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v

     Historical Development and Perspectives 
of the Series  

  Metal Ions in Life Sciences*  

 It is an old wisdom that metals are indispensable for life. Indeed, several of them, 
like sodium, potassium, and calcium, are easily discovered in living matter. However, 
the role of metals and their impact on life remained largely hidden until inorganic 
chemistry and coordination chemistry    experienced a pronounced revival in the 
1950s. The experimental and theoretical tools created in this period and their appli-
cation to biochemical problems led to the development of the fi eld or discipline now 
known as  Bioinorganic Chemistry ,  Inorganic Biochemistry , or more recently also 
often addressed as  Biological Inorganic Chemistry . 

 By 1970  Bioinorganic Chemistry  was established and further promoted by the 
book series  Metal Ions in Biological Systems  founded in 1973 (edited by H.S., who 
was soon joined by A.S.) and published by Marcel Dekker, Inc., New York, for 
more than 30 years. After this company ceased to be a family endeavor and its 
acquisition by another company, we decided, after having edited 44 volumes of the 
 MIBS  series (the last two together with R.K.O.S.) to launch a new and broader 
minded series to cover today’s needs in the  Life Sciences . Therefore, the Sigels new 
series is entitled 

  Metal Ions in Life Sciences . 

 After publication of the fi rst four volumes (2006–2008) with John Wiley & Sons, 
Ltd., Chichester, UK, and the next fi ve volumes (2009–2011) with the Royal Society 
of Chemistry, Cambridge, UK, we are happy to join forces now in this still new 
endeavor with Springer Science & Business Media B.V., Dordrecht, The Netherlands; 
a most experienced Publisher in the  Sciences . 

 * Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chichester, UK 
 (copyright 2006) from pages v and vi of Volume 1 of the series  Metal Ions in Life Sciences  
(MILS-1). 



vi Historical Development and Perspectives of the Series 

 The development of  Biological Inorganic Chemistry  during the past 40 years 
was and still is driven by several factors; among these are (i) the attempts to reveal 
the interplay between metal ions and peptides, nucleotides, hormones or vitamins, 
etc., (ii) the efforts regarding the understanding of accumulation, transport, metabo-
lism and toxicity of metal ions, (iii) the development and application of metal-based 
drugs, (iv) biomimetic syntheses with the aim to understand biological processes as 
well as to create effi cient catalysts, (v) the determination of high-resolution struc-
tures of proteins, nucleic acids, and other biomolecules, (vi) the utilization of 
 powerful spectroscopic tools allowing studies of structures and dynamics, and 
(vii), more recently, the widespread use of macromolecular engineering to create 
new biologically relevant structures at will. All this and more is and will be refl ected 
in the volumes of the series  Metal Ions in Life Sciences . 

 The importance of metal ions to the vital functions of living organisms, hence, to 
their health and well-being, is nowadays well accepted. However, in spite of all the 
progress made, we are still only at the brink of understanding these processes. 
Therefore, the series  Metal Ions in Life Sciences  will endeavor to link coordination 
chemistry and biochemistry in their widest sense. Despite the evident expectation 
that a great deal of future outstanding discoveries will be made in the interdiscipli-
nary areas of science, there are still “language” barriers between the historically 
separate spheres of chemistry, biology, medicine, and physics. Thus, it is one of the 
aims of this series to catalyze mutual “understanding”. 

 It is our hope that  Metal Ions in Life Sciences  proves a stimulus for new activities 
in the fascinating “fi eld” of  Biological Inorganic Chemistry . If so, it will well serve 
its purpose and be a rewarding result for the efforts spent by the authors. 

 Astrid Sigel and Helmut Sigel
Department of Chemistry, Inorganic Chemistry, 

University of Basel, CH-4056 Basel, Switzerland

Roland K.O. Sigel
Institute of Inorganic Chemistry, 

Unversity of Zürich, CH-8057 Zürich, Switzerland 

October 2005, 
 October 2008, 

 and August 2011  
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   Preface to Volume 10   

   Interplay between Metal Ions and Nucleic Acids 

 The preceding Volume 9,  Structural and Catalytic Roles of Metal Ions in RNA , was 
to a large part devoted to ribozymes, a vibrant but well defi ned research area. The 
present volume, though related to the previous one, is of a much wider character 
by describing phenomena that are generally due to the interrelations between metal 
ions and nucleic acids, especially DNA. Yet it should be noted that the role of metal 
ion-nucleic acid interactions in medication, tumor diagnosis, and anticancer 
research is not specifi cally considered because these topics were dealt with in 
Volumes 41 and 42 of our series  Metal Ions in Biological Systems . Instead, Volume 
10 focuses in 12 chapters on modern developments encompassing the wide range 
from G-quadruplexes via DNAzymes to peptide nucleic acids (PNAs), topics of 
relevance, e.g., for chemistry and nanotechnology, but also for molecular biology 
and genetic diagnostics. 

 The volume opens with two general chapters. The fi rst one provides an overview 
on metal ion-nucleic acid interactions and their characterization in solution by 
describing the identifi cation of metal ion binding sites with chemical and biochemi-
cal methods, the application of NMR, etc. It deals with the determination of binding 
constants and the effects of anions and buffers on metal ion binding to nucleic acids. 
The corresponding interactions as seen in the solid state by crystal structure analysis 
are the topic of Chapter 2. Though the interactions of metal ions with nucleic acids 
and their constituents have attracted much attention over more than fi ve decades, the 
review focuses mainly on results obtained during the past 15 years leading to tables 
with over 200 entries. This large body of information is classifi ed and discussed. 

 Due to the fl exible nature of oligonucleotides, they can easily undergo conforma-
tional changes which may be observed by various methods. DNA can adopt a num-
ber of secondary structures of which the right-handed B-type helix is the predominant 
form. The possible roles of metal ions regarding the transition from B- to A-DNA 
(or Z-DNA), the transition from right- to left-handed helices, the denaturation of 
double-strands, the condensation, and other conformational changes are discussed 
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in Chapter 3. Special attention deserve polynucleotides containing long repeats of 
guanosine nucleotides, which have long been known to have a marked tendency to 
aggregate into gel-like materials as is pointed out in Chapter 4. Analysis has shown 
that four strands are held together by a hydrogen bonding arrangement of four 
 guanines – the G-quartet. This very stable motif can self-associate and layers of 
G-quartets may then be formed either from one, two or four strands of DNA or RNA 
sequences. The roles of metal ions in stabilizing these four-stranded structures are 
evaluated. 

