can be affected and the resulting hydroxide ion
circular RNA genome of 1.7 kb which replicates through ais a potent nucleophile (11). Since divalent metal ions can
double-rolling-circle mechanism in human cells (1,2). Theinteract electrostatically with the phosphate backbone of RNA,
minimal sequences required for the optimum self-cleavage dfydroxide ions bound to a metal ion participate in a huge
both antigenomic and genomic straridsitro are 1 nt 5' and number of reactions including the common transesterification
84 nt 3' of the cleavage site (1). According to the pseudoknoteaction (13). In order for a metal ion to cleave an RNA back-
model (3), the secondary structuredslta ribozyme consists bone, a proton from the 2'-hydroxyl (2'-OH) of a ribose moiety
of four stems (P1-P4), two internal loops (L3 and L4) andmust be removed by a hydroxide ion and a certain flexibility
three single-stranded junctions referred to as the linker stemmBust exist in the region. As a consequence, not all bound metal
(J1/2, J1/4 and J4/2) (Fig. 1). An additional stem formed byions cleave the RNA backbone. By increasing the pH to near
2 bp, namely P1.1, was observed in the crystal structure of #ie pK, of a particular metal ion, the concentration of hydroxide
self-cleaved form of the genomic ribozyme (4). From self-ion is increased and more ribose 2'-OH protons are removed.
cleaving sequencedransacting ribozymes in which one Eventually, more of the metal ions bound to the RNA are able
molecule possesses the substrate sequence and the otherttheleave the phosphodiester backbone. In this report, we
catalytic property, have been developed (1). We engineeredexamined the cleavage patterns induced by magnesium ions in
ribozyme from the antigenomic HDV genome possessingin antigenomic form of d@ransacting delta ribozyme. We
some modified features in order to obtain a catalytic RNA ofreport a specific M§-induced cleavage afeltaribozyme that
minimal length (57 nt, Fig. 1; 5). Briefly, the J1/2 junction has occurs solely in conjunction with the formation of a P1 helix
been removed, and the P4 stem—loop has been replaced byhat has the potential to lead to an active ternary complex. The
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J12 5 3 RibozymeRibozymes were produced lny vitro transcription
R |G — C57 in a 50pl reaction using linearized recombinant plasmid DNA
P 8_ S as template (plg) in the presence of 27 U RNAGuard, 80 mM
: 202% HEPES-KOH, pH 7.5, 24 mM MgGl 2 mM spermidine,
¥~ ¢Z8& Rz 40 mM DTT, 4 mM of each NTP, 0.01 U yeast pyrophos-
S 118 - Szo g = é G phatase and 25 mg purified T7 RNA polymerase aC3After
b1 C— PBEZC  ag 3 h of incubation, 5 U DNase | (RNase-free) was added and the
[Gﬁ: A S A reaction incubated at 3C for a further 30 min. The reaction mix-
G—C /i €ygC 142 tures were extracted with one volume phenol:chloroform (1:1),
—>é; e U('; ? u and fractionated by denaturing 20% polyacrylamide gel elec-
GGG Gsu% ‘__'é; trophoresis (PAGE, 19:1 ratio of acrylamide to bisacrylamide)
51 J1a K ¢ using buffer containing 45 mM Tris-borate, pH 7.5, 7 M urea
P4 8 :é and 1 mM EDTA. The reaction products were visualized by
(c: :g UV shadowing, and the band corresponding to the ribozyme
0 | G—C . .
UU S GeyV cut out. The transcripts were eluted from these gel slices over-

night at £C in a solution containing 0.1% SDS and 0.5 M
ammonium acetate, and were precipitated by the addition of 0.1
vol 3 M sodium acetate, pH 5.2, and 2.2 vol of absolute ethanol.

Figure 1. Secondary structure and nucleotide sequencesrahgactingdelta ;[Jlanscript quantities were determined by spectrophotometry at
m.

ribozyme. The base paired regions are numbered according to (3). The pseudok

P1.1 (4), which is formed by GC;, and G,G,g, is illustrated by dashed lines.

S and Rz represent substrate and ribozyme, respectively. The dotted line represents

the J1/2 single-stranded region which joins the substrate and ribozyme mo'ecu'g‘ubstrate.Deoxyoligonucleotides (500 pmol) harboring the

in the cis-form. The arrow indicates the cleavage site. The homopurine bas :

pair at the top of the P4 stem is represented by two dots (G:-G), while the wobb(;ubStrate (Flg' 1). and the T7 pr_om_oter sequence_s were

base pair is represented by a single dot (G-U). enat_ur_ed by heatlng at 95 for 5 min in a 20ul solution
containing 10 mM Tris—HCI, pH 7.5, 10 mM MggI150 mM

[, and allowed to slowly cool to 3€. Thein vitro tran-

iptions were carried out using the resulting partial duplex as

template under the same conditions as those of ribozyme, and

the substrate was purified and recovered as described above.

presence of this metal ion coordinate site appears to be essenE@
for the catalytic activity of thaleltaribozyme.

