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ABSTRACT: Since the 1980s, several small RNA motifs capable of chemical catalysis
have been discovered. These small ribozymes, composed of between approximately 40 and
200 nucleotides, have been found to play vital roles in the replication of subviral and viral
pathogens, as well as in gene regulation in prokaryotes, and have recently been discovered
in noncoding eukaryotic RNAs. All of the known natural small ribozymes – the hairpin,
hammerhead, hepatitis delta virus, Varkud satellite, and glmS ribozymes – catalyze the
same self-cleavage reaction as RNase A, resulting in two products, one bearing a 20-30

cyclic phosphate and the other a 50-hydroxyl group. Although originally thought to be
obligate metalloenzymes like the group I and II self-splicing introns, the small ribozymes
are now known to support catalysis in a wide variety of cations that appear to be only
indirectly involved in catalysis. Nevertheless, under physiologic conditions, metal ions are
essential for the proper folding and function of the small ribozymes, the most effective of
these being magnesium. Metal ions contribute to catalysis in the small ribozymes pri-
marily by stabilizing the catalytically active conformation, but in some cases also by acti-
vating RNA functional groups for catalysis, directly participating in catalytic acid-base
chemistry, and perhaps by neutralizing the developing negative charge of the transition
state. Although interactions between the small ribozymes and cations are relatively non-
specific, ribozyme activity is quite sensitive to the types and concentrations of metal ions
present in solution, suggesting a close evolutionary relationship between cellular metal ion
homeostasis and cation requirements of catalytic RNAs, and perhaps RNA in general.

KEYWORDS: electrostatic screening � general acid-base catalysis � glmS ribozyme �
hairpin ribozyme � hammerhead ribozyme � hepatitis delta virus ribozyme � Varkud
satellite ribozyme

1. INTRODUCTION

Since the discovery that RNA can catalyze chemical reactions [1], RNA
enzymes (ribozymes) have been found to perform many essential functions
in nature, including protein biosynthesis [2], RNA processing [1,3,4], reg-
ulation of gene expression [5], and genomic processing in pathogens [6–10].
While some of these functional RNAs operate within the context of large
ribonucleoprotein complexes, many ribozymes can support catalysis without
protein cofactors [1,5–10]. The naturally occurring small self-cleaving
ribozymes, each comprising fewer than 200 nucleotides, demonstrate the
capability of RNA to efficiently and economically catalyze biologically
important chemistry. These include the hairpin [7], hammerhead [6,9],
hepatitis delta virus (HDV) [8,11,12], Varkud satellite (VS) [10], and glmS [5]
ribozymes. Although all of these were initially isolated from bacteria [5],
viruses [7,11,12], or subviral pathogens [6,9,10], structural and functional
homologs of the hammerhead and HDV ribozymes have recently been dis-
covered within the genomes of several eukaryotes, including mammals [13–
15], revealing the exciting possibility that small catalytic RNAs may help
regulate eukaryotic gene expression. The versatility of small ribozymes
as catalysts has been demonstrated by the discovery of many non-natural
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small ribozymes through in vitro selection, including a lead-dependent
self-cleaving RNA [16], a ribozyme that catalyzes the synthetically useful
Diels-Alder cycloaddition [17], and ribozymes that exploit allosteric binding
of particular classes of metal ions [18,19]. The discovery of a tiny 29-
nucleotide RNA that catalyzes aminoacyl-RNA synthesis [20] and a recently
reported self-replicating RNA enzyme [21] support the notion that RNA
could have served as the original catalyst of life [22].
In spite of this versatility, all of the currently known natural small ribozymes

catalyze the same internal phosphodiester isomerization reaction as RNase A,
resulting in two cleavage products: one bearing a 20,30-cyclic phosphate, and
the other a 50-hydroxyl group (see Figure 1). This reaction involves deproto-
nation of the 20-OH nucleophile by a general base, attack of the activated
20-oxyanion on the phosphorous atom of the adjacent phosphate, and

Figure 1. General mechanism of self-cleavage by the natural small ribozymes. (A) A

