
C

i
t
t
b
l

m
d
G
N
f

0
d

Coordination Chemistry Reviews 251 (2007) 1834–1851

Review

From nucleotides to ribozymes—A comparison of their
metal ion binding properties�

Eva Freisinger, Roland K.O. Sigel ∗
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Abstract

It is undisputable that the fates of metal ions and nucleic acids are inescapably interwoven. Metal ions are essential for charge compensation
of the negatively charged phosphate–sugar backbone, they are instrumental for proper folding, and last but not least they are crucial cofactors for
ribozyme catalysis. Considerable progress has been achieved in the past few years on the identification of metal ion binding sites in large DNA and
RNA molecules, like in ribozymes including the ribosome. Hereby, most information was gained from crystallography, which fails to explain metal
ion binding equilibria in solution as well as the factors that determine the coordination of a metal ion to a specific site. In contrast, such information

s readily available for the low-molecular building blocks of large nucleic acids, i.e. for mononucleotides and to some extent also dinucleotides. In
his review, we combine and compare for the first time both sets of information. The focus is thereby set on Mg2+, Ca2+, Mn2+, and Cd2+ because
hese four metal ions are either freely available in cells, have a large impact on the catalytic rate of ribozymes, and/or are often applied in RNA
iochemistry. Our comparisons show that results obtained from small molecules can be directly transposed to the findings in large RNA structures
ike the ribosome. For example, the basic coordination-chemical properties of the different metal ions are reflected in their binding to large nucleic

Abbreviations: ADP3−, adenosine 5′-diphosphate; A-form helix, regular RNA duplex with the ribose in its 2′-endo (S) configuration; AMP2−, adenosine 5′-
onophosphate; ATP4−, adenosine 5′-triphosphate; CN, coordination number; cyt, cytosine; d, 2′-deoxy; d(GpG)−, 2′-deoxyguanylyl(3′ → 5′)-2′-deoxyguanosine;

(pGpG)3−, 2′-deoxyguanylyl(5′ → 3′)-2′-deoxy-5′-guanylate; dGMP2−, 2′-deoxyguanosine 5′-monophosphate; dNTP4−, 2′-deoxynucleoside 5′-triphosphate;
DP3−, guanosine 5′-diphosphate; GMP2−, guanosine 5′-monophosphate; GTP4−, guanosine 5′-triphosphate; gua, guanine; I, ionic strength; Ka, acidity constant;
DP3−, nucleoside 5′-diphosphate; NMP2−, nucleoside 5′-monophosphate; NTP4−, nucleoside 5′-triphosphate; NXPy−, denotes the mono-, di-, or triphosphate

orm of any NMP2−, NDP3−, or NTP4−; pUpU3−, uridylyl(5′ → 3′)-5′-uridylate; thy, thymine; ura, uracil
� Based on a keynote lecture presented at the 37th International Conference on Coordination Chemistry, 13–18 August 2006, Cape Town, South Africa.
∗ Corresponding author. Tel.: +41 44 635 4652; fax: +41 44 635 6802.

E-mail address: roland.sigel@aci.uzh.ch (R.K.O. Sigel).
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acid structures: macrochelate formation, e.g. the simultaneous intranucleotide coordination of a Mg2+ ion to the phosphate unit and the N7 site of
a purine nucleobase (be it inner- or outersphere), is well known for mononucleotides. We show that the frequency of occurrence of this type of

coordination is the same for mononucleotides and the ribosome.
© 2007 Elsevier B.V. All rights reserved.

K ibozy

1

t
R
t
o
t
s
e
a
T
c
b
p
i
s
a

a
t
[
i
h
i
[
n
n
o
c
b
s
a
p
o
m
d
b
N
c
t
M
f
[
c
t
p
c
[

v
i
t
b
i

t
o
s
i
o
f
s
n
o
m
I
r
w
o
i
w
t
s

m
m
a
a
d
t
i
o
a
n
d
i
n
d
t

s
u
T

eywords: Nucleic acids; Mono- and dinucleotides; Metal ions; RNA/DNA; R

. Introduction

Any RNA or nucleic acid is a polyanion due to the nega-
ively charged phosphate–sugar backbone. Nevertheless, large
NAs fold to very complex three-dimensional structures con-

aining not only A-form helices but also loops, bulges, and many
ther local structures, which form a multitude of tertiary con-
acts [1–4]. Consequently, negative charges accumulate in close
pace and need to be neutralized site-specifically in order to
nable such close packing of the backbones. This is only achiev-
ble by positive charges of high density, i.e. metal ions [5–8].
he major task of charge compensation along the backbone is
ertainly taken over by monovalent ions (Na+, K+) [9], loosely
ound divalent metal ions [10–14], and to some extent also by
olycharged organic cations like spermine [7,15–18]. However,
t is evident that divalent metal ions are the major source of
pecifically and locally bound positive charges within nucleic
cids or living cells in general [7,8,19–22].

Among the divalent metal ions, Mg2+ is certainly the most
bundant one being freely available in any cell and thus thought
o be involved predominantly with RNA folding and catalysis
7,8,23–26]. Unfortunately, in terms of experimental detectabil-
ty, Mg2+ is a nuisance because it offers no direct spectroscopic
andle for detection, and its equal number of electrons makes
t difficult to distinguish from H2O or Na+ in crystal structures
27]: high resolution is needed to identify Mg2+ ions in large
ucleic acid structures, but most often such high resolution is
ot reached. In addition, to make the situation more complicated,
ne is interested only in a handful of Mg2+ ions bound at spe-
ific sites—but these are located within a vast sea of more loosely
ound ions of the same kind around the RNA [21]. Among the
pecific sites only very few offer such a high affinity that they
re saturated before others are filled up [7,21,28], e.g. triphos-
hate groups [29–32], positions within a pseudoknot [33,34],
r a tetraloop–tetraloop receptor motif [35]. One possibility to
onitor and investigate simultaneously metal ion binding to

ifferent sites including the characterization of the individual
inding affinities is offered by Mg2+ titration experiments using
MR spectroscopy [29–31,36]. However, in most cases, as a

onsequence of the above-mentioned limitations, experimen-
al strategies are followed by employing other metal ions than

g2+. To name just a few examples: (i) heavy atom derivatives
or phasing in X-ray crystallography, (ii) lanthanide(III) ions
20,21,28], Pb2+ or transition metal ions [37,38] in hydrolytic

leavage experiments, (iii) lanthanide(III) ions in activity assays
o elucidate the mechanism of ribozyme reactions [28], (iv)
aramagnetic metal ions for EPR [39,40], and (v) the appli-
ation of d10 or transition metal ions in NMR spectroscopy
29,41–43]. Many of such experiments have provided very
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M
c
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aluable information on the location and role of distinct metal
ons. However, the results are always associated with the caveat
hat another metal ion than the (presumably) native Mg2+ has
een used—and it is evident from uncountable articles that every
on has its distinctive coordination chemistry.

As mentioned above, Mg2+ is certainly the divalent metal ion
o be involved predominantly with RNA. However, it is danger-
us to neglect all other metal ions with respect to RNA in natural
ystems, simply on the basis that they are not freely available
n large quantities in every cell: most metalloproteins function
n the basis of (redox active) metal ions that are highly toxic if
reely available. These enzymes are thus chaperoned and loaded
pecifically with such ions [44]. Why should a similar mecha-
ism not exist for RNA? In fact, there is growing evidence that
ther metal ions than Mg2+ can accelerate ribozyme reactions by
anifolds, e.g. in the case of the hammerhead ribozyme [45–47].

n addition, there are several examples of both naturally occur-
ing and in vitro designed ribozymes and DNAzymes [8,48–52],
hich show a fast decrease in reaction kinetics if trace amounts
f other metal ions are present aside from the inherent one. It
s therefore evident that not only Mg2+ but other metal ions as
ell need to be considered in order to understand the struc-

ure and function of nucleic acids in general, and of ribozymes
pecifically.

Summarizing the paragraphs above, a huge amount of infor-
ation on Mn+ binding to RNAs and their role in several catalytic
echanisms could be gained over the past years. . . with the

lready mentioned reservations: no other metal ion behaves
bsolutely identical to Mg2+ in terms of binding strength, coor-
ination preferences, or simply size. It is therefore well feasible
hat incorrect conclusions regarding Mg2+ have been drawn
n the past and misleading paths were followed when results
btained for Mg2+-mimicking metal ions where prematurely
ssigned to Mg2+ itself. In order to interpret and validate the rich-
ess of data gained from such mimicking experiments and/or to
iscover and understand alternative metabolic pathways involv-
ng nucleic acids and metal ions, more and better information
eeds to be collected. Ideally an accurate knowledge of the
istinct binding properties and preferences of each metal ion
owards RNA or nucleic acids in general is highly desirable.

Such accurate data are scarce for larger nucleic acids, but
mall molecules like nucleobases, nucleosides, mono- or din-
cleotides have been examined rigorously over the past years.
hereby, a richness of very accurate binding data for the most
ommon metal ions to the building blocks of nucleic acids

as accumulated. In this review, we combine for the first time
his wealth of information existing on the binding properties of

g2+, Ca2+, Mn2+, and Cd2+ to mononucleotides and to dinu-
leotides in order to compare this information directly with what
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Table 1
Comparison of some physico-chemical properties of Mg2+, Ca2+, Mn2+, and Cd2+ in aqueous solutiona

Mg2+ Ca2+ Mn2+ Cd2+ References

Ionic radius (Å) 0.72 1.00 (1.12)b 0.83c 0.95 [170]
CN 6 6 (8)b 6 6
Preferred ligands O O O/N N/O
�HHydr (kJ mol−1) 1858 1570 (1657)b 1762 1640 [171]
M· · ·OH2 (Å) 2.04 2.37 (2.48)b 2.18 2.35 [171]
pKH

M(H2O)6
(25 ◦C) 11.44 ± 0.1 12.85 ± 0.1 10.59 10.2 [172]

kexch (s−1) 6.7 × 105 ≈109 2.1 × 107 6.8 × 108 [173–175]

a Given are the ionic radii and the preferred coordination numbers (CN) of the M2+ ions, the enthalpies of hydration (�HHydr), the distances between the metal
ion and a coordinated water molecule, the acidity constants (pKH

M(H2O)6
) of a water molecule in the hexa–aqua complex, as well as the ligand exchange rates from

the first coordination sphere of the metal ion (kexch).
b The numbers in brackets refer to CN = 8.

i
D
t
t
f
i
c
a
o
(
t

t
n
s
l
b
i
t
s

c
i
c
l
w
o
m
t
o

2
a

r
c
k
M
c

R
s
y
a
c
a
r
o
i
d
a
e
s
c
n
e
i
(
d
M
c
r
h
a
Z
c
r
i
o

d
t
[
s
i

c High-spin electron configuration.

s known about the complexing properties of larger RNA and
NA structures (a summary of some physico-chemical proper-

ies of these four metal ions is given in Table 1). We have selected
hese four metal ions because (i) Mg2+ is the divalent metal ion
reely available in every cell, (ii) Ca2+ is a neurotransmitter and
s also present in millimolar concentrations within certain cell
ompartments (although highly regulated) [53–58], (iii) Mn2+

ccelerates the catalytic rate of some ribozymes [45–47] and is
ften used as a probe in EPR [39,40] and NMR studies [59], and
iv) Cd2+ is also often considered a good mimic of Mg2+ and is
hus commonly used in thio-rescue studies [60,61].