 Living organisms from all kingdoms of life need transition metal ions as essen-
tial micronutrients as is emphasized in Chapter 5. On the other hand, the intrinsic 
toxicity of the majority of these metal ions demands a tightly regulated intracellular 
traffi cking that controls their concentration and minimizes the amount of free metal 
ions. The crucial players in the metal homeostasis networks are specifi c metal-
responsive transcriptional regulators, generally defi ned as “metal sensors”; they 
couple specifi c metal ion binding with a change in their DNA binding affi nity and/
or specifi city, thus translating the concentration of a certain metal ion into a change 
in genetic expression. 

 Lanthanide(III) ions have been used as surrogates for alkaline earth ion binding 
to nucleic acids. Indeed, as demonstrated in Chapter 6, detailed information about 
the Ln(III) coordination sphere can be obtained from luminescence studies provid-
ing insights into metal ion-nucleic acid interactions. Similarly, certain metal ion 
complexes are well known for their redox chemistry and their properties of oxygen 
activation as pointed out in Chapter 7. DNA damage and cleavage by metal com-
plexes has attracted much attention since metal complexes may be useful tools for 
studying molecular DNA lesions due to oxidative stress, which is implicated in 
many disorders including aging, cancer, neurological diseases, etc. The review 
focuses on examples illustrating fundamental mechanisms in the chemistry of DNA 
oxidation by metal ion complexes. 

 For a long time DNA’s only function was perceived as being the genetic material 
for all organisms. Because of the limitation of functional group diversity in the 
building blocks of DNA and the mostly invariant double helical structure, DNA was 
considered as being incapable of catalyzing chemical reactions. This contrasts with 
the information assembled in Chapter 8: Nowadays we know that DNAzymes may 
catalyze cleavage of RNA, the ligation of DNA and RNA, the formation of an RNA 
branch or a lariat, as well as phosphorylation, adenylation, depurination of DNA, 
and many more reactions. DNAzymes carry out their catalysis with the aid of metal 
cofactors and some are very selective in this respect. Therefore, DNAzymes have 
been converted into fl uorimetric, calorimetric, and electrochemical sensors for metal 
ions. Furthermore, especially during the past two decades enantioselective catalysis 
at the DNA scaffold has emerged, as reviewed in Chapter 9. Thus, DNA turned out 
to be a highly versatile molecule for applications beyond its natural function, namely 
in nanotechnology, DNA-templated synthesis, and hybrid catalytic systems. 

 The interior of the DNA duplex is formed by a parallel stack of pairwise-bonded 
aromatic nucleobases. Hydrogen bonding, next to  p -stacking and shape comple-
mentarity, plays an important role in governing the integrity of the double strand. 
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Replacement of protons from the nucleobases by metal ions leads to base pairs in 
which hydrogen bonds are formally replaced by coordinative bonds to metal ions. 
As discussed in Chapter 10, artifi cial nucleotides have been developed with a large 
affi nity towards metal ions. However, as shown in Chapter 11, metal-mediated base 
pairs with natural nucleosides as well as artifi cial purine- or pyrimidine-derived 
nucleosides may be used as well. 

 In the terminating Chapter 12 peptide nucleic acids (PNAs) are described; these 
are non-cyclic pseudo-peptide-nucleic acid structural mimics, in which two nucleo-
bases are linked by a peptide unit instead of a ribosyl-phosphate-ribosyl unit. 
Consequently, PNA binds more strongly to sequence complementary oligonucleo-
tides than does natural DNA or RNA because there is no electrostatic repulsion 
between the strands. PNAs have caught the interest in many fi elds of science from 
pure chemistry over molecular biology, drug discovery and (genetic) diagnostics to 
nanotechnology and prebiotic chemistry. The review focuses on metal-complex 
derivatives of PNA. Such derivatives offer the opportunity to introduce new labels 
and probes for bioanalytical and diagnostic applications of PNA, but also to  modulate 
or to introduce, e.g., catalytic functions and to create specifi c biological activities.

Astrid Sigel
Helmut Sigel

Roland K.O. Sigel    
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2 Pechlaner and Sigel

  Abstract   Metal ions are inextricably involved with nucleic acids due to their 
polyanionic nature. In order to understand the structure and function of RNAs and 
DNAs, one needs to have detailed pictures on the structural, thermodynamic, and 
kinetic properties of metal ion interactions with these biomacromolecules. In this 
review we fi rst compile the physicochemical properties of metal ions found and 
used in combination with nucleic acids in solution. The main part then describes 
the various methods developed over the past decades to investigate metal ion 
binding by nucleic acids in solution. This includes for example hydrolytic and 
radical cleavage experiments, mutational approaches, as well as kinetic isotope 
effects. In addition, spectroscopic techniques like EPR, lanthanide(III) luminescence, 
IR and Raman as well as various NMR methods are summarized. Aside from 
gaining knowledge about the thermodynamic properties on the metal ion-nucleic 
acid interactions, especially NMR can be used to extract information on the kinetics 
of ligand exchange rates of the metal ions applied. The fi nal section deals with the 
infl uence of anions, buffers, and the solvent permittivity on the binding equilibria 
between metal ions and nucleic acids. Little is known on some of these aspects, but 
it is clear that these three factors have a large infl uence on the interaction between 
metal ions and nucleic acids.  

  Keywords   equilibrium constants  •  metal ions  •  methods  •  ribozymes  •  RNA      

    1   Introduction 

 Due to their polyanionic nature nucleic acids are unthinkable to exist without the 
close association of cationic counterions. Already the formation of secondary 
structures depends on the presence of metal ions because it requires the negatively 
charged backbones to come close to each other  [  1,  2  ] . Larger RNAs form compli-
cated tertiary structures with patches and cavities of increased negative electrostatic 
potential  [  3,  4  ]  that can not be stable without charge neutralization by associated 
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31 Metal Ion-Nucleic Acid Interactions in Solution

cations. Most of the time, these ions are merely part of a diffuse ion atmosphere, 
providing the necessary charge neutralization but not interacting directly with the 
nucleic acid. Such ions can be well described by electrostatic continuum models 
based on the non-linear Poisson-Boltzmann (NLPB) equation  [  5  ] . A very small 
fraction of metal ions is coordinated tightly in buried binding pockets, where they 
are forced to release part or all of their hydration shells. In between the two extremes 
are those metal ions that interact with specifi c nucleic acid environments via a 
network of hydrogen bonds formed with their inner-shell water ligands and those, 
that are localized momentarily at electrostatically favorable sites like the major 
groove of RNA  [  3  ] . The wealth of loosely associated metal ions makes it diffi cult 
to single out the few more specifi cally bound metal ions. 

