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1. Introduction

Ribozymes can catalyze a large variety of different reactions, but only few mechanistic aspects
are understood in detail.'” It is evident that RNAs are always associated with metal ions,'*'* but
there have been several studies indicating that ribozymes such as the hairpin,'>"® hammerhead,'® and
certain in vitro selected ribozymes™ or DNAzymes®' can promote catalysis also in the absence of
Mg”" or related divalent ions. In some of these cases, coordinatively saturated complexes such as
cobalt(IIT) hexammine, or cationic organic molecules such as spermine, and also high concentrations
of monovalent ions have been found to substitute for Mg®" or other divalent metal ions and stimulate
catalysis. This finding has led to the suggestion that divalent metal ions, which remain the most
catalytically efficient cofactor in most of these cases, are not specifically involved in the chemical
mechanism of catalysis by these ribozymes. It is common to conclude in these cases that cations are
required only for neutralizing the negative charge of the phosphodiester backbone or to promote
structural stabilization.

Most studies on the mechanistic role of metal ions in ribozyme active-sites are designed only to
detect catalytic metal ions that interact directly with polarized atoms at the reaction site. They tend to
emphasize application of the "metal ion specificity switch experiment",**** whereby important
functionalities such as the the 3'-oxygen leaving group of an RNA phosphodiester linkage are
replaced by sulfur substituents. In cases where the altered ribozyme is unable to react in the presence
of Mg*" alone, but activity is restored by the addition of Mn”" or the thiophilic Cd*" or Zn** ions,'***
8 it is possible to implicate direct inner-sphere contacts between the divalent cation and specific
active-site functional groups.”*® While this approach is a powerful tool for dissecting the
mechanism of ribozyme catalysis or RNA folding, it may place an undue emphasis on the need to
observe direct innersphere contacts between metal ions and ribozymes (or their substrates) in order to

account for transition-state stabilization. For example, the existence of a metal ion specificity switch

is good evidence for a direct contact between specific functional groups and a metal ion;'? but the
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lack of a switch is often taken as tacit evidence that divalent ions do not play a role in catalysis. This
is because it is often assumed that a metal ion must touch, or form direct contacts, with highly
charged phosphoryl oxygens, the nucleophile, or the leaving group in order to play a critical role in
stimulating a reaction.

However, numerous results from the field of protein enzymology have demonstrated that
divalent (and often monovalent) metal ions can play an essential role in chemistry without forming
direct contacts to any of the substituents in the active site of the enzyme or to the substrate.” These
studies have revealed a variety of catalytic strategies for lowering the energetic barrier to reaction.
For example, the concentrated positive charge of divalent metal ions can stabilize the anionic
transition states of phosphoryl and acyl transfer reactions. Moreover, these electrostatic contributions
to reaction are not always short-range effects: they can occur over strikingly long distances.
Particularly interesting are mechanisms in which metal ions (or other localized charges like
ammonium groups) create an electrostatic environment that alters the pK, or nucleophilicity of
adjacent functional groups, which themselves can now participate directly in chemical reaction.
Other mechanisms involve "outersphere" interactions between substrate functionalities and water
molecules that surround a metal ion. In the latter case, a combination of electrostatic and hydrogen
bonding effects stimulates the reaction.

Given the diversity of ways that metal ions and positive charges facilitate chemical reactions in
model systems and in protein metalloenzymes, it is important to consider that in a ribozyme a metal
ion may not behave the way one commonly expects (i.e., binding directly to a polarized group in the
transition-state), and that it need not be located precisely at the active site. However such an "ill-
mannered" metal ion may still play a critical and direct role in catalysis by a ribozyme. To exemplify
these concepts, we will consider some of the ways that model systems and protein enzymes utilize
metal ions for catalysis. We will then relate these observations to recent work in ribozyme

enzymology.
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2. The Increased Complexity of Group Transfer Catalysis by Metalloenzymes

In metalloproteins, catalytic metal ions often serve as redox-active centers and as cofactors in
the so-called polar or "group-transfer reactions". The latter include acyl and phosphoryl transfer
reactions, which are also the most common form of reactions catalyzed by ribozymes. Given their
importance in ribozyme chemistry, this review will focus on metal ion catalysis of group transfer
reactions and their stimulation by metal ions. A comparison of metal ion-catalyzed group transfer
reactions in model systems and in protein enzymes provides an important clue to the inherent
complexity of metal ion catalysis in enzymes as well as ribozymes.

Metal ion catalysis of group transfer reactions has been described very simply: Reaction should
be stimulated if complex formation with a metal ion is more pronounced in the transition state than in
the ground state.*® Based on the Arrhenius equation, this is described by a simple relation (1),*%!

ke/ko = K1/Ky (1
which defines the rate-enhancement factor, k/k,. The constants k. and k, represent the rates of the
catalyzed and uncatalyzed reactions, respectively, and Kt and Ky are the stability constants of the
metal ion complexes in the transition state and of the reactant, respectively. If one can measure the
the rate-enhancement factor, k./k,, and the stability constant in the ground-state (K), then one can
deduce the stability constant of the complex in the transition state (K7) and speculate about its
structure and the role of a catalytic metal ion in the transition state.

Equation (1) describes the narrowest possible role for metal ions in group transfer catalysis: i.e.
direct metal ion coordination to atoms in the transition-state. As such, it describes catalysis in certain
model systems very well, as exemplified by the metal ion-promoted decarboxylation of acetone
dicarboxylate studied by Prue’* more than 50 years ago. He discovered that the rate-enhancement
factor for different metal ions is proportional to the stability of the malonate complexes of these

metal ions. This indicates that the transition state of the decarboxylation reaction resembles the
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structure of a metal-malonate complex. Indeed, a plot of log k. for the metal ion-promoted
decarboxylation versus log Kabiiity 0f the metal ion-malonate complexes results in a straight line.*
The catalytic effectiveness of divalent metal ions in this decarboxylation reaction increases in the
series, Mg®" < Mn”" < Zn*" < Co*" < Ni*" < Cu*", which corresponds perfectly to the Irving-Williams
series that classifies the order of complex stabilities:***> Ba®" < Sr*" < Ca*" < Mg®" < Mn?" < Fe*" <
Co™ < Ni*" < Cu*" > Zn*". Several additional simple systems like the metal ion catalyzed hydrolysis
of amino acid esters and amides have been studied with analogous results.’®** It should also be
mentioned in the present context of this review that the metal ion promoted dephosphorylation of
ATP to ADP also follows to a large extent the above mentioned trend of the Irving-Williams
series.”*%7

One might expect that for a simple enzyme, where the primary catalytic function of the metal
ion cofactor is direct coordination of atoms in the transition state, that a corresponding series for
stimulation by different metal ions will be observed. However, for most metal ion-dependent enzyme
systems, the situation differs significantly.?*** This deviation can be ascribed to many obvious
features of the protein environment, including size restrictions on metal ion radii or distinct
coordination preferences that result from limitations in nature of available ligands (vida infra). The
protein environment can also alter expected metal ion hydroxo-complex formation. But the striking
deviation from the Irving-Williams series may also point to an increase in the mechanistic
complexity of metal ion catalysis by macromolecules. It suggests that metal ions are generally doing
more than forming strong, direct interactions in the transition-state. The pronounced influence of
metal ions on electrostatic potential, dielectric constant and other physical characteristics of the
macromolecule will have a profound influence on its capabilities as an enzyme.

The situation is expected to be even more complicated with ribozymes, as metal ions tend to
bind to ribozymes more weakly than they bind to proteins. For example, log K, values for Ca**

binding to RNA typically range from 1.5 to 2.5, whereas log K, values of ~10 can be reached for
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Ca®" binding to subtilisin.”’ Even more extreme differences in the metal ion affinities of proteins and
RNA are observed with metal ions like Cd*", where the sulfur ligands of proteins lead to log K,
values of 17.% By contrast, log K, values for Cd*" binding to nucleotides and to RNA typically range
from 2 to 4% As a consequence of weaker metal ion affinity for nucleic acids, Kr and Kt in
equation (1) are likely to be more similar for ribozymes and thus one does not expect very large rate-
enhancement factors based on relation (1) alone. A more complex role for metal ions in ribozyme
catalysis is consistent with the observed metal ion dependencies of ribozyme rate-enhancements,***

which are inconsistent with equation (1) and therefore with a purely coordinative role for metal ions

at the active site in catalysis.