MATERIALS AND METHODS ) ) i
DNA/RNA mixed polymerSubstrates having a deoxyribose

Materials substituted for a ribose at one or two positions were chemically

Restriction enzymes, nucleases, RNAGuard (RNase inhibitor?ymhesized using an automated oligonucleotide synthe_sizer
T4 polynucleotide kinase, Sephadex G-50 aye?PJATP Keck Biotechnology Resource Laboratory, Yale University),

; ; -.and then deprotected and purified as described previously (18).
(6000 Ci/mmol) were obtained from Amersham Pharmaci n : | b
Biotech. Yeast pyrophosphatase and calf intestine alkalin he resulting RNA mixed substrates were purified by PAGE

phosphatase were purchased from Roche Diagnostic. DNaSng]d the corresponding bands excised and eluted as described

(RNase-free) was obtained from Promega. Magnesium chlorio%bove'
hexahydrate was purchased from Sigma-Aldrich. T7 RNAEnd-labeling of RNA

polymerase was purified as described using the eXpreSSi(B]urified transcripts (40 pmol) were dephosphorylated in a
system of Studier (14,15). 20 ul reaction migture(z cor?taini)ng 200 ml\ﬁ Trisp—HC};, pH 8.0,
RNA synthesis 10 U RNAGuard and 0.2 U calf intestine alkaline phosphatase.
: , ) ) The mixture was incubated at 37 for 30 min, then extracted
Plasmid carrying the delta ribozym&he construction of the yice with 1 vol phenol:chloroform (1:1), ethanol precipitated,
trans-acting delta ribozyme used in this work has been \yashed twice with 70% ethanol and dried. Dephosphorylated
described previously (5,16; Fig. 1). Briefly, the construct wasyanscripts (5 pmol) were end-labeled with T4 polynucleotide
engineered as follows: two pairs of complementary overlapkinase in the presence of 3.6 pmgRIPJATP (6000 Ci/mmol)
ping oligonucleotides representing the entire length of thccording to the manufacturer's recommended protocol. The
ribozyme (57 nt), were synthesized, annealed and ligated t@actions were stopped by the addition ofil5of formamide
Hindlll /Sma codigested pUC19 yielding a plasmid harboringdye mixture (95% formamide, 10 mM EDTA, 0.05%
the delta ribozyme (referred to asgRzP1.1; 16). pRzP1.1  bromophenol blue and 0.05% xylene cyanol), and fractionated
was then used for the construction of mutant ribozymes carrysn 20% PAGE gels. The labeled transcripts were eluted as
ing the ultrastable tetraloop 4 (i.edRzP1.1/P4.1) and the described above, passed through a Sephadex G-50 spun col-
C,7A mutation (i.e. PRzP1.1/P4.1/J4-2.1) as described pre-umn and stored at —2C until used.
viously (5). Ribozymes harboring mutations in the P1 region L
were constructed by modifying the substrate recognition site d¥1€tal ion-induced cleavage
pdRzP1.1 via ligation of an oligonucleotide containing the alteredlrace amounts (~0.01 pmol) of 5' end-labeled ribozyme were
sequence flanked by the appropriate restriction endonuclease sitesuspended in 8l H,O and then preincubated at “¥5 for
to Rsil (U,9/SpH (G35 digested pRzP1.1 (16,17). All 2 min in either the presence or the absence of SAdC4. After
ribozyme constructs were verified by DNA sequencing. cooling on ice for 2 min, the mixtures were equilibrated at
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37°C for 5 min. The cleavage reactions were initiated by adding

12345678910
250 mM CHES-NaOH, pH 9.5 (@il) and 50 mM MgC} (1 ul)
and reaction incubating at 3Z for 2 h. The experimental m
conditions for cations other than Mfgare indicated in the Gs— £= #® .2 Gy

legend to TabIE|2. The reactions were stopped by adding
50 MM EDTA, pH 8.0 (1pul), and the resulting products
ethanol precipitated, washed twice with 70% ethanol, air dried
and dissolved in Gl of XC stop solution (95% formamide,
10 mM EDTA, 0.05% xylene cyanol) prior to fractionation on
either 8 or 10% PAGE gels. In order to identify the cleavage
sites, the reaction products and an RNA ladder produced by
alkaline hydrolysis were fractionated on either 8 or 10% PAGE
gels. The resulting gels were dried and exposed to an X-ray
film and/or a Phosphorimager (Molecular Dynamics) screen
when quantification was required.