Brønsted-Lowry base (b) abstracts a proton to activate the 20-OH nucleophile, which

then attacks the adjacent phosphate, forming a pentacoordinate transition state (B)

with approximate collinearity between the 20-oxygen, phosphorus atom, and 50-
oxygen leaving group – the in-line attack geometry. The negative charge of the

transition state may be stabilized by one or several metal cations (Mn1) that interact

through inner- or outersphere contacts with the non-bridging oxygen atoms or by

long-distance coulombic stabilization. A Brønsted-Lowry acid (a) donates a proton

to the 50-oxygen leaving group, resulting in a 50-product bearing a 20,30-cyclic
phosphate and a 30-product bearing a 50-OH (C).
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protonation of the 50-oxygen leaving group by a general acid [23–26].
Although the small ribozymes were originally thought to be obligate metal-
loenzymes like the group I and II self-splicing introns, utilizing site-bound
magnesium to directly coordinate and stabilize negatively charged groups in
the transition state, this is no longer the prevailing view [27]. However, like all
functional RNA, ribozymes require cations to counterbalance the abundant
negative charge of their phosphate backbone as they fold into their functional
three-dimensional conformations, and may also utilize cations in long-range
electrostatic catalysis or general acid-base chemistry. At physiologic ionic
strength, multivalent cations are essential for the small ribozymes to adopt
their native tertiary structures [27], though a number of other metallic and
non-metallic cations support catalysis to varying degrees [19,28–38].
The composition of free metal ions in the cell is well-tuned to the function

of small ribozymes. The predominant metal cations in the cytosol are typi-
cally K1, with an activity of B100mM [39], and Mg21, with an activity of
B1mM [40]. It has recently been revealed that magnesium concentration is
regulated by homeostasis in both bacterial [41–44] and eukaryotic [45] cells.
In turn, under physiologic conditions, magnesium ions are expected to play
the most important role in stabilizing RNA tertiary structure and, by
extension, facilitating the function of ribozymes. Perhaps not coincidentally,
then, the natural small ribozymes have evolved to be functional at
intracellularly available Mg21concentrations [5,35,46,47], and the likely
enhancement of metal binding due to molecular crowding in the cytosol
suggests an even tighter correlation [48]. In addition, it can be argued that
the total cellular Mg21 concentration of B20mM [49] is buffered by the
large amounts of nucleic acids and in particular RNAs (typically 1–6% of
the cellular mass [50]) that bind the divalent metal ions with typical affinities
in the low millimolar range. A picture emerges of an intimate relationship
between the metal ion composition of the cell and the metal ion dependence
of functional RNAs, analogous to the correlation between intracellular
availability of metal ion cofactors and the affinity of protein enzymes for
these cofactors [51]. The small ribozymes provide illuminating examples of
how RNA structure, function, and dynamics have co-evolved to take
advantage of a carefully maintained entourage of metal cations.

2. INTERACTIONS BETWEEN METAL IONS AND
SMALL RIBOZYMES

2.1. Modes of Interaction

Near neutral pH, the phosphodiester backbone of RNA carries copious
negative charge. In order for functional RNAs to fold into their compact
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native conformations, this negative charge must be at least partially neu-
tralized. The necessary countercharge is supplied largely by metal ions, whose
interactions with RNA span a continuum between two extremes: diffuse
interactions, which are transient (with typical residence times thought to be in
the millisecond regime [52,53]) and poorly localized, forming a kind of
dynamic ionic atmosphere or ‘‘cloud’’ of positive electrostatic potential
around the RNA; and specific interactions, which involve relatively tight (and
longer-lived) binding to precise sites on the RNA molecule (Figure 2) [54].
Diffuse ion binding to RNA has been described theoretically using Hill-type
binding formalisms and continuum treatments such as the nonlinear Poisson-
Boltzmann equation [54,55], and accounts for the majority of the electrostatic
stabilization in RNA [56]. Consistent with this observation, monovalent ions,
which generally bind only weakly to RNA, can induce proper folding and
activity in the small ribozymes [35,57,58]. Nevertheless, because the three-
dimensional structure of RNA can develop concentrated pockets of negative
electrostatic potential (�15 to �20kT/e in the major groove, as low as
�100 kT/e at some metal-binding sites) [59], entropy favors stabilization of
compact native folds by divalent metal ions at physiologic concentrations [56].
Tightly bound metal ions are observed in crystal structures of all of

the small ribozymes (Figure 3), and can associate with RNA through either
innersphere interactions involving direct coordination to electronegative
RNA functional groups (Figure 2A), or outersphere interactions mediated
by water ligands (Figure 2B). Due to the great enthalpic penalty for com-
pletely dehydrating the metal ion and RNA, innersphere complexation
generally requires a very dense pocket of buried negative charge, such as that
provided by close proximity of several negatively charged oxygen atoms at

Figure 2. Modes of metal ion binding to RNA. Metal cations (Mn1) can associate

with RNA via long-lived, specific interactions (A, B) requiring removal of some water

molecules from the first and/or second hydration shell, or transient, diffuse inter-

actions between the solvated RNA and metal ion (C). Specific interactions can

involve direct chelation of the metal ion by RNA functional groups such as non-

bridging phosphate oxygens (A), contacts mediated by innersphere water molecules

(B), or a combination of the two.
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the interior of an RNA molecule [56]. Direct coordination of divalent
cations to phosphoryl oxygens or to the N7 of purine bases is frequently
observed, but outersphere interactions are far more common. In fact, all
metal ions observed in crystal structures for the hammerhead, HDV, hair-
pin, and glmS ribozymes remain at least partly hydrated, even if they make
some innersphere contacts as judged primarily by their distance to potential
ligands on the RNA [60–66]. Compared with other divalent ions such as
Ca21, Mn21, and Zn21, a magnesium ion has a greater propensity for
outersphere interactions, in accordance with its small ionic radius and high
charge density that give rise to a large hydration energy and relatively slow
rate of water exchange [67,68].

