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ABSTRACT: The ability of divalent metal ions to participate in both structure formation and catalytic
chemistry of RNA enzymes (ribozymes) has made it difficult to separate their cause and effect in ribozyme
function. For example, the recently solved crystal structures of precursor and product forms of the cis-
cleaving genomic hepatitis delta virus (HDV) ribozyme show a divalent metal ion bound in the active
site that is released upon catalysis due to an RNA conformational change. This conformational switch is
associated with a repositioning of the catalytically involved base C75 in the active-site cleft, thus controlling
catalysis. These findings confirm previous data from fluorescence resonance energy transfer (FRET) on
a trans-acting form of the HDV ribozyme that found a global conformational change to accompany catalysis.
Here, we further test the conformational switch model by measuring the Mg2+ dependence of the global
conformational change of the trans-acting HDV ribozyme, using circular dichroism and time-resolved
FRET as complementary probes of secondary and tertiary structure formation, respectively. We observe
significant differences in both structure and Mg2+ affinity of the precursor and product forms, in the
presence and absence of 300 mM Na+ background. The precursor shortens while the product extends
with increasing Mg2+ concentration, essentially amplifying the structural differences observed in the crystal
structures. In addition, the precursor has an∼2-fold and∼13-fold lower Mg2+ affinity than the product
in secondary and tertiary structure formation, respectively. We also have compared the C75 wild-type
with the catalytically inactive C75U mutant and find significant differences in global structure and Mg2+

affinity for both their precursor and product forms. Significantly, the Mg2+ affinity of the C75 wild-type
is 1.7-2.1-fold lower than that of the C75U mutant, in accord with the notion that C75 is essential for
a catalytic conformational change that leads to a decrease in the local divalent metal ion affinity and
release of a catalytic metal. Thus, a consistent picture emerges in which divalent metal ions and RNA
functional groups are intimately intertwined in affecting structural dynamics and catalysis in the HDV
ribozyme.

Catalysis by RNA enzymes (ribozymes) is closely linked
to their three-dimensional structure and conformational
dynamics; both, in turn, are tied to the role of metal ions,
particularly divalents, in neutralizing the negatively charged
phosphoribose backbone. Therefore, studying the folding of
ribozymes and the contributions of metal ions is key to our
understanding of how RNA can become activated and poised
for catalysis. It has been proposed that RNA folding is a
two-step process, involving the formation of secondary
structure, which then collapses into an ordered tertiary
structure (1, 2). Secondary structure formation in principle
only requires a diffuse counterion atmosphere, consisting of
monovalent or divalent metal ions, polyamines, and/or
proteins, that screens the repulsion of the phosphates (3). In
contrast, tertiary structure formation is characterized by a
preference for divalent metal ions, which sometimes can, at

least in part, be replaced by high concentrations of mono-
valents (2, 4-6).

Divalent metal ions can contribute to ribozyme structure
and function in more than one way. Aside from screening
backbone charges and aiding tertiary structure formation, they
also can be directly involved in a chemical reaction by acting
as a cofactor to introduce functionalities that are scarce in
RNA. For example, divalent metal ion hydroxo complexes
may act as general base catalysts, activating a nucleophile
via deprotonation, or their aqua complexes may serve as
general acid catalysts to protonate the leaving group (7). Our
perspective, particularly on the so-called “small” ribozymes,
comprising the hammerhead, hairpin,NeurosporaVS, and
hepatitis delta virus (HDV)1 ribozymes, has changed dra-
matically over the past few years from suspecting them as
prime examples for metal ion catalysis to appreciating them
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as paradigms for RNA-mediated, metal-free catalysis (2, 4,
7).

HDV is a small pathogenic RNA satellite of the hepatitis
B virus (HBV). Coinfection with HDV and HBV increases
the severity of the disease symptoms associated with HBV,
often leading to liver cirrhosis (8). Replication of the HDV
RNA genome is proposed to occur through a double-rolling
circle mechanism producing multimeric units of the comple-
mentary genomic and antigenomic RNA strands, both of
which are able to self-cleave and religate into circular
monomers (8). Cleavage activities in both the genome and
antigenome depend on∼85-nucleotide RNA motifs, the two
forms of the HDV ribozyme, which share an almost identical
secondary structure that contains a double pseudoknot (9-
11).

Self-cleavage activity of the HDV ribozyme has been
proposed to occur via a general base/acid mechanism in
which the 2′-hydroxyl group immediately 5′ to the cleavage
site is deprotonated and attacks the scissile phosphate to form
a 2′,3′-cyclic phosphate, leading to nucleophilic substitution
of the 5′ oxyanion, which becomes protonated (11). Through
a number of structural, biochemical, and mutagenesis studies
it has been established that the base cytosine 75 (C75), or
its antigenomic counterpartRC76 (R used to distinguish
antigenomic numbering), plays an active role in this mech-
anism by serving as either the general base or the general
acid (11). In particular, studies on the antigenomic HDV
ribozyme suggest a role ofRC76 as the general base catalyst
that activates the 2′-OH for nucleophilic attack, based on
the ribozyme’s pH profile; the observed decrease in apparent
reaction pKa when aRC76A mutation is introduced; and the
pH-dependent rescue of anRC76U mutation by high
concentrations of imidazole (12-14). By contrast, the fact
that the reaction pH profile of the genomic HDV ribozyme
is inverted in the presence of 1 M NaCl and 1-100 mM
EDTA has been interpreted as evidence for a kinetically
indistinguishable model where the Mg2+ hydroxo complex
acts as the general base whereas C75 acts as the general acid
(13, 15). Both models require the pKa of C75 to be shifted
from that of the free base (∼4.2) to a value closer to
neutrality in the context of the local structural environment
in the transition state (16).

The crystal structure of the self-cleaved product form of
the HDV ribozyme revealed that C75 is situated in the active-
site cleft where it forms a hydrogen bond with the phosphate
group of C22, providing a rationale for a shift in pKa (9).
Therefore, the assumption was made that the ribozyme
precursor may structurally be almost identical to the product.
However, the active-site cleft in the product crystal structure
is tightly packed and does not provide an immediate
trajectory for substrate exit. To probe for conformational
rearrangements, we therefore used fluorescence resonance
energy transfer (FRET) on a trans-acting form of the HDV
ribozyme, which provided evidence for a significant con-
formational change upon catalysis. In particular, a sharp
distance increase was observed between the termini of helices
P2 and P4 after precursor cleavage and 5′ product dissocia-
tion (17). These global conformational changes were found
to be dependent on the 5′ product sequence (18), consistent
with the fact that there is a low sequence preference 5′ to
the cleavage site (19, 20). In addition, fluorescence spec-
troscopy of 2-aminopurine incorporated into C75’s neighbor-

ing position, G76, showed a local conformational rearrange-
ment to accompany the global structural change (21).