Ribozyme cleavage activity

Under single turnover conditions, trace amounts of end-labeled
synthetic substrate (<1 nM) were mixed with 200 nM of
ribozyme in 20ul of 50 mM Tris—HCI pH 7.9 solution. The
mixtures were heated at 85 for 2 min, and then cooled on ice
for 2 min prior to preincubating at 3€ for 5 min. Following

this preincubation, the cleavage reactions were initiated by the
addition of divalent cations to a final concentration of 10 mM,
and were followed for up to 6 h or until the endpoint of Figure 2. Magnesium-induced cleavage with various substrates. The end-labeled
cleavage was reached. Aliquots of |2 were removed at ribozyme was incubated alone without (lane 3) or with 10 mM magnesium
various time intervals and mixed withi8 of an ice-cold solution (lane 4). The remaining lanes contain the ribozme *Mand the following

.. 0 . 0 substrates: SAdC4 (lane 5), Sall (lane 6), P2 product (lane 7), unrelated sequence
containing 95% formamide, 10 mM EDTA, 0.05% bromophenol:ccac ey jane 8), Sy (lane 9) and Sd4-S@ (1ane 10). Alkaline hydrolysis

blue and xylene cyanol. R_eaCtion products were resolved Offane 1) and RNase;Thydrolysis (lane 2) of the end-labeled ribozyme were
20% PAGE gels and the dried gels exposed to Phosphorimaggdrformed in order to determine the location of the metal ion-induced cleavage

screens. Radioactivity was quantified using the ImageQuarioducts (Materials and Methods). The locations of the RNasmajor cuts
software in order to determine the fraction of substrate cleavedj® indicated on the left, while the location of,@ indicated on the right.
at each time point. The pseudo-first-order rate constants were

obtained from non-linear least-square fitting of the data to th%vere all moderately hydrolyzed. All single-stranded regions
o X i ~ ) .
equation: cleaved yield (%P= ERy(1 - €¥). were partially or entirely hydrolyzed with the exception of the

Nuclease mapping L4 loop. This stable tetraloop has been reported to be resistant

Trace amounts (~0.01 pmol) of 5' end-labeled ribozyme wer
successively incubated for 2 min at°@ 2 min on ice and
5 min at 37C in a 4pl mixture containing 20 mM Tris—HCI
pH 8.0, 4 mM MgC} and 40 mM NHCI. Either RNase T
(1 V) or RNase 7T (0.5 U) was then added, and the mixtures
incubated at 37C for various durations. The reactions were
quenched by the addition of @l of XC stop solution (97%

formamide, 10 mM EDTA and 0.02% xylene cyanol), and the

cleavage positions analyzed as described in the previous sectio

RESULTS AND DISCUSSION

Magnesium ion-induced cleavage in free ribozymes

The metal ion-induced cleavage approach was used to identi
backbone phosphates involved in the coordination o
magnesium ions within alelta ribozyme. The magnesium-

to lead hydrolysis (19). Since the tetraloop is not hydrolyzed

Sy lead, one possible explanation is that the C-UUCG-G tetra-

loop displays an intrinsic resistance to magnesium-induced
cleavage. Adeltaribozyme with the reverse form of L4 loop
(i.,e. G-GCUU-C, see Fig. 1 inset), which is known for its
relative instability (6) and for having similar kinetic para-
meters for cleavage of the 11 nt long substrate (5), showed
similar magnesium-induced cleavage patterns with the
ﬁxception that the phosphodiester backbone of the L4 loop was
also hydrolyzed (data not shown). This difference indicates
that the magnesium-induced cleavages in the L4 loop are local,
involving different divalent metal ion(s) than those used in
other single-stranded regions.

agnesium-induced cleavage within the ribozyme—substrate

Eomplex

In order to study the magnesium-induced cleavage within the

induced cleavage patterns of 5' end-labeled ribozyme anmdbozyme—substrate complex, we initially used a non-cleavable

shown in Figure 2. In the absence of metal ion the phosphasubstrate analog (SdC4). This analog has a deoxyribose sub-
diester backbone remains intact (lane 3), while the presence sfituted for the ribose at position 4, and was reported to act as a
10 mM magnesium ion promotes hydrolysis at several positionsompetitive inhibitor with a Ksimilar to the K, for the all

