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Metal ions in ribozyme folding and catalysis
Raven Hanna* and Jennifer A Doudna†
Current research is reshaping basic theories regarding the
roles of metal ions in ribozyme function. No longer viewed as
strict metalloenzymes, some ribozymes can access alternative
catalytic mechanisms depending on the identity and availability
of metal ions. Similarly, reaction conditions can allow different
folding pathways to predominate, with divalent cations
sometimes playing opposing roles.
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Introduction
Metal ions, particularly divalent cations, are essential for
the function of most ribozymes. Structural and biochemical
studies have revealed two roles for bound divalent cations:
firstly, the majority are required for structural stability, facilitating the formation of an active site; and secondly, a few
apparently play a direct role in catalysis. Recent observations, however, reveal a more complex relationship
between metal ions and ribozyme function. Several excellent reviews have been written on nucleic acid enzyme
structure and catalysis in the past year [1–5]. This review
focuses on recent data that challenge traditional paradigms
of the relationships between metal ions and RNA.

Metal ions in catalysis
Ribozymes as metalloenzymes

One of the central goals in the study of ribozymes has been
to understand how RNA can function as a catalyst despite
the relatively restricted variety of functional groups available to perform chemistry. Furthermore, the pKa values of
the free RNA nucleotides are outside the range considered
useful for general acid/base catalysis at physiological pH.
The requirement of specific divalent metals for activity
suggested that RNA structure serves to position metal ions
and substrates in the correct context to perform chemistry.
In this model, RNA acts as a metalloenzyme in the strictest
sense [6]. Steitz and Steitz [7] proposed that the large
ribozymes (group I introns, group II introns, and RNase P)
might utilize a two-divalent-metal-ion mechanism, similar
to that proposed for Escherichia coli DNA polymerase and
alkaline phosphatase. In this model, one ion (MB in
Figure 1a) activates the nucleophile while the other (MA)
coordinates the leaving group, stabilizing the transition

state. This ‘two-metal-ion model’ became the standard to
which subsequent experimental observations were compared, and upon which most current theories are based.
Catalytic metal ions of the group I intron

Of the large ribozymes, most is known about catalysis by the
Tetrahymena thermophila group I intron, which performs a twostep transesterification reaction using a single active site. It is
generally studied in multiple-turnover form, only executing
the cleavage portion of the splicing reaction, where the
intron catalyzes nucleophilic attack of the 3′ hydroxyl of a
bound guanosine on a specific phosphodiester bond in a
bound oligonucleotide substrate. Its tightly folded catalytic
core positions divalent cations around the labile bond to stabilize the transition state. Assembling details about the
chemical environment of the active site is critical for understanding the catalytic mechanism. Unfortunately, the effects
of catalytic metal ions are difficult to discriminate from the
effects of a multitude of noncatalytic specific and nonspecific ion-binding sites in the RNA. To distinguish catalytic from
noncatalytic metal ions, Herschlag and co-workers [8•] developed an innovative general fingerprinting technique to
resolve individual metals within this ‘sea of bound metal
ions.’ The latest evidence supports a minimum of three metals participating in catalysis [8•,9,10], illustrated in Figure 1b.
As in the two-metal-ion model, one metal (MB) acts as a base
that activates the 3′-hydroxyl nucleophile, and another (MA)
acts as an acid coordinated to the leaving group. The third
metal (MC) might help activate the nucleophile by interacting with the 2′ hydroxyl of the guanosine cofactor.
Because of the reversibility of the reaction, a fourth metal
ion might be expected to help stabilize the 3′ leaving group
via interactions with the adjacent 2′ hydroxyl. Using
nucleotide analog interference mapping (NAIM) [11],
Strobel and Ortoleva-Donnelly [12•] found evidence that,
instead of a fourth divalent metal ion, a conserved
nucleotide triad performs this role through a hydrogen-bond
network. This is the first evidence of a hydrogen-bonding
network directly stabilizing the transition state in a
ribozyme, yet it is known that protein enzymes, such as
E. coli DNA polymerase and fructose-1,6-biphosphatase,
can use hydrogen-bonding networks of amino acids in a similar way to catalyze analogous reactions [10]. The original
two-metal-ion model also predicts a metal-ion interaction
with the non-bridging phosphate oxygen in the transition
state. Piccirilli and co-workers [13•] recently obtained evidence for such a contact, although it is still unclear if the
same metal ion (as modeled, MA and/or MB in Figure 1a) or
additional metals are involved in this interaction.
The group I intron seems to be a true metalloenzyme,
specifically binding ions that play roles required for
acid–base catalysis. A clear caveat of creating mechanistic
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Figure 1