Recently, crystal structures of the precursor form of the
self-cleaving HDV ribozyme have been solved (22), showing
a global fold similar yet not identical to that of the product
form. In addition, the precursor electron density provides
evidence for a divalent metal ion in outer-sphere coordination
to the-1 phosphate nonbridging oxygen and the 5′ oxygen
of the leaving group, which places it in proximity to the
ionizable C75, in accord with the observed linkage between
Mg2+ concentration and pH dependence of activity (5, 15).
In agreement with our fluorescence data, upon catalysis and
release of the 5′ product a significant local conformational
change occurs in which the metal ion dissociates, thus
controlling catalysis and making it essentially irreversible
(22). Specifically, C75 shifts∼2 Å deeper into the active
site, thus forming hydrogen bonds with the 5′-OH leaving
group and a phosphate oxygen of C22, coupled with an
inward movement of the P1 and P3 helices toward the center
of the ribozyme. This led the authors to propose a refined
catalytic mechanism where the hydrated metal ion acts as
the general acid to protonate the 5′ oxyanion leaving group
while C75 activates the 2′-OH, acting as the general base
(22).

To further test the conformational switch model, we now
have measured the Mg2+ dependence of the global confor-
mational change of the trans-acting HDV ribozyme using
circular dichroism and time-resolved FRET as complemen-
tary probes of secondary and tertiary structure formation,
respectively. We observe significant differences in both
structure and Mg2+ affinity of the precursor and product
forms. The precursor shortens while the product extends with
increasing Mg2+ concentration, in an amplification of the
structural differences observed in the crystal structures of
the cis-acting ribozyme. In addition, the precursor has an
∼2-fold and∼13-fold lower Mg2+ affinity than the product
in secondary and tertiary structure formation, respectively.
Significantly, the Mg2+ affinity of the C75 wild-type is 1.7-
2.1-fold lower than that of the C75U mutant, in accord with
the notion that C75 is essential for the conformational switch
that lowers the local divalent metal ion affinity and thus
releases a catalytic metal. Our data therefore support a
consistent picture in which Mg2+ ion(s) and C75 are in-
timately linked in affecting structural dynamics and catalysis
in the HDV ribozyme.

MATERIALS AND METHODS

Preparation of RNA Oligonucleotides. RNA oligonucleo-
tides (for sequences see Figure 1) were purchased from the
Howard Hughes Medical Institute Biopolymer/Keck Founda-
tion Biotechnology Resource RNA Laboratory at the Yale
University School of Medicine (New Haven, CT). The RNA
contained 2′-protection groups and was deprotected as
suggested by the manufacturer (http://info.med.yale.edu/
wmkeck/) (23, 24). Deprotected RNA was purified by
denaturing 20% polyacrylamide/8 M urea gel electrophoresis,
diffusion elution into 0.5 M NH4OAc, 0.1% SDS, and 0.1
mM EDTA overnight at 4°C, chloroform extraction, ethanol
precipitation, and C8 reverse-phase HPLC with a linear
acetonitrile gradient in triethylammonium acetate as de-
scribed previously (23, 24). To obtain the chemically
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blocked, noncleavable substrate analogue ncS3 for structural
studies of the precursor form, the substrate was modified
with a 2′-methoxy group at the cleavage site. The 3′ product
(3′P) had the sequence 5′-GGGUCGG-3′. RNA concentra-
tions were calculated from their absorption at 260 nm and
corrected for the additional absorption of fluorescein and
tetramethylrhodamine by using the relationsA260/A492 ) 0.3
andA260/A554 ) 0.49, respectively.

ActiVity Assays. 5′-32P-labeled substrates were prepared by
phosphorylation with T4 polynucleotide kinase and [γ-32P]-
ATP. All activity assays were conducted under single-
turnover (pre-steady-state) conditions. Standard buffer was
40 mM Tris-HCl, pH 7.5, either with or without 300 mM
NaCl. The ribozyme was preannealed from strand A and
twice the concentration of strand B in standard buffer
supplemented with variable Mg2+ concentrations, by heating
to 70 °C for 2 min and cooling to room temperature. After
preincubation for at least 15 min at 25°C, a trace (<4 nM)
amount of 5′-32P-labeled substrate (also in standard buffer
supplemented with Mg2+) was added to a saturating excess
of 800 nM ribozyme (based on the strand A concentration),
as previously described (17). Aliquots (5µL) were taken at
appropriate time intervals and the reaction was quenched with
10 µL of 80% formamide, 0.025% xylene cyanol, 0.025%
bromophenol blue, and 50 mM EDTA. The 5′ cleavage
product was separated from the uncleaved substrate by
denaturing 20% polyacrylamide/8 M urea gel electrophoresis
and was quantified and normalized to the sum of the substrate
and product bands by use of a Storm 840 PhosphorImager
with ImageQuant software (Molecular Dynamics). Time
traces of product formation were fit to the single-exponential
first-order rate equationy ) y0 + A(1 - e-t/τ), employing
Marquardt-Levenberg nonlinear least-squares regression
(Microcal Origin 7.0), whereA is the amplitude andτ-1 is

the pseudo-first-order rate constantkobs. Mg2+ dependencies
of this rate constant were fit to the binding equation:

yielding the initial amplitude (or offset)A0, the cleavage rate
constantkmax under saturating Mg2+ concentrations, the
apparent Mg2+ dissociation constantMg1/2, and the cooper-
ativity constantn.

Time-ResolVed FRET Measurements. The global structures
of the wild-type and C75U mutant HDV ribozymes were
studied under standard conditions as a function of Mg2+