on the ribozyme in the absence of any substrate (lane 4). THRNA-substrate (5). In order to assure that that all molecules of
P3 stem-loop (6-C;zand Ug), the P1 region (6-U,g) and the  ribozyme were bound (i.e. no free ribozyme), an excess of
5' part of both the J1/4 (& and the J4/2 junctions (&-G;;)  SdC4 was used. We detected some changes in the cleavage
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products as compared to those obtained with the free ribozymemplex is completely inactive (16,17). We investigated the
(Fig. 2, lane 5). First, the phosphodiester backbone connectirigehavior of this particular substrate under metal ion-induced
Gs,, Which is located at the bottom of the P2 stem, was hydroeleavage conditions (lane 9). As compared to the metal ion-
lyzed in the ribozyme—analog complex. Second, the regioimduced cleavage of the ribozyme in the absence of substrate
spanning the P1 stem (i3-U,) was cleaved substantially less (lane 4), the presence of the glJsubstrate results in the P1
than in the free ribozyme (compare lanes 4 and 5). Increasinggion being hydrolyzed to a lesser extent, while the L3—P3
the SAC4 concentration resulted in the detection of a largaegegion (G-G,5) seemed to be hydrolyzed to a slightly greater
quantity of the G, cleavage product, while the hydrolysis in extent (compare lanes 4 and 9). More importantly, thg G
the P1 region decreased. Similar observations were detectefbavage product is no longer observed, while thgahd the

with the ribozyme possessing the reverse L4 loop. In thes., cleavage products are now detected, although at reduced
presence of an excess of an unrelated substrate (lane 8), flggels. The presence of an SWanalog harboring a deoxy
cleavage pattern was similar to that seen when no analog wagicleotide at position 4 resulted in a cleavage pattern (lane 10)
present (|.e..compare lanes 4 and 8). Thus, the formation of thﬁosely resembling that obtained with the all RNA &U

P1 stem, which corresponds to the ribozyme—substrate complexutant (lane 9). These results indicate that the P1 stem was
alters the induced cleavage pattern. In order to verify whethermed, but that the difference observed at the level of the L3
or not the cleavage pattern in the presence of the SdC4 anal@ghp may suggest that the complex differed in comparison to
was specific to this uncleavable substrate, similar experimenigat formed with the Sall substrate. Furthermore, the absence
were performed with an excess of the all RNA-substrate (Sally any G, cleavage product indicates that the presence of a
(lane 6). In the presence of the all RNA-substrate, the cleavaggngle mutation (U for C) generating a mismatch in the middle
pattern of the ribozyme was similar to that obtained with SAC4y¢ the p1 stem is sufficient to cause reorganization of the

(lane 5); but, somewnhat surprisingly, the,@leavage product inging site at the bottom of the P2 stem. Thus, the magnesium

was even more prevalent. The sole difference between Sall agl, ot hydrolyzed at G appears to be involved in the

SdC4 is the presence of the 2-OH at the cleavage site, resulting o \vtic activity of thedeltaribozyme, and not to be required

in cleavable and uncleavable molecules, respectively. Thiﬁ)rPl stem formation

i:ggl?a cgangoe(jljs;en;\s/etr? ?ﬁgf ﬁ ?gtg::tiblg];zeztagnbgeb:ne OIt has been proposed that following formation of the P1 stem
ge p ' 9 n:(i.e. ribozyme—substrate complex, RzS) an essential confor-

evidence to indicate a proximity of the bottom of the P2 ste mational transition is required for formation of the active ternary
to the cleavage site of ribozymes of either polarity (1'7’20’Zl)f'bozyme—substrate complex (RzS') (5). It,Gs part of a

The ribose at the scissile bond may therefore be indirectl ; S oo

involved in G, cleavage product formation. Furthermore, agnesium-binding pocket, the presence of the metal ion in

since under the experimental conditions Sall could be cataly his .p.ocket may be involved in this gonformano_nal transition.
osition 8 of the substrate strongly influences its cleavability,

ically cleaved by the ribozyme, the higher intensity of thg G . - i !
cleavage product with Sall might be the result of either the?ut not its affinity for the ribozyme (17). We determined the
ynfluence of position 8 of the substrate on the appearance of the

replacement of the 2’'0OH by 2'H or the presence of newl = ) .
formed cleavage products. The ribozyme—product c0mp|e$|52 cleavage product using ribozyme/substrate pairs for which