Transition state models of the group I intron, hammerhead, and HDV
ribozymes. (a) The two-metal-ion model as predicted by Steitz and
Steitz [7]. In the first step of the reaction, the 3′ hydroxyl of the
exogenous G performs an in-line attack through the phosphate. This
nucleophile is activated by one divalent metal ion (M B), while
another metal ion (MA) acts as an acid to stabilize the leaving group.
(b) The current model for group I intron chemistry [8 •,9–11,12•,13•].
Metal ions in the MA and MB positions maintain the functions
previously proposed, while a third metal ion(Mc) and a hydrogenbonding network add to the stability of the transition state. It is

unknown which metal ion contacts the non-bridging phosphate
oxygen. (c) The hammerhead ribozyme transition state, where the 2′
hydroxyl attacks the phosphate bound to its neighboring 3′ hydroxyl.
Metal 2 was seen in the crystal structure [19], whereas the
presence of metal 1 has been shown through biochemical
experiments [21•]. (d) One of several current genomic HDV
ribozyme transition-state models is shown. A nucleobase (C75) is
acting as the general base to activate the 2′ hydroxyl nucleophile. It
is possible that a metal ion might function as a general acid to
stabilize the 5′ hydroxyl leaving group [15•,16••].
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models from the current data is the necessary assumption
that the positions of the metals in the ground state imply
their participation in the transition state. Ultimately, the
role of metals will need to be resolved by more specific
means, such as determination of the structure of the intron
bound to a transition state analog.

The existence of multiple mechanisms may be made possible through the simplicity of the hammerhead’s
unimolecular, one-step reaction and the conformational
flexibility of the active site. These features are also likely to
characterize the other small ribozymes that have been
shown to be non-obligate metalloenzymes.

Catalytic metal ions of the hammerhead ribozyme

Catalytic metal ions of the HDV ribozyme

Given the evidence that the group I intron is a metalloenzyme, it was a surprise that most of the small, viral
ribozymes (e.g. hammerhead, hairpin, and VS) can perform
catalysis in the absence of divalent metals, when the monovalent cations Li+ or NH4+ are used at molar concentrations
[14••]. This suggests that cations are critical for stabilizing
the active forms of these ribozymes, but that all of the elements necessary for catalysis are contained within the
RNA. These ribozymes are therefore not obligate metalloenzymes, yet they appear to require divalent metal ions
under the conditions in which they are typically studied.

The HDV ribozyme is the only small RNA enzyme that is
inactive in the presence of monovalent cations alone
[14••], indicating a need for at least one divalent ion to participate during catalysis. Biochemical evidence exists for
such a metal-ion coordination in the active-site region of
both the genomic and antigenomic ribozyme forms
[24,25•]. Thus, it was a surprise that the crystal structure of
the genomic HDV ribozyme product showed no wellordered metal ions bound in the active site [15•]. Instead,
the structure revealed the imino nitrogen (N3) position of
a cytosine in the active site (C75) to be close to the nucleophile. It is possible that this nucleotide could function in
a general acid/base reaction mechanism as either the general acid or base. Subsequent experiments support the
hypothesis that, in the antigenomic HDV ribozyme, the
cytosine participates in a general base mechanism (see
Figure 1d) [16••]. Definitive evidence for the elusive, critical catalytic metal is currently being sought. A metal ion
stabilizing the leaving group might only be bound in the
precursor form of the ribozyme or may stay attached to the
cleaved leader sequence. Therefore, it will be important to
obtain structural details for the ribozyme with its substrate
in place. It is interesting that the HDV ribozyme, unlike
the hammerhead ribozyme, does not appear able to access
alternative reaction pathways, which may be partially
caused by the comparatively limited flexibility of its tightly
packed, pseudoknotted tertiary structure [15•]. If this is
true, the reaction mechanism of the HDV ribozyme may
prove the easier of the two to define.