concentration, by use of tr-FRET analysis of ribozyme
complexes doubly labeled with fluorescein and tetrameth-
ylrhodamine (Figure 1), essentially as previously described
(17). Specifically, the ribozyme-substrate (analogue) or
-product complex (75µL; 1 µM doubly labeled ribozyme
strand B, 5µM strand A, and either 10µM substrate,
noncleavable substrate analogue, or 3′ product), annealed by
heating to 70°C for 2 min and cooling to room temperature,
was incubated at 25°C for at least 15 min in standard buffer
supplemented with 25 mM DTT and Mg2+, as specified, in
the presence or absence of 300 mM NaCl [in case of the
cleavable substrate complex incubation in the presence of
11 mM Mg2+ is sufficient to bring cleavage to its final extent
of typically ∼77% (17)]. Time-resolved emission profiles
of the donor fluorescein were then collected by previously
described procedures based on time-correlated single-photon
counting (17, 25). Specifically, a frequency-doubled Nd:
YVO4 laser (Spectra-Physics Millenia Xs-P, operated be-
tween 8 and 8.5 W) pumped a frequency-doubled, mode-
locked Ti:sapphire laser (Spectra-Physics, operated at 1 W)
that excited fluorescein at 492 nm with pulses 2 ps in width,
picked down to 4 MHz. Detection of isotropic emission to
>40 000 peak counts was performed under magic-angle
polarizer conditions at 520 nm (10 nm band-pass interference
filter). By use of a microchannel plate photomultiplier tube
(Hamamatsu R3809U-50) feeding into an SPC-630 time-
correlated single-photon counting card (Becker & Hickl),
decays were collected into 4096 channels with a time
increment of 12.20 ps/channel. An instrument response
function was measured as the scattering signal from a dilute
solution of nondairy coffee creamer to deconvolute the
fluorescence decay data. To measure donor-acceptor dis-
tances, two time-resolved fluorescence decays were collected,
with and without the acceptor in place. The fluorescein
emission decay in the donor-only complex was used to
extract the two or three intrinsic donor lifetimesτi with their
fractional contributionsRi by a sum-of-exponentials fit. The
data from the doubly labeled complexIDA(t) were then fit
with a model for distance distributions:

where the first sum refers to the number of distributions,
either one or two, each with a fractional populationfk and a
distance distributionPk(R). Distance distributions were
modeled as weighted three-dimensional Gaussian functions:

FIGURE 1: Synthetic three-strand trans-acting HDV ribozyme D1
employed as wild type in this study. Ribozyme strands A and B
are shown in boldface type. Strand B contains the catalytically
involved C75 that was mutated to U in some studies, as indicated.
For FRET studies, a donor (D, fluorescein) and an acceptor (A,
tetramethylrhodamine) fluorophore were attached to the 5′- and 3′
termini, respectively, of strand B, as indicated. The 3′ product strand
(3′P) is shown in outline. Substrate S3 contains eight additional
nucleotides 5′ to the cleavage site, which is indicated by an open
arrow. To obtain a noncleavable substrate analogue (ncS3) for
structural studies of the precursor form, the 2′-OH of the underlined
-1 nucleotide was modified to a 2′-methoxy group.

kobs) A0 ( kmax

[Mg2+]n

[Mg2+]n + Mg1/2
n
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IDA(t) ) ∑
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i
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t
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wherea andb are parameters that describe the shape of the
distribution andc is a normalization constant. Fitting was
performed by nonlinear least-squares regression, witha, b,
and fk for each distribution as adjustable parameters. An
additional adjustable parameter was a small fraction of singly
labeled complex (always<5%), accounting for pho-
tobleached acceptor fluorophore. Theτi andRi values from
the donor-only decay were used under the assumption that
each intrinsic donor lifetime is influenced independently by
the presence of the acceptor at distanceR and, by the
distribution inR, is split into a lifetime distribution.

Mg2+ was titrated by incremental addition of 0.5µL
aliquots of appropriate MgCl2 stock solutions in standard
buffer supplemented with 25 mM DTT, taking into account
the volume change; the volume at the end of any given
titration increased by not more than 10%. In all cases,
distance distribution fits were judged as good by their
reducedø2 value (<1.2) and by evenly distributed residuals.
To extract absolute distances, a value of 55 Å for the Fo¨rster
distanceR0 of fluorescein and tetramethylrhodamine was
used (17, 25), assuming a value of2/3 for the orientation
factor based on the high mobility of the fluorophores as
evident from their low fluorescence anisotropies (17, 23, 25).
The Mg2+ concentration dependence of the helix P2-P4
distance was fit to binding eq 1.

Circular Dichroism. Measurements were conducted on an
Aviv 62DS spectrophotometer, equipped with a thermopro-
grammable Peltier element, with a step size of 1 nm, a
bandwidth of 1 nm, and a signal averaging time of 1.0 s.
The preannealed ribozyme-noncleavable substrate analogue
or ribozyme-product complex (1 mL; 2µM stand A, 2µM
strand B, and 2µM noncleavable substrate analogue or 3′-
product) were incubated at 25°C for at least 15 min in
standard buffer. Mg2+ was titrated by incremental addition
of 2 µL aliquots of appropriate MgCl2 stock solutions in
standard buffer, taking into account the volume change; the
volume at the end of any given titration increased by not
more than 5%. Scans were acquired over the spectral range
of 215-300 nm and the CD data at 260 nm were normalized
to the RNA length by use of the following equation to derive
the molar circular dichroic absorption:

whereθ is the measured CD signal in millidegrees,C is the
sample concentration in moles per liter,l is the cell path
length in centimeters, andN is the number of nucleotides of
the RNA (26). ∆ε260 was then plotted against the Mg2+

concentration and fit to binding eq 1.

RESULTS

Full Secondary Structure Assembly of the Three-Strand
HDV Ribozyme Precursor Requires Sufficient Charge Screen-
ing. Figure 1 shows the three-strand, fully synthetic, trans-
acting ribozyme construct D1 used in our present studies. It
has the distinct advantage over a cis-acting, one-strand
construct that a donor-acceptor fluorophore pair for FRET
measurements can easily be introduced at the 5′ and 3′

termini, respectively, of strand B; and that either a noncleav-
able substrate analogue or the 3′ product can be annealed to
the two ribozyme strands to represent the ribozyme precursor
and product forms, respectively (Figure 1). Employing this
construct, we have previously shown that the trans-acting
HDV ribozyme undergoes a global conformational change
upon catalysis (17) that coincides with local structural
rearrangements in the catalytic core (21) and depends in
magnitude on the sequence 5′ to the cleavage site (18). In
addition, we found the conformational changes associated
with substrate binding and dissociation by this ribozyme to
be associated with significant solvent kinetic isotope effects
(KSIEs), challenging the commonly held view that a KSIE
necessarily provides evidence for reaction chemistry to be
rate-limiting in an RNA enzyme (27).