could be more flexible than the ribozyme—substrate complexN® kinetic and thermodynamic parameters are known
and consequently, the metal ion binding site is more accessibfdaPlq1)- Under single turnover conditions, only the ribozyme—
than in the ribozyme—analog complex. In order to verify thisSubstrate complex in which the middle position of the P1 stem
notion, experiments replacing either Sall or SdC4 with anvas base paired exhibited catalytic behavior, albeit at different
equal amount of P2 product (the 3-end product) werdeVels as shown by the kinetic parameters. In contrast, a
performed. Slightly higher G product levels were observed, "bozyme in the presence of a non-cognate substrate which
indicating that the presence of a P1 stem is sufficient to yiel@loes not allow formation of a base pair in the middle of the P1
Gs, product, regardless of the presence or absence of sequerf@m. exhibited no catalytic activity. In the presence of their
upstream of the cleavage site (Fig. 2, lane 7). respective cognate substrate; (|.¢. those forming a perfectly
The kinetic and thermodynamic values obtained in mutationdatched P1 stem), magnesium-induced cleavage of these
studies of the middle nucleotides of the P1 stem suggest thHP0Zymes showed cleavage aj,Glthough at different levels
the binding and active sites of tlieltaribozyme are uniquely (Tablg 1). In contrast, the presence of a non-cognate substrate
formed (17). First, the substrate and the ribozyme are engagé@sulted in no G, cleavage product under similar conditions
in the formation of the P1 stem, which may contain a wealfor the same ribozymes (Tahle 1). For the complex involving a
hydrogen bond(s) or bulge. Second, a tertiary interactiofOn-cognate substrate, increasing the Mg@hcentration did
involving the base moieties in the middle of the P1 stem (poshot permit recovery of the cleavage at,GTogether, these
itions 8 and 23 in the substrate and the ribozyme, respectivelygsults suggest that positiony Biust be conventionally base
is likely to play a role in defining the chemical environment of paired for G, cleavage to occur. Furthermore, taking into con-
the active site. Therefore, we wondered whether or not theideration that the non-cognate substrates bind to the
magnesium-induced cleavage was specifically related to one ¢ibozymes with the same affinity as the cognate substrates,
these steps. The all RNA-substrate used above included a U elearly the production of the Gcleavage product is associated
position 8, which base pairs with the A at position 23 of thewith the formation of an active ternary complex. The data
ribozyme. We have previously demonstrated that thgCSU reported in TabIE|1 were used for a comparative analysis of the
substrate is able to bind to the ribozyme with an affinity similarkinetic parameters and the relative levels gf Geavage. The
to that of the native substrate (§Ueven though a mismatch is relative levels of induced cleavage af,®aried directly with
present in the middle of the P1 stem, but that the resultinghe apparent second-order rate constagti€ (R, and reciprocally
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Table 1.Correlation between catalytic activity and the formation of theaeavage product of each ribozyme—substrate pair

Ribozyme—substrate My (Min~tpM-1)2 Kg (MM)? Relative levels of G, cleavage product
Rzy-Syr 19 2.2+1.0 +++

Rz,-SUgC n.a. n.a. -

RzA»U-SUA 76 19+1.2 +H+++

RzA,U-SU,C n.a. n.a. -

RzA,G-SUC 4 5.8+ 1.0 +

aThe k/Ky and K4 values are from (17). The relative levels of thg, Geavage product (i.e. number of plus symbols)
were determined by comparing the data of the various complexes.
n.a., not applicable.

with the concentration of magnesium at half-maximal velocity wt RzC, A
(KMg)' 12345678910

A collection of the RNA/DNA mixed substrates in which a
single ribonucleotide was substituted for a deoxyribonucleo- m
tide at each position of the 11mer was synthesized (data not Gg— == . Gsz
shown). Under single turnover conditions, all substrates were
cleaved by thedelta ribozyme at a level ranging from one L]

equivalent to the native substrate to one either 2-fold more or

2-fold less. The variability in activity seemed to result from

differences in the binding between the substrate and the

ribozyme, caused by the presence of RNA/DNA heteroduplex -

in the P1 stem. With the exception of the nucleotide adjacent to : 22
the cleavage site, no 2'-OH in the substrate contributes to the Gyp— & = '
cleavage. In the presence of all of these RNA/DNA mixed sub-

strates, the magnesium-induced cleavage of the ribozyme

yielded the G, product. Together, these results indicate that -

none of the 2'-OH groups of the substrate contribute to the Gi;s— @ °° S &0
metal ion coordinate site involved in the bottom of the P2 stem. o s

- =

Dependence of cleavage at &on the presence of a
catalytically inactive ribozyme

The dependence of cleavage a} Gn the presence of a cata- s 4
Iytically inactive ribozyme was also investigated (Fig. 3). We ;

have previously shown that replacement of cytosine by adenosine

at position 47 of the ribozyme (i.e. RzB) renders it catalytically

inactive (5). Magnesium-induced cleavage experiments usinggure 3. Magnesium-induced cleavage of an inactive ribozyme. Active (wild
both 5' end-labeled RzGA mutant ribozyme (lane 7) and wild type) or inactive (RzgA) end-labeled ribozymes, respectively, were incubated in
type ribozyme (lane 3) in the absence of metal ion produced ntd?e absence of any substrate without (lanes 3 and 7) or with 10 mM magnesium