3. Metal lon-Binding Sites in Proteins and Ribozymes

Although proteins and RNA molecules both utilize metal ions to catalyze certain
transformations, there are salient differences in the way that the ions are bound. This can have
important repercussions for the mechanistic function of the metal ions in catalysis.

It is useful to precede any structural description of metal ion binding with a brief overview of
the diverse catalytic roles played by metals in both protein enzymes and ribozymes. Metal ions
participate in enzyme catalysis through direct and indirect mechanisms and they can also stabilize the
active structural form of the enzyme. The highly specific and direct roles of metal ions in group
transfer reactions have been particularly well-studied. For example, in certain phosphoryl transfer
reactions, divalent metal ions are generally believed to form direct interactions with the polarized
phosphoryl oxygen and/or oxygens of the leaving group and nucleophile. By working singly or in
groups, these metals provide scaffolding for the transition-state geometry, helping to reinforce the
trigonal bipyramidal form of the transition-state.*>* Similarly, they can help align the nucleophile
with the reactants, thereby reducing entropic barriers to reaction. Just as important, however, are the

many enzymes that employ metal ions for essential catalytic functions that do not involve direct



February 23, 2006; Sigel & Pyle

physical contacts with polarized atoms of the transition-state. These include enzymes such as
ribonuclease H, farnesyl transferase, bovine liver rhodanese and the kinase p21ras, in which metal
ions alter the pK, values of reactive groups and help modulate the electrostatic environment of the

active-site (see Section 4.2.).

3.1. Metal lon Binding Sites in Proteins

Metal ions tend to bind protein sites with high affinity and site-specificity. Because the peptide
backbone is uncharged, an abundance of weak, nonspecific metal ion binding is not typically
observed in protein enzymes. Proteins tend to interact with metals through a limited set of liganding
groups, which include the sulfide residue of cysteine, the imidazole moiety of histidine and the
carboxylate side chains of aspartic and glutamic acids. The affinity for imidazole and carboxylate
ligands stems from two major effects: (1) At physiological pH (ca. 7.5) the competition between
protons and multivalent metal ions for binding at the mentioned O and N sites is very small or
nonexistent, making these sites readily accessible for metal ions.™ (2) There is a synergistic effect
for transition metal ion binding simultaneously to heteroaromatic N sites (N-arm), including
imidazole, and O-donor ligands.SG'59 This is attributed to the fact that the n-accepting properties of
pyridine-type ligands increases the charge of the metal ion and thus favors binding at the negatively

39-61 an effect that is also reflected in catalysis.®*®* Although their

charged oxygen ligands (G-donors),
participation is less common, there are other functional groups that participate in metal ion binding:

The thioether group of methionine, the phenolate residue of tyrosine,*’ the hydroxyl groups of serine
and threonine and the carbonyl units of asparagine and glutamine are occasionally observed to form
weak binding sites for metal ions.” The carbonyl groups of the peptide backbone can also serve as a

site of metal ion coordination, particularly for calcium proteins.”*** To conclude, despite the large

number of
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Figure I close to here
amino acids, there are only three highly typical sites for metal ions in proteins, namely the
carboxylate, imidazole, and sulfide groups of aspartic/glutamic acid, histidine, and cysteine,
respectively (Figure 1). The different combinations of these four amino acids (together with the
three-dimensional fold of the protein) lead to binding pockets that are highly selective and which

bind the metal ion very strongly.

3.2. Metal lon Binding Sites in RNA

The latter behavior contrasts sharply with the metal ion binding properties of RNA molecules,
where the diversity of monomer units is low (limited to four nucleobase types) and where the number
of potential metal ion-binding sites is large (Figure 1):* Potential sites of interaction include the
atoms of each phosphodiester linkage,® the N7 and N3 atoms of purine nucleobases,’®®’ the N1 of
adenine, the N3 of cytosine,* as well as the carbonyl oxygens at C6 in guanosine,*** and at C2 and
C4 in the pyrimidines.®®’® These sites are unprotonated and therefore accessible for metal ion binding
at physiological pH. However, all of the nitrogen ligands described above are generally less basic
than imidazole and therefore their metal ion binding affinity (e.g., towards Zn*") is comparatively
reduced.”’ Important exceptions include nucleobases for which heteroatom pK, values have shifted
(Section 4.4.) and stronger forms of Mg”" binding that are additionally mediated through outersphere
coordination (Section 5.).°*7° The very basic sites, (N1) of guanine**®”’? and (N3)~ of uracil®, as
well as the exocyclic amino groups’>’* are usually unavailable for metal ion binding.” A final
consideration is that the N1 and N7 sites of adenine,’®’” the (N1)” and N3 sites of guanine and the N3
site of cytosine® are somewhat handicapped in their metal ion-binding properties due to steric
inhibition by neighboring amino groups. Taken together, this multitude of low-affinity coordination
sites often results in metal ion binding that is nonspecific and dynamic in RNA.

Based on a diversity of biochemical and structural investigations, one can differentiate at least



February 23, 2006; Sigel & Pyle

four ways that metal ions bind to RNA:" (1) Nonspecific charge-screening ions. Before nucleic
acid macromolecules can collapse into a discreet structural form, the charge on the polyanionic
backbone must be neutralized. This is accomplished by a "cloud" of monovalent or divalent ions that
associate weakly with the backbone. Charge-screening was first described by Manning and Record
for DNA stabilization and the electrostatic influence of these ions can be described mathematically
by continuum electrostatics approximations such as the Poisson-Boltzman distribution.”*** (2)
Electrostatically localized metal ions. Certain RNA structures contain specific, well-defined sites
that bind metal ions with somewhat higher affinity. These are often pockets, or "holes" in the
structure that are characterized by a concentration of negative electrostatic potential. In certain cases,
site-binding can be mediated exclusively by electrostatic affinity between the ion and the site.”
Because these sites do not interact with metals through specific hydrogen bonding or direct
coordination, it is likely that they will be filled by diverse metal ion types, including coordinatively
saturated ions such as cobalt hexammine, and by protonated organic polyamines, depending on the
site geometry. (3) Inner-sphere site-bound metal ions. In these instances, metal ions interact
directly with RNA functional groups (inner-sphere coordination). Remarkably, one of the most
coordinatively saturated forms of RNA site-binding is observed for potassium, which commonly fills
almost every coordination site through direct interactions with RNA ligands such as phosphoryl
oxygens and base heteroatoms.”® For obvious reasons, these sites tend to be highly specific for a
given metal ion. (4) Outer-sphere site-bound metal ions. In these cases, the interaction of the metal
ion with RNA occurs through water molecules (outer-sphere coordination). In many cases
(particularly with Mg?®"), this type of binding is characterized by an extensive network of hydrogen
bonding interactions between the RNA and water molecules of the first and also the second hydration
sphere of the metal ion.”’*? Outer-sphere binding does not necessarily mean that binding is
unspecific and weak. To the contrary, every water molecule can contribute to binding by forming two

hydrogen bonds to specific acceptor sites on the RNA. Every hydrogen bond can add up to 20-25

10
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kJmol ™" in stability, and thus quite high thermodynamic stabilities can such be reached. As in case
(3), also when coordinated via outer-sphere interactions, binding of the metal ion to the RNA is
likely to be additionally stabilized by a strong electrostatic component.

It is evident that only in rare cases can a metal ion be categorized strictly into just one of these
four classes. A detailed evaluation of the crystal structure of the large ribosomal subunit from
Haloarcula marismortui revealed 116 Mg®™ and 88 monovalent ions bound to the rRNA.?* Out of the
identified Mg*" ions, only nine are fully outer-sphere bound, whereas all others show at least one
inner-sphere coordination. Such inner-sphere coordination mainly takes place at a non-bridging
phosphate oxygen, but also at the N7 site or a carbonyl oxygen. It is thus evident that based on the
binding pocket and the geometrical distribution and distances of the coordination sites and hydrogen
bond acceptors on the RNA, Mg”" either binds in an inner-sphere manner or uses a water molecule to
bind outer-sphere. It is also feasible that a single Mg®" ion will change its ligation state over time, i.e.
that it will switch between inner-sphere and outer-sphere coordination if both possibilities are
energetically similar.

The above mentioned points implicate that classes (2), (3), and (4) encompass a large number
of metal ions in every RNA, and that they will have similar affinities. Indeed, measured affinity
constants K, are mainly in the order of 5 - 10*to 5 - 10° M (in the presence of 0.1 M Na" or
K").1* 789395 Nevertheless, at certain sites higher affinities of ~ 2.5 - 10* M have been measured
(IM"] = 0.1 M).”*%® In summary, this "cloud" of metal ions around RNA allows the ions to be
involved in structural and catalytic processes in more subtle ways than is possible for proteins, where
a rigid coordination sphere of few metal ions limits the eminent function.