In the following sections, first a few examples describing
he effects of the mentioned metal ions on the reactivity of a
umber of ribozymes are summarized in order to illustrate a
election of possibilities how metal ions might be used to regu-
ate the reactivity of nucleic acids in vivo. In the next part, the
inding properties of Mg2+, Ca2+, Mn2+, and Cd2+ to the build-
ng blocks of nucleic acids are shortly reviewed and thereafter
hese data are compared to the results obtained from large RNA
tructures.

It is the aim of this review to draw parallels between the
oordination chemistry of large nucleic acids and their build-
ng blocks, as well as to highlight the crucial differences in the
oordinating properties of the four mentioned metal ions towards
arge DNAs as well as ribozymes and their building blocks. This
ill not only facilitate the interpretation of results from the field
f RNA biochemistry, but it will also help to design experi-
ents and sometimes even to predict the binding of metal ions

o certain sites and their influence on the structure and activity
f ribozymes.

. Control of reaction rates by metal ions in DNAzymes
nd ribozymes

Several examples are known of naturally occurring
ibozymes as well as of in vitro selected ribozymes and espe-

ially DNAzymes, which are either highly selective for a given
ind of metal ion, where the assumption may be raised that
g2+ is not the natural cofactor, or where the activity might be

ontrolled by switching the kind of metal ion involved [8,45–52].

t
a
c
f

The hammerhead ribozyme was one of the first catalytic
NAs to be discovered and has been the focus of uncountable

tudies on its structure and the function of metal ions in catal-
sis. These data have been excellently reviewed [7,28,62–66]
nd therefore only the most important points regarding metal ion
oordination will be mention here. The hammerhead ribozyme is
ctive in the presence of millimolar amounts of Mg2+, however, it
etains its activity when Mg2+ is replaced by high molar amounts
f monovalent cations like Li+, Na+ and also NH4

+ [67–69]. As
n addition, many experiments have indicated that binding of
ivalent metal ions only occurs 10–20 Å away from the cleav-
ge site [69–72], these results have been repeatedly taken as
vidence that metal ions are not directly involved in the catalytic
tep. However, these findings could also be interpreted as an indi-
ation that the role of these metal ions is more of an electrostatic
ature, e.g. by stabilizing the transition state of the phosphodi-
ster cleavage [7]. Even more interesting in the present context
s the fact that the so-called minimal hammerhead ribozyme
which represents the best characterized hammerhead sequence)
oes not show its highest activity in the presence of Mg2+ but
n2+ [73]. This observation is even more pronounced in the

ase of the recently described so-called extended hammerhead
ibozyme [69,74–76], where so far the maximum cleavage rate
as not been reached [45,46,74]. Interestingly, aside from Mn2+

lso other transition metal ions like Co2+ or Ni2+, as well as
n2+ and Cd2+ lead to higher cleavage rates than Mg2+ [46]. It
an therefore be speculated that the hammerhead ribozyme rep-
esents an example where Mg2+ is not the natural cofactor, but
nstead another divalent metal ion (perhaps even a redox active
ne) is used for in vivo function.

Another example of naturally occurring ribozymes where
ivalent metal ions have been shown to strongly influence
he catalytic rate are self-splicing group II intron ribozymes
8,48,52]. Group II introns are very large catalytic RNAs and
econd in size only to the ribosome [8,77]. For every group II
ntron investigated today, Mg2+ has been shown to be the essen-

ial divalent metal ion that must not be omitted [8,23,25,77,78]
s it is required for folding [79,80] and presumably also for
atalysis [60,81–83]. In the case of the Sc.ai5� group II intron
rom yeast, Mg2+ can be partially replaced by d10 metal ions like
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matic reactions including those where either the nucleobase (e.g.
deaminases) [101,102] or the sugar moiety (e.g. ribonucleotide
reductases) [103] are modified. No matter for which function,

Fig. 1. Chemical structure of the five most common nucleobases in RNA and
DNA. The structure of ATP4− (with the adenine residue) is shown at the top
E. Freisinger, R.K.O. Sigel / Coordinatio

d2+ or Zn2+ (and also Mn2+) and retains activity, as is evident
rom so-called thio-rescue experiments [60,84,85]. However,
hen small amounts of Mg2+ are replaced by Ca2+, an immedi-

te drop in splicing activity can be observed [8,48,52]. This is
ighly interesting because Ca2+ plays an important role in living
ells. Although tightly regulated due to its role as a neurotrans-
itter, Ca2+ concentrations can reach millimolar concentrations
ithin certain cell compartments like mitochondria, which act

s Ca2+ storage vesicles [53–58]. As Sc.ai5� is located within
he cytochrome oxidase 1 gene of mitochondrial DNA, it is rea-
onable to assume that the varying levels of freely available
a2+ in this cell compartment also influence the splicing rate

n vivo and therefore might be used to regulate other cellular
eactions.

Examples exist where the metal ion specificity of naturally
ccurring ribozymes can be switched by appropriate mutations
ithin the catalytic core. One such example encompasses group I

ntrons. Usually, these large ribozymes have a strict requirement
or either Mg2+ or Mn2+ to carry out catalytic activity [47]. This
pecificity could be switched completely to a selective require-
ent for Ca2+ by in vitro selection in both the Tetrahymena

86,87] as well as the Azoarcus group I intron [47]. However, it
s unclear why a specificity exists in the first place and further
ow the few introduced single point mutations alter the metal
on specificity. Interestingly, two recent crystal structures of the
zoarcus group I intron [88,89] show that one of the two Mg2+

ons present in the catalytic core can be replaced by K+. This
ndicates that indeed different metal ions compete for exactly
he same site, although obviously their coordinating properties
re different, but it is unknown how this affects catalysis.

In vitro selection experiments offer the opportunity to select
ucleic acids with a high specificity for a certain kind of metal
on. One example is provided by variants of the so-called 8–17
NAzymes [90–93], which are active in the presence of Mg2+,
a2+, and Zn2+. The cleavage rate under similar conditions

hereby decreases in the order Zn2+ � Ca2+ > Mg2+ [90,94,95].
ronically, the variant 17E shows its highest activity in the pres-
nce of Pb2+—a metal ion it was not selected for [49,96].
his DNAzyme has lately been further developed and is now
sed as a highly selective luminescent sensor for Pb2+ ions
96–100]. However, despite the intense research on this and
elated DNAzymes, to date no structural data are available that
llow a conclusion regarding the coordination-chemical basis
n which the different cleavage rates in the presence of differ-
nt metal ions and the high selectivity for Pb2+ are founded.
bviously, a better knowledge of the coordination chemistry

nvolved would allow to rationally design and/or improve further
pplications and selectivities.

To summarize, there is ample precedence in catalytic RNAs
nd DNAs that a high selectivity for metal ions is present and
ay by used to trigger and control the function of specific
olecules. However, to the best of our knowledge no system

as been described where the detailed effect of the metal ion

witch is known on the atomic level. In the following section
e will therefore summarize the available knowledge on the

xact coordination modes of Mg2+, Ca2+, Mn2+, and Cd2+ to the
ow-molecular weight building blocks of large nucleic acids.
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. Metal ion binding to the building blocks of RNA and
NA

.1. Metal ion binding to mononucleotides

.1.1. Comments on the structure and function of
ucleotides in solution

Mononucleotides, either in their mono-, di- or triphosphory-
ated form, are very abundant in living cells serving a multitude
f different functions (for their structures and labeling schemes
ee Fig. 1). In their triphosphorylated form (i.e. (d)NTPs with
N” being any nucleobase and “d” indicating the 2′-deoxy form
f the ribose moiety) they constitute the building blocks for
ucleic acid polymerases in the syntheses of RNA and DNA.
n addition, ATP and to some extent also GTP serve as main
nergy sources for many enzymatic reactions in any organism
nd are further employed as neurotransmitters. These and other
ucleotides are also important cofactors or substrates for enzy-
ogether with its labeling scheme, 2′-deoxyguanosine (with the guanine moiety)
s depicted in the middle together with the bridging phosphate groups as they
ccur in DNA, and the three pyrimidine nucleobases cytosine, uracil (in RNA)
nd thymine (instead of uracil in DNA) are drawn at the bottom. The major
etal ion-coordinating atoms in nucleic acids are shown in bold.
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ucleotides are always associated with metal ions due to the
egatively charged phosphate residues.

However, metal ions are not only present for charge compen-
ation, but they may also actively take part in enzymatic reactions
nd determine by their binding mode the path which a reaction
ollows [104–106]: simultaneous �-/�-coordination of one of the
wo metal ions coordinated to the triphosphate chain of a (d)NTP
the second metal ion is coordinated to the �-phosphate) leads
o cleavage of the anhydride bond between the �- and the �-
hosphate groups (Fig. 1), a reaction also catalyzed by nucleic
cid polymerases [107–109]. In contrast, �-/�-coordination of
he first and �-coordination of the second metal ion leads to
he release of the terminal �-phosphate group, as e.g. in kinases
105,110,111].

With an excess of metal ions and in the absence of fur-
her coordinating ligands, such as a protein scaffold, the latter
-/�- and �-coordination mode prevails in equilibrium in solu-

ion [104,105,112]. Hence, mainly hydrolysis to the nucleoside
iphosphate and free monophosphate (i.e. kinase activity) will
ccur [104]. It is remarkable that even in such simple systems,
he rate of hydrolysis is increased tremendously if a mixture of
wo different metal ions (e.g. Mg2+ and Cu2+) is used [112]. This
llustrates nicely that the two coordinated metal ions serve differ-
nt purposes, thus giving rise to synergism, and that even in such
imple systems discrimination among metal ions occurs. One
ay therefore speculate if not also within more complex sys-

ems like ribozymes different kinds of metal ions can coordinate
o specific binding pockets leading to synergistic effects.