. nes 4 and 8), or with the substrates SdC4 (lanes 5 and 9) and Sall (lanes 6
cleavage product. The presence of 10 mM magnesium resunéﬁd 10) in the presence of Nig Alkaline hydrolysis (lane 1) and RNasg T

in slightly different cleavage patterns (lanes 4 and 8). Theydrolysis (lane 2) of the end-labeled ribozyme were performed in order to
RzC,,A J4/2 junction seems to be hydrolyzed to a lesser extentietermine the location of the metal ion-induced cleavage products (Materials
while its P4—L4 region is hydrolyzed to a greater extent than ignd Methods). The locations of the RNasenfajor cuts are indicated on the
observed with the M-induced cleavage of the active left, while the location of G, is indicated on the right.

ribozyme. The presence of the substrate analog (SdC4)

changed the induced cleavage pattern of the active wild typ
ribozyme (lane 5), but had only little effect on that of the inactive

RzC,,A ribozyme (lane 9). The analog seems to cause asligﬁpat obtained with the SdC4-analog. The 3" part of the P1

increase in the L} cleavage product and a diminished amount €9ion was still hydrquzed, and n0553cleavag§ pr_oduct was
of cleavage in the 5' part of the P1 region,¢ds,,) of the observed. Thus, thegsinduced cleavage product is: (i) dependent

mutant ribozyme, indicating a structural change. The 3' part ofn the presence of a conventional base pair g4-Bz and
the P1 region (AU, is still hydrolyzed, suggesting that the (il) is not observed in the presence of the,A inactive
P1 stem structure is slightly different from the one formed infibozyme.

the active ribozyme (compare lanes 5 and 9). Finally, th
cleavage at position & was not observed to occur with

RzC,-A. Subsequent investigation of whether or not the presendeead ions have not been shown to support the catalytic activity
of Sall could restore cleavage at@evealed that the induced of deltaribozyme (7; TabIE|2). In order to learn more about this

gleavage of RzgA-Sall (lane 10) yielded a pattern similar to

?\/Iagnesium— versus lead-induced cleavage
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difference, we performed lead-induced cleavage experiments A B
with the wild type ribozyme in either the presence or the

absence of the SdC4-analog at neutral pH. In both cases, th L2 2 s

lead-induced cleavage patterns were similar, except that the P:
stem was hydrolyzed to a lesser extent in the presence of the

1

SdC4-analog. As compared to the magnesium-induced cleavag ks H = fc. - -::537
pattern the lead preferentially hydrolyzed the J4/2 junction, ! .
and the cleavage was observed regardless of whether or not th g & :é:
SdC4-analog was present. More importantly, the presence of 3 G _{m -$- ‘o
the SdC4-analog did not allow one to observe hydrolysis;at G - g :E_‘ &€ Ao
(Table 2). These results agree with those from the lead-inducec B |{.i, =& S L
cleavage of a self-cleaved form of the genomhdtaribozyme Gn— Sl goeCYe
(7). The efficiency of the lead-induced cleavage at these sites 2 < GG reec ©
was substantially reduced in the presence of increasing amount Ty .G(.; WS¢

of MgCl, in the pre-incubation mixture, suggesting that these 22 i | Sy
nucleotides may be at, or very near, a divalent cation binding Gis :‘ : =&,
site(s) (7). Itis reasonable to believe that lead is an inactive ion P - U, &
because it does not support the formation of an active ribozyme : ==

complex, and consequently it produces a different cleavage
pattern in the region near the bottom of the P2 stem. However, —
this hypothesis does not rule out the possibility that the differ-

ence in the cleavage patterns is caused by the intrinsic charac-

teristic of these divalent cations. The magnesium ion (a ‘hard’

. ; X : igure 4. Nucl ing of & ting deltarib .B)RN
metal ion) tends to bind preferentially to oxygen ligands an 'gure 4. Nuclease mapping of wansactingdeltarbozyme. £) RNase |

] : X X . ; nd RNase 7 probing, respectively, were performed on the end-labeled
phosphates, while the lead ion (a ‘soft’ metal ion) interactsibozyme in either the absence (lanes 2 and 4) or the presencghfIdC4

preferentially with the aromatic nitrogen atoms of the nucleic(lanes 3 and 5). Alkaline hydrolysis (lane 1) of the end-labeled ribozyme was
acid bases (13)_ performed in order to determine the location of the metal ion-induced cleavage
products (Materials and Methods). The locations of the RNgsedjor cuts
are indicated on the leftB) Summary of RNase jTprobing. Filled or empty
Table 2. Correlation between the observed ratg Jkand the induced

arrows represent a decrease or an equivalent level of RNaaetiVity upon
cleavage at positionsg) Gs; and G, for several cations formation of the P1 stem, respectively. The rectangle indicates the mutated
RzA,;-SU; base pair, and the circle indicates thg @etal ion-induced cleavage