Charge screening by solvent metal cations is known to be
crucial for the secondary and tertiary structure folding and
function of RNA as a polyanionic biopolymer (2). While
our previous studies were performed at a fixed Mg2+

concentration of 11 mM, here we set out to better understand
the impact of Mg2+ ions on the observed conformational
changes by determining global structural parameters over a
broad range of Mg2+ concentrations. To determine the
relative impact of monovalent ions on structure and function
of the HDV ribozyme, we decided to compare Mg2+ titrations
in the absence and presence of a background of Na+. Upon
initial time-resolved FRET (tr-FRET) analysis of the wild-
type ribozyme-noncleavable substrate complex (precursor,
assembled from 1µM doubly labeled strand B, 5µM strand
A, and 10 µM noncleavable substrate analogue ncS3) in
standard buffer (40 mM Tris-HCl, pH 7.5) supplemented
with 25 mM DTT at 25 °C, in the absence of added
monovalents or divalents, we found the donor lifetime
distribution to fit considerably better with a bimodal, rather
than a unimodal, Gaussian distance distribution (Figure 2A).
We found that 90% of the RNA population is centered
around a mean helix P2-P4 end-to-end distance of 32 Å
(fwhm ) 17 Å), while 10% of the population exhibits a mean
distance of 54 Å (fwhm) 25 Å). The shorter distance of
32 Å is identical to the mean distance of strand B alone (data
not shown), indicating that, with limited countercharge
present, the anticipated secondary structure is only partially
formed and strand B largely resides in a random coil. To
determine the minimum cation concentration needed to
completely convert strand B into the precursor complex, we
performed Na+ and Mg2+ titrations under standard conditions
and followed the relative abundances of the two strand B
populations by tr-FRET (25) (data not shown). We found
that a concentration of 300 mM Na+ or higher was required
to yield a single distance distribution with a mean of 53 Å
(fwhm ) 24 Å) that was no longer improved in fit quality
(judged by theø2 value and residuals) by introducing a
second distance distribution (Figure 2A, middle). Similarly,
a concentration of 1 mM Mg2+ is needed in the absence of
monovalents to convert all of strand B into a unimodal non-
random-coil distance distribution (Figure 2A, lowest panel).
These cation concentrations (300 mM Na+ with 0 mM Mg2+

and 0 mM Na+ with 1 mM Mg2+) therefore define the lower
boundary conditions for our Mg2+ titrations of the wild-type
precursor complex. Interestingly, the wild-type and C75U
mutant product complexes, as well as the C75U precursor
complex, yield single distance distributions in the absence

P(R) ) 4πR2c exp[-a(R - b)2]

∆ε260 ) θ
32 980ClN

(2)
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of added mono- and divalents (data not shown). This is
consistent with the notion that these structures bind cations
with higher affinities than the wild-type precursor form (see
below) so that they fully assemble with relatively low charge
screening.

Na+ Inhibits CleaVage ActiVity of the Trans-Acting HDV
Ribozyme.We compared the Mg2+ dependencies of the
cleavage activity of our wild-type D1 HDV ribozyme under
standard single-turnover conditions (800 nM ribozyme
excess) in standard buffer (40 mM Tris-HCl, pH 7.5) at 25
°C, in the presence and absence of 300 mM NaCl (Figure
2B). In the absence of Na+, the observed rate constants
increase from 0.06 to 0.65 min-1 between 1 and 600 mM
Mg2+, yielding an apparent Mg2+ binding affinity of Mg1/2

) 3.3( 0.2 mM (cooperativity constantn ) 1.79) when fit
to binding eq 1. Addition of 300 mM NaCl significantly
decreases the observed rate constants throughout the entire
Mg2+ range, with a maximum rate constant of only 0.45
min-1 and aMg1/2 ) 41 ( 3 mM (n ) 2) (Figure 2B). The
apparent Mg2+ dissociation constants,Mg1/2, show that Mg2+

binds with∼12-fold lower affinity in the presence of 300
mM Na+ than in its absence, suggesting that Na+ signifi-
cantly inhibits cleavage activity of the trans-acting HDV
ribozyme by competition with essential Mg2+ ions (5, 28).
As a specificity control we also tested the C75U mutant, in
which the catalytically involved C75 is mutated to U, for
cleavage activity under standard single-turnover conditions
(800 nM ribozyme excess, 40 mM Tris-HCl, pH 7.5, at 25
°C). As expected, this variant does not exhibit any cleavage
activity up to the highest Mg2+ concentration employed, 600
mM (Figure 2B).

Metal Ion Titrations Monitored by Time-ResolVed FRET
Show Substantial Differences in Mg2+-Induced Conforma-
tional Changes between the Precursor and Product Forms.
Fluorescence spectroscopy is a tool that is commonly used
to probe folding, structure, and conformational dynamics of
proteins and nucleic acids (29). Fluorescence resonance
energy transfer (FRET), in particular, is a process in which
excitation energy is transferred in a distance-dependent
manner from a donor fluorophore to an acceptor fluorophore.
It provides long-range distance information, typically in the
10-100 Å range, making it suitable for probing the global
structure of nucleic acids by site-specifically attaching a
suitable fluorophore pair (23, 24, 30, 31). While steady-state
FRET is a powerful tool for monitoring temporal changes
in relative fluorophore distance, time-resolved FRET
(tr-FRET) quantifies distances between donor and acceptor
fluorophores to near-angstrom resolution and reports on
global structure, intrinsic flexibility, and alternate conforma-
tions of an RNA (32).

Figure 3 shows in comparison Mg2+-induced global
conformational changes of C75 wild-type HDV ribozyme-
noncleavable substrate analogue (ncS3, precursor) (panel A)
and 3′ product (3′P) complexes (panel B). In particular, we
monitored by tr-FRET the mean helix P2-P4 end-to-end
distance in standard buffer at 25°C as a function of Mg2+

concentration, in the presence or absence of 300 mM Na+,
as indicated (see Materials and Methods). In all cases we
obtained unimodal distance distributions (data not shown),
demonstrating that any alternate conformations constitute less
than 5% of the RNA population. Upon raising the Mg2+

concentration, the ncS3 complex decreases in end-to-end
distance from 52 to 50 Å (between 1 and 50 mM Mg2+;
Mg1/2 ) 1.5 mM,n ) 1.14) and from 53 to 50 Å (between
0 and 50 mM Mg2+; Mg1/2 ) 3.6 mM, n ) 1.18), in the
absence and presence of Na+, respectively (Figure 3A). In
contrast, the 3′P complex increases substantially in mean end-

