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Using an oligonucleotide hybridization assay to gain
nsight into the folding of d ribozymes, we demon-
trate a correlation between their folding and cata-
ytic behavior. Together with recent structural infor-

ation on the crystal structure of self-cleaved
enomic d ribozyme, in which the L3 loop interacts
ith J1/4 to form the newly proposed stem P1.1, we

onclude that it is likely that the P1.1 stem forms only
n the presence of Mg21. This stem can be detected in
oth the self-cleaved and trans-acting d ribozymes.
hen the trans-acting version of antigenomic d ri-

ozyme was studied, it is demonstrated that its L3 loop
equires magnesium and, apparently, formation of the
1 stem for the subsequently formation of the P1.1
tem. Most importantly, the kinetics were monitored,
nd provide a significant addition to our understand-
ng of ribozyme tertiary structure formation prior to
he chemical cleavage step. Using previous kinetic
ata and our new findings, we discuss the rate-

imiting characteristics of d ribozyme folding. © 2000

cademic Press

Key Words: d ribozyme; native structure; folding;
inetics.

The folding mechanisms of macromolecules, such as
roteins and RNAs, have been used to define their
tructure-function relationships. The folding of a pro-
ein into its functional conformation relies on a large
rray of functional groups located on the side chains of
ts amino acid monomers. In contrast, folding of an
NA molecule is restricted to a repertoire of interac-

ions involving only highly charged phosphodiester
onds, the ribose moiety and the functional groups of
our nucleotide bases (1). Consequently, RNA mole-
ules rely on surrounding molecules such as metal
ons, proteins, and water, to assume their functional
ertiary conformations. Over the past few years there

1 To whom correspondence should be addressed. Fax: (819) 564-
340. E-mail: jperre01@courrier.usherb.ca.
600006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
he kinetics of RNA folding due to simultaneous ad-
ances in experimental and theoretical methods (for a
eview, see Ref. 2). These advances, which include ri-
onuclease mapping, UV cross-linking, induced cleav-
ge, chemical interference and mutational analyses,
ave been used to define the possible conformations of
arious RNA molecules (2). Most significantly, ad-
anced techniques of crystallography, X-ray diffraction
nd NMR have precisely displayed several RNA struc-
ures. Currently, the structure-function relationship of
roup I intron derived ribozymes is the most thor-
ughly investigated. Several of the approaches used to
tudy this large ribozyme have also been applied to
maller ribozymes, the best studied of which is the
ammerhead ribozyme. However, several limitations
ave been encountered; for example, some crystal
tructures of hammerhead ribozymes could not be used
o define transition state conformations (3–6).

Experimental approaches permitting the simulta-
eous survey of the spatial arrangement of both the
ully active and the transition states of catalytic RNAs
re likely to be of great value in defining the structure-
unction relationships. For instance, real-time fluores-
ence resonance energy transfer (FRET) has been used
o investigate the structure of fully active hammerhead
nd hairpin ribozymes, as well as isolated subdomains
f these, and has provided more precise information on
he folding kinetics of these ribozymes (for example
ee 7, 8).
The oligonucleotide hybridization assay has been

uccessfully used in RNA folding studies, most notably
n elucidating the folding pathways of large ribozymes
ncluding the group I ribozymes and RNase P (9, 10).
ased on the fact that no a priori knowledge about the
tructure of the RNA molecule in question is required,
he oligonucleotide hybridization assay therefore offers
ome distinct advantages over FRET. The former
ethod relies on the following two premises: (i) the

elective susceptibility of RNA:DNA hybrids to RNase
cleavage, and (ii) the accessibility of DNA oligonu-
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n the RNA molecules to be investigated (9). Either
nder partially denaturing or native conditions, in
hich oligonucleotide hybridization and the resuming
f native structure are rival determinants, the RNase

activity is used to determine the accessibility of a
arget area on the RNA molecules as a function of time
Fig. 1).