'h "
\

Cation species s (minr?) Induced cleavage positions product.
ASO GSl G52
Mg?* 0.21 _ _ " | B
Ca 0.38 + ¥ _ most probably caused by the different characteristics of the

) cations. More importantly, the presence of SdC4 yielded some
Mn 0.06 * - differences in the cleavage pattern. We also examined several

P n.a. - - - divalent cations that do not support ttheltaribozyme catalytic

Tb3* n.a. _ _ _ activity (Table 2). Regardless of the presence or absence of the

71+ na. 3 B B SdC4-analog none of these cations produced a different cleavage
pattern in the J4/2 junction. Thus, cations which support catalytic

Ce” n-a. - - - activity show different ion-induced cleavage patterns in the

. o _ presence of SdC4 (as compared to in its absence) while those
Plus and minus symbols indicate the appearance or not, respectively, of that do not support the enzymatic process gave similar patterns
induced cleavage products derived from end-labeled ribozymes when the

; o irrespective of the presence or absence of the analog. These
SdC4-analog is present, as compared when it is absenrit. (g mM), . . . .
C&* (10 mM), Mr?* (10 mM), Zr?* (5 mM) and C&" (5 mM) were used results suggest that the formation of the metal ion coordination
at 37C, while PB* (4 mM) and TB* (5 mM) were used at Z&. The site near the upper portion of the J4/2 junction is related to the
incubation time was optimized for each cation. formation of an active ternary complex, and discredit the
n.a., not applicable.

hypothesis that a general charge screening of metal cations

stabilizes the polyanionic phosphate backbone.
Several cations were evaluated for their ability to both