FIGURE 2: Folding and function of the trans-acting HDV ribozyme.
(A) Fluorophore distance distributions of the ribozyme-noncleav-
able substrate (precursor) complex, as obtained by tr-FRET. Each
panel shows the distance distribution of complex assembled from
1 µM strand B, 5µM strand A, and 10µM ncS3 in standard buffer
(40 mM Tris-HCl, pH 7.5), supplemented with 25 mM DTT, in
the absence of added salt (top panel) or in the presence of 300
mM NaCl (middle panel) or 1 mM MgCl2 (bottom panel) at 25
°C. The following fit parameters were derived: (top) 90% of the
population showRobs(1) ) 32 Å, fwhm(1)) 17 Å, while 10% of
the population showRobs(2) ) 54 Å, fwhm(1) ) 25 Å; (middle)
Robs ) 53 Å and fwhm) 25 Å; (bottom)Robs ) 52.5 Å and fwhm
) 24 Å. (Insets) Fit residuals (black lines) from unimodal (single)
and bimodal (double) distributions, as indicated, and their running
average over 100 data points (white lines) show that in the top
panel, only a double distribution yields evenly distributed residuals
and a lowø2 value of 1.1, while in the middle and bottom panels,
single distributions generate satisfactory fits. (B) Observed cleavage
rate constants,kobs, as a function of Mg2+ concentration under
standard conditions (40 mM Tris-HCl, pH 7.5, at 25°C) in the
presence (b) or absence (O) of 300 mM NaCl. The experimental
data were fit to binding eq 1 (see Materials and Methods) to yield
the reported apparent Mg2+ dissociation constantsMg1/2. (9) C75U
mutant is inactive at all Mg2+ concentrations tested.
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to-end distance from 60 to 68 Å (between 0 and 25 mM
Mg2+; Mg1/2 ) 0.12 mM,n ) 1.11) and from 53 to 66 Å
(between 0 and 25 mM Mg2+; Mg1/2 ) 1.1 mM, n ) 1.36)
in the absence and presence of Na+, respectively (Figure 3B).
Addition of 300 mM Na+ thus has two main consequences:
(i) The Mg2+ concentration necessary to induce global
conformational changes in the precursor and 3′ product
complexes is increased 2.4- and 9-fold, respectively. (ii) The
Mg2+-induced change in the helix P2-P4 distance is
dampened for both the precursor and 3′ product complexes.
These observations suggest that less folding-competent Na+

ions compete with more folding-competent Mg2+ ions for
binding sites that induce the observed RNA global confor-
mational changes. In addition, comparing the Mg2+ depend-
encies of the precursor and 3′ product complexes shows that
the 3′ product binds Mg2+ with a nearly 13-fold higher
affinity than the precursor, whereas this distinction signifi-
cantly decreases to only a 3.3-fold higher Mg2+ affinity in a
background of 300 mM Na+. The latter decrease is consistent
with analysis of metal binding in the genomic cis-acting
HDV ribozyme, which shows that Na+ ions appear to bind
more tightly to the product than the precursor form (5). It
should also be noted that all cooperativity constants were
close to unity during fitting with eq 1 (Figure 3), which is
consistent with the notion that Mg2+ ions generally bind
noncooperatively to the trans-acting HDV ribozyme.

Time-ResolVed FRET ReVeals Differences in Mg2+-
Induced Conformational Changes between the Wild-Type and
C75U Mutant HDV Ribozymes. Mutagenesis studies show
that changing the catalytically important C75 to a uracil
(C75U mutation) completely ablates cleavage activity (12).
A plausible reason is the absence of the exocyclic amino
group that helps position C75 in the active-site cleft and,

thus, in the proximity of the scissile phosphodiester by
forming a hydrogen bond with the phosphate group of C22
(9). Consistent with this idea are recent crystallographic
observations on the precursor form of the cis-acting HDV
ribozyme by Doudna and co-workers (22), which suggest
that the exocyclic amino group in fact is necessary for a
conformational switch that ejects a catalytic Mg2+ ion and
drives the cleavage reaction forward. To further test this
model, we have used tr-FRET to address two specific
questions about the wild-type and C75U mutant trans-acting
HDV ribozymes: (i) Does the C75U mutant exhibit a
different global structure than the C75 wild type in its
precursor and/or 3′ product forms? (ii) Does the C75U mutant
possess different metal-ion binding properties than the C75
wild type?

To this end, we have measured and compared the global
conformations of our trans-acting C75 wild-type and C75U
mutant HDV ribozymes in their precursor and 3′ product
complexes (see Materials and Methods). First, tr-FRET was
employed to measure the mean helix P2-P4 end-to-end
distance of free ribozyme (D1), ribozyme-noncleavable
substrate complex (precursor D1-ncS3), ribozyme-cleav-
able substrate complex (D1-S3), and ribozyme-3′ product
complex (D1-3′P) under standard conditions (40 mM Tris-
HCl, pH 7.5, 11 mM MgCl2, and 25 mM DTT). The free
C75 wild-type and C75U mutant ribozymes have similar
mean distances of 54 Å (fwhm of 28 Å) and 53 Å (fwhm of
26 Å), respectively (Table 1). Upon formation of their
(noncleavable) precursor complexes, however, the mean
distance of the wild-type decreases to 51 Å (fwhm of 20 Å)
while that of the mutant increases to 55 Å (fwhm of 27 Å)
(Table 1). The 3′ product complexes also show a slight
difference with mean distances of 67 Å (fwhm of 33 Å) and
70 Å (fwhm of 39 Å) for the C75 wild-type and C75U
mutant, respectively (Table 1). Consistent with the fact that
the wild type is catalytically active while the mutant is not,
their ribozyme-cleavable substrate complexes significantly
differ (their preincubation ensures that the final extent of
cleavage is reached, see Materials and Methods); specifically,
the wild type exhibits a mean distance of 63 Å (fwhm of 30
Å), similar to that of the 3′ product complex, while the C75U
mutant has a mean distance of 55 Å (fwhm of 26 Å),
identical to that of the uncleaved C75U precursor complex
(Table 1).

FIGURE 3: Mean helix P2-P4 end-to-end distance of the trans-
acting HDV ribozyme in complex with (A) noncleavable substrate
analogue ncS3 and (B) 3′ product (3′P), as a function of Mg2+

concentration in standard buffer (40 mM Tris-HCl, pH 7.5)
supplemented with 25 mM DTT, in the presence (b) or absence
(O) of 300 mM NaCl, at 25°C. The experimental data were fit to
binding eq 1 (Materials and Methods) to produce the reported
apparent Mg2+ dissociation constantsMg1/2.