The generally lower affinity of metal ions for RNA relative to proteins has been attributed to a
reduced flexibility of the protein backbone, which contains only two freely rotable bonds compared
to six such bonds in nucleic acids.'? In addition, the large number of hydrophobic amino acid side

chains is thought to cause particularly dense packing in proteins that results in highly preorganized

11
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active sites and other cavities into which specific metal ions just "fit". This rigidity may produce
"constrained" metal ion-binding sites that are particularly conducive to catalysis.”””® Enhanced
backbone flexibility and weaker overall metal binding does not, however, mean that ribozymes are a
priori disfavored in catalytic processes. Rather, it implies that ribozymes employ other strategies to
build up three-dimensional structures, form specific metal ion binding sites and be successful
catalysts. A major strategy involves stacking interactions, for which the nucleobases, especially the

99,100

purines, are perfectly suited. In addition, unusual forms of hydrogen bonding leads to the

formation of complicated tertiary structures, in particular if interwoven with metal ions.”>'*''%?
Clearly, we are only beginning to understand the physical and electronic basis for these strategies. In
the following sections, we will describe some of the likely mechanisms by which metal ions

stimulate catalysis in ribozymes, with the inclusion of precedents from protein enzymes and model

systems.

4. Promoting Catalysis with Charge: Electrostatic Effects

Stabilizing the charge distribution of the transition state is considered to be one of the most
important mechanisms (see Section 2) by which any enzyme promotes chemical reaction.'**'"’
Bound metal ions such as Mg*" are particularly well-suited for stabilizing anionic transition states
because they have a relatively well defined coordination geometry and provide a high charge density.
However, such charged species like Mg”" are not required to make direct contacts to functional
groups in the transition state, and they do not need to be in the immediate environment of the active
site, in order to exert potent electrostatic effects on catalysis. Mg®" may simply help to provide
charge density to create an electrostatic environment conducive to reaction. Such types of
electrostatic contributions can often also be provided by other charged units such as ammonium

groups of amino acid side chains or of organic ions. The central role that such charged groups play in

catalysis has been established in numerous experimental and theoretical studies on electrostatic

12
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effects in protein enzymes.'**!106-108-111

Many enzymes also use electrostatic effects to indirectly activate functional groups in an active
site. In particular, charged groups have been shown to stimulate pK, shifts or alter the nucleophilicity
of peptide side chains that participate directly in chemical reaction.'® %11 In these cases, it is the
localization of a specific charge and its placement in a particular environment, rather than the binding
of a metal ion in particular, that is important for function. There are many cases of this in protein

enzymes, including those that are commonly considered to be "metal ion-dependent enzymes" and/or

"metalloenzymes".

4.1. Localized Charges Can Modulate the Reactivity of Enzyme Functional Groups
One of the classic cases in which electrostatic effects, rather than direct contacts, modulate the
reactivity of active-site functional groups was observed in acetoacetate decarboxylase.''>'"? In that
enzyme, a lysine side chain forms a Schiff base intermediate during the decarboxylation of
acetoacetic acid. Schiff base formation would appear to be a difficult transformation in water because

the normal pK, of the e-NH; group of lysine is expected to be about 10.5. However, early kinetic

investigations and chemical modification studies indicated that this group in the active site of
acetoacetate decarboxylase has a pK, of ca. 6.''? Based on the reactivity in different ionic strengths
and solvents, Kokesh and Westheimer concluded that this remarkable pK, shift of 4-5 units was
caused by electrostatic effects:''? Namely, that the presence of an adjacent positive charge makes
protonation of the lysine unfavorable, resulting in a pK, shift that generates the reactive primary
amine. As precedent, the authors cited the pK, values of the adjacent primary amines in
ethylenediamine, which are about 7 and 10, respectively.''* Subsequent mutational studies on
acetoacetate decarboxylase showed that lysine-115, with a pK, of 6, is the nucleophile during Schiff
base formation and that its pK, is lowered by the positive charge on the adjacent lysine-116.""* Thus,
the e-ammonium group of lysine-116 performs a critical role in catalysis, despite the fact that it does

13
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not interact directly with any functional group in the active site.

This type of electrostatic induction has been observed in many other protein enzymes. In
xylanase from Bacillus circulans, the carboxylate residue of the active-site glutamate-172 serves as a
general acid-base ca‘talys‘[.1 ' This is made possible by a pK, shift that raises the pK, of the
carboxylic-acid side chain of glutamate-172 from 4.2 to 6.7. The pK, shift of this glutamate is caused
by the presence of a second ionized glutamate-78 (pK, = 4.6) that is used as a catalytic nucleophile
during saccharide hydrolysis.''* Similar electrostatic effects of neighboring negative charges in
combination with hydrophobic environments have been proposed to raise the pK, of active-site
carboxylic acid groups in phospholipase C from Bacillus cereus (pK, = 5.3)'"” and hen egg-white
lysozyme (pK, = 6.2),"'*""7 resulting in the promotion of general acid-base catalysis. Thus,
depending on the reaction to be catalyzed, localized charges, either positive or negative, in an active
site can be used to regulate the pK, of potentially reactive functional groups.

Other than serving as proofs of concept, examples such as acetoacetate decarboxylase or
lysozyme might seem to be irrelevant to the problem of ribozyme catalysis, where a metal cation
would seem unlikely to stimulate catalysis by affecting the charge on an adjacent cationic
functionality, because there seem to be so few of the latter. However, there are several circumstances
in which electrostatic induction could be promoted by a metal ion. For example, it has been proposed
that metal hydroxides or alkoxides can serve as nucleophiles or general bases during the hydrolysis
or transesterification of nucleic acids by ribozymes.””''® Indeed, the relatively high nucleophilic

19120 and it has been shown to facilitate the

capability of metal ion-bound hydroxide is well known
hydrolysis of nucleoside 5'-triphosphates.®”**!2!"'?2 The formation of a metal hydroxide reduces the
charge on the metal ion complex by one unit and it has been suggested that such a cationic charge
reduction is highly unfavorable in the negative environment of a nucleic acid.'*® Thus, the formation

of Mg(H,0)s(OH)" is likely to be more favorable if additional divalent metal ions are present in the

active site. This may explain the fact that multiple magnesium ions are often required for catalysis in

14
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26,27,29,124

protein and RNA enzymes, as well as for the nonenzymatic hydrolysis of nucleotide

triphosphates where two metal ions are needed.’”*'%

But perhaps more relevant to the problem of altering nucleic acid pK, values is the fact that an
adjacent positive charge can cause the formation of a negative charge to become more favorable.
This is observed in the pK, reductions of serine or cysteine nucleophiles in the families of serine and

. 125,126
cysteine proteases

and in the formation of the phenolate moiety in acetoacetate
decarboxylase.''? By analogy, RNA contains two organic functionalities that, with a little help from
electrostatic effects, have the potential''® to participate directly in either acid-base or nucleophilic
catalysis: The guanosine (N1) and uridine (N3)  groups are normally found to be protonated at
neutral pH, with pK, values of about 9.2 to 9.5.*27° But if these pK, values were to become lower,
then a substantial fraction of these bases would be ionized at neutral pH (see below), resulting in the
respective (N1) and (N3) anions. Similarly, the 2'- and 3'-hydroxyl groups of RNA sugars have pK,
values of approximately 12.5.”>!%"12® Formation of the cognate anions would be stabilized by the
presence of divalent cations in the vicinity, even if the metals do not form direct contacts. Indeed,
electrostatic stabilization by opposing charges can take place over long distances (Section 4.5).
Ample precedent for metal-mediated pK,, shifts in nucleic acids is provided by detailed studies of
nucleotide model compounds (Section 4.4), which show that ion binding significantly affects the

strength of hydrogen bonds between nucleobases.”>!0%12%-132

4.2. Electrostatic Induction by Divalent Metal lons

Just like charged side chains (Section 4.1), bound metal ions in proteins commonly modulate
the pK, and the reactivity of adjacent functional groups that participate directly in catalysis.**'**"'%°
Thus, through electrostatic effects, metal ions can play an essential role in catalysis without directly

interacting with any substituents in the active site. One of the clearest examples of this effect was

observed during studies of GTP hydrolysis by p21ras. In that case, the apparent pK, of the GTPase

15
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reaction depends strongly on the metal ion involved.'*®

Although several different reaction mechanisms have been proposed for the metalloenzyme
ribonuclease H, two mechanistic features stand out in defining the role of the catalytic metal ion:"*’ A
critical aspartic acid residue in RNase H has been proposed to serve as a proton donor during
phosphodiester hydrolysis.'*® Remarkably, this aspartate (Asp-10) undergoes a pK, shift of nearly
two units (from 6.5 to 4.7) upon binding of the Mg cofactor.'*® Furthermore, it has been shown that
the coordinatively saturated cobalt(IIl) hexammine probe can fulfill the metal ion requirement for
this enzyme (Section 5), indicating that the metal ion does not form direct contacts with substituents
in the active site."*” These two pieces of evidence together suggest that the natural catalytic metal ion
in ribonuclease H (Mg*") may function electrostatically and cause pK, shifts in reactive groups.