Figure 3. Three-dimensional structures and metal ion binding sites of the natural

small ribozymes. The ribozyme structures are shown in cyan, divalent cations or

probable binding sites in black, and the cleavage site in each ribozyme is indicated by a

red arrow. Crystal structures of (A) a hairpin ribozyme in the presence of Ca21 ions

[65], (B) a hammerhead ribozyme with Mn21 ions [64], (C) the HDV ribozyme with

Mg21 ions [62], and (D) the glmS ribozyme in Mg21 ions, with the necessary gluco-

samine-6-phosphate cofactor shown in yellow [63]. Co-crystallized proteins and pro-

tein-binding domains of RNA used for crystallization purposes are not shown in these

structures. (E) Partial three-dimensional structure of the VS ribozyme derived from two

similar low-resolution models [142,143] (courtesy of Richard A. Collins and Ricardo

Zamel), with black spheres indicating phosphates having probable direct contacts with

divalent metal ions as revealed by phosphorothioate rescue with Mn21 [72].
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Fully hydrated, tightly bound divalent metal ions have been resolved in X-
ray crystal structures of the HDV, hammerhead, glmS, and hairpin ribozymes
[61–65]. In the latter three of these, the exchange-inert complex cobalt(III)
hexammine (Co(NH3)

3+
6 ), used as a rough proxy for fully hydrated divalent

ions [69], supports efficient self-cleavage [28,32,36,58], suggesting that outer-
sphere coordination of metal ions is sufficient for activity. Usually, though, site-
bound divalent ions make at least one innersphere contact with RNA func-
tional groups in crystal structures of the small ribozymes. For instance, all three
Mn21 ions that are bound to conserved regions in a crystal structure of the
hammerhead ribozyme form innersphere contacts, including an ion at the
active site (Figure 3B) [64]. The fact that cobalt(III) hexammine inhibits this
ribozyme in the presence of Mn21 [70] suggests that some of these innersphere
contacts are functionally important. Although the more biologically available
magnesiummay be expected not to coordinate to the same functional groups as
the softer manganese(II) ion, molecular dynamics (MD) simulations suggest
that a Mg21 ion could effectively promote catalysis by occupying nearly the
same site as a specific Mn21 ion observed in the active site [71]. In a recently
solved X-ray crystal structure of the HDV ribozyme in complex with an inhi-
bitor oligoribonucleotide containing a deoxyribose moiety at the cleavage site, a
Mg21 ion was positioned to make innersphere contacts with key atoms at the
active site, suggesting a catalytic role as a Lewis acid and/or general base for
this ion [144]. While no crystal structure exists for the VS ribozyme, phos-
phorothioate interference-rescue experiments point to direct metal ion coor-
dination to four phosphate groups in and around the catalytic core (Figure 3E)
[72]. This ribozyme cannot efficiently self-cleave in the sole presence of cobal-
t(III) hexammine, suggesting that innersphere coordination may be important
to activity [73]. Interestingly, cobalt(III) hexammine can cooperatively promote
VS ribozyme activity in the presence of Mg21 [73], consistent with the presence
of at least some orthogonal outersphere and innersphere binding sites.

2.2. Selectivity of Metal Interactions

Most of the small ribozymes bind a variety of cations with different affi-
nities, allowing them to fold and perform efficient self-cleavage with varying
maximal rates. The glmS, hammerhead, HDV, and hairpin ribozymes can all
self-cleave in a variety of divalent cations [5,31,34,74,75].
Consistent with its prevalence in the cell, the magnesium ion is among the

most efficient of divalent ions at promoting catalysis in all of the natural
small ribozymes, though this preference is only mild in many cases. The
hairpin ribozyme cleaves in Mg21 more than twice as efficiently as in Sr21