Table 1: Time-Resolved FRET Analysis of the C75 Wild-Type and
C75U Mutant Ribozyme D1 in Its Complexes with Noncleavable
Substrate Analogue NcS3, Cleavable Substrate S3, and 3′ Product
3′Pa

parameter ribozyme D1 D1-ncS3 D1-S3 D1-3P

mean donor-acceptor
distance (Å)

C75 54( 1 51( 1 63( 1 67( 1

C75U 53( 1 55( 1 55( 1 70( 1
fwhm (Å) C75 28( 1 20( 1 30( 1 33( 1

C75U 26( 1 27( 1 26( 1 39( 1
ø2 C75 1.1 1.1 1.1 1.1

C75U 1.0 1.1 1.1 1.1
a Mean donor-acceptor distances and their full widths at half-

maximum (fwhm) were measured in 40 mM Tris-HCl, pH 7.5, 11 mM
MgCl2, and 25 mM DTT at 25°C. Errors were estimated from at least
two independent measurements.ø2 is the reduced chi-squared value as
a measure of fit quality.
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Next, we compared tr-FRET-monitored Mg2+ titrations of
the C75 wild-type and C75U mutant ribozymes in both their
precursor and 3′ product forms. Figure 4A shows the mean
helix P2-P4 end-to-end distance derived for the precursor
forms under standard conditions (see Materials and Methods)
as a function of Mg2+ concentration. With increasing [Mg2+],
the end-to-end distance of the C75 wild-type and C75U
mutant ribozymes decreases slightly from 52 to 50 Å
(between 1 and 50 mM Mg2+; Mg1/2 ) 1.5 mM, n ) 1.14)
and from 58 to 54 Å (between 0 and 50 mM Mg2+; Mg1/2 )
0.7 mM,n ) 1.45), respectively. Figure 4B shows the results
of a similar titration of the 3′ product complexes. Here, the
end-to-end distance of the C75 wild-type and C75U mutant
ribozymes increases significantly from 60 to 68 Å (between
0 and 25 mM Mg2+; Mg1/2 ) 0.12 mM,n ) 1.11) and from
59 to 70 Å (between 0 and 25 mM Mg2+; Mg1/2 ) 0.07 mM,
n ) 1.22), respectively. Taken together, these results show
that the C75U mutant trans-acting HDV ribozyme generally
has a larger helix P2-P4 distance combined with a higher
Mg2+ binding affinity than the wild-type ribozyme, in both
its precursor and 3′ product forms.

C75U Mutant Shows Increased Global Flexibility upon
Mg2+ Binding. The full width at half-maximum (fwhm) of
the helix P2-P4 end-to-end distance distribution, a measure
of structural flexibility, is also derived through our tr-FRET
analysis. It captures both the intrinsic global dynamics of
the RNA between the fluorophore attachment sites and the
local mobility of the fluorophores at the end of their
attachment linkers (32). By directly comparing the C75 wild-
type and C75U mutant ribozymes, which are identical except
for the identity of the base in the 75 position, we can attribute
differences in fwhm values primarily to the intrinsic global
flexibility of the RNA. Figure 5 shows the fwhm values of
the fluorophore distance distributions from our tr-FRET

analysis as a function of Mg2+ concentration. Strikingly, both
the precursor and 3′ product complexes of the C75 wild type
significantly decrease in fwhm upon raising the Mg2+

concentration, while both the precursor and 3′ product
complexes of the C75U mutant increase in fwhm. This
suggests that the presence of C75 in the wild-type leads to
a suppression of global structural flexibility upon Mg2+

binding, while lack of C75 in the mutant allows Mg2+

binding to induce higher intrinsic RNA flexibility.
Circular Dichroism ReVeals Complementary Differences

in Secondary Structure between the C75 Wild-Type and
C75U Mutant Ribozymes.Circular dichroism (CD) spec-
troscopy is a common technique used to characterize changes
in the amount of secondary and tertiary structure in RNA
(33). Specifically, an increase in the CD signal at 260 nm is
evidence for helix or secondary structure formation (26). To
complement the global distance information derived from
our tr-FRET analyses, we therefore examined CD spectra
of the C75 wild-type precursor and 3′ product complexes
before and after addition of 10 mM Mg2+ in standard buffer
(40 mM Tris-HCl, pH 7.5; see Materials and Methods), in
the presence or absence of 300 mM Na+, as indicated in
Figure 6. The CD spectra of the precursor and 3′ product
complexes at 0 and 10 mM Mg2+ in a background of 300
mM Na+ are virtually identical (Figure 6C,D), suggesting
that, consistent with our tr-FRET data, 300 mM Na+ is
sufficient to fully form all secondary structure in the absence
of Mg2+. By contrast, and again consistent with our tr-FRET
results, in the absence of Na+ both the wild-type precursor
and 3′ product complexes show significant changes in their
CD spectra upon raising the Mg2+ concentration from 0 to
10 mM (Figure 6A,B), suggesting that the RNA secondary
structure is not fully formed at low ionic strength.

To compare the Mg2+ dependence of secondary structure
formation in the C75 wild-type and C75U mutant complexes,

FIGURE 4: Mean helix P2-P4 end-to-end distance of C75 wild-
type (O) and C75U mutant (9) ribozymes in complex with (A)
noncleavable substrate analogue ncS3 and (B) 3′ product (3′P) as
a function of Mg2+ concentration in standard buffer (40 mM Tris-
HCl, pH 7.5) supplemented with 25 mM DTT, at 25°C. The
experimental data were fit to binding eq 1 (Materials and Methods)
to produce the reported apparent Mg2+ dissociation constantsMg1/2.

FIGURE 5: Mg2+ dependence of the full width at half-maximum
(fwhm) of the measured distance distributions for the C75 wild-
type (O) and C75U mutant (9) ribozymes in complex with (A)
noncleavable substrate analogue ncS3 and (B) 3′ product (3′P) as
a function of Mg2+ concentration in standard buffer (40 mM Tris-
HCl, pH 7.5) supplemented with 25 mM DTT, at 25°C.
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we performed CD-detected Mg2+ titrations in standard buffer
(in the absence of Na+; see Materials and Methods) on their
precursor and product forms. Not surprisingly, the CD spectra
of the C75U mutant complexes qualitatively resemble those
of the wild type (data not shown). With increasing Mg2+

concentration, the normalized CD signal at 260 nm (see
Materials and Methods) increases for both the C75 wild-
type and C75U mutant precursor and product structures,
indicative of additional secondary structure formation (Figure
7). TheMg1/2 values, however, for the wild-type and mutant
precursors differ by more than 2-fold at 0.42 mM (n ) 1.05)
and 0.19 mM (n ) 1.15), respectively, while theMg1/2 values
for their product forms are identical (0.23 mM,n ) 1.20
andn ) 1.21, respectively; Figure 7).