The cases discussed above involve electrostatic stimulation of general acid-base catalysis.
However, the electrostatic influence of metal ions can also serve to alter the pK, of nucleophilic
groups in metalloenzymes. For example, the catalytic Zn*" of farnesyl transferase'*” has been shown
to lower the pK, of a nucleophilic thiol group by about 2 pK units, to 6.4."*! Interestingly, for bovine
liver rhodanese it has been suggested that the positively charged ammonium groups of Arg-186 and

Lys-249 assist electrostatically in the deprotonation of the thiol group of Cys-249 in the active site.'*

4.3. Switching Charge Types in Proteins: Metals for Lysine and Vice Versa

Metal ions have unique structural features that can enhance their role in catalysis. For example,
metals can provide a geometrically-defined scaffold that helps to organize an active site. However,
when a reaction mechanism depends primarily on electrostatic forces, there is little reason to expect
that the charges of bound metal ions should behave differently in stimulating catalysis than the
localized charges provided by amino acid side chains, bound organic cofactors, or ionized
nucleobases. Furthermore, side chains such as the guanidylium group of arginine can mimic the

hydrogen bonding and solvation pattern of hydrated metal ions that are essential for catalysis. This is

16



February 23, 2006; Sigel & Pyle
underscored by the fact that protein engineering can be used to switch divalent metal ions for
positively-charged side chains, and vice versa, in the active sites of metalloenzymes such as EcoRV,
BamH1 and ribonuclease H (regarding further properties and structures of these proteins see, e.g.,
refs '** and %, respectively).

The restriction enzymes EcoRV and BamH1 seem to share a common reaction mechanism, i.e.,
a "two-metal ion mechanism","**'*° despite the fact that they do not appear to contain the same
number of active-site metal ions. For example, an active-site lysine residue (Lys-92) is essential for
EcoRV catalysis. Mutation of Lys-92 to other amino acids results in almost complete abolition of
detectable reaction. However, when Lys-92 is mutated to a glutamate, a substantial amount of
reactivity is maintained in the presence of Mn*"."** Thus, it has been proposed that a metal ion (Glu-
92/Mn*") can substitute for an ammonium side chain (Lys-92) in the mechanism of EcoRV.'*
Conversely, it has been shown that Glu-77 of BamH1 is involved in metal ion binding'* and that this
residue can be substituted for a lysine without total loss of activity.'*® The activity of Glu-77/Lys
mutants is enhanced in the presence of suppressor mutations that may optimize the positioning of the

144,145

mutant cationic side chain.'*” Thus, in both studies the term "two-metal ion mechanism" is used

even though EcoRV contains only one metal ion (although replacement of the ammonium side chain

144 while BamH]1 contains two metal ions'** (one of

of Lys-92 by Glu-92/Mn”" restores activity),
which may be replaced by the ammonium side chain of Lys)."**'*” These results indicate that metal
ions and positively charged amino acid side chains can be interchangeable for classes of enzyme that
share a common mechanism.

Ribonuclease H has a strict requirement for divalent cations (Section 4.2), which have been
shown to interact through coordinated water molecules (Section 5). Thus, a combination of indirect
electrostatic stabilization and hydrogen bonding to the metal ligands have been proposed to play a

role in promoting phosphodiester cleavage.'* This model for catalysis was supported by protein

engineering studies that were guided by the crystal structure of a ribonuclease H domain, in which a
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bound divalent cation was shown to interact with three acidic side chains. When two of these (Asp
and Glu) are mutated to Arg (but not Lys), the double mutant was found to be almost as active as the
wild-type enzyme in the absence of divalent cation.'*® This result underscores the fact that organic
functional groups can readily mimic the charge and/or hydrogen-bonding potential of an otherwise
essential hydrated metal ion. However, these findings do not imply that, in the native enzyme, metal
ions are not intimately involved in catalysis or that enzymes such as ribonuclease H should not be
considered metal ion-dependent enzymes. Rather, results of this type suggest that the mechanistic
role of divalent cations in these cases is largely of an electrostatic nature.

The hairpin ribozyme has long been known to possess a low level of catalytic activity in the
presence of organic cations such as spermidine.'* This divalent metal ion-independent activity has
been interpreted as the influence of contaminating Mg®", or as the innate catalytic capability of
functional groups on the RNA.">'® It has not, however, been attributed to a catalytic role for the
added spermidine. The latter alternative is more credible given recent findings that hairpin ribozyme
cleavage can be highly efficient in the presence of aminoglycoside antibiotics or the polyamine
spermine.” In some cases, the catalytic activity is the same as that observed with Mg*". Provided that
the organic cation can bind to the ribozyme, the degree of catalytic activity is proportional to the
extent to which functional groups are ionized to form positive charges.'” These charges may help to
structurally organize the active site, and in that sense the primary contribution would be to folding.
However, given the fact that cationic cofactors (regardless of their identity) can electrostatically
stabilize the anionic transition state, and considering that active-site functional groups may require
pK, shifts in order to participate in catalysis, multivalent cations may be playing an electrostatic role
in promoting chemical catalysis by the hairpin ribozyme.

Interchangeability of metal ions and other types of charged functional groups is observed in

even the simple reactions of nucleoside triphosphates. For example, one of the two metal ions needed

to activate ATP for hydrolysis may be replaced by NH, .°% As the interaction between NH; and
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triphosphate is weaker than that of Mg?*, a smaller stimulation of reaction by NH," results. However,
reactivity can be improved with more highly charged polyaza macrocycles that catalyze facile ATP

hydrolysis."*!'*?

4.4. Electrostatic Induction of pK; Shifts in Nucleic Acids: Lessons from Nucleobase

Model Systems

It is not surprising that metals and other cations have profound effects on the catalytic
properties of ribozymes. After all, work on model systems has shown that bound metal ions
dramatically affect the characteristics of their nucleotide constituents. Extensive studies on the
effects of metal ion binding to nucleotides and oligonucleotides should now guide our expectations
for larger RNA and DNA structures. The pK, values of nucleotides other than those of the phosphate
groups are more than two log units away in both directions from physiological pH.®"">!3
Nevertheless, many cases of shifted acidities and basicities of nucleobases in nucleic acid structures
are known.'**% One way to strongly influence pK, values, the geometry, and other fundamental
properties of nucleotides are bound metal ions and other fixed charges.®®">'%%!> In particular, the
effects of metal ions on acidity of nucleotide functional groups has been quantitatively investigated

in nucleobase model systems.®”"”

4.4.1. Modification of Purine Acidity

For guanine derivatives it has been established that oxygenation of C8, methylation of N7, or
direct N7 coordination by transition metal ions acidifies the (N1)H, resulting in ApK, values that
range from 1.4 - 2.3 at that site.***”'">!% This effect causes (N1)H to be at least partially
deprotonated in the physiological pH region (Figure 2). It is notable that in species composed of
multiple nucleobases coordinated to Pt**, acidifications of (N1)H into the physiological pH range are

achieved.” Even the pK, value for (C6)NH, on adenine is strongly perturbed in certain cases of
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multiple coordination.'®’
Figure 2 close to here
Perhaps more relevant to ribozyme comparisons, Mg”* binding to guanosine stimulates large
changes in acidity, resulting in a pK, value of 8.4 for one of the two (N1)H sites in a GpG
dinucleoside monophosphate.** Biophysical and theoretical investigations have established that there
are two common modes of interaction between Mg®" and guanosine N7. While hydrated Mg*" ions

1168170 some direct monodentate binding to

prefer bidentate coordination to guanine N7/(C6)O sites,
N7 of pentahydrated Mg*" is also known to occur.'”""'”® Both coordination modes are expected to
lead to (different) pK, shifts, and to be in rapid equilibrium with each other. Thus, it is likely that
Mg*" in proximity to N7 will significantly perturb the pK, of N1 in numerous contexts. This is

consistent with the recent proposal that a (N1)-deprotonated site on an active-site guanosine residue

participates in the catalysis by the hairpin ribozyme.'"®

4.4.2. Modification of Pyrimidine Acidity

Studies of uridine derivatives suggest that Mg®" and other alkaline earth ions form semi-
chelates where M*" is bound by inner-sphere coordination to one of the carbonyl oxygens and by
outer-sphere coordination to the deprotonated (N3)".”° This may also result in a shift of the (N3)H
pK. into the physiological range. Indeed, it has been suggested that two metal ions (including Mg*",
Mn*" or Zn*") might, with assistance from other binding sites, interact with both carbonyl groups,
(C2)0O and (C4)O0, thereby acidifying (N3)H such that it becomes a proton donor, e.g., in a ribozyme
reaction.”