Current mechanistic models for several ribozymes focus on
the functional groups of the nucleobases as being directly
responsible for the chemistry. Catalytic mechanisms in
which the local environment allows exocyclic amine functional groups to act as general bases have previously been
proposed for two RNAs: the hepatitis delta virus (HDV)
ribozyme [15•,16••], and a leadzyme selected in vitro [17].
Experiments using NMR spectroscopy have demonstrated
that the pKa of adenosine residues can be perturbed to
nearly physiological pH when influenced by the local environment [17]. Riepe et al. [18•] provide further evidence
that local effects can influence the pKas of the nucleotides
and can stimulate the reaction using an inventive scheme
that simulates a hydrophobic local environment.
Studies of the hammerhead ribozyme demonstrate how difficult it can be to discern mechanistic details. Despite a
wealth of biochemical and structural data, the mechanism
of the hammerhead ribozyme remains unclear. Unlike the
group I intron, this ribozyme catalyzes a unimolecular reaction that utilizes a 2′ hydroxyl as the attacking nucleophile,
resulting in a 2′,3′-cyclic phosphate (Figure 1c). The crystallographic studies of trapped intermediates of an active
hammerhead ribozyme by Scott and co-workers [19,20]
showed a bound magnesium ion (M2 in Figure 1c) making
an inner-sphere coordination to the 5′-oxygen leaving
group, but there was no evidence for a metal ion contacting
the 2′-hydroxyl nucleophile. However, biochemical data
from carefully conducted experiments involving phosphorothioate substitution and metal ion specificity switches
suggest that there are two distinct divalent metal ions performing these tasks [21•,22••,23]. These seemingly
contradictory data have yet to be resolved into a unified
model, but could imply that the reaction mechanism is
mutable depending on the experimental conditions. It is
possible that there are several pathways through a potential
energy surface for this reaction, and the preference for a
particular path varies according to the reaction conditions.

Metal ions in ribozyme folding: the group I
intron
The complex relationship between metal ions and RNA is
also evident from an examination of ribozyme folding.
Cations are essential for folding ribozymes into their native
states. The beneficial effect of divalent cations on stabilizing structure has led to a general rule: to drive folding, add
more magnesium; the more, the better. Although there is
no question that cations are necessary to counteract the
high negative charge density of RNA globular folds, recent
biochemical and structural studies have begun to demonstrate the adverse effect metal ions can have on folding.
The Tetrahymena group I intron, a favorite model for RNAfolding studies because of its well defined stable domains
and abundance of biochemical and structural data, has
been the subject for many of the recent developments.
Finding that the optimal magnesium-ion concentration for
group I intron folding (2 mM) is just barely above the minimal amount necessary for structure formation, Williamson
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and co-workers [26••] postulated that opposing influences
determine this surprisingly low value: too little magnesium
will not allow occupation of structural metal sites, but too
much magnesium inhibits the folding process. The Woodson
group [27] reached a similar conclusion, finding that increasing the magnesium-ion concentration decreases the rate of
folding by stabilizing a partially folded intermediate. So why
can there be too much of a good thing? Treiber et al. [28••]
approached this question through a selection experiment to
create fast-folding mutants. They found that all of the selected molecules contained mutations in a structural subdomain
known as the A-rich bulge (Figure 2), which requires several
specifically bound divalent cations to fold [29]. This region
of the group I intron folds the fastest upon addition of divalent metal ions [30] and it was proposed that the binding of
metal ions to this region nucleated the folding process of the
entire intron [31]. It now seems likely that if the early folding of the A-rich bulge region into its final, native structure is
made too stable through a high concentration of magnesium,
it can act as a kinetic trap that energetically blocks further
folding [28••]. Alternatively, deletions of this region slow
folding by close to fivefold, which suggests that multiple

169

folding pathways may exist [32•]. Because factors such as
temperature, sequence, and ion concentration will alter the
predominance of certain pathways, it may be useful to think
about RNA folding in the statistical terms of energy landscapes [32•,33•], which have proven successful for modeling
and understanding protein folding [34].

Conclusions
Metal ions are essential for the folding and catalysis of
ribozymes, but their precise roles are now being questioned.
Ribozymes are not all obligate metalloenzymes, as previously thought; specifically coordinated nucleobases may be able
to act as general bases and acids to stabilize the transition
state. It is also now apparent that, in some ribozymes, different mechanisms may predominate depending on the
availability and identity of metal ligands. Similarly, multiple
folding pathways can be utilized by ribozymes depending on
the environmental conditions. There is a delicate balance
between insufficient ions to fold and an overabundance that
can hinder folding by stabilizing folding intermediates.
These observations challenge what were once considered
essential and unrivaled roles of divalent metals for RNA and

Figure 2

The A-rich bulge motif of the Tetrahymena group I intron. (a) The
secondary structure of the self-splicing group I ribozyme. Arrows
denote the 5′ and 3′ cleavage sites. In the first step of the reaction, a
guanosine cofactor attacks the 5′ splice site at a specific U⋅G base
pair, which is shown. The A-rich bulge (boxed in the figure) is a
subdomain of the P4–P6 structural domain and folds first upon the

addition of magnesium. (b) Diagram of the crystal structure of the
P4–P6 domain showing the well-ordered metal ions (shown as
spheres) that are observed [32•]. This region’s affinity for divalent
cations and stable folded structure might nucleate the folding process
in low concentrations of magnesium, but act as a kinetic trap in high
concentrations [29].
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might foreshadow findings that, in vivo, these roles may be
usurped by proteins.
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