 It does not help that affi nities even for the more selective and specifi c metal ion 
binding sites in nucleic acids are usually low (10 2  and 10 4  M –1   [  6–  8  ] ) compared to 
those observed in proteins. Typically most of the coordination sites in an RNA will 
have very similar metal affi nities and are therefore fi lled more or less simultaneously 
 [  7,  9,  10  ] . In addition, metal ions bound to nucleic acids usually keep at least a part of 
their hydration shell, which is rather an exception in proteins, and fast exchange with 
the solvent is a common feature. Thus, the very dynamic nature of nucleic acids is 
also refl ected in the characteristics of their interactions with metal ions. Consequently, 
approaches that work very well for metal ion-protein binding are often not appropri-
ate or not even possible for nucleic acids. Clearly, a much higher emphasis has to be 
set on the thermodynamics and kinetics as opposed to the structural features. The 
verifi cation of conclusions derived from the solid state and crystal structures is of 
particular importance, if they are to be transferred to the solution state. 

 Having said the above, a few more words on the importance of metal ion-nucleic 
acid interactions are necessary. Metal ions have stabilizing roles in DNA and RNA, 
but can also be responsible for large conformational changes. They can induce 
bending and unwinding  [  11,  12  ]  of nucleic acids. In addition, they are triggers for 
the B- to Z-transition in DNA (see also   Chapter 3    )  [  13–  16  ] . G-rich sequences in 
telomeres and in the untranslated regions (UTRs) close to genes form G-quadruplex 
structures with the help of metal ions (see   Chapter 4    ), for which regulatory roles in 
replication, transcription, and translation are suspected  [  17  ] . Similarly, a Mg 2+ -
sensing riboswitch in the 5’UTR regulates gene expression connected to metal 
homeostasis  [  18,  19  ] . Apart from their structural role, coordinated metal ions are 
also often closely linked to the catalytic function of ribozymes. While it is not easy 
and not always possible to separate their structural and catalytic roles, metal ions 
have been identifi ed in the active sites of most studied ribozymes (see e.g.,  [  20–  23  ] ) 
and DNAzymes (see   Chapter 8    ). Furthermore, they may be directly or indirectly 
involved in catalysis. The limited diversity of functional groups present in the four 
nucleotide building blocks of nucleic acids can be extended through the infl uence of 
metal ions  [  24  ] , which can lead to a redistribution of electron densities, the shifting 
of p K  

a
  values  [  25–  30  ] , the favoring of transition state geometries or the stabilization 

of rare tautomers  [  29,  31  ] . 
 It becomes thus evident how important a comprehensive knowledge is about the 

architectural, thermodynamic, and kinetic properties of metal ion-nucleic acid 
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 interactions for the understanding of the structure and function of nucleic acids. 
After a short introduction of the key players, the involved metal ions (Section  2 ) and 
the nucleic acid ligating groups (Section  3 ), various methods, that have been 
employed in the characterization of coordination sites, binding kinetics, and binding 
affi nities will be summarized and discussed (Sections  4 ,  5 , and  6 ).  

    2   Ligating Sites for Metal Ions in Nucleic Acids 

 Metal ion coordination is infl uenced to a good part by the relative softness/hardness 
of potential metal ions and ligands, a concept that holds qualitative information on 
the electronegativity and polarizability of the groups  [  32,  33  ] . Hard metal ions fi nd 
suitable binding sites in the negatively charged non-bridging phosphate oxygens of 
the backbone and also in the exocyclic nucleobase oxygens  [  34  ] , while the endocyclic 
nitrogens of the nucleobases are a preferred target of softer metal ions (Figure  1 ) 
 [  8,  34–  38  ] . Also available are the bridging phosphate oxygens and the 2’-hydroxyl 
groups of sugar moieties  [  39,  40  ] . The exocyclic amino groups of the nucleobases are 
usually not suitable liganding sites because of the delocalization of the lone pair into 
the aromatic ring.  

 Steric factors also play a role, since especially in double-stranded helical regions 
some functional groups become inaccessible. In addition, the high rotameric freedom 
of the sugar-phosphate backbone, which in principle permits the formation of bi- and 
tridentate macrochelates, is more restrained in double-stranded regions.  

  Figure 1    The fi ve most common nucleobases in RNA and DNA: Guanine (gua/G), cytosine 
(cyt/C), adenine (ade/A), thymine (thy/T) and uracil (ura/U) are drawn as present in canonical 
Watson-Crick or wobble base pairs (top). The phosphate sugar backbone of DNA and RNA is 
depicted below. The most common metal ion coordination sites are indicated by bold letters.       
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    3   Metal Ions to Be Considered to Interact 
with Nucleic Acids 

 In the cell, kinetically labile metal ion-nucleic acid complexes predominate, which is 
to a large part due to the nature of the metal ions that are most abundant and freely 
available in the cellular environment (Table  1 )  [  41–  44  ] . Kinetically stable complexes 
on the other hand are employed in contexts procured by humans, like the administra-
tion of drugs or the development of nano-devices.  

    3.1   Natural Metal Cofactors 

    3.1.1   Dominance of Mg 2+  

 Mg 2+  is the most important cofactor of nucleic acids inside the cell  [  24,  37,  45–  49  ] . 
It is also the most abundant divalent metal ion inside the cell (Table  1 ), but this is not 
the only factor that predestines it for its role in nucleic acid structure and function. 
Mg 2+  is a relatively hard Lewis acid with a small ionic radius and correspondingly a 
high charge density. It has a strong preference for oxygen ligands, especially charged 
ones. In octahedral complexes the distances between the six oxygen ligands are close 
to their van-der-Waals radii, resulting in an exceptional stability  [  50  ] . This leads to 
reduced solvent exchange rates and increased solvation enthalpy, but at the same 
time also makes it a most suitable interaction partner for the non-bridging phospho-
ryl oxygens of the nucleic acid backbone, allowing them to pack particularly closely 
 [  51  ] , which is a prerequisite for the physiological folding of large RNAs. In accor-
dance, a nearly perfect correlation between the cleavage rate of the hammerhead 
ribozyme  [  52,  53  ]  and the metal ion affi nity towards phosphate monoesters can be 
established  [  34  ] . Nevertheless, such a correlation cannot be established, for example, 
for the  glmS  ribozyme  [  54  ] , indicating a crucial infl uence of further ligand sites. 