In this study, we have adapted the oligonucleotide
ybridization assay in order to study the folding kinet-

cs of d ribozymes (Figs. 1 and 2). The d ribozymes were
riginally identified as self-cleaving motifs within the
ingle-stranded RNA genome of hepatitis d virus. Re-
ently, the crystal structure of a genomic self-cleaved d
ibozyme was described as being a tight structure pos-
essing an additional, previously unidentified, stem
P1.1) generated through the interaction of L3 loop and
1/4 nucleotides (11). Wadkins et al. (12) subsequently
utagenized the positions required for the formation

f the P1.1 stem and showed that these base-pairing
nteractions are essential for the cleavage activity of
elf-cleaving d ribozyme. Nishikawa and Nishikawa
13) recently used an in vitro selection protocol to dem-
nstrate that magnesium ions are likely to play an
mportant role in the P1.1 stem formation. Unlike
ammerhead and hairpin ribozymes, d ribozyme cleav-
ge is not supported by monovalent ions (14). The
atalytic activity of self-cleaving d ribozymes was ob-
erved to vary with both the presence of denaturing
gents and temperature, suggesting a conformational
equirement (15, 16); however, no alternate conforma-
ions were detected by native polyacrylamide gel elec-
rophoresis (17, 18). It has recently been demonstrated
hat imidazole can be utilized as a general base in the
hemical cleavage step of d ribozymes (19). Conse-
uently, the divalent metal ion requirement of d ri-
ozymes might be essential for the folding of the ri-
ozyme. Clearly it is of interest to use a more powerful
ethod to characterize the folding of d ribozymes,
hose catalytic behavior is unique among ribozymes.

n this report the folding kinetics of both cis- and
rans-acting versions of antigenomic d ribozymes are
xamined using oligonucleotide hybridization assay.
e show that Mg21 is involved in the folding of d

ibozymes, and discuss whether or not the folding
f d ribozyme is the rate limiting step in its catalytic
athway.

ATERIALS AND METHODS

RNAs. Ribozymes and RNA substrates were synthesized, puri-
ed and 32P-end-labeled as described previously (18). Two forms of
ntigenomic d ribozymes, a trans-acting ribozyme and a cis-acting
ibozyme, were used in this study. Their sequences and structures
re depicted in Fig. 2A. These ribozymes are referred to as trans-d-Rz
nd cis-d-Rz, respectively. Following in vitro transcription and self-
leavage of cis-d-Rz, the resulting cleavage product was purified on a
601
NA-mixed polymer (SdC4) with a deoxyribose residue substituted
or the ribose one at position 4, corresponding to the 39-cleavage
roduct and the substrate, respectively, were synthesized (Keck Oli-
onucleotide Synthesis Facility, Yale University).

Oligonucleotides. Oligonucleotides were synthesized, depro-
ected, and desalted by Gibco BRL Custom Primer Service (Canadian
ife Technologies Inc.). The sequences of the oligonucleotides, corre-
ponding to the stems (P1 and P4), junctions (J1/4 and J4/2) and
oops (L3 and L4) of antigenomic d ribozymes are illustrated in Fig.
A, and are L3, 59-GCGAGGA-39; P1, 59-AGGTCGG-39; J1/4, 59-
ATGCCC-39; P4, 59-CCGAAGG-39; and J4/2, 59-CCTTAGC-39.

talic letters were used to identify the oligonucleotides.

Buffers. RNA dissolving buffer is DEPC-treated water containing
mM Tris–HCl, pH 8.0 and 0.1 mM EDTA. Folding buffer (103)

ontained 500 mM Tris–HCl, pH 8.0, 100 mM NaCl, 0.1 mM EDTA,
0 mM dithiothreitol and various concentrations of MgCl2 ranging
rom 0 to 200 mM. RNase H cleavage buffer (103) was identical to
olding buffer except that it contained various concentrations of the
ligonucleotides and the required amount of MgCl2 such that the
nal concentration of MgCl2 in the RNase H cleavage reactions was
0 mM. Enzyme assay buffer (103) was identical to folding buffer
xcept that it contained 100 mM MgCl2. Reaction stop solution
ontained 10 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene
yanol in 95% formamide.