Remarkably, in a study of Zn**-catalyzed cleavage between C3 and U4 in the catalytic core of
the hammerhead ribozyme,'’* it was discovered that cleavage of U4 occurs only after a primary

cleavage event at A9; i.e., there is a sequential cleavage mechanism. This U4 cleavage is connected

with a pH-dependent conformational change and it occurs only at pH > 7.9, reaching a maximum at
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pH ~8.5."7* It has been shown independently that such a conformational change occurs with an

5.7 Considering the documented influence of M*" coordination on pK,

apparent pK, of about 8.
values for uridine (above),” this behavior is likely to stem from the metal assisted deprotonation of

U4 at (N3).

4.4.3. Effects on Backbone Functionalities

It is important to consider the participation of ribose 2'- and 3'-hydroxyl groups as additional
sites for metal ion binding. In aqueous solution such interactions are weak'’® for individual (not
deprotonated) hydroxyl groups (pK, = 12.5;"'2"128:176177 Section 4.1.). However, a study devoted to
Cu®" complexes of adenosine, 2'-deoxyadenosine, uridine, and 2'-deoxyguanosine revealed that the
ribose moieties of adenosine and uridine react with Cu®" to form soluble 1:1 complexes above pH 6,
while the 2'-deoxynucleosides do not react with Cu®" under the same conditions.'”'” The situation
is complicated by the proposed formation of hydroxo-bridged dimeric Cu*" complexes.'”

Of more relevance for the present context is the observation that simple carbohydrates, which
provide three or more hydroxyl groups in specific geometrical arrangements can readily bind
Ca®"."**8! In other words, if a third site were provided by a ribozyme, the 2'- and 3'-hydroxyl groups
of ribose might coordinate divalent cations in certain contexts. Indeed, in a crystal structure of

Ca(inosine 5'-monophosphate)-6.5H,0 this binding mode is observed.®*!712

4.4.4. Additional Reasons for pK, Shifts in Nucleobases

Although metal ions can cause pK, shifts of nucleobase functional groups, there are other
mechanisms for this effect that are noteworthy, particularly in ribozymes. One of the most common
types of pK, shift found in complex RNA structures involves the N1 moiety of protonated A"-C base
pairs.”*!% There are two such A™C pairs in the extended U6 internal stem loop of spliceosomal

RNA, %1315 and even though they are found in different structural contexts, each has a pK, = 6.5,
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i.e. raised by more than 2 log units.”*'>* A second example is observed in the VS ribozyme, where a
corresponding A™-C pair is located one base pair downstream from the cleavage site.'"'®! In both the
spliceosome and the VS ribozyme, these positively charged A"-C base pairs are likely to play an
important role in catalysis.

Finally, it is important to note that two equivalent, consecutive nucleotides in a single stranded
region will show perturbed pK, values. Whenever two equivalent (de)protonation sites are present in
one molecule, one of the pK, values will be lowered by 0.3 log units whereas the second one will be

raised by the same amount, simply due to statistical effects.®>!8>!8

4.4.5. Water-Hydroxide Equilibria and the “Metal lon Switch Experiment”

In the context of metal-stimulated acidifications, it is important to consider implications for
common "metal ion specificity switch experiments" or thio-rescue studies that have become so
prevalent in ribozyme enzymology.'? It is worth noting that sulfur binding in Zn** complexes of
adenosine 5'-O-thiomonophosphate (AMPS*)'® or methyl thiophosphate (MeOPS*)'* leads to an
acidification of Zn®"-bound water molecules. For example, the deprotonation of a coordinated water
molecule in Zn(MeOPS)(aq) leading to Zn(MeOPS)(OH)" formation'®® has a pK.=6.9+0.2. This is
a considerable shift from the normal pK, of = 9 for Zn(aq)*"."”” This increased acidity due to
coordinated phosphorothioates is attributed to a reduction of the Zn*" coordination number from 6 to
4.'% This effect is also observed in other instances, e. g., with imidazole as ligand.177 The formation
of fourfold-coordinate Zn*" is apparently driven by the Lewis basicity of the donor atoms.'”’
However, a reduction to coordination number 5 also exerts a significant effect.'”” In cases where
amino groups are provided in the second coordination sphere of Zn>" (thereby facilitating formation
of hydrogen bonds),'®” the formation of the hydroxo complex is further facilitated.

Although it is not known if this reduction in coordination sphere occurs upon Zn*" coordination

to thio-substituted ribozymes, the possibility should certainly be kept in mind. Hydroxide formation
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within the coordination sphere of Mg”" is also believed to reduce the coordination number.'®® Related
issues regarding the use of Mn”" in rescue experiments have recently been indicated in different

COHtCXtS.13’185’186’189

4.5. The Distance-Dependence and Additivity of Charge Effects
Having established that the electrostatic effects of localized charges can strongly influence
catalysis,'* it is interesting to consider the importance of proximity. Studies on a wide range of

190192y otein folding, ' redox behavior,'™*

biochemical phenomena including enzymatic catalysis,
and ligand binding'®® have shown that charged groups can be quite far from the functional groups
they influence. But this raises another question: How close do they need to be? This question has
been addressed through meticulous studies of long-range electrostatic effects which have been
conducted through protein engineering studies and theoretical analyses of the enzyme subtilisin.'**!"’
Subtilisin catalyzes proteolysis using an active-site histidine (His-64) as a general base. The
efficiency of the reaction is directly related to the pK, of this histidine group. When charged
functional groups (Asp or Glu) on the surface of the protein are mutated to neutral residues (Ser), the
pK, of His-64 shifts downwards by 0.4 pH units.'”® The magnitude of this pK, shift increases as more
surface residues are mutated, suggesting that long-range electrostatic effects are additive to some

192 Charged surface residues about 15 A away from the imidazole of His-64 in subtilisin

extent.
indicate that localized charges far from an active site can exert a significant effect on catalytic groups
(Figure 3)."’
Figure 3 close to here
Other enzymatic functions of subtilisin are also affected by long-range electrostatic effects of
surface residues. For example, substrate specificity is altered by more than 100-fold when two
surface charges are mutated on subtilisin.'”* Furthermore, studies of enzyme inhibitors suggest that

the charge distribution of the transition state is also influenced by long-range electrostatic effects.'®’
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The relationship between distance and electrostatic effects on catalysis is complicated and
difficult to predict using simple approximations. The influence of a charge depends on its position in
the macromolecule, on the solvent and counterion accessibility, and on the shape of the molecule

f198

itsel Despite these complexities, the influence of localized charges has been successfully

modeled with computational methods that account for more complex molecular features.'''-'**2%
Studies using the finite difference Poisson-Boltzmann method have shown that the electrostatic field
effects of charged amino acids on the surface of the enzyme contribute to the reactivity of actinidin,
papain, trypsin, and lysozyme.'” In the latter case, it was suggested that a cluster of positive charges
in one section of the protein serves to focus electric field lines through the active site.2""

In terms of ribozymes, these results suggest that catalytically important metal ions or other
cations need not be bound precisely at the site where catalysis occurs. Thus, the lack of a metal ion
specificity switch for phosphoryl or ribose oxygens at a scissile linkage does not imply that metal
ions (or other cations) are not essential for catalysis. Furthermore, there may be examples in which
catalytically important metal ions bind far from an apparent site of ribozyme catalysis. This type of
scenario may already be playing out in studies of two small ribozymes, the hairpin and the
hammerhead ribozyme. The recently solved crystal structure of the hairpin ribozyme shows no
divalent metal ion at the catalytic site, but instead six Ca*" ions are located between 13-16 A from the
cleavable phosphodiester bond (Figures 3b and 4).2"* Four of the Ca*" ions are located in the major
groove, two of those positions being very well defined.”** Taken together, these six divalent

Figure 4 close to here
metal ions are likely to strongly electrostatically stabilize the anionic transition state from a distance,
in a manner similar to that observed in proteins (e.g. in RNAse A, see also legend to Figure 4a). In
case of the hammerhead ribozyme, metal switch studies and kinetic analyses indicate that a

catalytically important Mg is bound to the phosphoryl oxygen at position G5, which is a site that is

about 10 A away from the expected location of the cleavage site as determined from multiple crystal
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structures of the hammerhead ribozyme.?**°° This has led to suggestions that the crystal structure
does not represent the active conformation, or that the chemical mechanism does not involve the
metal ion that is bound at site G5. However, there is one mechanism that is consistent with all the
data that has been reported: The catalytically essential metal ion in the hammerhead ribozyme may

influence reaction through long-range electrostatic effects.