 Partial dehydration of Mg 2+  is enthalpically costly and so direct coordination 
contacts to nucleic acids are only favorable when more than one ligand in a suitable 
geometry replaces the water molecules  [  55,  56  ] . Therefore, it is far more common that 
Mg 2+  interacts through outersphere contacts of its fi rst hydration shell, especially in the 
case of the nucleobase sites like the endocyclic nitrogens and exocyclic oxygens  [  57  ] .  

    3.1.2   Monovalent Ions 

 In terms of abundance, Mg 2+  is surpassed by the monovalent K + , which is present in 
the cell at 140 mM, but also by Na +  present at 10 mM concentration, a value com-
parable to that of Mg 2+ . Outside the cell Na +  and K +  concentrations are reversed 
(Table  1 ). These monovalent ions are far less apt to establish a close packing of the 
negative charges of the nucleic acid backbone. Usually a largely unspecifi c role as 
general charge screeners is attributed to K +  and Na + , even if there are also examples 
of specifi c monovalent ion binding sites (Figure  2 )  [  58,  59  ] .   
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    3.1.3   Infl uences of Metal Ions Other than Mg 2+  and K +  

 Na +  and Ca 2+  levels in the cell are lower than those of Mg 2+  and K + . Na +  is expected to 
share the task of unspecifi c charge screening together with K + . Ca 2+  is used as a signal-
ing molecule in the cell and therefore it is tightly regulated, e.g., by the fast uptake into 
the endoplasmic reticulum (ER) and mitochondria  [  60  ] . Tightly controlled are also 
typical protein metal cofactors like Fe 2+/3+ , Zn 2+ , and Cu +/2+   [  41,  61,  62  ] , with signifi cant 
free cellular concentrations only in case of intoxication, disease or drug treatment 
 [  63  ] . Nonetheless, also low levels of a metal ion are able to infl uence nucleic acids if 
binding specifi city and affi nity are favorable, as is shown for example by the allosteric 
inhibition of a group II intron when 5% Ca 2+  compete against 95% Mg 2+   [  64  ] . In the 
same way other low-abundance metal ions might be involved in the regulation of RNA 
function  [  34  ] . In the following, we will shortly mention some relevant metal ions that 
are frequently studied in association with nucleic acids, highlighting their distinctive 
properties with respect to Mg 2+  or K + . Those latter two unfortunately are hard to detect 
and to characterize by most methods due to their low molecular weight and 

  Figure 2    Views of different metal ion binding sites in nucleic acids. ( a ) Two Mg 2+  ions in the active 
site of a group II intron (light orange) coordinate the scissile bond of the substrate oligonucleotide 
(light green) (PDB ID 3G78;  [  341  ] ). ( b ) Buried K +  ion in its binding pocket as found in the crystal 
structure of a 58 nt long rRNA fragment (PDB ID 1HC8;  [  342  ] ). ( c ) Top and side view of a 
G-quadruplex structure with two K +  ions in its central channel (PDB ID 3IBK;  [  343  ] ). ( d ) [Co(NH 

3
 ) 

6
 ] 3+  

bound to the major groove of two G·U pairs, the amine ligands are shown in light green (PDB ID 
1AJF;  [  225  ] ). ( e ) Intrastrand  cis -Pt(II) adduct with the Pt 2+  coordinated to two guanine-N7 sites and 
two NH 

3
  ligands shown in light green (PDB ID 1A84;  [  344  ] ). ( f ) Three consecutive Ag + -mediated 

imidazole base pairs (PDB ID 2KE8;  [  118  ] ). All panels were prepared using pymol (  http://www.
pymol.org    ) and the indicated PDB IDs.       
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 spectroscopic silence and hence, a variety of metal ions has been used as substitutes 
in different settings. 

 The interactions of metal ions in general with nucleic acids are governed by com-
plex stabilities according to the Irving-Williams series  [  65  ]  and Martin’s Stability 
Ruler  [  66,  67  ] , by the relative affi nities for oxygen versus nitrogen ligands  [  8  ]  and by 
fi rst shell hydration enthalpies (Table  2 )  [  10,  68–  78  ] . Ca 2+ , for example, shares the 
preference of Mg 2+  for phosphate oxygen ligands, but is larger in size and thus com-
patible with higher coordination numbers and a more loose packing of ligands. Ca 2+  
can inhibit Mg 2+ -dependent enzymes and ribozymes (e.g.,  [  64,  79–  82  ] ). Li +  has a 
charge density and ligand preference comparable to Mg 2+ , but favors tetragonal 
geometries. Mn 2+  on the other hand, which is very similar to Mg 2+  regarding both size 
and preferred coordination geometry, has a more balanced affi nity for nitrogen and 
oxygen ligands and a ligand exchange rate 100 times faster than Mg 2+  (Table  2 ). It is 
used as a paramagnetic probe in EPR as well as NMR experiments. Cd 2+  is a much 
softer metal ion and therefore much more likely to interact through innersphere con-
tacts with nucleobase nitrogens. In addition, it also has a higher inclination to form 
macrochelates than the other metal ions mentioned so far  [  37,  57,  83  ] . Cd 2+  is signifi -
cantly larger than Mg 2+ , but its thiophilicity  [  84–  86  ]  makes it a popular choice for 
metal-rescue experiments with phosphorothioates despite a serious caveat  [  86  ] . Zn 2+  
is also very thiophilic and more similar in size to Mg 2+ , but engages in variable coor-
dination geometries  [  87  ] . Tl +  has been employed as a substitute for K + , making use 
either of its thiophilicity or of the abundant spin 1/2 nucleus  205 Tl + . The kinetically 
inert complex [Co(NH 

3
 ) 