.1.2. Stability of metal ion–nucleotide complexes in
olution

Complex formation of any metal ion with a nucleotide can
e described by the following equilibrium:

2+ + NXPy− � M(NXP)(y−2)− (1a)

M
M(NXP) = [M(NXP)(y−2)−]

[M2+][NXPy−]
(1b)

XPy− denotes the mono-, di-, or triphosphate form of any
ucleotide or 2′-deoxy nucleotide, whereby “y” is the corre-
ponding charge value (y = 2 for the nucleoside mono-, y = 3
or the di-, and y = 4 for the triphosphate). The competition of
metal ion with the proton bound at the terminal phosphate

roup needs not to be considered in this equilibrium. Such a
roton is released with a pKa value of about 6.2 for nucleoside
′-monophosphates, H(NMP)−, and 6.50 ± 0.05 for nucleoside
′-triphosphates, H(NTP)3− [113–116], and has thus hardly any
nfluence on the extent of metal ion coordination in the physi-
logical pH range of about 7.5 (for more details see e.g. Refs.
115,117,118]). Irrespective of the number of phosphate groups
resent at the 5′-end, this residue is always the primary binding
ite for alkaline, alkaline earth, and 3d-transition metal ions, as
ell as Zn2+ or Cd2+.

In the case of purine-nucleoside 5′-phosphates a further,

amely an intramolecular equilibrium exists: the phosphate-
oordinated metal ion can form a macrochelate by interacting
ith N7 of the nucleobase moiety. Depending on the kind of

m
N
a
[
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ucleotide and metal ion these interactions may occur in an
nner- or outersphere manner [113] (see also Section 4). If not
xplicitely mentioned, in the context of this review we do com-
only not distinguish between these two binding modes as

global’ stability constants are measured by potentiometric pH
itrations [113]. Such macrochelate formation gives rise to the
ollowing intramolecular equilibrium (2):

(2)

he formation degree of the macrochelated or “closed” species,
(NXP)cl

(y−2)− on the right side of equilibrium (2), is thereby
ndependent of the total complex concentration because it is an
ntramolecular equilibrium. Therefore, its equilibrium constant

I, as defined by Eq. (3), is dimensionless [117,119,120]:

I = [M(NXP)cl
(y−2)−]

[M(NXP)op
(y−2)−]

(3)

(NXP)op
(y−2)− refers to the “open”, i.e. solely phosphate-

oordinated, species, and hence equilibrium (1a) may be
ewritten as given in (4):

2+ + NXPy−
KM

M(NXP)op
� M(NXP)op

(y−2)− KI�M(NXP)cl
(y−2)−

(4)

M
M(NXP)op

thereby represents the stability constant of the open
pecies. The stability increase, log Δ, due to macrochelate for-
ation is defined by Eq. (5):

og Δ = log ΔM(NXP) = log KM
M(NXP) − log KM

M(NXP)op
(5)

nd the intramolecular equilibrium constant KI can then be cal-
ulated with Eq. (6):

I = KM
M(NXP)

KM
M(NXP)op

− 1 = 10log Δ − 1 (6)

ased on the value of KI, the formation degree of the closed
pecies can be calculated for any kind of nucleotide-metal ion
omplex by Eq. (7):

M(NXP)cl
(y−2)− = KI

1 + KI
× 100 (7)

hese %M(NXP)cl
(y−2)− values for the various metal ions dis-

ussed here, i.e. Mg2+, Ca2+, Mn2+, and Cd2+, are summarized
n Tables 2 and 3 for several purine-nucleotide systems. Each
alue represents the tendency of the specific metal ion for

acrochelate formation, or in other words, its affinity for the
7 position when already bound to the phosphate terminus (for
more detailed derivation of Eqs. (3)–(7), please refer to Refs.

119–121]).
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Table 2
Experimentally determined stability constants, KM

M(NXP), for M(NXP)(y−2)− complexes, i.e. including the contribution of macrochelate formation, and calculated

stability constants, KM
M(NXP)op

, for the corresponding isomers with a sole phosphate coordination of Mg2+ and Ca2+ a

NXPy− Mg2+ Ca2+

log KM
M(NXP) log KM

M(NXP)op
KI %M(NXP)cl

(y−2)− log KM
M(NXP) log KM

M(NXP)op
KI %M(NXP)cl

(y−2)− References

AMP2− 1.62 ± 0.04 1.56 ± 0.03 0.15 ± 0.13 13 ± 10 1.48 ± 0.03 1.45 ± 0.05 0.07 ± 0.14 0 (7 ± 13) [118,122]
ADP3− 3.36 ± 0.03 3.30 ± 0.03 0.15 ± 0.11 13 ± 9 2.95 ± 0.02 2.91 ± 0.03 0.10 ± 0.09 9 ± 8 [118]
ATP4− 4.29 ± 0.03 4.21 ± 0.04 0.20 ± 0.14 17 ± 10 3.91 ± 0.03 3.84 ± 0.05 0.17 ± 0.16 15 ± 12 [116,165]
GMP2− 1.73 ± 0.03 1.57 ± 0.03 0.45 ± 0.14 31 ± 7 1.57 ± 0.03 1.45 ± 0.05 0.32 ± 0.18 24 ± 10 [122]
GDP3− 3.39 ± 0.04 3.29 ± 0.03 0.26 ± 0.14 21 ± 9 3.05 ± 0.05 2.90 ± 0.03 0.41 ± 0.19 29 ± 19 [117,176]
GTP4− 4.31 ± 0.04 4.21 ± 0.04 0.26 ± 0.17 21 ± 11 3.96 ± 0.03 3.84 ± 0.05 0.32 ± 0.18 24 ± 10 [165]

a The extent of intramolecular macrochelate formation in the various M(NXP)(y−2)− complexes is given in columns 4 and 5 as well as 8 and 9 (see also text in
Section 3.1). All data refer to aqueous solution at 25 ◦C and I = 0.1 M (NaNO3). All error limits given are three times the standard error of the mean value or the sum
of the probable systematic errors, whichever is larger.

Table 3
Experimentally determined stability constants, KM

M(NXP), for M(NXP)(y−2)− complexes, i.e. including the contribution of macrochelate formation, and calculated

stability constants, KM
M(NXP)op

, for the corresponding isomers with a sole phosphate coordination of Mn2+ and Cd2+. The extent of intramolecular macrochelate

formation in the various M(NXP)(y−2)− complexes is given in columns 4 and 5 as well as 8 and 9 (see also text in Section 3.1)a

NXPy− Mn2+ Cd2+

log KM
M(NXP) log KM

M(NXP)op
KI %M(NXP)cl

(y−2)− log KM
M(NXP) log KM

M(NXP)op
KI %M(NXP)cl

(y−2)− References

AMP2− 2.23 ± 0.02 2.16 ± 0.05 0.17 ± 0.15 15 ± 11 2.74 ± 0.05 2.44 ± 0.05 1.00 ± 0.32 50 ± 8 [118,122]
ADP3− 4.22 ± 0.02 4.12 ± 0.03 0.26 ± 0.10 21 ± 7 4.63 ± 0.04 4.27 ± 0.03 1.29 ± 0.26 56 ± 5 [118]
ATP4− 5.01 ± 0.08 4.93 ± 0.03 0.20 ± 0.22 17 ± 15 5.34 ± 0.03 5.07 ± 0.03 0.86 ± 0.17 46 ± 5 [116,165]
GMP2− 2.42 ± 0.05 2.17 ± 0.05 0.78 ± 0.29 44 ± 9 3.25 ± 0.03 2.46 ± 0.05 5.17 ± 0.83 84 ± 2 [122]
GDP3− 4.35 ± 0.06 4.11 ± 0.03 0.74 ± 0.27 42 ± 9 4.86 ± 0.03 4.25 ± 0.03 3.07 ± 0.40 75 ± 2 [117,176]
GTP4− 5.36 ± 0.03 4.93 ± 0.03 1.69 ± 0.25 63 ± 3 5.82 ± 0.05 5.07 ± 0.03 4.62 ± 0.78 82 ± 2 [165]

r limits given are three times the standard error of the mean value or the sum of the
p

t
a
a
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Fig. 2. Plots of the logarithms of the stability constants for the complexes of
alkaline earth and divalent 3d-transition metal ions as well as Zn2+ and Cd2+

formed with the monophosphate (log KM
M(AMP)op

, �) or triphosphate residue

(log KM
M(ATP)op

, �) and with ATP4− (log KM
M(ATP), ©) [116,118,122,165]. The
a All data refer to aqueous solution at 25 ◦C and I = 0.1 M (NaNO3). All erro
robable systematic errors, whichever is larger.

Comparison of the data accumulated in Tables 2 and 3 reveals
he following distinct differences between Mg2+, Ca2+, Mn2+,
nd Cd2+ in terms of their overall binding affinity in general,
s well as their ability to simultaneously coordinate to the
hosphate group(s) and the purine N7 position, i.e. to form a
acrochelate:

(i) For each of the four metal ions discussed here, the stability
constants log KM

M(NXP)op
, representing the pure phosphate

coordination of a given metal ion in a M(NXP)(y−2)− com-
plex, increase in the order of NMP2− < NDP3− < NTP4−
(Fig. 2). This is certainly to be expected as an additional
stabilization by chelate formation becomes possible with
an increasing number of phosphate units. Furthermore, the
negative charge increases by one unit with each additional
phosphate group. Thereby, the nature of the nucleobase
has virtually no influence on the binding affinity of a cer-
tain metal ion to the 5′-phosphate chain alone, e.g. the
log KM

M(NXP)op
values for Mg2+ binding to AMP2− and

GMP2− are the same within their error limits. The very

minor difference of 0.01 log unit is due to a similarly small
difference in phosphate basicity (e.g. pKH

H(AMP) = 6.21 ±
0.01 and pKH

H(GMP) = 6.25 ± 0.02 [122]. Consequently,
also in a large nucleic acid structure, each monophos-

stabilities of the complexes including the four metal ions mainly discussed here,
i.e. Mg2+, Ca2+, Mn2+, and Cd2+, are indicated by arrows. The stabilities are
plotted from left-to-right according to the Irving–Williams series [123,124,166]
(which is not strictly followed for phosph(on)ate ligands) [158] and the Stability
Ruler proposed by Martin [125–127].
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phate diester group is expected to exhibit the same affinity
towards a given metal ion irrespective of its position within
the primary sequence and the attached nucleobase. It fol-
lows that other factors, i.e. additional binding sites or steric
restrictions, must be responsible for any discrimination
observed.