DISCUSSION

Most enzymes and their substrates undergo conformational
changes that help position their functional groups for efficient
catalysis (34). RNA enzymes are no exception, as many of
them use this strategy to enhance their catalytic efficiency
(11). Until recently it was assumed that the precursor,
transition state, and product structures of the HDV ribozyme
are largely identical (9, 35). This assumption was based on

the crystal structure of the self-cleaved 3′ product form,
which lacks the 5′ product upstream of the cleavage site, a
sequence that has been shown to have a significant impact
on global conformation and catalytic activity of the HDV
ribozyme (18-20). This impact may come as little surprise
given that the catalytic core of the 3′ product is densely
packed, providing limited exit trajectories for the 5′ sequence;
thus the nature of the 5′ sequence may make it more or less
conducive to structural rearrangements necessary for exit
from the catalytic core. Consistent with this notion, we
previously found the trans-acting HDV ribozyme to undergo
a global conformational change upon catalysis (17) that
coincides with local structural rearrangements in the catalytic
core (21) and depends on the 5′ sequence (18). Recently
solved precursor crystal structures of cis-acting HDV ri-
bozymes complement this view as they show that confor-
mational rearrangements occur upon catalysis, in which a
possibly catalytically involved divalent metal ion is released
as the critical C75 base repositions in the catalytic core (22).
Thus, catalytic activity in the HDV ribozyme in fact appears
to crucially depend on the conformational switch that
accompanies catalysis (22).

To better understand how divalent metal ions and C75
contribute to conformational change and catalysis in the HDV
ribozyme, we have used tr-FRET, in conjunction with
cleavage assays and CD spectroscopy, to quantify the extent
and functional relevance of Mg2+-induced changes in the
global structure and flexibility of C75 wild-type and C75U
mutant precursor and product forms of a trans-acting HDV
ribozyme (Figure 1). tr-FRET has previously been employed
to accurately measure end-to-end distance distributions in
other “small” ribozymes, such as the hairpin (25, 36) and
hammerhead ribozymes (32). Our results on the HDV
ribozyme indicate that there are significant differences in
global structure and metal ion affinity between the wild-
type precursor and product forms, as well as between the
wild-type and C75U mutant. The precursor shortens while
the product extends with increasing Mg2+ concentration. In
addition, the precursor has a 13- and 3.3-fold lower Mg2+

affinity than the product form in the absence and presence
of 300 mM Na+, respectively (Figure 3). Significantly, the
Mg2+ affinity of the C75U mutant is 1.7-2.1-fold higher
than that of the C75 wild type, and its structure is generally
more extended than that of the wild type (Figure 4). This
larger mean helix P2-P4 distance of the C75U mutant is
accompanied by a more pronounced structural flexibility
(Figure 5). Finally, CD spectroscopy shows that full second-
ary structure formation of the C75U mutant is associated
with a 2.2-fold higher Mg2+ affinity, similar to the global
structural changes monitored by tr-FRET (Figure 7). In the
following we will interpret our results in light of recent
crystallographic and biochemical evidence, yielding a con-
sistent picture of the intimate relationship between divalent
metal ions and RNA functional groups in structural dynamics
and catalysis of the HDV ribozyme.

Trans-Acting HDV Ribozyme Amplifies Global Confor-
mational Changes ObserVed in the Crystal Structures of the
Cis-Acting Ribozyme.Comparison of the tr-FRET-derived
helix P2-P4 end-to-end distances shows that the precursor
is considerably shorter than the 3′ product complex, a
difference that is significantly enhanced from∼8 Å to as
much as 18 Å upon increasing the Mg2+ concentration (in

FIGURE 6: CD spectra from 215 to 300 nm for the wild-type trans-
acting HDV ribozyme in complex with (A, C) noncleavable
substrate analogue ncS3 and (B, D) 3′ product (3′P) at 0 mM (-‚‚-)
and 10 mM (s) Mg2+ in standard buffer (40 mM Tris-HCl, pH
7.5) in the absence (A, B) or presence (C, D) of 300 mM NaCl, as
indicated, at 25°C.

FIGURE 7: Mg2+ dependencies of the normalized CD signal at 260
nm for the C75 wild-type (O) and C75U mutant (9) ribozymes in
complex with (A) noncleavable substrate analogue ncS3 and (B)
3′ product (3′P) in standard buffer (40 mM Tris-HCl and pH 7.5)
at 25°C. The experimental data were fit to binding eq 1 to produce
the reported apparent Mg2+ dissociation constantsMg1/2.
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the absence of Na+; Figure 3). Strikingly, the same trend to
global extension in the helical axis direction is observed upon
self-cleavage of the cis-acting HDV ribozyme. Figure 8
illustrates this point on ribbon backbone representations of
its precursor and product crystal structures. In the context
of the crystal lattice, the cis-acting ribozyme exhibits only a
muted end-to-end extension by∼2 Å upon conversion from
precursor to 3′ product. However, the helix P2-P4 end-to-
end distance in its 3′ product structure (74.6 Å) resembles
that of the 3′ product complex of our trans-acting ribozyme
at high Mg2+ concentration (68 Å), as observed previously
(17) (please note that there are design differences in helices
P2 and P4 between the two constructs, explaining some of
the differences in absolute helix P2-P4 end-to-end distance).

This extension along the P2-P3 stack axis upon cleavage
is accompanied by a constriction by∼3 Å along a perpen-
dicular axis running through loop 3 and the catalytic core
(Figures 1 and 8). The crystal structures give a strong
indication for why these structural changes may occur;
namely, that the 5′ sequence wedges with a sharp turn into
the catalytic core between the two parallel helical stacks of
the ribozyme, P2-P3 and P1-P1.1-P4, thus expanding the
RNA in the perpendicular axis direction and shortening it
in the direction of the helical stack. Upon cleavage and 5′
product dissociation, the 5′ sequence “wedge” is removed,
the two helical stacks move in to close the catalytic core,
and the 3′ product relaxes into its extended structure (Figures
1 and 8).

Why then is the cleavage-induced global extension along
the helical stack axis amplified in the trans-acting ribozyme
as compared to the crystal structures of the cis-acting
ribozyme? One obvious difference between the crystal-
lographic data and our solution-based tr-FRET assays is the
absence of crystal lattice contacts in the latter. These contacts
are necessary for crystallization and comprise U1A protein-
protein interactions, engineered to anchor the bottom of P4;
intermolecular stacking interactions between two G76s from
neighboring RNA molecules, located in the joining sequence
between P4 and P2; and intermolecular stacking interactions
between the U1A binding loop of one RNA molecule and
P2 of another, thus anchoring the top of P2 (Figure 1) (35).
The strategic location of these intermolecular contacts may
somewhat restrict the shortening in helix P2-P4 end-to-end
distance in the precursor crystal structure. In addition, the
trans-acting ribozyme lacks the short helical crossover that
connects helices P1 and P2, thus tightly interlacing the P2-
P3 and P1-P1.1-P4 helical stacks. In the absence of this
crossover, which is severed in most trans-acting ribozymes,
one may expect larger dynamics in the distance between,
and relative orientation of, the P2-P3 and P1-P1.1-P4
helical stacks. Such larger dynamics and the resultant further
expansion of the catalytic core between the two helical stacks
would be expected to be particularly dramatic in the presence
of the 5′ sequence of the precursor and is consistent with
previous evidence from terbium(III)-mediated footprinting
on the trans-acting ribozyme (18). It also may explain the
∼10-fold slower cleavage rate generally observed for trans-
acting ribozymes compared to cis-acting ones (11, 17, 37).