6
 ] 3+  can be of help to probe [Mg(H 

2
 O) 

6
 ] 2+  binding sites, even 

if binding affi nity and hydrogen bonding capacities differ because of the higher 
charge and the nature of the ammonium ligands, respectively. [Co(NH 

3
 ) 

6
 ] 3+  is, e.g., 

found to bind to the major groove of tandem G·U wobble pairs (Figure  2 d).  
 Metal ions other than Mg 2+  have been shown to support catalysis of natural 

ribozymes, some even at increased reaction rates, like Mn 2+ , Co 2+ , Zn 2+ , and Cd 2+  in 
the case of the RzB and  Schistosoma  hammerhead ribozymes  [  52,  53  ]  or Ca 2+  in the 
case of the antigenomic form of the hepatitis delta virus (HDV) ribozyme  [  88  ] . 
While in the case of the two Hammerhead ribozymes, the observed cleavage rates 
correlate with the respective phosphate affi nity of the metal ion applied  [  34  ] , in the 
case of the  glmS  ribozyme, no such correlation is observed  [  54  ] . Although such 
“more exotic” metal ions do not occur freely in the cell and are usually employed 
under  in vitro  conditions above their physiological abundances, locally or in secluded 
compartments of the cell, metal ions like Zn 2+  might also  in vivo  reach concentra-
tions where the described effects become signifi cant.   

    3.2   Expanding the Natural Metal Repertoire 
of Catalytic RNAs and DNAs 

 While on the one hand ribozyme catalysis is in many cases promoted by a variety of 
divalent metal ions or even monovalent ions alone, on the other hand so far only a 
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limited subset of metal ions have been shown to be specifi cally required in naturally 
occurring ribozymes, a fact that seems surprising in light of the diverse metal ion 
binding capabilities and selectivities of various  in vitro  selected ribozymes and 
DNAzymes. The latter have been shown to discriminate against Mg 2+ , while selecting 
for Ca 2+   [  89–  91  ] , Cu 2+   [  92–  94  ] , Co 2+   [  95  ] , Zn 2+   [  96  ] , Mn 2+   [  94  ] , Pb 2+   [  97  ] , Ni 2+   [  98  ]  or 
a small subgroup of transition metal ions  [  99  ] . By the same means extraordinarily 
selective DNA biosensors for various metal ions have been engineered  [  100,  101  ]  
(see also   Chapter 8    ).  

    3.3   Kinetically Stable Metal Ion Complexes 

 In Nature, the structural integrity and function of nucleic acids is maintained by 
metal ions with intermediate to fast water exchange rates (Table  2 ). Consequently, 
these ions also form kinetically rather labile complexes with RNA and DNA. The 
action of metal-based drugs, on the other hand, usually depends on the irreversible 
association of metal ion complexes to DNA. Following the historical discovery of 
the anticancer properties of  Cisplatin, cis -(NH 

3
 ) 

2
 PtCl 

2
  (Figure  2 e)  [  102  ] , many other 

Pt 2+ , but also Pt 4+ , Ru 3+ , Ga 3+  and Ti 4+  complexes have been investigated (see also 
  Chapters 2     and   7    ) with regard to their anticancer activity  [  103  ] .  

    3.4   Metallated Nucleic Acids for Nanotechnology 

 DNA, as a self-assembling molecule, has long been of interest for nanotechnologi-
cal applications. The addition of metal ions can switch nucleic acids between two 
conformations (e.g., from single- to double-strand, or from hairpin to duplex), which 
has been taken advantage of for designing biosensors for metal ions (e.g.,  [  104–  107  ]  
and   Chapter 8    ) and recently even logical AND and OR gates  [  108  ] . Furthermore, 
metal ions can modify the physico-chemical properties of nucleic acids and thereby 
extend their natural functional repertoire. While DNA alone possesses only mar-
ginal conductivity, one idea is that the incorporation of metal ions to natural or 
artifi cial nucleotides in double-stranded nucleic acid structures might yield useful 
molecular wires or magnets  [  109  ] . 

 Incorporation of metal ions such as Zn 2+ , Co 2+ , or Ni 2+  into DNA yielding so-called 
M-DNA has been proposed to make DNA more conductive  [  110–  112  ] . There is still 
some controversy about this  [  113  ]  as well as about the defi nite structure of M-DNA 
and the situation of metals therein  [  114–  116  ] . 

 In contrast, the structure of Hg 2+ - and Ag + -mediated base pairs, where the metal 
replaces the imino protons at the N3 position in U-U/T-T base pairs or stabilizes 
C-C mismatches, respectively, has been well established by NMR measurements 
and UV melting studies  [  104,  117–  119  ] . The binding of an Au 3+  ion in the center of 
a G-C base pair has been observed in the crystal structure of an RNA  [  120  ] . 
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 The incorporation of artifi cial nucleotides that can serve as metal ion binding 
sites can help to fi ne-tailor the conformation and stabilities of nucleic acid struc-
tures. For instance, Müller, Sigel, and coworkers have demonstrated the incorpora-
tion of Ag +  ions into imidazole and triazole base pairs (Figure  2 f)  [  118,  121  ] . Clearly, 
with artifi cial nucleotides one can also further extend the range of possible metal 
binding sites. Examples are Cu 2+ -hydroxypyridone base pairs  [  122  ]  and salen metal 
base pairs (Cu 2+ , Mn 2+/3+ , Fe 3+ , Ni 2+ , and VO 2+ )  [  123,  124  ] . In a few cases artifi cial 
metal ion binding nucleotides have also been incorporated in polynucleotides with 
modifi ed backbones like PNA (peptide nucleic acid; see also   Chapter 12    ) and GNA 
(glycol nucleic acid) (see  [  125  ]  and references therein). For a more detailed discus-
sion on artifi cial base pairs we refer the reader to   Chapters 10     and   11     of this volume 
and recent reviews by Müller and Clever and Shionoya  [  125,  126  ] .   

    4   Structural Characterization of Metal Ion Binding Sites 

 As summarized in the above section, the range of metal ions that have been observed 
to interact with nucleic acids in one or another specifi c context is very wide. The 
structural characterization of their binding sites, their precise localization, and the 
number and type of associated ligands in solution have been studied by a combina-
tion of chemical, biochemical and spectroscopic methods that will be discussed in 
the following. 