Oligonucleotide hybridization assays. End-labeled ribozyme in
NA dissolving buffer (6 ml) was denatured at 95°C for 1 min.
ibozyme folding and oligonucleotide annealing were initiated by the
ddition of buffer containing varying MgCl2 concentrations, and then
owering the reaction temperature to an endpoint of 37°C. A Perkin–
lmer DNA Thermal Cycler 480 was used to obtain a constant rate
f temperature change of 1°C/s. An RNase H (0.15 units/ml, United
tate Biochemical) cleavage mixture (6 ml) that had been preincu-
ated at 37°C for 2 min was then added at various time intervals.
Nase H cleavage was allowed to proceed for 30 s at 37°C, and then
rrested by the addition of ice-cold reaction stop solution (6 ml). The
eaction mixtures were kept on ice until fractionation on 10% dena-
uring PAGE gels. The gels were then exposed to phosphorimaging
creens (Molecular Dynamics).

ESULTS AND DISCUSSION

We have characterized the folding of d ribozymes
sing the oligonucleotide hybridization assay previ-
usly described by Zarrinkar and Williamson for the
roup I intron ribozyme (9). Based on (i) the differen-
ial accessibility of short oligonucleotides to regions
ocated on the RNA molecules, and (ii) the high speci-
city of RNase H to cleave newly formed DNA:RNA
ybrids, the fraction of the RNA population that pro-
ressively folds following the addition of metal ions can
e monitored in a time course experiment (see the
chematic representation depicted in Fig. 1). In order
o have a valid assessment of d folding we designed
ligonucleotides, ranging between 5 to 10 nt long, that
orresponded to the single-stranded regions of trans-
-Rz (i.e., L3 loop, P1 helix, L4 loop, J1/4 and J4/2
elices, Fig. 2A). The 7-nt long oligonucleotides were
ound to give the highest specificity for the particular d
ibozyme used in this assay. Preliminary experiments
esting the ability of these oligonucleotides to drive the
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Nase H digestion of trans-d-Rz are shown in Fig. 2B.
hen oligonucleotides L3 and P1 (0.5 mM) were used

nder conditions in which trans-d-Rz (1 nM) was par-
ially denatured in a solution containing 1 mM Tris–
Cl, pH 8.0, and 0.1 mM EDTA, specific RNase H
erived products were detected (Fig. 2B, lanes 2 and 3).
ligonucleotides J1/4 and P4 yielded no RNase H di-
estion products (Fig 2B, lanes 4 and 5), indicating
hat the J1/4 helix and P4 hairpin-loop of trans-d-Rz
re likely concealed in the tight complex structure.
nother possible explanation is that the hybridization
f oligonucleotides J1/4 and P4 is either inefficient or
terically hidden. In addition, oligonucleotide J4/2
ave both the expected product and a nonspecific prod-
ct following RNase H cleavage (Fig. 2B, lane 6). Based
n the specificity of the oligonucleotide binding and
Nase H assay, only oligonucleotides L3 and P1 were
sed in the subsequent studies.
In order to ensure that the annealing of oligonucle-

tides L3 and P1, and of RNase H cleavage, occurred at
rate superior to that of the RNA folding on itself,

arious concentrations of oligonucleotides (0.5 to 10
M) and RNase H (0.01 to 0.5 units/ml) were tested
gainst a trace amount of RNA (1 nM). It is crucial to
nsure that no folding takes place subsequent to the
ddition of the oligonucleotides and RNase H so that
he RNase H cleavage products truly reflect the nature
f RNAs at the time when samples were taken and
ubjected to the assay. We found that at a final RNase

concentration of 0.15 units/ml, RNase H cleavage is
ependent on the oligonucleotide concentration; and
hat at oligonucleotide concentrations of 5 to 10 mM,
reater than 90 percent of the RNA substrate was
leaved in less than 30 s (no graphical data shown).
hus, the conditions which will allow us to accurately