C75 Plays a Critical Role in the Catalytic Conformational
Change.Figure 9 shows a schematic of the refined reaction
mechanism of the HDV ribozyme as recently proposed by
Doudna and co-workers (22) on the basis of the available
crystallographic and biochemical evidence. The 2′-OH of the
-1 nucleotide is deprotonated by the C75 base while a
hydrated Mg2+ ion, coordinated to a phosphate oxygen of
U23, acts as a general acid to protonate the 5′ oxyanion
leaving group on G1. Upon catalysis, the 5′ product
(including the scissile phosphate) and the divalent metal ion
dissociate, while C75 moves deeper into the active site,
essentially replacing the Mg2+ ion such that its exocyclic
amino group and N3 now hydrogen-bond with the C22
phosphate oxygen and the 5′-OH of G1, respectively (Figure
9). The locations of the metal ion and C75 are directly
resolved in the precursor and 3′ product crystal structures,
and the proposed mechanism is further supported by
mechanistic evidence that shows a strong inverse correlation
between Mg2+ concentration and the apparent pKa of C75,
indicative of competition between Mg2+ binding and C75
protonation (15). According to this model of the reaction
mechanism, the absence of C75’s exocyclic amino group in
the C75U mutant prohibits the conformational switch that
repositions the base in the active site to drive the catalytic
metal out and catalysis forward, causing the mutant to be
catalytically inactive (Figure 9) (22).

Our comparative Mg2+ ion titrations of the C75 wild-type
and C75U mutant trans-acting HDV ribozymes further
support this model of the reaction mechanism. Specifically,
the Mg2+ affinity of the wild type, as judged by following
global folding as a function of Mg2+ concentration, is 1.7-
and 2.1-fold lower than that of the C75U mutant in the

FIGURE 8: Backbone ribbon representation of the precursor (red,
PDB ID 1SJ3) and 3′ product (blue, PDB ID 1CX0) forms of the
genomic HDV ribozyme crystal structures. The distances between
the phosphate of C26 in loop L3 and the phosphate of C36 in helix
P1 (bottom) as well as those between the phosphate of U85 in helix
P2 and the phosphate of C52 in helix P4 (right) were measured
and are indicated.
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precursor and product complexes, respectively (Figure 4).
This is consistent with the notion that C75 has a tendency,
in both the precursor and product complexes, to lower the
affinity for Mg2+, presumably by local competition for a
metal binding site(s). Furthermore, C75 compared to C75U
leads to a structure with shorter helix P2-P4 end-to-end
distance and lower global flexibility (Figures 4 and 5),
providing evidence that C75 makes structural contacts
inaccessible to a uracil that constrict the ribozyme rigidly
along its helical stack axis. Taken together, our data implicate
the exocyclic amino group of C75 in a significant tertiary
structure interaction that is in competition with Mg2+ binding
and is highly relevant to catalysis. A consistent picture thus
emerges in which divalent metal ions and specific RNA
functional groups are intimately linked in affecting structural
dynamics and catalysis in the HDV ribozyme.

Differences in Mg2+ Affinities Monitored by CD, tr-FRET,
and Functional Assays Suggest Multiple Roles for DiValents
in Structure and Function of the HDV Ribozyme.Interest-
ingly, theMg1/2 values obtained in our titrations monitored
by CD spectroscopy (sensitive mainly to secondary structure
formation), tr-FRET (sensitive mainly to global tertiary
structure), and cleavage assays (sensitive to both structural
and catalytic functionality) are quite distinct. This is best
illustrated by comparing theMg1/2 values from CD, tr-FRET,
and cleavage for the wild-type precursor complex, which are
0.42, 1.5, and 3.3 mM, respectively (compare Figures 2, 3,
and 7). This suggests, first, that only relatively low charge
screening by cations is needed to fully assemble the three
strands of our trans-acting HDV ribozyme into a proper
secondary structure. From the fact that 300 mM Na+ have
the same effect on the CD spectrum as millimolar Mg2+

concentrations (Figure 6) then derives the notion that the
nature of the cationic countercharge (monovalent versus
divalent) does not play a significant role in secondary
structure formation. Second, the∼3.6-fold higher Mg1/2

observed by tr-FRET suggests that additional Mg2+ ions need
to bind to organize the ribozyme’s tertiary structure into a
nativelike global fold. Third, the still 2.2-fold higherMg1/2

of cleavage provides evidence that at least one relatively low-
affinity catalytic Mg2+ ion needs to bind to the ribozyme to
activate it. Consistent with this notion, the cooperativity
constant of the Mg2+ dependence of cleavage is close to 2
(Figure 2), in contrast to a cooperativity constant of tertiary
structure formation close to 1, yielding a lower estimate of
two Mg2+ ions involved in catalysis and suggesting that there
are (at least) each one structural and one catalytic metal ion
required for catalytic activity. Since theMg1/2 values derived
from tr-FRET and cleavage assays are significantly increased
in the presence of a background of 300 mM Na+ (Figures 2
and 3), monovalent cations appear to act as competitive
inhibitors of Mg2+ in tertiary structure folding and catalysis
of the HDV ribozyme. These conclusions are very similar
to those drawn by Bevilacqua and co-workers on the basis
of catalytic activity and melting profiles of the cis-acting
HDV ribozyme in the presence of mixtures of mono- and
divalent metal ions (5, 28). This complementarity of results
validates both the trans- and cis-acting forms as important
model systems to study catalysis by the genomic and
antigenomic ribozymes derived from the hepatitis delta virus.

In summary, our results, in conjunction with previous
biochemical and crystallographic data, demonstrate the close
interrelation of the roles that metal ions and RNA functional
groups play in structural dynamics and function by the HDV
ribozyme. This is likely a general feature of RNA, as
highlighted, for example, by recent advances in our under-
standing of catalysis by the hammerhead (32, 38), hairpin
(39), group I intron (40), and RNase P ribozymes (41, 42),
in addition to recent advances in our understanding of the
nature of metal ion-RNA interactions (7, 43, 44). Future
experiments are needed to provide further details on this
interrelation, so that the full functional capability of RNA
can be harnessed in biotechnological and medical applica-
tions.
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