    4.1   Chemical and Biochemical Methods 

 Well-established biochemical and chemical methods are used to map metal ion 
binding sites through backbone cleavage. However, information on structural fea-
tures of the interaction sites can be inferred only indirectly by studying the effect on 
ribozyme kinetics or conformation of mutated functional groups or the substitution 
of hard ligands or metals by soft ones. Nonetheless, many metal ion binding sites 
could be predicted by these methods, which only later on were confi rmed in X-ray 
crystal structures. The strength of chemical and biochemical methods lies in the 
identifi cation and characterization of catalytically important metal ion binding sites 
in ribozymes and their applicability also to very large molecules. 

    4.1.1   Metal Ion-Induced Hydrolytic Cleavage 

 Many metal ions catalyze the cleavage of phosphodiester bonds. The cleavage 
pattern in a large RNA thus holds information about the location of metal ion 
binding sites. The cleavage depends on local geometry and is mainly thought to take 
place through an “in-line” nucleophilic attack of the metal at a 2’-hydroxyl group 
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that is followed by transesterifi cation (Figure  3 )  [  127,  128  ] . A 2’,3’-cyclic phosphate 
and a 5 ¢ -hydroxyl group result of this cleavage, analogous to the reaction catalyzed 
by the small phosphodiester-cleaving ribozymes. The cleavage rates have been 
shown to be pH dependent, thus indicating the involvement of the metal hydroxides 
 [  129  ] . Mg 2+  has a very low cleavage capacity at neutral pH (the p K  

a
  of Mg(H 

2
 O)    +2

6   
is 11.4; Table  2 ) and consequently, transition metal and lanthanide ions are normally 
used as probes. Pb 2+  is much more effi cient than Zn 2+  and Mn 2+   [  130  ] , but all three 
have been used to localize metal-RNA interaction sites  [  131–  134  ] . Lanthanide(III) 
ions are especially suitable and employed frequently as probes because their charge 
makes them bind rather tightly and p K  

a
  values close to neutral facilitate effi cient 

cleavage  [  135–  137  ] .  

  Figure 3    Mechanism of RNA cleavage by a classical in-line attack. The nucleophillic 2’-OH 
attacks the adjacent phosphodiester and the opposite 5’-OH is liberated upon formation of 
2’,3’-cyclic phosphate in this S 

N2
  reaction. The attacking nucleophile and the leaving group are 

positioned ideally in a 180° angle to achieve a maximum cleavage rate.       

 Cleavage assays require 5’- or 3’- 32 P-end-labeling of the RNA. The cleavage 
products are separated by denaturing PAGE and the cleavage patterns subsequently 
used to determine the binding sites. Conclusions, however, are not straightforward 
because different factors determine the sites of cleavage. Firstly, favorable backbone 
geometries for cleavage are more common in single-stranded and loop regions than 
in double-stranded helices  [  128,  138  ] . On the other hand, strong relevant binding sites 
in a more rigid environment with an unfavorable geometry for in-line attack might be 
missed. Secondly, while lanthanide and transition metal ions often seem to bind at 
the same sites as Mg 2+   [  136  ] , they still are able to adopt diverse coordination geom-
etries or have divergent ligand preferences. Hence, one might miss the most specifi c 
binding sites while non-Mg 2+  binding sites might be detected. Competition experi-
ments with Mg 2+  can help to identify physiologically relevant binding sites, but they 
are not able to distinguish effects of structural changes induced by a Mg 2+  binding 
non-competitively at a different site from effective lanthanide displacement by Mg 2+ . 
Cleavage experiments are thus prone to false negative as well as false positive 
results, but in combination with other experiments can give valuable information.  
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    4.1.2   Metal Ion-Induced Radical Cleavage 

 Alternatively, metal ion binding sites can be probed with Fe 2+   [  139  ] , taking advan-
tage of the Fenton reaction  [  140,  141  ] . In the presence of H 

2
 O 

2
  Fe 2+  is oxidized to 

Fe 3+  generating short-lived hydroxyl radicals that will lead to backbone cleavage in 
the near proximity of the Fe 2+/3+  binding sites. Fe 3+  is then reduced again to Fe 2+  by 
sodium ascorbate. Fe 2+  compares well to Mg 2+  in terms of radius and coordination 
geometry (Table  2 )  [  142  ]  and can compete for Mg 2+  binding sites  [  139  ] . However, it 
has to be kept in mind that their different Pearson hardness will in many cases lead 
to divergent binding preferences.  

    4.1.3   Mutational Approaches to Determine Metal Ligands 

 Once putative binding sites have been determined, various nucleotide analogs  [  143  ]  
can help to identify more details about a coordination site. Functional groups of 
a specifi c nucleobase, sugar or phosphate moiety are modifi ed or removed and 
the effect can be monitored, e.g., by looking at the metal ion cleavage pattern. 
Alternatively, the metal ion binding sites that are important for catalysis or essential 
for structural integrity can be inferred from the catalytic competence or overall con-
formation of the mutated nucleic acid as determined in enzymatic or electrophoretic 
mobility shift assays, respectively. 

 Nucleotide analogue interference mapping (NAIM)  [  144  ]  is an effi cient way to 
systematically probe the importance of RNA functional groups  [  10  ] . In combination 
with metal ion switch experiments this method is also useful in establishing putative 
metal ion binding sites (see Figure  4  and Section  4.1.4 .)  [  145–  148  ] . T7 RNA poly-
merase is used to randomly introduce phosphorothioate nucleotides or nucleotide 
analogs (NTP a S) at levels of less than one substitution per transcript. Afterwards 
those mutants, in which activity or another screenable characteristic has been abol-
ished, are separated from the pool of transcripts. Iodine cleavage and subsequent 
analysis on the gel reveal the positions of the mutated  nucleotides  [  144  ] .  

 The method can, for example, be used to identify metal-coordinating phosphate 
groups through metal rescue as described below, with the restriction that only  R  

P
  

phosphorothioates can be studied as T7 polymerase selects against the other diaste-
reomer  [  149  ] . Basu et al. have used a combination of X-ray crystallography and 
NAIM to identify a monovalent metal ion binding site in the  Tetrahymena  ribozyme 
P4-P6 domain  [  58  ] . They showed the rescue of a 6-thioguanosine mutation by Tl + , 
a thiophilic K +  substitute.  