FIG. 1. Oligonucleotide hybridization assay. A schematic repre-
entation of the assay of trans-acting d ribozyme in the absence of its
ubstrate using the method of Zarrinkar and Williamson (9). As the
artially denatured RNA molecules progressively fold into their na-
ive structures, some nucleotides or areas gradually participate or
nteract with other nucleotides, thereby enabling the molecule to
esume their native conformation. As a result these areas become
naccessible to the oligonucleotide, and therefore are resistant to
ubsequent cleavage by RNase H.
602
FIG. 2. (A) Sequences and predicted secondary structures of
rans- and cis-acting antigenomic d ribozymes. trans-d-Rz consists
f 57 nt., its substrate (S) 11 nt., and cis-d-Rz 63 nt. The predicted
tructures are based on Perrotta and Been (26). The P1, P2, P3,
nd P4 stems are indicated in bold. Junction J1/2, which joins
tems P1 and P2, was reconstructed from trans-d-Rz to produce
he cis-d-Rz used in this study. The inset shows the difference
etween cis- and trans-d-Rz. The dotted lines represent regions
argeted for hybridization assays, with the corresponding probes
ndicated in italics (L3, P1, J1/4, L4 and J4/2). (B) Auto-
adiogram showing the products of the probe hybridization and
Nase H cleavage on trans-d-Rz in the preliminary assays. The
ibozyme in a solution containing 1 mM Tris-HCl pH 8.0 and 0.1
M EDTA was subjected to oligonucleotide hybridization assay as

escribed in Materials and Methods. The first lane is a control
ontaining no oligonucleotide. The stars indicate the expected
roducts.
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f ribozyme (1 nM) in RNA dissolving buffer, oligonu-
leotide (5 mM), RNase H (0.15 units/ml), and various
oncentration of MgCl2 (0.01 to 50 mM) to induce RNA
olding. Under these conditions rapid hybridization
nd cleavage rates were obtained, and the time course
xperiment can be performed in order to monitor the
rogression of d ribozyme folding in solution using
alculated values of the fractions of folded (full length
-Rz left) and unfolded (RNase H digested products)
-Rz.

he d Ribozyme Folding

Under the conditions allowing accurate measure-
ent of oligonucleotide hybridization and RNase H

leavage, we first monitored the folding status of d-Rz
olecules under partially denaturing and native con-

itions. End labeled cis- or trans-d-Rz (1 nM) was dis-
olved in RNA dissolving buffer (1 mM Tris-HCl pH
.0/0.1 mM EDTA) and heated to 95°C so as to com-
letely denature it. The proportion of folded and un-
olded molecules was measured under partially dena-
uring conditions in which the completely denatured
z molecules were allowed to resume their natural
tate in solution containing 50 mM Tris pH 8.0, 10 mM
aCl, 0.01 mM EDTA, and 1 mM dithiothreitol (i.e. a
uffered solution without divalent metal ions) for 5
in prior to being subjected to oligonucleotide hybrid-

zation and RNase H cleavage assays. For the experi-
ents under native conditions, the completely dena-

ured ribozymes were incubated in the above buffer
ontaining 10 mM MgCl2 prior to oligonucleotide hy-
ridization and RNase H cleavage assays. Using oligo-
ucleotides P1 and L3, the folding of both cis and
rans-d-Rz was monitored. It is important to note that
hen less RNase H cleavage products were detected at

he accessible P1 helix or L3 loop, it indicates at least
wo possibilities. First, the target helix or loop might be
naccessible to the oligonucleotide hybridization in the
olded structure. Secondly, the target nucleotides or
reas might participate in other types of interactions
i.e., base-paring or other tertiary interactions). In or-
er to avoid any confusion in using various terms
escribing the lack of RNase H cleavage, the term
folded” was used when either no or less RNase H
roducts were detected, and the term “unfolded” was
sed when the helix and loop were accessible or cleaved

n the assays.

P1 helix folding. Based on the predicted secondary
tructure of delta ribozymes, the P1 helix is a substrate
inding site which could bind oligonucleotide P1 (Fig.
A). Approximately 80% trans-d-Rz (1 nM) under par-
ially denaturing conditions was found to be unfolded
s it was digested in the oligonuclotide P1 binding-
Nase H cleavage assay (Fig. 3A, hashed bar). When
603
n excess amount of the substrate (100 nM) was incu-
ated with a trace amount of trans-d-Rz (1 nM) under
artially denaturing conditions, approximately 60% of
rans-d-Rz remained unfolded and was digested (Fig.
A, dotted black bar). The decrease in the accessibility
f the P1 helix is likely due to substrate and oligonu-
leotide P1 competition. This finding supports the no-
ion that the base-pairing interaction of substrate and
ibozyme takes place in the absence of divalent metal
ons as observed during our investigations on the opti-

ization of reaction initiation to yield maximum cata-
ytic cleavage. Our studies (data not shown) and pre-