5. Metal lon Catalysis through Outersphere Interactions

Many different enzymes catalyze the activation of carbonyl or phosphoryl moieties in the
presence of divalent metal ions. It has long been known that these metals (usually Zn**, Mg or
Mn?") participate in electrostatic catalysis (in some instances more specifically termed electrophilic
catalysis), by helping to polarize carbonyl or phosphoryl groups and stabilizing the buildup of charge
on oxygen.'"” Although it was generally believed that the metal ion interacts directly with the oxygen
in these enzymes, there are now examples in which the metal ion participates in its fully hydrated
form, through "outersphere" or ligand-mediated interactions.

For example, direct evidence for catalytic activation via outersphere interactions of metal ions
came from studies of ribonuclease H. In that case, it was shown that coordinatively saturated,
substitutionally inert metal complexes such as cobalt(Ill) hexammine (Co(NH, )?) could fully
satisfy the requirement for Mg®"."*° This indicated that Mg(H,0);" was the catalytically active form
of the divalent cation in ribonuclease H and that a metal ion could play a critical role in catalysis
without forming innersphere (direct) contacts to atoms of the enzyme or substrate.'*’ Similarly, inert
chromium(IIT) complexes were used to show that the metal ion cofactor of E. coli exonuclease III
uses outersphere contacts to potentiate catalysis.”*® Together with protein engineering studies on
ribonuclease H (showing that the hydrated metal ion could be replaced by two arginine residues),'*®
all of these studies support the view that direct interactions are not required a priori: Metal ions can
activate substrates at a distance through electrostatic effects and coordinated water molecules!
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There is now ample precedent for this effect in ribozymes. One of the first indications that
metal ions participated indirectly in reactions of the hairpin ribozyme was that Co(NH, )" was found
to fully substitute for Mg”".'>'® While this was interpreted as a structural role for the metal ion, it can
also be interpreted in the same way as studies of ribonuclease H, by invoking electrostatic and/or
solvent interactions. Recently, it has been observed that natural ribozymes and those derived through
in vitro selection can catalyze a variety of new chemistries that differ dramatically from the
phosphoryl transfer and hydrolysis reactions that have been previously characterized.****"!! For
example, an acyl transferase ribozyme was recently selected for the ability to form ester and amide-
linked products.?'? This ribozyme was found to be dependent on the presence of divalent metal ions,
but a thorough analysis of the metal ion requirements revealed that cobalt(III) hexammine also
helped promote efficient catalysis.”’ This finding, together with an analysis of the Mg**-dependence
of the reaction showed that the metal ion cofactor in this ribozyme interacts through an outersphere
mechanism and that Mg”" participates in catalysis in its fully hydrated form (Mg(HZO)?).20

Structural studies of metal ion binding in RNA have now shown that divalent metal ions form
intimate interactions with RNA through outersphere coordination,'!!3!448:92170213.214 Thege
complexes tend to form in the deep and narrow major groove, which has a geometry that is well-
suited for the formation of outersphere interactions between metal ligands and the nucleobase and
backbone functionalities of the helix. Tandem G-U wobble pairs in particular are common for

Mg(HzO)i+ binding at N7/(C6)O sites,”"!"**!*21321¢ perhaps because of the high density of

hydrogen-bond acceptors that cluster in the major groove of this motif. The interaction of hydrated

metal ions with the major groove of RNA is highly favorable electrostatically,2 17,218

as the potential
in the major groove has been found to be the most negative region of an RNA duplex (—15 to —20

kT).>'® In more complex structures, the electrostatic potential of other motifs has been found to be

extraordinarily negative (up to —100kT) and metal ions tend to interact strongly with these sites
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through both inner- and outersphere mechanisms.*'®

It is important to note that Mg*" has a pronounced tendency to interact with N-donor sites
through outer-sphere interactions.”"”” This has been established for N7 of guanine,**?'#!72! the
N3 of cytosine,® and (N3)~ of uracil.”’ The properties of Ca*" are very similar in this

68,70,71,77,219
respect, 7

and both metal ions have been observed to interact with carbonyl groups in an
outer- or innersphere manner.’® Interestingly, in a decamer oligonucleotide Mg(HZO)é+ binds the
edges of two adjacent guanines at the N7 and (C6)O sites through water-mediated hydrogen bonds.”’
There are always exceptions to the rule: In a Ca®" form of a B-DNA decamer, the metal ion binds
through innersphere coordination to adjacent N7 and C(6)O atoms of GG bases.*'” However, in the
same study it was shown that most interactions of Mg”" and Ca®" occur via outersphere interactions
with N7 and (C6)O atoms from either one or adjacent guanosines.*'® Of course, the 3d metal ions
Mn?" (cf. #2%), Co*" (cf. 1), Ni*'(cf. #2"**%) or Zn** (cf. **') prefer to form inner-sphere coordination
with N7 sites, though in aqueous solution there may be intramolecular equilibria between innersphere
and outersphere species as shown with M(ATP)*” complexes.**

Among the exchange-labile metal ions, Mg”" is especially suited for outersphere interactions.
This is clear from the determination of so-called 'apparent dynamic hydration numbers' (ADHN),
which were determined via apparent molecular weights on Sephadex columns.”** Hexacoordinate
Mg*" and Zn*" have ADHN values of 5.85 and 2.18, respectively. This indicates that Mg®" has nearly
six tightly bound water molecules in its first hydration layer, whereas Zn®" averages two water
molecules out of six coordination sites. Ten-coordinate Ca®" has an ADHN value of 2.38,%** which
indicates that Ca®" readily loses innersphere water molecules. These analyses are in accord with the

very large solvation energy of Mg*" and also with the relatively slow substitution rate for water in the
first coordination sphere of Mg(H,0)>" %% The water exchange rate in hydrated Mg*" is slower by a

factor of 10° relative to Ca*" and by a factor of nearly 10? by comparison with Mn®" or Zn**.** This
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does not imply that Mg?" is an inert metal ion; its water-exchange rate in the first coordination sphere
is still 10° faster than that of Pt*". But among the above-mentioned biologically relevant metal ions,

Mg”" has by far the slowest water exchange rate.

6. Catalysis by Monovalent Metal lons

In the preceding sections, we have discussed mechanisms by which divalent cations can
contribute to catalysis without forming direct, innersphere contacts that are critical for reaction. The
examples show that it is often the charge of the metal ion, and in some cases, the surrounding solvent
ligands, that are important for function. Given these mechanisms and the fact that metal ions can
sometimes be substituted by positively charged amino acid side-chains, it is not surprising that
catalytic divalent metal ions can be functionally substituted by monovalent ions in certain cases and
that monovalent ions can often be found in the native structure.