    4.1.4   Metal Ion Switch Experiments 

 The divergent ligand preferences of different kinds of metal ions are the basis of 
metal ion switch experiments. Mg 2+  and Mn 2+  prefer the harder oxygen ligands, while 
Cd 2+ , Zn 2+  and Pb 2+  display a pronounced preference for the softer aromatic-nitrogen 
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and especially sulfur sites  [  84–  86,  150,  151  ] . Mutations that exchange oxygen for 
 sulfur or nitrogen groups can signifi cantly suppress Mg 2+  binding, but the adverse 
effects can often be rescued by Cd 2+  or Mn 2+ . The method is especially useful in 
identifying catalytically involved metal ions (see also recent reviews  [  152  ]  and  [  10  ] ) 
and is usually thought to be limited to the analysis of directly coordinated metal ions. 
However, Basu and Strobel report the rescue of outerspherely coordinated binding 
sites by Mn 2+   [  153  ] . Since Mg 2+  preferentially binds to phosphoryl oxygens, the most 
common mutation in this kind of experiment is the exchange of phosphates for phos-
phorothioates, but also 2’-OH substitution by NH 

2
  has been used  [  154  ] . 

 Evaluation of metal rescue experiments is complicated by several possible 
adverse effects. Firstly, there are the inherent physico-chemical differences (e.g., 
size, hydrogen bonding, coordination geometry, electronegativity) not only of the 
switched metal ions but also of the switched ligands. Sulfur, for example, is larger 
than oxygen and thus the introduction of a phosphorothioate by itself can already 

  Figure 4    The use of NAIM analysis combined with thiorescue to identify metal ion binding sites 
in RNA. The example shown visualizes a phosphorothioate interference at position 2 and a nucleo-
base mutation at position 6 that both can be rescued by a thiophilic metal. The introduced thio-
phosphate group at position 5 cannot be rescued by the addition of a more thiophilic metal ion, 
indicating that this group undergoes another kind of crucial (but unknown) interaction within the 
three-dimensional architecture of the RNA. This Figure is adapted from  [  144  ] .       
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alter local structure and/or distort a metal ion binding site. Secondly, ribozymes 
usually present many other possible interaction sites for the rescuing metal, at 
which binding can infl uence the structure and function signifi cantly. To exclude 
them as well as possible, experiments are normally performed against a back-
ground of Mg 2+ . Evaluation is usually based on relative rate constants that take 
into account the catalytic rates of all four combinations of the unmodifi ed and 
modifi ed ribozyme with Mg 2+  and with the rescuing metal ion (equation   1    ) 
 [  152,  155  ] . 
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  are the rate constants of the modifi ed ribozyme in the presence 
of the substituting metal ion or Mg 2+ , respectively, and  k  

M
  2+  ,O  and  k  

Mg
  2+  ,O  the corre-

sponding rates in the wild-type ribozyme. Using an approach termed thermody-
namic fi ngerprint analysis (TFA) that combines metal ion rescue with kinetic 
analysis, Herschlag, Picirilli, and coworkers were able to establish how many metal 
ions are involved in catalysis by the  Tetrahymena  group I intron ( [  154  ]  and more 
detailed descriptions in  [  152,  156  ] ). By examining the infl uence of mutations at 
several sites in the RNA substrate and of the cofactor GTP both in the absence and 
presence of Mn 2+ , the authors were able to determine three sites with different Mn 2+  
binding affi nities, thereby confi rming the presence of three different metal ions. In 
the case of the hammerhead ribozyme, a thio-rescue experiment gave valuable 
clues about the structure of the transition state active site: The analysis of enzyme 
kinetics in single and double mutants in a thio-rescue experiment strongly supports 
a bridging metal ion between a previously described metal ion binding site and the 
cleavage site  [  157  ] .  

    4.1.5   Kinetic Isotope Effect 

 Compared to the modifi cations mentioned in the previous paragraphs, substitution 
of an atom with a heavier isotope of the same element is a very small, but  nonetheless 
detectable intrusion in a system. The substitution can have an enhancing or 
 decreasing effect on a reaction and thereby reveal information about the transition 
state structure  [  158,  159  ] . Recently, this method has been applied to the transition 
state of RNase P  [  160,  161  ] . The detected H 

2
  18 O heavy isotope effect agrees 

perfectly with the results obtained from the Mg 2+ -catalyzed cleavage of the model 
compound 5 ¢ - p -nitrophenylphosphate (T5PNP). This indicates that the cleavage 
mechanism in RNase P involves the same transition state as in T5PNP, where the 
H 

2
  18 O is directly coordinated to the metal ion  [  160  ] . In the future the better avail-

ability of specifi cally  18 O-enriched nucleotides might open the fi eld for a wider 
application  [  162,  163  ] .   
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    4.2   Spectroscopic Methods 

    4.2.1   Electron Paramagnetic Resonance 

 Electron paramagnetic resonance (EPR) spectroscopy can be very useful for the 
characterization of metal ion-nucleic acid interaction in several ways. However, 
most EPR methods require the sample to be frozen. In solution at room tempera-
ture, EPR can provide information on the populations of free and bound metal ions 
and thereby binding affi nities as well as cooperativities but structural details are 
not accessible  [  164–  166  ] . At low temperature in a frozen sample, hyperfi ne inter-
actions between the unpaired electron spin of a paramagnetic metal ion and the 
spin of the nuclei are able to hint at the coordination environment of the metal ion. 
Two more advanced applications, ENDOR (electron-nuclear double resonance 
spectroscopy) and ESEEM (electron spin echo envelope modulation) can even 
reveal details about the number and type ( 14 N/ 15 N,  1 H/ 2 H,  31 P) of the immediate 
coordinating partners within a radius of 6–7 Å. For a more detailed description of 
the techniques we refer the interested reader to recent expert reviews by DeRose 
and coworkers  [  167,  168  ] . 

 Since EPR is limited to paramagnetic metal ions, Mn 2+  is a popular object of 
study due to its similarities with Mg 2+  (Table  2 ). Both its electron and nuclear spin 
are 5/2, but degeneration leads to a spectrum with only 6 characteristic main lines. 
The exchange of metal ion-coordinated water molecules for RNA ligands is accom-
panied by subtle perturbations of the spectrum. As signals from differently bound 
metal ions will always overlay, an unambiguous analysis usually requires sample 
conditions with only one prominent metal ion binding site. A single tightly bound 
Mn 2+  ion can, for example, be observed in a background of monovalent ions in the 
hammerhead ribozyme: ESEEM spectroscopy allowed the precise localization of 
the metal ion at a site with specifi cally  15 N-labeled guanine, the determination of 
further liganding sites and also of the hydration level  [  169  ] . In a different approach, 
multiple Mn 2+  binding sites in the Diels-Alder ribozyme were gradually silenced by 
Cd 2+ , allowing thus their individual characterization  [  166  ] .  