FIG. 3. Folding of the P1 helix and L3 loop. (A) Histogram
epicting the quantitative analysis of the oligonucleotide P1 hybrid-
zation assay. Trans-d-Rz was incubated under partially denaturing
r native conditions, in the absence or presence of the cognate sub-
trate. Self-cleaved cis-d-Rz product was used as a control to illus-
rate the inaccessibility of the P1 domain. (B) Histogram depicting
he quantitative analysis of the oligonucleotide L3 hybridization
ssay on both trans-d-Rz and the self-cleaved product of cis-d-Rz. For
oth panels, the hashed bars represent partially denaturing condi-
ions in which no substrate was added. The white dotted black bars
epresent native conditions in the absence of the cognate substrate.
lear bars represent denaturing conditions in the presence of the
ognate substrate. The black dotted white bars represents native
onditions under which trans-d-Rz and either its substrate or self-
leaved cis-d-Rz were assayed.
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atalytic assays would give maximum cleavage when
he substrate and ribozyme were primarily annealed in
he absence of divalent ions. Under native conditions,
pproximately 50% of trans-d-Rz molecules remained
nfolded and was digested by the oligonucleotide P1
riven RNase H (Fig. 3A, clear bar). This finding indi-
ates that trans-d-Rz in solution is a heterogeneous
ixture. When trans-d-Rz and its cognate substrate
ere incubated under native conditions, 10% of trans-
-Rz remained unfolded and was cleaved as a result of
ligonucleotide P1 driven RNase H activity (dotted
hite bar), indicating that a small fraction of trans-

-Rz was either not able to bind the cognate substrate,
r was not sensitive to the magnesium induced folding.
his finding strongly suggests the presence of a ri-
ozyme conformer that is unable to form the ribozyme-
ubstrate complex. Similar experiments were con-
ucted for cis-d-Rz. Under both partially denaturing
nd native conditions, the P1 helix of cis-d-Rz was
ompletely protected from oligonucleotide binding and
Nase H cleavage (Fig. 3A).

L3 loop folding. Under partially denaturing condi-
ions, approximately 90% of trans-d-Rz (1 nM) re-
ained unfolded and was cleaved in the oligonucleo-

ide L3 hybridization and RNase H cleavage assays
Fig. 3B, hatched bar). The presence of an excess
mount of substrate (100 nM) under partially denatur-
ng conditions did not change the high accessibility of
3 loop in trans-d-Rz, since 90% of trans-d-Rz was
emained unfolded and was digested by RNase H (Fig.
B, dotted black bar). Under native conditions, approx-
mately 90% of trans-d-Rz remained unfolded and was
igested in the assays (Fig. 3B, white bar). Regardless
f the heterogeneity detected by oligonucleotide P1 hy-
ridization, this finding indicated that almost all trans-
-Rz forms (i.e. regardless of whether or not the P1
elix was folded or unfolded) have their L3 loop ex-
osed. Folded trans-d-Rz was detected only under na-
ive conditions in the presence of the cognate substrate.
nder these conditions, approximately 30% of trans-

-Rz was cleaved (Fig. 3B, dotted white bar). These
ndings suggest that the proper folding of the L3 loop

n the complex between trans-d-Rz and its cognate
ubstrate requires the presence of the divalent metal
on, i.e. Mg21. This notion supports those of previous
eports using chemical interference methodology (i.e.,
MS or phosphate modification, Refs. 21, 22). In the
nalogous assays with cis-d-Rz (1 nM), approximately
0% remained unfolded and was cleaved under par-
ially denaturing conditions (Fig. 3B, dotted black bar);
hereas 10% was cleaved or unfolded under native

onditions (Fig. 3B, dotted white bar). The accessibility
f the L3 loop of cis-d-Rz was similar to that of trans-
-Rz under both partially denaturing and native con-
604
eferred to here as the folded L3 loop, can be attributed
o the involvement of the nucleotides of the L3 loop in
ormation of the P1.1 stem. This stem was recently
iscovered by crystallography (11), and the base-pair
nteractions between the L3 loop and the J1/4 helix
ere reported to be crucial for the catalytic activity of
ribozymes (12, 13). The finding that the L3 loop is