and ten times as efficiently as in Ca21, and cannot cleave in Mn21, Co21,
Ni21, or Cd21 without facilitation by other cations [34,76]. The
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hammerhead ribozyme cleaves more rapidly in Mg21 than other group IIA
ions, but is actually more strongly activated by certain divalent transition
metals (Mn21, Co21, Zn21, and Cd21) at concentrations of 1mM divalent
ion and 100mM NaCl [74,75]. One innersphere site in the hammerhead
ribozyme appears to accommodate Mg21, Mn21, Co21, and Cd21 ions
[64,77,78]. In the HDV ribozyme, a catalytically important site for hydrated
Mg21 appears to bind Ca21, Ba21, and Sr21 with similar affinity, though
catalytic activity is lower in barium and strontium ions [79]. This difference
in activity may be tied to a structurally important site of innersphere metal
ion coordination, observed biochemically, and shown to have selectivity for
a magnesium ion over calcium, barium, and strontium [79], consistent with
Raman crystallographic studies showing B5 direct Mg21-phosphate con-
tacts per HDV molecule [80]. Interestingly, while the active site of the
genomic HDV ribozyme shows a slight preference for binding Mg21 over
Ca21, this preference is reversed in the antigenomic ribozyme, and can be
switched by mutation of a single nucleotide [81].
Some binding sites not only accommodate divalent cations other thanMg21,

but also some trivalent ions. While the exchange-inert cobalt(III) hexammine
complex effectively binds and supports catalysis in several small ribozymes
[28,32,36,58], it is not a perfect substitute for Mg21, generally giving rise to
maximal cleavage rates 10- to 100-fold smaller than in magnesium. The
Co(NH3)

3+
6 complex can even inhibit some ribozymes, likely by displacing

functionally important magnesium ions. For example, cobalt(III) hexammine
has been observed to compete for the binding site of an outersphere coordi-
nated magnesium ion at the active site of the HDV ribozyme (Figure 3C) [62],
and even displaces some innersphere coordinated metal ions in the HDV and
hammerhead ribozymes, consistent with its inhibitory effect on the activity of
those ribozymes in the presence of divalent ions [70,82]. In other cases, site-
bound ions may inhibit ribozymes by inducing alternate, inactive conforma-
tions, as has been suggested in the case of hammerhead, hairpin, and HDV
ribozyme inhibition by terbium(III) ions [83–86].
All of the small ribozymes can accept monovalent salts as functional sub-

stitutes for divalent cations, as they are almost as active in molar concentra-
tions of NaCl, LiCl, or even the non-metallic NH4OAc as in millimolar MgCl2
[35,57,58]. Comparison of several modified hammerhead ribozymes suggests
that the RNA adopts a similar conformation in monovalent and divalent
metal ions, albeit with some subtle differences at the interaction site of a cat-
alytically important divalent ion [87]. Monovalent and divalent cations directly
compete for some of the same interactions with the hairpin [36,55] and HDV
ribozymes [88], though they act synergistically in promoting self-cleavage of
the VS ribozyme [35]. Thus, none of the natural small ribozymes have a strict
requirement for Mg21 or other divalent cations, and they exhibit varying
degrees of overlap between monovalent and divalent cation binding sites.
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Intriguingly, small synthetic ribozymes have been engineered with strong
functional selectivity for ions of transition metals or heavy metals over
Mg21 [16,19], yet such selectivity is not common in nature. This may be
the combined result of the low intracellular activity and frequent toxicity of
such metals, which are closely controlled by cellular homeostasis. It has been
proposed that the 5S rRNA contains a natural lead-dependent ribozyme
that may partly account for the cytotoxicity of lead [89]. The more acidic
hydrated cations of transition metals, heavy metals, and lanthanides com-
pared to Mg21 also result in more rapid non-specific degradation of RNA
through general base catalysis from their hydroxo complexes [90], making
them a poor evolutionary choice for site-specific catalysis in ribozymes. The
low free concentration of such ions in the cell and the paucity of natural
ribozymes selective for them support the notion of a co-evolution between
cellular metal ion composition and cation requirements of functional RNAs.
In summary, metal ions stabilize the structure of small ribozymes

by binding diffusely or at specific sites, with generally low structural dis-
crimination between divalent metal ions but stricter ion requirements for
efficient catalysis. Water molecules mediate some or all of the contacts
between a given metal ion and RNA functional groups because of the very
unfavorable enthalpy of dehydration, especially for Mg21. Direct chelation
of metal ions by RNA functional groups is occasionally required for optimal
catalysis, and both labile and inert complexes of various metal ions compete
for many of the same binding sites.