(ii) For all NXPy− ligands, the stability constant log KM
M(NXP)op

of the M(NXP)op
(y−2)− complexes increases in the order

of Ca2+ < Mg2+ < Mn2+ < Cd2+. The lower stability of the
Ca2+ complexes compared to those of Mg2+ can thereby
be explained by the larger ionic radius of Ca2+ (72 pm
versus 100 pm for coordination number CN = 6). The affini-
ties of Mn2+ and Cd2+ are clearly higher compared to
Mg2+ by (on average) about 0.7 and 0.9 log units, respec-
tively, which agrees with the position of Mn2+ within the
Irving–Williams series [117,123,124] (see Fig. 2). The
slightly higher stability of the Cd2+ complexes compared
to the corresponding Mn2+ complexes is well in accord
with the Stability Ruler of Martin [125–127]. The accumu-
lated data in Tables 2 and 3 show that the different nature
of a metal ion can have an effect in the same order as
that of a further phosphate group, e.g. log K

Mg
Mg(ATP)op

≈
log KCd

Cd(ADP)op
.

iii) Macrochelate formation, i.e. the additional coordination
of the phosphate-bound metal ion to the N7 position of
the purine-moiety (Eq. (2)), is more distinct with gua-
nine than with adenine (Tables 2 and 3) and most likely

due to the fact that the carbonyl O6 may participate via
an outersphere interaction in metal ion binding (Fig. 3)
[122,128,129]. On the contrary, the exocyclic N6H2 group

ig. 3. Inner- and outersphere coordination of Cd2+ in the Cd(GMP)
H2O)5·3H2O complex. The Cd2+ ion is directly coordinated to N7 of the gua-
ine residue and additionally forms three hydrogen bonds via three coordinated
ater molecules to the phosphate group and the carbonyl oxygen O6. The Cd2+

on is shown as a black sphere, the coordinated water molecules as grey spheres,
nd the nucleotide in lighter grey. The three hydrogen bonds are indicated by
ashed lines. Three further water molecules present in the crystal structure are
mitted for clarity. This figure has been prepared with MOLMOL [167] based
n the coordinate file AGOPCD [129].
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of the adenine nucleobase is known to have an inhibiting
effect on metal ion coordination at its N7 position [130].
In contrast to earlier conclusions [128] the basicity of N7
in guanine and adenine residues is comparable and there-
fore has no influence on the metal ion binding affinity, i.e.
for 9-methylguanine pKH

H(9MeG) = 3.11 ± 0.06 and for 9-

methyladenine pKH
H–N7–9-MeA–N1 = 2.96 ± 0.10 (micro

acidity constant) [131].
(iv) In the case of the adenine complexes M(AXP)(y−2)−, the

extent of macrochelate formation is within the error lim-
its independent of the number of phosphate groups present
at the 5′-end of the nucleoside. This parity in the extent
of macrochelate formation occurs despite the fact that the
absolute stabilities of the complexes differ drastically. The
same observation is made with the Mg2+ and Ca2+ com-
plexes of the guanosine derivatives. However, for the Mn2+

complexes the order GMP2− ≈ GDP3− < GTP4− and for
the Cd2+ complexes the order GDP3− < GMP2− ≈ GTP4−
is found. In the latter cases, the differences are small
but most likely they are real and they might be a reflec-
tion of the various degrees of outersphere complexation
[104,113,128].

(v) The four metal ions discussed have clearly different abil-
ities to form macrochelates: a comparison shows that
Ca2+ forms only very small amounts of macrochelates (if
at all). Mg2+ and Mn2+ are comparable in their affinity
towards N7 of adenine and both have a moderate bind-
ing tendency with formation degrees of up to 20% for
the M(NXP)cl

(y−2)− species. With guanine, Mn2+ shows
a higher affinity towards N7 than Mg2+, which is probably
due to more innersphere binding of Mn2+. Cd2+ clearly is
the best suited metal ion for macrochelate formation with
all purine nucleotides with formation degrees of about 50%
or more.

Having discussed the structures of metal ion complexes of
ononucleotides in solution and the differences posed by the

our mentioned metal ions, it will now be interesting to see if
hese features are also reflected in the solid–state structures of
uch complexes.

.1.3. Insights from crystallography
There are quite a number of crystal structures of mononu-

leotides, which have been excellently reviewed by Aoki
132,133]. Most of these structures contain Na+ as a metal ion,
nd thus shall not be discussed here as we are concentrating
gain on the four metal ions Mg2+, Ca2+, Mn2+, and Cd2+.

Several structures of nucleoside 5′-monophosphates are
vailable with Cd2+ and Ca2+, e.g. of Cd2+ with CMP2− and
CMP2− [134–136], which are of a polymeric nature: in all
ases Cd2+ shows at least two innersphere contacts (plus one or
ore outersphere interactions) to a phosphate group (Fig. 4A).

further prominent site of innersphere coordination is the N3

itrogen of the pyrimidine moiety (Fig. 4A), which is usually
ot available for metal ion binding in double-stranded nucleic
cids as it is involved in hydrogen bonding. Interestingly, only
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Fig. 4. X-ray structures of M2+ complexes with mononucleotides. (A) Crystal
structure of CMP2− with Cd2+. The metal ion is coordinated to N3 of a cytosine
residue, one water molecule, and four phosphate-oxygen atoms of three other
CMP2− molecules leading to a polymeric structure. (B) In the [Mg(HATP)2]4−
complex, a fully dehydrated Mg2+ ion bridges the triphosphate chains of two
ATP molecules thereby coordinating to every phosphate group. A second Mg2+

is present in its hexahydrate form. The octahedral coordination spheres of Cd2+

and Mg2+ bound to the nucleotides are indicated by dashed lines. Additional
water molecules and the bis(2-pyridyl)-amine ligand present (in B) are omitted
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or clarity. This figure has been prepared with MOLMOL [167] based on the
oordinate files ACMPCD (Cd2+/CMP2−) [134] and DECDIY (Mg2+/ATP4−)
146].

nnersphere but no outersphere interaction to N3 can be observed
n any of the Cd2+ structures. In contrast, the carbonyl oxygen
2 shows no discrimination between a direct coordination or
inding via a water molecule to the Cd2+ ion.

Similar observations have been made with UMP2−,
UMP2−, or dTMP2− and Cd2+ [137,138] or Ca2+ [139,140]:
gain, at least two innersphere and two outersphere contacts
f the Cd2+ (or Ca2+) to phosphate oxygens are present.
urprisingly at first sight, no interactions are observed with

he two carbonyl oxygens, O2 and O4. As the N3 position in
racil or thymine is blocked by a proton, this finding is a strong
ndication that the Cd2+(OH2)· · ·O C interactions (either inner-
r outersphere) are so weak that they can only be observed,
hen the much stronger Cd2+· · ·N3 bond is formed as is the

ase with cytosine where also additional chelate formation
esults [141,142].

GMP2− has been crystallized in the presence of Mn2+

143,144] or Cd2+ [129]. In both cases, the metal ion is bound

o the N7 position by innersphere coordination (unfortunately,
n the case of the MnGMP structure no coordinates are avail-
ble for a more detailed analysis). The five water ligands of the
ctahedral Cd2+ ion, which is coordinated to N7 (Fig. 3), show

o
v
p
r
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n extensive hydrogen bonding network to seven (!) phosphate
xygens, as well as to the O6, N1H and N2H2 sites of the guanine
ucleobase [129].

The Cd2+ structures discussed above confirm the findings
rom the solution studies described in Section 3.1.2 that this
etal ion shows indeed a high affinity towards nitrogen sites.
evertheless, the innersphere coordination to phosphate groups

n the case of the pyrimidine 5′-monophosphate systems as well
s the extensive network of outersphere interactions to several
hosphate residues in the GMP system demonstrate the high
ffinity between phosphate moieties and Cd2+.

ATP has been crystallized several times with Mg2+ [145–147]
nd Ca2+ [145–147] and once each with Mn2+ [148] and Cd2+

147] and should thus provide an ideal basis for a comparison
f the coordination tendencies of these four metal ions. How-
ver, all structures are virtually identical as a superposition of
he nucleotide and the metal ions demonstrates (not shown). A
ully dehydrated metal ion bridges the triphosphate chains of two
TP molecules thereby coordinating to every phosphate group

Fig. 4B). The second metal ion present in the crystal structures
s in its hexahydrate form showing an extensive hydrogen bond-
ng network to further phosphate groups, a sugar residue, as
ell as a water molecule. Obviously this finding is not in perfect

greement with the results of the solution studies. While both
ethods demonstrate that the triphosphate group is the primary

inding site, the solution studies show in addition a discrimina-
ion between the various metal ions in their tendency towards

acrochelate formation with N7. A reason for this discrepancy
s certainly the effect of crystal packing, as hydrogen bond-
ng between pairs of adenine nucleobases as well as between
he adenine moieties and neighboring triphosphate groups is
bserved. In addition, stacking interactions between the adenine
ucleobase and heteroaromatic amines, like 2,2′-dipyridylamine
sed for crystallization, are observed. All these interactions are
ikely to shield the purine nucleobase from additional metal ion
nteractions, as observed in solution.

To summarize, some crystal structures of metal ion com-
lexes with mononucleotides confirm nicely the results from
olution studies, others do so to a lesser extent. In general, there
re only very few structures available of complexes formed with
ifferent metal ions and the most common nucleotides. Conse-
uently, this makes it difficult (or actually impossible) to draw
efinite conclusions from such comparisons. It is evident that it
ould be very advantageous to obtain more such structures of

omplexes, crystallized under different conditions.

.2. Metal ion binding to dinucleotides

The mononucleotides discussed in Section 3.1 distinguish
hemselves from the situation in nucleic acids in that they lack
he single negatively charged bridging phosphate diester group.
ne of the simplest systems containing such a phosphate diester

s a dinucleotide. The direct determination of stability constants

f metal ion complexes formed with such a bridging phosphate is
ery difficult because no competition for binding occurs between
rotons and metal ions within the experimentally accessible pH
ange for potentiometric pH titrations. This means that in the
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ig. 5. Chemical structure of the two dinucleotides discussed in this review, i.e.
UpU3− (top) and d(pGpG)3− (bottom), together with their numbering schemes.

hysiological pH range the phosphate unit is always deproto-
ated and in principle freely accessible for metal ions [149,150].
o the best of our knowledge only two studies exist that quantify

he coordination of M2+ ions to a bridging phosphate [150,151].
hese two studies with pUpU3− and d(pGpG)3− (Fig. 5) that
oth contain an additional 5′-terminal phosphate group, there-
ore also quantify the simultaneous coordination of one metal
on to two neighboring phosphate units, which is a key feature
f ribozyme structure and function.