folded’ only in the presence of both the cognate sub-
trate and the divalent ion, i.e., Mg21, is a clear indi-
ation that the P1.1 stem forms exclusively in the
resence of the metal ion. Although the crystallo-
raphic data show no metal ion in the structure (11),
he presence of metal ions in the ribozyme catalytic
teps cannot be excluded. It is therefore logical to pos-
ulate that metal ions are transiently required for d
ibozyme cleavage, similar to that lead ions were re-
uired in the tRNAphe (23). In addition, our previous
tudies on metal induced cleavage of d ribozyme show
hat formation of the P1 stem caused a specific cleav-
ge of the J4/2 helix, strongly suggesting the require-
ent for Mg21 (24). Taking into account the fact that

ivalent ions are absolutely required for the catalytic
ctivity of d ribozymes (13–14), it is very likely that
ither the proper folding of the L3 helix, or P1.1 stem
ormation, greatly contributes to the catalytic path-
ay, specifically to active site formation. Conse-
uently, it is important to further characterize the
inetics of the L3 loop folding, especially under the
onditions in which the accessibility of the oligonucle-
tide L3 was modulated by the change from partially
enaturing to native conditions.

onitoring of the Folding Kinetics of d Ribozymes
Using Oligonucleotide L3 Hybridization and
RNase H Cleavage Assays

The folding rate of the L3 loop as a function of the
g21 concentration was determined by measuring the

evel of oligonucleotide L3 dependent RNase H cleav-
ge following the incubation of ribozyme reaction mix-
ures in folding buffer containing the substrate and
arious Mg21 concentrations (Fig. 4). In order to main-
ain the RNase H cleavage activity, the final Mg21

oncentration in the RNase H cleavage buffer was ad-
usted to 10 mM. The availability of Mg21 significantly
nfluenced the folding rate of trans-d-Rz. Very little if
ny folding of the L3 loop was observed at 0.5 mM
gCl2, as shown by the high level of L3 dependent
Nase H activity observed at all time points (Fig. 4A,
lear boxes). Higher magnesium concentrations, such
s 2 and 10 mM, significantly increased the folding rate
Fig. 4A, compare the filled and clear circles to the clear
oxes).
Interestingly, a constant folding rate was observed

t 2 mM magnesium, whereas a double exponential
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ecay rate was obtained at 10 mM (0.23 6 0.03 min21

nd 0.09 6 0.01 min21, Fig. 4A). One possible explana-
ion for this phenomenon is that after 2 min, equilib-
ium is reached between the levels of folded and un-
olded derivatives of trans-d-Rz. Alternatively, since
he presence of substrate affects the folding of the L3
oop, the level of substrate or product remaining over
ime may influence the folding rate. To verify this

FIG. 4. Folding kinetics of the L3 loop. (A) Folding of trans-d-Rz
n the presence of its substrate. Time course plots of Mg21 induced
olding using probe L3 and various concentrations of MgCl2 (0.5 mM
h), 2 mM (F) and 10 mM (E). (B) Time course plots of self-cleaved
is-d-Rz folding under conditions similar to those used for the self
leavage reaction. The rate of folding observed at 10 mM MgCl2

epresents what occurs in the enzymatic assays. (C) Equilibrium
agnesium dependency of trans- and cis-d-Rz. Each point represents

he end point of folding kinetic experiments for trans-d-Rz (■) and
is-d-Rz (h) carried out at various concentrations of MgCl2. Values of
Mg]1/2, or KMg, were found to be 2–3 and 0.5–0.6 mM for trans-d-Rz
nd cis-d-Rz, respectively.
605
etermined in reaction mixtures in which the cognate
ubstrate was replaced by either a chemically modified
ncleavable substrate (SdC4), or the product (RNA-
2). The rates of L3 loop inaccessibility were fitted to a
ingle exponential equation, and calculated to be
.12 6 0.02 min21 and 0.11 6 0.05 min21 with SdC4
nd RNA-P2, respectively. These results suggest that
roduct accumulation may interfere with folding. The
ncleavable substrate may mimic the product effect,
ince it possesses in part the same sequence informa-
ion and, as is the case with the product, cannot be
leaved.
cis-d-Rz exhibited a lower magnesium requirement

or proper folding of the L3 loop than did trans-d-Rz
Fig. 4B). In contrast to trans-d-Rz, a significant level of
esistance to L3 driven RNase H cleavage was ob-
erved magnesium concentrations as low as 0.5 mM
Fig. 4B, clear boxes), and the maximal exponential
ecay rate was observed to be significantly higher
0.61 6 0.05 min21). The optimal mid-point magnesium
oncentration required for a maximal level of folding of
he L3 loop was determined to be 2–3 mM for trans-
-Rz and 0.5–0.6 mM for cis-d-Rz (Fig. 4C). The mag-
esium requirement for the catalytic cleavage for
rans-d-Rz was previously reported to be 2.2 mM (18).