3. ROLES OF METAL IONS IN SMALL RIBOZYMES

3.1. Structural Roles

3.1.1. Stabilization of the Active Global Conformation

As for all functional RNA, the folding of the small ribozymes into their
native conformations may be coarsely viewed as a hierarchical two-step
process, where the two steps are distinguished by their temporal and spatial
regimes. In the first step, an unfolded RNA rapidly acquires local secondary
structure by the formation of hydrogen bonds between nucleobases,
resulting in a combination of base-paired helices, junctions, loops, and
pseudoknots. In the second, slower step, pre-formed helices and loops
establish longer-range interactions in three-dimensional space to form the
native tertiary structure, sometimes accompanied by small base-pairing
rearrangements [91–94]. Metal ions facilitate both of these processes, but
formation of tertiary structure requires much higher ionic strength than that
of secondary structure [56,94].
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While monovalent and divalent metal cations both facilitate folding by
neutralizing the negative charge of the phosphate backbone, they influence
the folding pathway somewhat differently. Most obviously, the formation
of tertiary structure requires much higher concentrations of monovalent
cations. For example, the hairpin ribozyme self-cleaves (and presumably
folds) with similar efficiency in 0.5mM Co(NH3)

3+
6 , 10mM Mg21, or 1 M

monovalent salts [35]. More interestingly, in the presence of Mg21, Na1 ions
actually destabilize secondary structure by preferentially associating with the
unfolded random coil, and destabilize tertiary structure by competing with
Mg21 [53]. This raises the interesting possibility that monovalent cations
may help a ribozyme to find the correct minimum-energy native structure by
destabilizing alternative misfolds, as was suggested for the HDV ribozyme
[88] as well as for larger group I intron ribozymes [95,96]. Since very dense
electronegative pockets can form within the tertiary structure of RNA [59],
divalent and trivalent cations, with their high charge density and ability to
bridge pairs of negatively charged phosphates, promote the folding of RNA
particularly well. Their ability to form stable innersphere contacts with
electronegative functional groups, while not conferring much additional
stability compared to outersphere electrostatic screening, has been proposed
to make a larger range of backbone conformations available to RNA [56].
While the potassium ion has been observed to make stable direct contacts
with RNA functional groups at highly electronegative sites [97], even
replacing a site-bound Mg21 in the active site of a group I intron [98], such
tightly bound monovalent ions have not been routinely noted in the small
ribozymes, perhaps in part due to the difficulty of distinguishing fractionally
occupied monovalent ion sites from water molecules in X-ray crystal
structures [99]. However, one recent crystallographic study of the HDV
ribozyme found that two thallium(I) ions bind weakly at a location pre-
viously seen to be occupied by a hydrated Mg21, as predicted by MD
simulations [66], and a third Tl1 binds tightly at a new site with direct
coordination to the 20-OH nucleophile [100]. The similar charge, ionic radius
and coordination geometry of the thallium compared to the potassium ion,
and the ability of Tl1 to occupy sites different thanMg21 near the active site,
suggest that monovalent ions may play more important structural (and
perhaps even catalytic) roles in the natural small ribozymes than is currently
appreciated.
Structural stabilization, mostly of an electrostatic nature, may be the most

important role for metal ions in the small ribozymes. Most can achieve near-
maximal activity (withinB30-fold) in a variety of monovalent, divalent, and
trivalent salts [5,35,57]. In addition, the vast majority of well-structured
metal ions found in crystal structures of the small ribozymes are located tens
of Ångström from the site of cleavage chemistry, including all metal ions
observed in the glmS and hairpin ribozymes (Figure 3) [61–65], suggesting
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that these ions contribute to activity either indirectly through structural
stabilization or by long-distance electrostatic interactions with the site of
cleavage chemistry (see Sections 3.2.1 and 3.2.2, below).

3.1.2. Influence on Conformational Changes

Metal ions have been linked to catalytically important conformational
changes in the hairpin, VS, and HDV ribozymes [26]. In the hairpin ribo-
zyme, catalysis requires docking of two internal loops of nucleobases
located in separate helical stems [101–104]. At equilibrium, the docked and
undocked states are both populated, and the rate constants of their inter-
conversion are sensitive to the concentrations of monovalent and divalent
cations. The docking reaction is accompanied by an uptake of sodium and/
or magnesium ions, which can compete with each other in promoting this
transition [55]. The VS ribozyme exhibits analogous docking behavior that
includes the metal cation-dependent formation of a loop-loop ‘‘kissing’’
interaction [105,106] that induces a critical change in the base pairing pattern
of the substrate stem-loop in the wild-type ribozyme prior to catalysis [91].
In the HDV ribozyme, the self-cleavage reaction is accompanied by the
dissociation of a divalent ion from the active site (Figure 3C) and significant
conformational changes that reposition important active site residues
[62,85,86,107–109]. Such conformational changes are common, but not
universal, features of the folding landscapes of the small ribozymes: for
instance, the precatalytic pocket in the glmS ribozyme is essentially rigid
once it is formed in divalent ion-containing buffer, undergoing little change
even upon binding of the glucosamine-6-phosphate cofactor and self-
cleavage [63,110]; the addition of Mg21 together with cofactor does, how-
ever, induce a catalytically rate-limiting conformational change in this
ribozyme [111].