Naturally, binding equilibria of metal ions with dinucleotides
re more complicated than with mononucleotides. The 5′-
erminal phosphate group remains the primary binding site
ue to its twofold negative charge. In case of the dinu-
leotide d(pGpG)3− this leads to the species M[d(pGpG)]op

−.
or a metal ion bound to the terminal phosphate group of a
urine dinucleotide, two possibilities for further coordination
ithin the molecule are feasible. As depicted in the following

quilibrium,
emistry Reviews 251 (2007) 1834–1851

he metal ion can additionally coordinate either to the bridg-
ng phosphate group, resulting in M[d(pGpG)]cl/PO

−, or to the
7 position of the same nucleotide, yielding M[d(pGpG)]cl/N7

−

151]. For coordination to pUpU3− only macrochelate forma-
ion with the bridging phosphate group is possible, i.e. the left
ide of equilibrium (8), as pyrimidine nucleobases in their dom-
nating anti conformation offer no additional binding site for a
′-phosphate bound metal ion [117,150].

In analogy to the situation in equilibrium (2), also here the
wo corresponding equilibrium constants KI/PO and KI/N7 are
imensionless and macrochelate formation is again indepen-
ent of complex concentration. It is obvious that in cases like
(pGpG)3−, a competition is taking place between the bridging
hosphate and the N7 nitrogen of the 5′-nucleotide for binding
f the second site. The extent to which one of the two internal
quilibriums is favored over the other is therefore only depen-
ent on the nature of the metal ion, i.e. its preference for an
xygen or nitrogen donor site, respectively.

Metal ion coordination to pUpU3− can be used to quantify
he ability of different metal ions to bridge the two phos-
hate groups in any dinucleotide and has been investigated with
g2+, Mn2+, Cd2+, Zn2+, and Pb2+: out of these five metal

ons, Mg2+, Mn2+, and Cd2+ all show the same slight stabil-
ty increase of log Δ = 0.24 ± 0.04 (3σ), which is solely due to
he additional negative charge within the molecule compared to
MP2− [150]. Therefore, none of these three metal ions forms
acrochelated species or only traces thereof. This is different
ith Zn2+ and Pb2+. About 25% of the Zn2+ complex is present

s the closed species Zn[pUpU]cl/PO
− (log Δ = 0.37 ± 0.07

3σ)) and in case of Pb2+ about 93% is in the macrochelated
orm (log Δ = 1.40 ± 0.26 (3σ)) [150]. These results are actu-
lly well in line with the Stability Ruler proposed by Martin
125–127] for the interaction of metal ions with simple oxygen
onors such as oxalate and thus they illustrate further already at
his point that a “scale-up” of such observations from small to
arger molecules is possible and also valid.

For the complexes M[d(pGpG)]− (M2+ = Mg2+, Zn2+, Cd2+,
nd Pb2+) macrochelate formation can be observed in all sys-
ems [151]. Mg2+ and Cd2+ both form exclusively the N7
oordinated macrochelate M[d(pGpG)]cl/N7

− with surprisingly
igh formation degrees of about 72 and 94%, respectively
151]. These formation degrees are somewhat larger than those
bserved for the corresponding M(GMP) and M(dGMP) species
122,152]. A possible reason for this result is most likely a
artial preorientation of the dinucleotide due to an intramolecu-
(8)
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sterically possible as the results for Mg coordination in the
ribosome demonstrate (see Fig. 6 and Section 4.1).

If the above assumption of a preorientation for the
d(pGpG)3− ligand in solution is correct, then the formation

Fig. 6. Three and four point interaction of Mg2+ with two consecutive purines
in the ribosome. The Mg2+ is shown as a black sphere and is innersphere coordi-
nated to the RP phosphate oxygen of G2304 and five water molecules. Hydrogen
bonding, i.e. outersphere coordination (see also Fig. 7), of one water molecule is
observed to the RP phosphate oxygen and the N7 of the 3′-nucleotide A2305, thus
forming a three-point interaction (solid thin lines). A second water molecules
E. Freisinger, R.K.O. Sigel / Coordinatio

ar guanine-guanine stack occurring in d(pGpG)3− (see Section
.3). In accord herewith is the slightly smaller formation degree
f the Pb[d(pGpG)]cl/PO

− species compared to Pb[pGpG]cl/PO
−

see below) as the guanine-guanine base-stacking is expected to
nhibit the flexibility of the dinucleotide needed for the forma-
ion of the 10-membered phosphate–phosphate chelate. It is very
ell feasible that such a preorientation via nucleobase stacking

and other interactions like hydrogen bonding) is very important
or the formation of a metal ion binding pocket in larger nucleic
cids (for a more detailed discussion see Section 3.3).

For the above-mentioned M[d(pGpG)]cl/N7
− complexes, a

istinction between innersphere and outersphere binding is
ot possible, the latter being expected to occur especially
ith Mg2+. Zn2+ forms to a large extent the N7-bound

pecies Zn[d(pGpG)]cl/N7
− as well, but additionally, also

lower percentage of the bridged bis-phosphate chelate
n[d(pGpG)]cl/N7

− is present [151]. In combination with the
ata from pUpU3− the conclusion seems justified that as soon
s a N7 site is available for coordination, Zn2+ prefers this ring
itrogen over a second phosphate binding. Again, Pb2+ shows
very high affinity towards oxygen donor ligands and conse-

uently, the phosphate bridged complex Pd[d(pGpG)]cl/PO
− is

xclusively observed with a formation degree of 84 ± 6% [151].
ost likely this overwhelming preference for phosphate bind-

ng over N7 coordination is also true for Ca2+ [151,153]. This
ould mean that Mg2+ and Ca2+ show a rather different bind-

ng behavior towards neighboring phosphate groups leading to
ifferent coordination environments and consequently also to
ifferent possible changes in local structure which might also
ffect catalysis—something which is indeed observed in group
I intron ribozymes (see Section 2) [8,52].

As shown above for mononucleotides, the phosphate residue
ehaves identically in its binding property to a given metal ion
rrespective of the nucleobase attached to the (deoxy)ribose moi-
ty (Tables 2 and 3), i.e. every metal ion exhibits its specific bind-
ng affinity dependent on its preference for oxygen ligands and its
osition in the Periodic Table. In contrast, the two dinucleotides
UpU3− and d(pGpG)3−, and most likely also others, behave
ifferently: The coordinating properties of metal ions towards
wo neighboring phosphate groups depend on their affinity for
xygen ligands (compare the left part of equilibrium (8)) and
onsequently different local structures can be formed even with-
ut the direct participation of nucleobases as binding sites.

.3. The effect of structural preorientation in dinucleotides
n metal ion binding

Aside from interactions with metal ions, the structures of
arge and complex RNAs (and DNAs) are predominantly deter-

ined by internucleotide interactions like hydrogen bonding
nd stacking between the aromatic nucleobase moieties. As
tacking interactions between purines are much stronger than
etween pyrimidines [154–157], one may expect that in the din-

cleotide d(pGpG)3− some orientation between the two guanine
lanes occurs, whereas in pUpU3− such stacking interactions are
xpected to be absent (or much smaller) [154,155]. Such an ori-
ntation between the two nucleotide units should also affect the

f
p
F
i
b
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elative positioning of the two phosphate groups to each other as
ell as the positions of the N7 sites in relation to the phosphate
oieties. It will now be interesting to see, if in some way such an

rientation is reflected in the strengths of metal ion binding, i.e.
acrochelate formation as expressed in equilibrium (8). Natu-

ally, such insights into the question of a possible preorientation
re of relevance for nucleic acid structures and the coordination
f a metal ion at a specific site.

For the evaluation of such effects regarding the orientation
f subunits in space, one needs to compare the charge-corrected
tability enhancements due to macrochelate formation (equi-
ibrium (8)) for the M[d(pGpG)]− complexes [151] with those
f the corresponding M(dGMP) species [152] (available for

2+ = Mg2+, Zn2+ or Cd2+; the required data are summa-
ized in Table 4) [122,151,152,158]. Indeed, there is clearly an
xtra stability enhancement for the M[d(pGpG)]− complexes,
hich amounts on average to � log Δ∗

M/d(pGpG)/dGMP/av =
og Δ∗

M/d(pGpG)/cor − log ΔM/dGMP = 0.31 ± 0.07 (Table 4,
olumn 5). One may now attribute this “extra” stability enhance-
ent to a preorientation of the d(pGpG)3− ligand, i.e. an

ntramolecular head-to-head stacking between the two purine
oieties. This stacking arrangement would then facilitate
acrochelate formation of the metal ion coordinated at the ter-
inal phosphate group with the N7 site of the same dG. Even

n additional coordination to the 3′-neighboring dG might be
easible, probably (partly) in an outersphere manner. Indeed,
uch a “three-point interaction” with two consecutive purines is

2+
orms a further hydrogen bond to N7 of G2304 (thin dotted line), thus com-
leting the fourpoint interaction (see also Sections 3.2, 3.3 and 4.1, as well as
igs. 8 and 9). This figure shows the coordination environment of Mg2+ no. 21

n the large ribosomal subunit of H. marismortui [19] (see also Fig. 8B) and has
een prepared with MOLMOL [167] based on the PDB file 1S72 [19].
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Table 4
Comparison of the stability enhancements observed for several M2+ complexes of d(pGpG)3−, dGMP2−, and GMP2− due to the interactions of the phosphate-
coordinated metal ions with the guanine residues. All data refer to aqueous solution at 25 ◦C and I = 0.1 M (NaNO3)a

log Δ∗
M/d(pGpG)/cor log ΔM/dGMP log ΔM/GMP � log Δ∗

M/d(pGpG)/dGMP

Mg2+ 0.55 ± 0.08 0.23 ± 0.05 0.16 ± 0.04 0.32 ± 0.09b

Zn2+ 1.16 ± 0.09c 0.84 ± 0.08 0.69 ± 0.07 0.32 ± 0.12b

Cd2+ 1.21 ± 0.09 0.92 ± 0.11d 0.79 ± 0.06 0.29 ± 0.14b

Cu2+ 1.14 ± 0.07 0.97 ± 0.07

a For the error limits see footnote ‘a’ in Tables 2 and 3. The results listed in column 2 (charge-corrected stability enhancements due to M[d(pGpG)]cl/N7
− formation),

column 3 (due to M(dGMP)cl), and column 4 (due to M(GMP)cl) are from Refs. [122,151,152], respectively.
b The three values in column five give on average � log Δ∗