When the folding data are correlated with enzymatic
ctivity, there are several interesting values worth
entioning. Although in previous studies the enzy-
atic reactions were performed in slightly different

uffers (50 mM Tris pH 8.0, 10 mM MgCl2) (18, 25),
ere the folding experiments are performed in the
ame buffer with the addition of 10 mM NaCl, 0.01 mM
DTA, and 1 mM dithiothreitol. Using the folding
uffer for enzymatic assays, cis-d-Rz exhibited an ob-
erved cleavage rate (k obs) of 2.55 6 0.01 min21 and a
1/ 2 of 0.27 min. Under single-turnover conditions,
rans-d-Rz had a k obs 5 0.38 6 0.04 min21 and a t 1/ 2 5
.8 min. Their kinetic values are comparable to those
eported previously (18, 25), consequently the folding
ehavior studied here reflects that in the enzymatic
ssay. As a result we took our previous kinetic studies
nto consideration in order to correlate folding with
atalytic pathway as discussed below.
As shown in Fig. 5, trans-d-Rz recognizes its cognate

ubstrate, resulting in formation of the P1 stem. This
ubstrate association requires only the presence of a
onovalent ion, such as Na1, as shown in this study

step 1). The folding and kinetic intermediate, whose
3 loop is folded, or participates in the formation of the
.1.1 stem, is formed in the presence of MgCl2 (step 2).
nder conditions permissive for both catalysis and

olding (i.e., 10 mM MgCl2), the rate at which the L3
oop becomes inaccessible to oligonucleotide L3 driven
Nase H cleavage is 0.23 6 0.03 min21. We also used
ligonucleotide L3 as an inhibitor of trans-d-Rz cleav-
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ge, and found that this oligonucleotide can decrease
he rate of cleavage under both single- and multiple-
urnover conditions (data not shown). Next, the phos-
hate backbone of the substrate is cleaved, and the
rst cleavage product is released (step 3). According to
ur previous studies under single-turnover conditions,
he observed rate of cleavage (k 2) is 0.29 6 0.03 min21

18, 25). It should be noted that this step might involve
ome nucleotides located on the J4/2 helix as described
y Lafontaine et al. (24). In addition, a recent study by
errotta et al. (19) showed that a nucleotide (cytosine)

n the J4/2 helix requires the presence of imidazole
uffer when this position was changed to adenosine.
onsequently it suggests the catalytic function of the

onserved nucleotide of J4/2. In the penultimate step
he second cleavage product is released in a process
hich might involve unfolding of the L3 loop (step 4).
his step has been shown to be rate limiting under
ultiple-turnover conditions (25). Finally, the trans-

-Rz is recycled (step 5). Since the observed rate of L3
olding, and the k 2 value are within the same order of

agnitude, the answer to the question as to which step
s the overall rate limiting step seems to be either the
olding of L3 or the chemical cleavage. This finding is a
ajor step forward in our understanding of the forma-

ion of the intermediates and tertiary structures in-
olved in the d ribozyme catalytic pathway.
In summary, we describe the folding of delta ri-

ozymes using an oligonucleotide hybridization assay
hich has previously been used for large ribozymes

ncluding the group I intron and RNase P (9, 10). This
s the first demonstration that a small ribozyme (i.e., d
ibozyme) contains some helices and loops that are
ensitive (P1, L3, and J4/2), and others that are insen-
itive (J1/4, P4) to the presence of divalent metal ions

FIG. 5. Schematic representation of d ribozyme folding and cat-
lytic pathway.
606
ozymes (9, 10). We clearly show a specific function of
g21 in supporting either the formation of the P1.1

tem, or in the L3 loop folding.
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