3.1.3. Organization of the Active Site

In some cases, metal ions appear to organize residues or solvent molecules
within active sites of the small ribozymes. To achieve self-cleavage the
small ribozymes must adopt a so-called in-line attack configuration, with
an approximately 1801 angle between the 20-oxyanion nucleophile, the
phosphorus atom of the scissile phosphate, and the 50-OH leaving group
(Figure 1) [23,24,26]. In the hammerhead ribozyme, diffusely bound Mg21

ions have been proposed to help properly align the catalytic core from a
distance, presumably by twisting its stems I and II that intersect at the core,
especially in variants that lack tertiary kissing loop interactions between
these stems [53]. In addition, MD simulations suggest that threshold occu-
pancy of a cation-binding pocket near the active site (Figure 3B) is required
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to sample the correct in-line attack geometry for self-cleavage. The cation
facilitates formation of the correct geometry by neutralizing negative charge
and possibly by coordinating with particular RNA functional groups [71]. A
divalent ion observed crystallographically at this site has also been proposed
to organize a network of water molecules that may, in turn, facilitate proton
transfer in the cleavage reaction [64]. Such a role for well-ordered water
molecules in small ribozymes is an active area of investigation [24]. A cation
binding site in the genomic HDV ribozyme could also play a role in orga-
nizing the active site, although the geometry around the cleavage site does
not appear to depend specifically on the presence of Mg21 [60,62,100].

3.2. Mechanistic Roles

3.2.1. Electrostatic Activation of Catalytic Residues

The small ribozymes are all thought to perform their catalysis by acid-base
chemistry in which a general base abstracts a proton from the 20-OH of the
nucleotide 50 of the cleavage site, activating the nucleophile for attack on the
adjacent phosphate, and a general acid donates a proton to the 50-OH
leaving group of the nucleotide 30 of the cleavage site (Figure 1). For the
hammerhead, hairpin, glmS, and VS ribozymes, the general acid and base
appear to be functional groups of the RNA itself [23,24,112]. However, free
nucleobases possess pKa values far from neutral pH – for example, 3.5–4.2
for adenosine (N1H)1 and cytidine (N3H)1; 9.2–9.5 for guanosine (N1)H
and uridine (N3)H, and B12.5 for the 20-OH of ribose – at first glance
seeming to preclude them as efficient proton donors or acceptors near
physiologic conditions [113–116].
One possible way for metal ions to stimulate catalysis in ribozymes is by

electrostatic modulation of ground-state active site functional groups so as
to shift their effective pKa values towards neutrality. Electrostatic modula-
tion of catalytic residues is common in protein enzymes: nearby positive
charges have been observed to lower the pKa of serine or cysteine residues in
serine and cysteine proteases [117,118], and in ribonuclease H, the binding of
a Mg21 cofactor induces a pKa shift of almost two units in an aspartate
residue [119]. These effects can be significant over distances as great as 15 Å
[67,120]. The long-distance impact of multiple charges on the acid dis-
sociation constant of an amino acid residue can be partially additive, as well
[121]. It is therefore plausible that multiple associated metal cations, or even
a diffuse ion atmosphere, could have a significant impact on the reactivity of
catalytic residues in some or all of the small ribozymes.
Characterization of electrostatic contributions to catalysis is complicated

by the relatively weak binding of most metal ions to RNA, as well as the
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complex dependence of electrostatic effects on the environment in and
around a macromolecule, especially in water with its highly dipolar char-
acter [122]. However, metal ion-dependent pKa values have been observed in
some of the small ribozymes. In the VS ribozyme, pH-rate profiles suggest
that most or all of the ion-specific rate enhancement may result from dif-
ferential modulation of nucleobase pKa by different cations, rather than
from effects on the intrinsic bond breaking rate constant [123]. As there is no
crystal structure of the VS ribozyme, it is not clear in what manner the metal
ions may be modulating the effective pKa, whether through direct or indirect
coordination to RNA functional groups, or long-distance interactions. This
phenomenon is not universal, however, as the apparent pKa of the general
base in the hammerhead ribozyme appears to be independent of metal ion
identity [30]. Effective pKa shifts toward neutrality have been observed in a
catalytically important adenosine of the hairpin ribozyme [124] and an
essential cytosine in the HDV ribozyme [25,57], but there is no evidence
of direct metal ion participation in these perturbations. In both of these
latter cases, the shifts towards higher pKa could be mediated by the negative
electrostatic environment created by RNA functional groups such as
phosphoryl oxygens. Accordingly, in case of the HDV ribozyme Mg21

appears to compete with this pKa shift [57].