There are many protein enzymes that utilize monovalent ions specifically for catalysis. The first
case of this was provided by pyruvate kinase, which requires K*,”****" and it was subsequently
determined that there are numerous additional examples.”*******° A recent compilation of
monovalent-stimulated enzymes has nearly 60 entries,' which fall into two distinct classes. The first
and largest class consists of enzymes that are activated by K'.**! These enzymes are also often active
with NH; or Rb", but they are frequently inhibited by Na" or Li". The second class contains enzymes
that are activated by Na'. These are also usually active with Li" but inhibited by K*, NH; or
Rb".****° The mutually exclusive ion choices of these two enzyme classes suggest that ionic size is a
major determinant for function, although recent crystallographic studies also highlight differences in
coordination environment.*** In fact, depending on this environment, the coordination number (CN)
for Na" and K" may vary between 4 and 12, and this strongly affects ionic radii. For Na", the limiting

values are 1.13 A (CN =4) and 1.53 A (12), and for K", they are 1.51 A (4) and 1.78 A (12).%!
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Dialkylglycine decarboxylase belongs to the o family of pyridoxal-phosphate-dependent
enzymes. This enzyme is activated by K™ and inhibited by Na" or Li".**' Crystallographic analysis of
the active site shows that the K" cofactor adopts an octahedral coordination geometry (Figure 5),

Figure 5 close to here
which degenerates to a distorted trigonal bipyramid when K" is switched with the inhibitory Na"
ion.”*? Given the preceding discussion of electrostatic induction at a distance (Section 4.5), it is
notable that the K ion in dialkylglycine decarboxylase is located 11 A from the aldimine nitrogen
that it helps to activate.

The "organizing power" of monovalent metal ions is quite high and this is evident from studies
of low-molecular-weight complexes, e.g. with nucleotides. For example, the addition of MCl (with
M"=Na", K", Rb", NH,") to an aqueous solution of Nay(5'-GMP) - H,O results in higher order gel-
like structures that consist of guanine quartets stabilized by ions on the quadruplex surface and along
interior channels, where sodium ions are coordinated to carbonyl oxygens.*** Related studies have
been carried out with Na", K, Rb", and Cs" in complex with the nucleobase models 1-methylthymine
and 1-ethylthymine.”** In these cases, one observes outersphere binding, e.g., in a Na* thymine
quartet, but also innersphere coordination occurs involving (C2)O and (C4)O, e.g., in a K quartet. A
Na'-induced uracil quartet has also been isolated and structurally characterized by X-ray and NMR
spectroscopy.?>>**® That monovalent ions are also able to promote simple reactions in nucleic acid
models has been proven in studies of the metal ion-facilitated hydrolysis of ATP:"*° One of the two
divalent metal ions required for coordination to the triphosphate chain and subsequent
phosphoanhydride cleavage can be replaced by Na*. For example, in the Zn*"/ATP system at pH 7.5,
when the Na" concentration is increased from 0.1 to 1 M, the reaction rate for hydrolysis increases by
a factor of 2.7.

That monovalent ions can organize three-dimensional structures and promote catalysis in larger

nucleic acid assemblies has been demonstrated by studies of tRNA, RNA in general, ribozymes, as
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well as DNA.'890:92:214.237245 1t hag been challenging to identify these monovalent sites through
crystallographic analysis because of the difficulty in distinguishing (partially occupied) K" and Na"
from water molecules.?*® For investigations of specific potassium sites, heavy atom thallium or
cesium substitutions have been extremely useful. These were instrumental in detecting a specific K"
binding site in the "tetraloop-receptor motif", which is a ubiquitous element of RNA tertiary
structure.**’ Potassium at this site was examined using a combination of crystallographic and
chemogenetic methodologies that employed thallium substitution.*****” Recent crystallographic
analyses of the large group I intron ribozymes establish that K can bind to the exact site that is
normally occupied by a catalytic Mg®" in the catalytic center of that ribozyme. In the first crystal
structure of an intact group I intron (which catalyzes transesterification using a two-metal ion
mechanism), one of the two catalytic metal binding sites was occupied by K (Figure 6).” More
recent structures of the same intron show that Mg®" binds (and is probably the functional ion) at this
same site (Figure 6).>*®
Figure 6 close to here

Sodium sites have been particularly difficult to elucidate because the X-ray scattering
contributions of water are virtually identical to those of Na", and because Na O distances are only
slightly shorter than strong hydrogen bonds.**® Nonetheless, it was possible to resolve Na* ions in
high resolution structures of a DNA Holliday junction, where two hydrated Na' ions stabilize a
network of ordered hydration that is found inside the junction arms.>*’ Other examples of specific
monovalent ion binding sites include telomeric DNA quartet structures™ > >°*%*? and certain RNA
pseudoknots that require specific monovalent ions for folding.2**>*

Taken together, the effects of monovalent ions on protein enzymes and nucleic acid model
systems are particularly important in light of the fact that the hairpin, hammerhead, and VS
18,241,242

. . . -+ +
ribozymes are known to react at molar concentrations of monovalent ion (such as Li" or Na").

These findings have been interpreted to mean that these ribozymes require metal ions only for
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structural purposes and there is no role for metal ions (and specifically no role for Mg®") in chemical
catalysis. Given the precedent set by other systems, it is necessary to reconsider this interpretation.
The high concentration of metal ion required for the hairpin, hammerhead and VS ribozymes
suggests that they do not contain specific sites for the binding of alkali metal ions. Rather, it is
important to consider that molar concentrations of NaCl readily substitute for millimolar amounts of
MgCl; (the concentration typically used in the study of these ribozymes) during tertiary structure
formation.”* Thermodynamic and chemical probing studies have established that similar RNA
structures can form in 10 mM Mg”" and 1M Na".?** This is why nearest-neighbor calculations that
are commonly used for RNA structure prediction (and which were measured at 1M Na") are valid for
approximating the stabilities of RNA molecules at millimolar concentrations of Mg”". The activity of
ribozymes in molar concentrations of monovalent ion may therefore be due to the fact that, at
sufficiently high concentrations, monovalent ions can occupy active-site regions that normally
contain Mg®". The feasibility of this interchangeability is underscored by the various structures of the
aforementioned Azoarcus group I intron.””**® Indeed, stability constant comparisons of complexes®’
formed between nucleoside monophosphates or nucleoside diphosphates and Na"/K" on the one hand
and Mg®" on the other indicate that the stability difference amounts roughly to a factor of 100. This
stability enhancement corresponds well with the empirically-determined parity of 1 M (Na") versus
0.01M (Mg”") conditions used in studies of nucleic acid structure.

Studies with model compounds, protein enzymes and folded RNA molecules are all consistent
with the same interpretation: monovalent cations can specifically promote structural assembly and
macromolecular catalysis. Furthermore, at sufficiently high concentrations, they can occupy and
functionally subsitute at sites that are normally occupied by divalent cations. Therefore, the detection
of ribozyme catalysis at high concentrations of monovalent cation does not contraindicate a central
role for divalent cations in the chemical mechanism of a particular ribozyme. Rather, ribozyme

activation at high monovalent concentrations is fully consistent with the expected behavior of
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catalysts that are divalent ion dependent under physiological conditions.

7. A Reduced Solvent Polarity Promotes Reactivity

A final point that needs to be considered is that all types of electrostatic interactions are
enhanced by a decreasing permitivity and therefore phosphoryl transfer reactions of the kind
fascilited by ribozymes, and as discussed in the preceding sections, are exspected to be also strongly
promoted by an environment of reduced polarity. This phenomenon has been extensively
investigated with model systems, e.g., with the Zn*"/ATP/Mg** system at pH 7.5 in water and in
water containing 30% (v/v) 1,4-dioxane; the observed rate enhancement for ATP hydrolysis in the
latter case is a remarkable factor of ~ 70.'* This result is mentioned here because it has been
concluded with regard to proteins that "the unit positive charge of sodium and potassium ions can ...
attain greater potency in regions of low dielectric constant".*’

The dielectric constant of bulk water is close to 80. Based on theoretical considerations intrinsic
dielectric constants (permittivities) in proteins have been calculated to be, e.g., 2 (cf. '*°), 10 (cf. 1*%),
and 15-25 (cf. %) depending on the model and the protein considered. Experimental studies, based
on acid-base or redox properties, have led to so-called equivalent-solution or effective dielectric
constants for the active-site cavities of carbonic anhydrase and carboxypeptidase A as being 35 and
<70, respectively.””**® For cytochrome css, a value of 27 is given for the region between the heme
iron and a propionate residue; the charged groups are buried at least 5 A beneath the protein
surface." For a similar situation in ferricytochrome c¢ an effective dielectric constant of about 50

was estimated.?’