M/d(pGpG)/dGMP/av = 0.31 ± 0.07. If one totally attributes this extra stability enhancement observed for

the M[d(pGpG)]− complexes, compared to the situation in M(dGMP), to a preformed favorable orientation of the d(pGpG)3− ligand, one may estimate [158] the
extent of intramolecular stacking between the purine residues in d(pGpG)3− and obtains for the intramolecular constant KI/stack = 10� log Δ∗ − 1 = 1.04 and for the
percentage of the stacked species, % [d(pGpG)]stack

3− = 51%. See also the discussion in the text of Section 3.3.
c This value is corrected for the extent of the interaction with the neighboring phosphate group, i.e. from KI/N7 = 13.44 ± 3.08 follows the above value [151].
d This value is an estimate based on the following reasonings: the differences � log ΔM/d(pGpG)/GMP = log ΔM/dGMP − log ΔM/GMP are for Mg2+ 0.07 ± 0.06
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=(0.23 ± 0.05) − (0.16 ± 0.04)], for Zn2+ 0.15 ± 0.11 [=(0.84 ± 0.08) − (0.69 ±
ng average equals � log Δ = 0.13 ± 0.09. Hence, one may transform log ΔCd/G

iven above.

f a phosphate–phosphate macrochelate upon M2+ coor-
ination, M[d(pGpG)]cl/PO

−, should be inhibited because
f the loss of flexibility in the phosphate backbone. This
s indeed the case as a comparison of the charge-corrected
tability enhancements due to the formation of the 10-
embered chelates in Pb(pUpU)− and Pb[d(pGpG)]−

hows [150,151]: log Δ∗
Pb/d(pGpG)/cor − log Δ∗

Pb/pUpU/cor =
0.79 ± 0.14) − (1.16 ± 0.26) = −0.37 ± 0.30 (3σ). The
bsolute value of this negative stability difference is in
erfect agreement with the positive one obtained above,
log Δ∗

M/d(pGpG)/dGMP/av, for Mg2+, Zn2+, and Cd2+. Hence,
he summarized observations indicate that some intramolecular
urine–purine stacking in d(pGpG)3− occurs, at least in the
resence of metal ions.

At first glance, this seems to be in contrast with recent
easonings [149] based on comparisons of the acid–base prop-
rties of this dinucleotide in the absence of metal ions: The
ifference in acidity of the two N1H sites in d(pGpG)3−
f � pKa = 0.57 ± 0.16 (3σ), which is within the error lim-
ts identical with the statistically expected value of 0.6 for a
ymmetrical diprotonic acid [159], let to the conclusion that
he two nucleotide units in d(pGpG)3− “react rather inde-
endently and do not ‘feel’ much of each other”. In other
ords, d(pGpG)3− occurs predominately in an open, unstacked

orm. The larger acidity difference determined for d(GpG)−
� pKa/N1H = 1.02 ± 0.08) was thereby explained by intramolec-
lar stacking interactions, which are inhibited by the twofold
egatively charged 5′-phosphate group in d(pGpG)3− [149].
his comparison of the acid–base properties of d(pGpG)3−
nd d(GpG)− now implies that the neutralization of the
egative charge by metal ion coordination at the terminal phos-
hate group restores the stacking abilities of the two guanine
ucleobases.

Whether some preorientation of the nucleobase residues

lready exists within the d(pGpG)3− species or only occurs after
etal ion coordination, i.e. formation of the M[d(pGpG)]op

−
pecies (equilibrium (8)), cannot be answered unequivocally
ecause all the differences considered are small and often also

m
s
p

)], and for Cu2+ 0.17 ± 0.10 [=(1.14 ± 0.07) − (0.97 ± 0.07)]. The correspond-
0.79 ± 0.06 into log ΔCd/dGMP = (0.79 ± 0.06) + (0.13 ± 0.09) = 0.92 ± 0.11 as

lose to the error limits [149,151]. Nevertheless, one can esti-
ate the extreme situation of such a preorientation: If the

bove 0.3 log units (= � log Δ∗
M/d(pGpG)/dGMP/av) would be

ompletely due to intramolecular stacking either in d(pGpG)3−
nd/or in M[d(pGpG)]op

−, this would equal a formation degree
f 50% for the stacked species (see Table 4, footnote ‘d’).
n the other hand, a significant amount of this enhancement

s certainly due to the “three-point” macrochelation also indi-
ated above which naturally further facilitates the intramolecular
tacking interaction. It is thus evident that any preorientation in
(pGpG)3− and in M[d(pGpG)]op

− as well as the interaction of
phosphate-coordinated metal ion with both N7 sites are very
uch interwoven with each other and hard to separate because

hey promote each other.
To conclude, if one assumes that only 0.1 or 0.15 log units of

he total extra stability enhancement � log Δ∗
M/d(pGpG)/dGMP/av

riginates from the intramolecular stack, this corresponds
lready to formation degrees of the preoriented structure of about
0 or 30%, respectively [158]. Equally important, these forma-
ion degrees are connected with only very tiny changes in free
nergy of �G◦

(25◦C) = −0.57 or −0.86 kJ mol−1, respectively
158]. Hence, we are convinced that indeed small but signifi-
ant amounts of d(pGpG)3−, M[d(pGpG)]op

−, and even more
o of d(GpG)− [149], exist in the described preorientated stacked
orm thus facilitating the “three-point” metal ion binding (and/or
ice versa). It is evident that in larger RNA molecules such pre-
rientations are achieved more easily and that this gives rise to
referred sites for metal ion binding as observed, e.g., with Mg2+

n group II introns [21] or the ribosome [19] (see also Section
.1).

. Metal ion binding to ribozymes and DNA
Having established and summarized in Section 3 the different
etal ion binding properties of mono- and dinucleotides and the

tructures of their complexes, it will now be interesting to see if
arallels can be drawn to existing data of larger nucleic acids. To
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he best of our knowledge no detailed structural solution data on
he atomic level exist showing the complete binding geometries
f metal ions in their binding pockets (perhaps with the exception
f DNA quadruplexes [160]) [7]. In the following sections we
herefore rely on high resolution solid-state structures of large
NA molecules determined by X-ray crystallography. Because
complete evaluation of the existing structures in the PDB/NDB
ould go beyond the scope of this review, we concentrate on two

ypes of RNA and one DNA sequence, i.e. the large ribosomal
ubunit, the HIV-1 dimerization initiation site (DIS), and the so-
alled Dickerson-Drew DNA dodecamer. Nevertheless, it needs
o be emphasized that the conclusions drawn here will hold for
ll complex RNA structures, as in all instances innersphere and

utersphere binding of the metal ions occurs, as e.g. can also
e seen in the P4–P5–P6 domains of the Tetrahymena group I
ntron (Fig. 7).

ig. 7. Innersphere versus outersphere binding of Mg2+ (or other metal ions)
s it occurs (with mononucleotides or) within larger nucleic acid structures. (A)
inding of Mg2+ to one N7 and one carbonyl O6 oxygen of two guanosine

esidues via innersphere coordination, as well as via a water molecule to a non-
ridging phosphate oxygen. The three remaining sites of the hexacoordinated
g2+ are occupied by water molecules (adapted from Ref. [168]). (B) A hexahy-

rated Mg2+ ion is solely bound via water molecules in an outersphere manner to
NA. This figure was adapted from a crystal structure of the P4–P5–P6 domains
f the Tetrahymena group I intron (PDB 1GID) [5,169].
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.1. Mg2+ binding to the ribosome

The ribosomal RNA–protein complex represents the largest
ucleic acid structure determined by X-ray crystallography
oday [2–4]. The large ribosomal subunit of Haloarcula maris-
ortui at a resolution of 2.4 Å was additionally analyzed by
lein et al. with respect to its metal ion binding sites [19].
side from 88 binding sites for monovalent cations, which will
ot be discussed here, 116 positions for Mg2+ ions have been
ocalized. This ribosome structure therefore represents an ideal
asis for investigating the different Mg2+ binding modes within
complex RNA architecture.

The 50S subunit of H. marismortui comprises 3045
ucleotides (2833 of which could be refined in the crystal struc-
ure) [2] and consequently an equal number of negative charges
riginating from the phosphate groups need to be compensated
y metal ions. As the 116 Mg2+ and 88 Na+/K+ ions identified in
he structure add up to 320 positive charges, only 10.6% of the
hosphodiester-bridge charges are compensated by these metal
ons. Neglecting any further positive charges contributed by the
roteins bound, it is obvious that the Mg2+ ions identified in the
tructure represent only the small fraction of divalent metal ions
hich are relatively tightly bound. Such a more or less tight fixa-

ion in a certain coordination environment is a strong indication
or site-specific binding.

Out of the 116 Mg2+ ions, 30- bridge protein with RNA
esidues and only two are exclusively bound to protein sites.
onsidering that the ratio between RNA and proteins in the 50S

ubunit amounts to 66:34 (w/w), this shows that RNA is obvi-
usly the primary target for hard metal ions like Mg2+. Another
nteresting aspect is that again out of the 116 ions, only nine
re bound exclusively by outersphere interactions (Fig. 7B and
ig. 8A)—all others show at least one innersphere coordina-

ion and 30 of the Mg2+ ions coordinate even directly to three or
ore sites (Fig. 8). Only one Mg2+ seems to be fully dehydrated!
rom the nine outersphere bound Mg2+ ions, three form hydro-
en bonds from their first shell water molecules to nucleobase
oieties only (Fig. 8A), whereas the other six ions all show con-

acts to a phosphate oxygen and five of them also to nucleobases
r amino acids. Taken together, this is a first indication that the
hosphate group is the primary binding site and that contacts
o a nucleobase (or phosphate) can be well mediated through
utersphere interactions.