support catalytic activity and to produce different inducedNucIease mapping

cleavage patterns in the upper portion of the J4/2 junctiofibonuclease mapping has frequently been used to determine
(including the Gy) in the presence of the SdC4-analog asthe secondary structure déltaself-cleaved ribozymes. It has
compared to in its absence (Table 2). Calcium and manganebeen reported that self-cleaved ribozymes of both polarities are
supportdelta ribozyme activity, although at different levels. folded into similar pseudoknot secondary structures (22—-24).
These cations showed different cleavage patterns in the J4¥¥e have used a similar approach to investigate whether or not
junction as compared to magnesium. For example, magnesiustructural changes occur near the bottom of the P2 stem. Using
resulted in G, cleavage, while calcium yielded cleavage 3§ A RNase T, which specifically hydrolyzes the RNA phospho-
and G; solely in the presence of SAC4. These differences ardiester backbone after an unpaired guanosine residue (Fig. 4A,
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lane 2), we find the most frequently cleaved nucleotides to benduced cleavage conditions. In all cases, catalytic ability
located in the 3' part of P3 stem—loop,(&G,g), in the middle  correlated with detection of the ;Gcleavage product. This
of the P1 stem (G), on the 3' part of J4/2 (§) and on the 3' magnesium binding site can be detected and modulated by the
side of the P2 stem (and Gy). In addition, minor products nature of the Rz-S; base pair, and is not observed in the
were observed corresponding to the J1/4 junctiof,(G,gand  presence of the A inactive ribozyme. This method does not
G,y), and to one of the predicted homopurine base-pairingonclusively determine whether or not fgs required for the
guanosines (§g) (25). Similar assays were performed in thefolding and/or catalysis of theeltaribozyme, but it does show
presence of M SdC4 (Fig. 4A, lane 3). To ensure that all that both events are intimately associated. In addition, RNase
ribozyme molecules were complexed with SdC4, we performed mapping detected a reorganization of at least the 3' part of the
denaturation/renaturation step followed by an incubation ai4/2 junction and the bottom of the P2 stem upon the formation
37°C (Materials and Methods). These experiments showed thaff the P1 helix. This correlates with the formation of the metal
both the P3 stem—loop and,Gvere equally accessible in both ion coordination site as shown by generation of thegBoduct
cases. However, the amounts of cleavage products generatedhe magnesium ion-induced cleavage experiments.
from both the middle of the P1 stem and from the J1/4 junction A previous study of the antibiotic inhibition of delta
were reduced in the presence of SdC4. Recently, a new bagBozyme suggested that both neomycin and magnesium likely
paired region (P1.1) has been observed in a self-cleaved fordisplace lead ion(s), raising the hypothesis tiedtaribozymes do
of the genomic ribozyme (4). In our construction, this isindeed have a metal ion associated at some coordination site(s)
represented by the potential formation of the base paiy€£G (7). Furthermore, it has been postulated thdelaribozyme
and Gg.C,;. The reduction in the amount of cleavage productsomposed of three RNA oligomer strands is bound by three
detected in J1/4 upon the formation of the P1 stem could b#g?*ions, and that a conformational change is induced by
attributed to formation of the P1.1 stem. This hypothesis wouldMg?* ion titration (as monitored by CD spectra; 20). In addition, it
imply that the P1.1 helix would form concomitantly with was demonstrated by chemical probing that structural re-
formation of the P1 stem. Unexpectedly, the amounts o&rrangements might occur in genondelta ribozymes in the
cleavage products generated from the stretch of guanosinpeesence of Mg ions, particularily ones that induce tertiary
located near the bottom of the P2 stem were greatly reducedontacts (26). These studies clearly show theltaribozymes
These results imply that a local rearrangement is occurring ateract with metal ions, and that structural changes can be
the bottom of the P2 stem when the P1 helix is formed. Thenonitored in different ways.
RNase T probing results are summarized in Figure 4B. As Several studies, including Fe(ll)-EDTA protection assays
described above, some structural rearrangements seem to ocauti cross-linking experiments, suggested that andtrans-
upon the formation of the P1 stem (filled arrows in Fig. 4B). acting delta ribozymes of both genomic and antigenomic
Nuclease mapping experiments using RNase & non-  polarities have similar global tertiary structures, and that only
specific endoribonuclease which hydrolyzes the phosphodiesteubtle differences exist between the different forms (21,24).
bonds of single-stranded RNA preferentially on the 3' side of ATherefore, it is surprising that the crystal structure of a self-
residues, were also performed (Fig. 4A, lane 4). The predominaoteaved form of the genomiteltaribozyme did not show any
cleavage products derived from the L3 loopg{C,,), the tightly bound metal ions (4). To stimulate ribozyme crystal
middle of the P1 stem (#) and the middle part of the J4/2 formation, the ribozyme was constructed so that it bound a
junction (A, and Asp). Minor products were detected in the 3' small, basic protein while still being active. The crystal structure
part of the P3 stem—loop (&-U;g), in the P1 stem (-G,  of this ribozyme appeared to be stabilized entirely by base-
and G,C,), in the L4 loop (Gg and in the J4/2 junction pairing, stacking, non-canonical base-backbone and back-
(U,g). Similar experiments were also conducted in the presendsone—backbone interactions (4). In contrast to other studies
of 1 uM SdC4 (lane 5). The relative fractions of cleavage productgincluding this one), the absence of metal ion in the crystal
detected were equal throughout the molecule except for thetructure can be explained in several ways: (i) we usears
middle parts of both the P1 region {4 and J4/2 junction (4  acting system, while the crystal structure was obtained with a
and A,g), which were cleaved substantially less. Together, thaelf-cleaved form that includes the J1/2 junction; and (ii) the
ribonuclease Tand T, mapping results support a structural crystal structure was obtained using the self-cleavage product
change involving at least the 3' part of the J4/2 and the bottorwhich may not include the magnesium ion involved in thg G
of the P2 stem upon the formation of the P1 helix. This correlatesleavage. It is possible that the crystal structure ofttedorm
with the formation of the metal ion coordination site as showrproduct corresponds to that of the inactixens-form observed
by generation of the £ product in magnesium-induced cleavage.with the CA-mutant or with non-cognate substrates. In the
case of the lead-catalyzed specific cleavage of tRRlstructures
of both the uncleaved and the cleaved RNA have been pub-
lished (13). In the uncleaved structureZRgas observed to be
Divalent metal ions play an indispensable role in the foldingbound with high frequency at the cleavage site. Once the tRNA
and/or active site chemistry afelta ribozyme (8). The best has been cleaved, the Phlissociates, and is therefore not
way to correlate metal binding site and folding of a given RNAobserved in the cleaved structure. A similar scenario appears
is to do a minimal disruption of this binding site by a single plausible as an explanation for the lack of #n the cleaved
nucleotide mutation and to characterize the resulting moleculéorm of thecis-actingdeltaribozyme.
Here we correlate the detection of a metal binding site with In conclusion, we strongly believe that there is at least one
both the catalytic activity and the proper folding of the RNA. magnesium ion coordination site present tnems-acting form
We determined the ability of several ribozyme—substratef the antigenomicdelta ribozyme. This magnesium ion
complexes to generate;&cleavage product under magnesium-binding site can be detected and modulated by the nature of the

Is the specific binding of Mg?* required for either folding
or catalysis?



Rz,;-S; base pair, and is not observed in the presence of theS.
C,/A inactive ribozyme.
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