3.2.2. Direct Participation in Catalysis

In principle, direct participation by metal ions in the chemical step of self-
cleavage in small ribozymes could include (Figure 1): (1) deprotonation of
the upstream 20-OH by a metal hydroxide, (2) electrostatic stabilization of
the developing negative charge in the transition state, and/or (3) protonation
of the leaving group 50-oxygen by a hydrated metal ion [23,24,26,125]. In
contrast to the group I and II introns [126–129], however, direct participa-
tion of metal ions in catalysis by the small ribozymes has not been clearly
demonstrated. In all cases, any specific contribution of divalent cations to
catalysis is minor, accounting for a modest B20-30-fold rate enhancement
over non-acidic monovalent cations [35,130].
Active site divalent metal ions have been proposed to play non-obligatory,

even if important catalytic roles in the HDV and hammerhead ribozymes
(Figure 3, B and C). Solution kinetics data are consistent with participation
of a single hydrated Mg21 ion as a general base in the HDV ribozyme,
and cytosine 75 (C76 in the antigenomic ribozyme) as the general acid
[57,131,132], or vice versa [133–135,62]. A Mg21 ion poised for a role as the
general base has not been found in the X-ray crystal structures of the clea-
vage product or non-cleavable mutant forms of the HDV ribozyme [61,62]
but was suggested by Raman spectroscopy of a two-stranded HDV ribo-
zyme bearing an inactivating 20-O-methyl modification at the cleavage site
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[60]. In a recently solved crystal structure of a pre-cleavage (inhibitor-bound)
HDV ribozyme, a Mg21 ion is positioned such that it could directly coor-
dinate to and activate the 20-OH nucleophile in the active ribozyme, though
it cannot be ruled out that the Mg21 instead acts as a general base through a
water/hydroxide ligand [144]. In contrast, one of the above X-ray crystal
structures shows a hydrated Mg21 ion poised to act as a general acid,
although residue 75 is not positioned to act as a general acid or base [62].
Thus, direct participation of a magnesium ion in the chemistry of cleavage
by the HDV ribozyme is possible, but not conclusively demonstrated. A
crystal structure of the full-length hammerhead ribozyme in Mn21 shows no
metal cations in position to participate in acid-base chemistry, but suggest
that a divalent ion at the active site may stabilize the transition state by
solvent-mediated charge withdrawal or direct coordination to nonbridging
oxygens of the scissile phosphate (Figure 3B) [64,67]. While enhancement by
charge withdrawal is supported by the crystal structure in Mn21, MD
simulations suggest that Mg21 could facilitate the in-line attack angle by
directly coordinating a non-bridging oxygen of the scissile phosphate [71].
An intriguing possibility is that cations may stabilize the negatively charged

transition state in small ribozymes through long-distance electrostatic inter-
actions. For instance, although the crystal structure of the hairpin ribozyme
showed no divalent cation at the immediate active site [65], it revealed six
calcium ions within 16 Å of the scissile bond (Figure 3A), likely close enough
to strongly stabilize the transition state [67]. This mode of activation from a
distance could also help to explain why aminoglycoside antibiotics and the
polyamine spermine support hairpin ribozyme activity approaching that in
magnesium ions [33]. A similar function has been proposed for the divalent
ion found in the active site of the full-length hammerhead ribozyme
[64,67,136], and may also apply to the Mg21 found in the active site of the
HDV ribozyme [60,62]. Such long-range stabilization is consistent with the
generally small specific rate enhancements conferred by divalent cations, and
suggests that transiently bound monovalent cations may even help to stabilize
the developing charge of the transition state when present at sufficient con-
centrations to efficiently populate cation binding sites on the RNA.

3.2.3. Influence of Metal Ions on Reaction Pathways

While it is convenient to conceptualize the self-cleavage of small ribozymes as
occurring via a unique reaction trajectory, there is evidence that at least some
ribozymes may make use of a variety of reaction channels that are differ-
entially populated (and effectively compete with one another) as a function of
reaction conditions. An intriguing example is found in the HDV ribozyme,
where kinetic studies revealed three possible reaction pathways in the pre-
sence of varying concentrations of NaCl and MgCl2 [130]. At very low
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magnesium ion concentrations (o10�7M), the rate of self-cleavage is inde-
pendent of Mg21 concentration, with a pH-rate profile suggesting that sol-
vent and hydroxide ions operate as general and specific bases in the reaction.
At intermediate Mg21 concentrations (10�7–10�4M), the observed cleavage
rate constant exhibits log-linear dependence on magnesium ion concentra-
tion, with pH-rate profiles consistent with the binding of at least one struc-
tural divalent cation. Finally, at physiologic Mg21 concentrations and higher,
a second metal ion binding site becomes saturated, yielding an inverted pH-
rate profile consistent with a role of a metal hydroxide or solvent hydroxide
as the base in catalysis. However, a subsequent study found that the cleavage
reaction of the HDV ribozyme in 4M Li1 exhibits a similar pH-rate profile in
the presence and absence of Mg21, albeit with a smaller observed rate con-
stant, suggesting that Li1 can at least partially substitute for Mg21 in
determining pathway preference [29]. Furthermore, due to the modest spe-
cific contribution of Mg21 to catalysis [130], the absence of a magnesium
hydroxide poised for general base catalysis from the published X-ray crystal
structures [62], and the existence of other pH-dependent conformational
changes in the absence of divalent ions that affect activity [137], the nature of
these apparent reaction channels requires further elucidation.
Scenarios involving multiple metal cation-dependent reaction pathways