As a consequence of the above mentioned numbers in com-
ination with the observation that only five Mg2+ ions are
oordinated exclusively to nucleobase atoms, two Mg2+ ions to
roteins and another three only to functional groups of the nucle-
sides and/or amino acids, the overwhelming majority of the 106
agnesium(II) ions is bound to phosphate groups. The phos-

hate groups also comprise the majority of innersphere binding
ites: from the total of 107 Mg2+ ions being coordinated through
t least one innersphere contact, 82 (=76.6%) show a minimum
f one of these direct contacts to a non-bridging oxygen atom

f the phosphate groups (Fig. 8). Out of these 82 ions, 43 Mg2+

ridge two or more phosphate groups by innersphere coordi-
ation, and another 34 by at least one innersphere and one or
ore outersphere contacts. Again, the observation that phos-
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Fig. 8. Mg2+ binding in the large ribosomal subunit of H. marismortui [19]. (A) A fully hexahydrated Mg2+ ion (no. 38, according to the numbering scheme used
in Ref. [19]) is located in the major groove and makes solely outersphere contacts to nucleobase functional groups. (B) Two Mg2+ ions showing either one (no. 21,
in the front) or two (no. 34, in the back) innersphere contacts to non-bridging phosphate-oxygen atoms within a RNA loop structure. In addition, both ions show
an extensive network of outersphere contacts, i.e. hydrogen bonds to purine N7 and O6 positions. (C) Shown are two innersphere contacts of a Mg2+ (no. 11) in a
cis-fashion to two guanine N7 positions of two different strands. (D) An extensively dehydrated Mg2+ ion (no. 8) bridges two nearby positioned sugar–phosphate
b ens. A 2+ +
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ackbones via innersphere coordination to three non-bridging phosphate-oxyg
icinity are omitted for clarity. This figure has been prepared with MOLMOL [

hate groups are the primary binding site for Mg2+ (and other
lkaline earth, divalent 3d-transition as well as Zn2+ or Cd2+

ons) in nucleic acids is very well in line with the solution stud-
es described in Section 3, and it also shows that Mg2+ is bound to
hosphate oxygens to a large part (but not exclusively) through
nnersphere coordination.

The potentiometric pH titrations with mononucleotides show
hat a metal ion bound to the 5′-terminal phosphate group(s)
ay undergo additional contacts with the nucleobase, i.e.
acrochelates are formed (equilibrium (2)), whose degree of

ormation is strongly dependent on the kind of metal ion. Can
acrochelate formation or simultaneous phosphate–nucleobase

oordination also be observed in the ribosome? Considering
he 106 phosphate-bound Mg2+ cations, the following binding
atterns regarding potential macrochelate formation are found:

(i) 21 Mg2+ are bound to –PO4
−– units exclusively (Fig. 8D).

This is a surprisingly high number (about 20%) considering
the huge amount of alternative binding sites in potentially
close proximity to a Mg2+ in a complicated architecture
like the ribosome.

(ii) 48 Mg2+ are bound to at least one phosphate moiety and
any one N7 position, corresponding to a “macrochelate-
formation” degree of 45% (Figs. 6 as well as 8B and C).
Interestingly, 30 of those 48 contacts are actually intra-
nucleotide macrochelates, i.e. the phosphate and the N7
position belong to the same nucleotide unit. This corre-
sponds to a formation degree of 28% for intra-nucleotide
macrochelates (based on the total 106 Mg2+ being bound
to phosphate groups), which is extraordinarily close to the
one found for the mononucleotide GMP2− (31 ± 7%, see
also Table 2) as determined by potentiometric pH titrations
[122].

iii) Out of the 48 Mg2+ ions that show a simultaneous

phosphate/N7 coordination, 28 exhibit an inter-nucleotide
macrochelate between two consecutive nucleotides, thus
some Mg2+ ions are involved in both intra- and inter-
macrochelate formation (Fig. 6). Interestingly, out of these
dditional water molecules and further Mg and K ions coordinated in the
ased on the PDB file 1S72 [19].

28 Mg2+, 27 bind to the N7 position of the purine nucleotide
that is positioned 3′ to the nucleotide of the coordi-
nated phosphate (–PO4

−–n/N7n+1), and only four show
a bridging of the opposite way, i.e. (N7n/–PO4

−–n+1).
However, this latter binding pattern is actually always
part of a four-fold coordination involving both phosphate
groups and N7 sites, i.e. –PO4

−–n/N7n/–PO4
−–n+1/N7n+1

(Fig. 6). A “three-point” macrochelation as discussed in
Section 3.3, also occurs: out of the 28 above mentioned
Mg2+ ions, 11 show a –PO4

−–n/N7n/N7n+1, and 12 ions
a –PO4

−–n/–PO4
−–n+1/N7n+1 coordination pattern (note

that no distinction between outer- and innersphere coor-
dination is made here). The sole coordination patterns
N7n/–PO4

−–n+1/N7n+1 and –PO4
−–n/N7n/–PO4

−–n+1, i.e.
without involving the –PO4

−–n or N7n+1 sites, respectively,
do not occur. Propably steric constraints are the reason
for this discrimination. However, to investigate and under-
stand the observed discriminations in the various binding
patterns, dinucleotides like d(pGpG)3−, as discussed in
Section 3.2, constitute perfect models, as they allow the
exploration of the various patterns in more detail. In fact,
the high occurrence of the –PO4

−–n/Z/N7n+1 Mg2+ coor-
dination pattern (Z = –PO4

−–n+1 or N7n) suggests that
5′-PuPu, and 5′-PyPu (but not 5′-PuPy, with Pu = purine
and Py = Pyrimidine) sequences are favored metal ion bind-
ing motifs in RNAs if one considers matters on the atomic
coordination chemical level.

iv) Besides the N7 position, also the carbonyl O6 of guanines
is a potential site for macrochelate formation (Fig. 8B).
Indeed, in 19 cases (out of the above-mentioned 30), simul-
taneous intra-nucleobase coordination to N7 and O6 takes
place, whereby in all cases at least one water molecule is
involved. There are only five instances where solely O6
(but not N7) is coordinated, but the O6 never belongs to the

same nucleotide as the coordinated phosphate oxygen. The
same is true for macrochelate formation involving the O4
and O2 positions of pyrimidine bases. In the latter case also
no simultaneous coordination to a N7 position of a nearby
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purine base can be found. It is also interesting to note that
no preference for inner- or outersphere binding to either N7
or carbonyl oxygens can be recognized.

The above listed points based on X-ray crystallographic stud-
es of a large RNA confirm the results from solution studies for

g2+ binding to nucleic acids (Section 3) with a remarkable
ccuracy: (i) intra-nucleotide macrochelate formation is in the
ame order, (ii) simultaneous N7 and O6 binding is observed
s it has been proposed for nucleotides before [104,122,128],
nd (iii) no intra-residue coordination to the phosphate group
nd a carbonyl oxygen of pyrimidine-nucleotide units occurs.
o summarize, the structural insight into the ribosome consti-

utes a very nice example that allows to validate the results from
olution studies and to extrapolate even better the data from
ononucleotides to larger RNA structures in the future.

.2. Metal ion binding to the HIV dimerization initiation
ite

In Section 4.1, the coordination properties of Mg2+ ions
ithin a large RNA structure have been analyzed and compared

o results from solution studies (Section 3). Keeping in mind the
ssues raised in the beginning of this review that other metal ions
han Mg2+ may lead to completely different phenotypical results
n terms of ribozyme reactivity, this section now compares the
oordinating properties of Mg2+, Ca2+, Mn2+, and Cd2+ to a
pecific RNA sequence.

Ideally, for a comparison of the coordinating properties and
eometries of the four mentioned metal ions to RNA, four X-
ay structures of identical RNA sequences crystallized with each
ndividual metal ion should be available. We are only aware
f one example where this has been accomplished to a certain
xtent: two related RNA duplexes of the HIV-1 dimerization
nitiation site (DIS), subtype-A and subtype-B, have been crys-
allized in the presence of Mg2+ and subsequently soaked or
o-crystallized with eleven different metal ions (K+, Ca2+, Sr2+,
a2+, Mn2+, Co2+, Zn2+, Cd2+, Pb2+, Au3+, Pt4+) [161]. In the
resent context we will again concentrate on Mg2+ in compari-
on with Ca2+, Mn2+, and Cd2+ at the individual binding pockets
ithin these RNAs. However, unfortunately only the pdb files
f the Mg2+ (PDB IDs 462D and 1Y99) and Mn2+ (PDB ID
Y90) forms are available allowing us a detailed characteriza-
ion, whereas for Ca2+ and Cd2+ we can only rely on the content
f Ref. [161].

Eight specific Mg2+ binding sites were identified in the
ubtype-A DIS, three of them being identical (�/�′, �/�′, �/�′)
ue to the palindromic sequence, and two being close to each
ther in the center of the duplex (�, �) (see also Fig. 9A). Out
f the five unique coordination sites, the coordination sphere
f one Mg2+ is not refined (�) but seems to be hexahydrated,
nd two Mg2+ ions (�/�′, �/�′) are fully hexahydrated and bind
o the nucleobase functional groups at the major groove edge

f GC base pairs only. Two further ions bind near the bulged
ut adenosine and the adjacent GA base pair (�/�′, �), both of
hem showing two innersphere contacts. The Mg2+ ion in posi-
ion � bridges the phosphate groups of the two strands (Fig. 9A

s
a
c
s
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nd 9C). The �/�′-Mg2+ site is peculiar because in addition to
he two innersphere contacts to a A8-phosphate oxygen and
he N7 of guanine 10 it shows four further outersphere con-
acts (partially bifurcated) to nearby O6, N7 sites as well as to
ne phosphate oxygen (Fig. 9D). Having the evaluation of the
g2+ binding sites within the ribosome in mind (Section 4.1),

t is surprising to see, that in a largely duplex-RNA, the Mg2+

ons seem to bind preferably to the functional groups of the
ucleotide moieties only in a completely outersphere manner.
nly in regions of loops and non-canonical base-pairs inner-

phere binding and phosphate coordination occurs. The eight
g2+ ions in the HIV–DIS structure described above approxi-
ate a charge compensation of 35% of the 46 nucleotide long

hosphate–sugar backbone. Interestingly, if one considers only
he three partially innersphere bound Mg2+ ions (�/�′, �), a
harge compensation of only 13% is achieved, which is remark-
bly similar to the 10.6% found in the ribosome, see Section
.1). It is left for future studies to see if in the ribosome Mg2+

ons bound to the major groove or to regular duplexes were just
ot detected.

How do the Mg2+ binding sites compare with those of Mn2+?
nfortunately the crystal structure of the Mn2+ form does not

llow a detailed analysis as no water molecules are included in
he refinement (PDB ID 1Y90). Nevertheless, all Mg2+ positions
n the subtype-A DIS can be overlaid pretty well with Mn2+ in
he crystal structure (Fig. 9B), suggesting that Mn2+ indeed is
good replacement for Mg2+. This conclusion is slightly pre-
ature, as the Mn2+ ions also occupy additional sites within

his RNA: two more Mn2+ ions are found at the terminal base
airs of the helix and another one near one bulged out adeno-
ine. A similar situation is found in the subtype-B duplex, where

g2+ only partially occupies two sites, but Mn2+ fully occupies
pocket formed by two phosphates and a guanine N7 [161].
ne can therefore conclude the following: first, Mn2+ behaves

imilar to Mg2+ in its preference for certain binding sites, which
s in accord with the similar extent of macrochelate formation
Tables 2 and 3), and confirmed by the corresponding occupa-
ion of distinct sites, and second, Mn2+ has a slightly higher
ffinity towards RNA than Mg2+ as the coordination of addi-
ional Mn2+ ions suggests. Actually the higher affinity towards

ono- and dinucleotides already predicted this behavior. Both
oints are well in line with the relative positioning of Mg2+

nd Mn2+ within the Irving–Williams series and the increasing
ffinity towards nitrogen ligands when moving further to the
ight within the 3d series in the Periodic Table [117,123,124].