It has been shown that a decreased solvent polarity exists on the surface of proteins****' as

well as in active-site cavities.”"**® In addition, there is evidence for cooperative effects between
hydrophobic and polar interactions involving hydrogen bonding.****** Such effects lead to a reduced

264-268

activity of water in proteins.”®' Structured water is well known to ccur in nucleic acids, and is
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exspected to give rise to a reduced permittivity. Hence, one may assume that in ribozymes there are
sites where the effective dielectric constants are on the order of 30 to 50. Such a reduced effective
dielectric constant will not only influence the strength of binding but also the binding mode, as a low
dielectric medium favors innersphere binding of ligands to metal ions.**

Indeed, with organic solvent mixtures one may attempt to simulate situations of this kind. For
example, water containing 40% (v/v) 1,4-dioxane (this corresponds to a mole fraction of 0.124) has a
dielectric constant of about 44, compared to nearly 80 of water.>’® However, the stability constant of
the complex formed between Cu®" and D-ribose 5-monophosphate has increased from log Ky =
2.96 in water to a value of 4.09 in this solvent mixture.”’® In other words, the Cu2+-phosphate
interaction is enhanced by a factor of more than 10 by this simple change in medium. This result also
holds for other metal ions and other phosphate or carboxylate ligands.?’**”' Perhaps more important
under such conditions of a reduced solvent polarity, hydroxyl groups and carbonyl oxygens, which
do not participate in metal ion binding in aqueous solution,”’ or only very weakly," are likely to
coordinate effectively and to participate in chelate formation.”’>*”* Clearly, with regard to ribozymes

and especially the binding of monovalent metal ions in buried sites, these observations are of

relevance.

8. Conclusions

It is essential to revise conventional views of ribozyme catalysis in light of our knowledge
about the functional role of metal ions in protein enzymes, model systems, and within folded RNA
structures. Specifically, it is vital to broaden our definition of metal ion-assisted catalysis if we are to
understand the biochemical function of ribozymes, particularly under physiological conditions. It is
clear that divalent metal ions can play an essential role in the chemical mechanism of ribozyme
catalysis through several pathways (and not limited to these):

a. Direct coordination of divalent ions to functional groups in the transition state for
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stabilization of transition-state geometry and charge neutralization.

b. Outer-sphere coordination of divalent metal ions that play an obligate role in electrostatic
and structural stabilization of the transition-state.

c. Long-range electrostatic stabilization of transition-state charge by distant metal ions.

d. Stimulation of nucleotide pK, shifts, resulting in nucleobase or sugar activation for
participation in electrostatic, general acid-base and other forms of catalysis.

Given the molecular mechanism of the latter three cases, there will be conditions under which
other types of cation will functionally substitute for the divalent ion (including monovalents, organic
polyamines or coordinatively saturated metal complexes). However, this substitutional flexibility is
to be expected and should not disqualify a macromolecule from being considered a metalloenzyme
under optimal or biologically relevant conditions. Just as certain protein metalloenzymes can
substitute alternative cationic moieties for "catalytic" metal ions, the same is likely to be true for
ribozymes. It is also important to consider the ability of monovalent ions, and of the potassium ion in
particular, to directly support catalytic function. Magnesium (1-2 mM) and potassium (~100 mM) are
the most abundant cellular metal ions and it is therefore likely that ribozymes have been optimized to
employ them.

The notion that ribozymes are all obligate metalloenzymes has fallen out of favor, and this is
probably a good thing because it is an oversimplification that belies the complexity and diversity of
ribozyme mechanism. It is likely that there are ribozymes for which metal ions play no catalytic role
whatsoever. However, if one adopts a broader (and chemically more realistic) perspective on the
mechanisms by which metal ions stimulate catalysis, we may find that most ribozymes are, in fact,

metalloenzymes.
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Figure Captions

Figure 1. Metal ion-binding sites in proteins and RNA. (a) Out of twenty amino acids, only cystein,
aspartic acid, glutamic acid and histidine compose the majority of all metal ion binding sites in
metalloproteins. Shown are the side chains and in case of cystein also the peptide backbone. The
coordinating atoms are indicated in red. Please note that the thiol group of cysteine is deprotonated
when bound to a metal. (b) In case of RNA (and also DNA) all four different nucleotides provide
several donor atoms each for metal ion coordination, as indicated in red. Please note that in addition
also the bridging oxygen atoms of the phosphates, the N3 position of purines as well as deprotonated

gua-N1" and ura-N3" can act as coordination sites (indicated in blue).

Figure 2. Shifted pK, values of nucleobases. The N1H of the guanine moiety is strongly acidified by
either metallation of the N7 position, as in [dienPt(9-ethylguanine)]*" (A, pK, = 8.14 + 0.06), or by
methylation, as in 7,9-dimethylguanine (e, pK, = 7.27 + 0.01), when compared to the simple 9-
ethylguanine moiety (m, pK, = 9.54 £0.08). The extents of acidification, ApK,, are indicated. All error
limits given correspond to three times the standard deviation. The experimental data shown
correspond to the "H chemical shift changes dependent on pH and normalized to the protonation
degree for each substance. In case of the two 9-ethylguanine compounds, the chemical shift of H8

and in case of 7,9-dimethylguanine of the methyl group at N7 are evaluated.'*'%

Figure 3. Distance effect of charges. (a) Shown is a part of the three-dimensional structure of
subtilisin, which is a protease using an active site histidine (His64) as a general base. The charged
residues Asp36 and Asp99 on the surface of the protein finetune the pK, of His64 from a distance of
13-15 A."" This panel has been prepared using WebLab Viewer Lite and the coordinates 2ST1.>"*

(b) The active site of the hairpin ribozyme in the initiation state shows at least Ca** ions (five of
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which are depicted; green spheres and arrows) in a distance between 12 and 18 A from the cleavable
phosphodiester bridge (in yellow, flanked be G-1 and A+1). A38 is presumed to be protonated at N1
to stabilize the leaving group (see also Figure 4).2”>*’ This panel has been prepared with

MOLMOL?"” based on the coordinates 1M5K.2*

Figure 4. Negative (red) and positive (blue) charges at the active site of RNAse A and the hairpin
ribozyme during the transition state of RNA cleavage. (a) The two negative charges of the
pentacoordinate transition state at the phosphorous are stabilized by two protonated histidines that
hydrogen bond to the attacking nucleophile and the leaving group.”’® The neighboring side chain of
lysine 41 adds another positive charge for electrostatic stabilization of the transition state in the
active site of the ribonuclease. (b) Only the protonated N1 site of A38 is positively charged in the
ultimate vicinity of the transition complex during RNA cleavage of the hairpin ribozyme. In contrast
to the active site of RNAse A, in the hairpin ribozyme four additional phosphate groups within 10-13
A of the cleavage site (G4, A5, A38, U41) destabilize the transition state by their negative charges
(shown in grey). To compensate for this inherent disadvantage of ribozymes in general, at least six
Ca’" ions with a distance of 12-18 A from the cleavage site have been identified in two crystal
structures.”>?”" It is interesting to note that some of these Ca*" ions can be replaced by
Co(NH;)s™". % A10, which is about 9 A from the cleavable bond, has also been proposed to be

protonated (not shown).”®' The drawing is based on coordinates IM50.2”

Figure 5. Catalytic centre of dialkylglycine decarboxylase. An essential K™ ion is bound 11 A from
the reactive aldimine nitrogen as indicated by the green dotted line. The effect of this monovalent ion
is thus purely electrostatic. The K ion is shown in magenta and bound to one water and five oxygen
atoms of the protein as indicted (Leu78, Ser80, Thr303, Val305, Asp307). The substrate is shown in

black. This figure has been prepared with WebLab Viewer light based on coordinates 1D7R.**
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Figure 6. Replacement of Mg*" with K in the catalytic center of a group I intron. (a) A K* (blue
sphere) and a Mg”" ion (magenta sphere) located in the catalytic center of a group I intron.”® Shown
is the intermediate complex before exon ligation. The fully dehydrated Mg”" ion links the 5'-exon
(dark orange) with the scissile phosphate (arrow) still linking the 3'-exon (yellow) with the QdG
(red) of the intron (blue and green, the coloring corresponds to the one in ref. °°). (b) The K" in (a) is
now replaced with a Mg*" (ref. ***) underscoring the possible structural (and functional)
exchangeability of these two ions in RNAs. Note that in both structures an additional Mg is located
below the QG and only about 8.5 A away from the scissile phosphate group. By its 2+ charge it will
therefore support the reaction only electrostically. The identified coordination sphere of the metal
ions in both panels is indicated by dotted lines. Both structures have been drawn with MOLMOL?"’

and are based on 1U6B”° (a) and 1ZZN**® (b).
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