have also been proposed for other ribozymes. Kinetic characterization of a
tertiary-stabilized form of the hammerhead ribozyme suggests that magne-
sium ions and cobalt(III) hexammine may support separate catalytic path-
ways with incompatible RNA conformations [138,139]. Furthermore, recent
work has demonstrated multiple catalytically active conformations of the
hairpin ribozyme [140] as well as the Tetrahymena group I intron ribozyme
[141] that are all populated near physiological conditions. In the case of the
group I intron, interconversion between the different native conformations
occurs slowly in the presence Mg21, but rapidly in its absence. These results
raise the interesting possibility that some small ribozymes may operate via
multiple reaction pathways in a metal ion-dependent fashion. For example,
the rate of catalysis by individual subpopulations of ribozymes could be
limited by different chemical steps dependent on subtly different con-
formations or differentially occupied cation binding sites. If this is the case,
it will reveal a striking flexibility in the folding and function of ribozymes.

4. CONCLUDING REMARKS AND FUTURE
DIRECTIONS

In summary, metal cations are critical to the intramolecular phosphodiester
isomerization reaction catalyzed by the small self-cleaving ribozymes known
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in nature. Much as water is an obligatory solvent for proper folding of many
macromolecules, appropriate combinations of metal ions are required for
optimal activity in the small ribozymes. They universally facilitate catalysis
through structural stabilization, but in certain cases may also help to organize
active site functional groups and water molecules through hydrogen bonding,
activate the catalytic acid or base, or participate directly in catalysis through
acid-base chemistry or transition state stabilization. Proper folding and
efficient self-cleavage occur with generally low selectivity in a variety of
monovalent and divalent cations, but under physiological conditions Mg21 is
the most important of these, and is generally preferred over less naturally
abundant divalent cations. While small ribozymes could, in principle, use
transition metals and heavy metals for catalysis, their toxicity and generally
low free concentrations in the cell preclude these metals from playing an
important role as cofactors for the natural small ribozymes.
Future work should further elucidate any direct catalytic roles played by

metal ions in the HDV and hammerhead ribozymes, long-distance interac-
tions between the active site and metal ions, potentially overlooked roles of
monovalent ions (including the physiologically most relevant K1), the nature
and metal ion-dependence of alternate reaction pathways, and the impact of
metal ions on local conformational changes and solvent organization during
catalysis. This will require a combination of increasingly sophisticated
methods of chemical modification, spectroscopic techniques, and theoretical
models. As small ribozymes increasingly appear to be widespread in nature,
understanding their manifold interactions with metal ions will yield a more
complete understanding of the roles of RNA in life and its origins.
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ABBREVIATIONS AND DEFINITIONS

divalent cation an ion with a net electronic charge of +2
enthalpy of dehydration the enthalpy change accompanying the

removal of all water molecules to an infinite
distance from a fully hydrated ion

general acid a functional group or moiety that catalyzes a
chemical reaction by donating a proton to a
reactive group
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general base a functional group or moiety that catalyzes a
chemical reaction by accepting a proton from
a reactive group

glmS ribozyme a ribozyme found in numerous Gram-
positive bacteria that self-cleaves in the pre-
sence of a glucosamine-6-phosphate cofac-
tor, regulating translation of the glmS gene in
E. coli

HDV hepatitis delta virus
innersphere interaction direct interaction between a metal ion and an

electronegative ligand such as the oxygen
atom of water or an oxygen or nitrogen atom
of an RNA molecule

MD molecular dynamics
monovalent cation ion with a net electronic charge of +1
outersphere interaction interaction between a metal ion and another

species mediated by water molecules or other
ligands of the metal ion

rRNA ribosomal RNA
secondary structure the ensemble of hydrogen bonding interac-

tions between nucleobases (base pairs, tri-
ples, and occasionally quartets) in an RNA
molecule, resulting in the formation of base-
paired stems, unpaired loops, and junctions
between these

tertiary structure the three-dimensional structure of an RNA
molecule, including all base pairs as well as
additional interactions between helical stems
and loops

VS Varkud satellite
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