Ca2+ as well as Sr2+ and Ba2+ are poor mimics of Mg2+, as
ndicated by the fact that none of these heavier alkaline earth

etal ions occupies the same sites as Mg2+. In fact, the coor-
ination sites of Ca2+, Sr2+, and Ba2+ are difficult to establish
ecause none is fully occupied. This is actually in line with
heir larger size, faster ligand exchange rates and lower binding
endencies (Table 1).

Cd2+ is very selective in replacing Mg2+. Only at the �/�′

ite, where a Mg2+ ion makes two innersphere contacts with
phosphate oxygen as well as a guanine N7 site, also Cd2+

an be localized. No other Mg2+ was replaced in the subtype-A
tructure including the one at the � position where innersphere
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Fig. 9. Metal ion binding to the HIV dimerization initiation site (DIS). (A) The palindromic sequence of the HIV DIS is shown on the left together with its crystal
structure to the right, one strand being colored in red and the second one in green. The coordination sites of the Mg2+ ions (yellow spheres) are indicated by greek
letters. The water molecules have been omitted for clarity. (B) Stereo view of the overlay of the structures of the Mg2+ bound (red and dark green) and Mn2+ bound
(orange and light green) forms. The Mg2+ ions are shown as yellow and the Mn2+ ions as blue spheres. The water molecules have been omitted for clarity. (C)
Close-up view of the �-coordination site of Mg2+ with two innersphere contacts to two non-bridging phosphate-oxygen atoms of A8 and G9 of opposite strands
b rdinated to Mg2+ are omitted for clarity. (D) Close-up view of the � and �′-binding
s ts to the RP-oxygen of A8 and N7 of G9. All water molecules not being coordinated
t LMOL [167] based on the PDB files 462D (Mg2+) and 1Y90 (Mn2+) [161].
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Fig. 10. Mg2+ and Ca2+ binding to Dickerson–Drew DNA whose sequence is
given to the left. The superposition of crystal structures of the Mg2+ bound DNA
(in blue) and the Ca2+ bound form (in green) is shown. It can be clearly seen
that the five localized Mg2+ ions (yellow spheres, one is on the backside of the
duplex) and the four Ca2+ ions (magenta spheres) occupy different binding sites.
Interestingly, the Mg2+ ions are in their hexahydrated form, whereas two of the
ringing the two backbones close together. All water molecules not being coo
ites of Mg2+. The �-Mg2+ is partially dehydrated with two innersphere contac
o the Mg2+ ions are omitted for clarity. This figure has been prepared with MO

oordination to two phosphates occurs, although Cd2+ has a
uch higher intrinsic affinity towards nucleic acids than Mg2+.
his observation illustrates that besides the higher affinity, also

he coordinating sites, their geometry and accessibility play an
mportant role: Cd2+ seems to be a good replacement for Mg2+

nly if innersphere coordination to an N7 position (together
ith possible macrochelate formation) can take place. Again,

his corresponds nicely to the results found with mono- and
inucleotides (Section 3) where for Cd2+ a high degree of
acrochelate formation is found, although one would not have

ared to predict that this might be a requirement for Cd2+ binding
n nucleic acids.

.3. Metal ion binding to the Dickerson–Drew DNA
odecamer

In the above sections we have seen that RNA can adopt highly
omplex structures, as e.g. in the ribosome where a large number
f the nucleotides are not involved in common Watson–Crick
ase pairing, but instead in “mismatches”, loops, and bulges.
s a consequence, complicated three-dimensional architectures

re formed with a multitude of (mostly) partly dehydrated Mg2+

ons bound within. Evaluation of the Mg2+ binding sites within

he subtype-A HIV-1 DIS RNA duplex (Section 4.2) showed
hat partial dehydration of the first coordination sphere seems to
ccur mainly at unusual, i.e. non-helical, local structures when
or example two phosphate–sugar backbones are in close neigh-

Ca2+ ions undergo partial innersphere coordination to phosphate oxygens and a
carbonyl oxygen. The phosphate and the guanine moiety in the top right corner
belong to the neighboring DNA duplex, the rest of which has been omitted for
clarity. This figure has been prepared with MOLMOL [167] based on the PDB
files 436D (Mg2+) [162,163] and 463D (Ca2+) [164].



n Che

b
d
a

s
e
k
M
T
r
s
i
t
d
t
f
p
p
d
l
p
i
O
t
(
w
t
o

o
H
i
b
s
a
t
t

D
g
m

5

t
t
m
s
t
t

i
r
m
f
v

Z
i
c
s
k
i

A

S
S
t

R

E. Freisinger, R.K.O. Sigel / Coordinatio

orhood to each other. It will now be interesting to see, how
ivalent metal ions are bound to DNA, i.e. a nucleic acid, which
dopts majority a regular B-form duplex.

Certainly, the so-called Dickerson–Drew sequence is the
tructurally best investigated DNA sequence (Fig. 10). How-
ver, in terms of binding of divalent metal ions, to the best of our
nowledge, there are only structures available in the presence of
g2+ (PDB ID 436D) [162,163] and Ca2+ (PDB ID 463D) [164].

he high resolution structure by Egli and co-workers [162,163]
eveals three fully occupied and two partially occupied Mg2+

ites. Three of the Mg2+ ions are in the hexahydrate and two
n the pentahydrate form (Fig. 10). The coordination sites of
hese ions reveal no surprises and are well in-line with the above
escribed findings with mono- and dinucleotides, as well as with
he RNAs (Sections 3, 4.1 and 4.2): (i) only one Mg2+ is located
ully in the major groove whereas all others are found along the
hosphate–sugar backbone. These latter ions either bridge two
hosphate groups of the same strand, of two strands within the
uplex, or of strands of two different DNA duplexes in the crystal
attice. This clearly confirms the phosphate group as being the
rimary binding site, (ii) the Mg2+ located in the major groove
s hexahydrated and coordinated solely to the guanine N7 and
6 atoms of two tandem GC base pairs, corresponding nicely

o one of the hexahydrated Mg2+ ions in the ribosome structure
Fig. 8A and Section 4.1). (iii) The low extent of dehydration is
ell in line with the observations made with the HIV DIS struc-

ure described in Section 4.2, which revealed that dehydration
ccurs only at places where non-regular structures are present.

The four Ca2+ coordination sites coincide in no case with the
nes identified for Mg2+, which confirms the results from the
IV DIS RNA evaluation described in Section 4.2. Two Ca2+

ons bind in the minor groove, both being heptahydrated and
ound to several base functionalities of the DNA only by outer-
phere contacts. The two other Ca2+ ions are largely dehydrated
nd bind along the phosphate–sugar backbone thereby bridging
wo DNA duplexes in the crystal lattice. These findings confirm
hat Ca2+ indeed is a poor mimic of Mg2+.

Taken together, these two structures of the Dickerson–Drew
NA sequence in presence of Mg2+ and Ca2+ reveal that in
eneral DNA and RNA behave very similar in terms of their
etal ion binding properties.

. Conclusions and outlook

In this review we have brought together for the first time
he extensive knowledge gained from potentiometric pH titra-
ions on metal ion binding of Mg2+, Ca2+, Mn2+, and Cd2+ to

ono- and dinucleotides in solution, with results available from
olid–state studies on large nucleic acid molecules, including
he ribosome [19], a HIV dimerization initiation site [161], and
he Dickerson–Drew DNA [162–164].

It is amazing to observe how much of the information regard-
ng structures and binding sites can be transferred from the

esults obtained with low-molecular-weight ligands to the high-
olecular-weight nucleic acids. This is very encouraging for the

uture in a threefold sense: firstly, one may expect that the obser-
ations described herein are also valid for other metal ions, e.g.
mistry Reviews 251 (2007) 1834–1851 1849

n2+. Secondly, the summarized information should help to plan
n the future experiments involving metal ions in a more sophisti-
ated way than in the past. Thirdly, one may use the knowledge
ummarized in this review to make predictions, based on the
nown coordination chemistry of nucleotides, towards the metal
on-binding properties of RNAs and DNAs in general.
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[167] R. Koradi, M. Billeter, K. Wüthrich, J. Mol. Graphics 14 (1996) 51.
[168] I. Tinoco Jr., J.S. Kieft, Nat. Struct. Biol. 4 (1997) 509.
[169] J.H. Cate, A.R. Gooding, E. Podell, K. Zhou, B.L. Golden, C.E. Kundrot,

T.R. Cech, J.A. Doudna, Science 273 (1996) 1678.
[170] R.D. Shannon, Acta Crystallogr. A 32 (1976) 751.
[171] W.E. Morf, W. Simon, Helv. Chim. Acta 54 (1971) 794.
[172] C.F. Baes Jr., R.E. Mesmer (Eds.), The Hydrolysis of Cations, Krieger

Publishing Co., Malabar, FL, 1976.
[173] L. Helm, A.E. Merbach, Coord. Chem. Rev. 187 (1999) 151.

[174] S.F. Lincoln, Helv. Chim. Acta 88 (2005) 523.
[175] Y. Inada, A.M. Mohammed, H.H. Loeffler, S. Funahashi, Helv. Chim.

Acta 88 (2005) 461.
[176] E.M. Bianchi, Ph.D. Thesis, University of Basel, Logos Verlag, Berlin,

Switzerland, 2003.


	From nucleotides to ribozymes-A comparison of their metal ion binding properties
	Introduction
	Control of reaction rates by metal ions in DNAzymes and ribozymes
	Metal ion binding to the building blocks of RNA and DNA
	Metal ion binding to mononucleotides
	Comments on the structure and function of nucleotides in solution
	Stability of metal ion-nucleotide complexes in solution
	Insights from crystallography

	Metal ion binding to dinucleotides
	The effect of structural preorientation in dinucleotides on metal ion binding

	Metal ion binding to ribozymes and DNA
	Mg2+ binding to the ribosome
	Metal ion binding to the HIV dimerization initiation site
	Metal ion binding to the Dickerson-Drew DNA dodecamer

	Conclusions and outlook
	Acknowledgements
	References