    4.2.2   Lanthanide(III) Luminescence 

 The luminescence of lanthanide(III) metal ions is sensitive to the direct coordination 
environment and thus can yield information on the metal ion binding pocket. This 
method is mentioned here for the sake of completeness but we refer the reader to 
  Chapter 6     of this volume for a detailed description.  

    4.2.3   X-ray Absorption Spectroscopy 

 The coordination environment of tightly bound transition metal ions can be charac-
terized in detail in solution by X-ray absorption spectroscopy (XAS) methods like 
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XANES and EXAFS. XANES (X-ray absorption near edge structure) is sensitive to 
the average oxidation state of the metal in the sample, while EXAFS (extended 
X-ray absorption fi ne structure) allows the deduction of the number and type of 
ligands as well as coordination geometry and metal-ligand atom distances. Detection 
is possible in dilute solution and metal ions that are classifi ed as spectroscopically 
silent (like Na + , K + , Mg 2+ , or Ca 2+ , Cu + , and Zn 2+ ) are accessible  [  170  ] . 

 Nucleic acids are not optimally suited for XAS investigations, considering the 
predominantly weak interactions and the coexistence of many metal ion binding 
sites in most constructs. Nonetheless, higher-affi nity binding sites, like the ones in 
the G-quadruplex channel  [  171  ]  or in a short RNase P helix P4 model  [  172  ]  can be 
characterized in remarkable detail, not to forget complexes of kinetically more inert 
metal ions  [  173,  174  ] .  

    4.2.4   Vibrational Spectroscopies 

 Metal ion binding is refl ected in changes of the vibrational bands of nucleobase, 
sugar, and phosphate constituents, which can be measured by infrared (IR) and 
Raman spectroscopy. While IR depends upon oscillating dipole moments and is 
infl uenced by all types of non-symmetrically bonded atoms, Raman signals derive 
from the inelastic scattering of photons and occur when there are changes in polariz-
ability. The latter are therefore especially sensitive to electron-rich or multiply 
bonded groups. In addition, water absorbs in the IR range but is not observed in 
Raman spectra. Thus, the two methods can yield useful complementary information 
on a fast timescale and in all physical states  [  175,  176  ] . Discrete vibrational bands 
for base, sugar and phosphate groups can be observed, albeit only as an average 
signal of all conformational states in the sample. Isotopic labeling is an approach to 
partly alleviate this problem  [  177,  178  ] . 

 FT-IR (Fourier-transform infrared) spectroscopy and Raman spectroscopy 
have been employed to semiquantitatively follow metal ion-induced conforma-
tional changes  [  13,  179,  180  ]  and identify primary binding sites for a variety of 
metal ions in RNA and DNA  [  181–  187  ] . By Raman spectroscopy the largest metal 
ion-dependent changes are observed in the phosphodiester signals. The symmet-
ric stretching of non-bridging phosphate oxygens has recently been proposed to 
contain quantitative information about the degree of innersphere coordinated 
metal ions in RNA  [  188  ] . Christian et al.  [  188  ]  fi nd that while electrostatic and 
hydrogen interactions yield only an attenuation, innersphere coordination is 
accompanied by a shift of the Raman signal, an effect that could in addition also 
be roughly correlated to the electronegativity and the Pearson hardness of the 
respective metal ion. Raman spectroscopy in solution requires rather concentrated 
and highly pure samples, restricting this method to the analysis of smaller con-
structs. Raman crystallography or microscopy is an approach that can signifi cantly 
increase signal intensity and reduce background signals. It allowed the identifi ca-
tion of inner- and outersphere coordinated metal ions in the HDV ribozyme 
 [  189–  191  ] .  
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    4.2.5   Nuclear Magnetic Resonance Methods 

 Nuclear magnetic resonance (NMR) spectroscopy has provided the three-dimensional 
structures of hundreds of RNA and DNA molecules. Its restriction in terms of 
molecular size – compared to X-ray crystallography – is outweighed by the singular 
capacity to reveal not only structure and conformation, but also local and global 
dynamics of macromolecules in solution in a quantitative manner. The big advantage 
compared to other spectroscopic methods in solution is the resolution of the individual 
nuclei at almost every single position in a polynucleotide chain, allowing the simulta-
neous site-specifi c characterization of multiple metal ion binding sites. 

 Most approaches are based on indirect observations of metal ion induced changes 
in the nucleic acid binding sites. The most abundant isotopes of hydrogen and phos-
phorus ( 1 H and  31 P) both have nuclear spins of 1/2 as it is the case with  15 N and  13 C. 
The latter are widely used in isotopically enriched nucleotides instead of the natural 
isotopes  14 N and  12 C. But also the direct observation of NMR-active metal nuclei 
can help in the structural and thermodynamic characterization of metal binding sites 
 [  192,  193  ] . Metal ion-nucleic acid interactions can have repercussions on chemical 
shifts, relaxation properties and scalar couplings of involved NMR active nuclei 
 [  194  ] . In addition, NOEs (nuclear Overhauser effects) to the protons of popular 
metal ion mimics, [Co(NH 

3
 ) 

6
 ] 3+  and NH    

4
+  , can denote coordination sites  [  195  ] . 

      4.2.5.1 Chemical Shift Perturbations: 

 Chemical shifts are the most straightforwardly measurable factor in a NMR experi-
ment (Figure  5 ). Binding of metal ions can infl uence the chemical shift in two ways: 
Either through direct deshielding of a nucleus or through shielding/deshielding 
effects upon conformational changes of the neighborhood that result from a binding 
event. The latter effect is especially prevalent for  1 H shifts and reduces the accuracy 
with which a binding site can be localized, but on the other hand it is also a highly 
sensitive fl ag to defi ne the binding pocket. In the case of smaller structures that do 
not undergo signifi cant conformational changes upon metal ion interaction,  1 H shift 
perturbations can be used as good indicators of metal ion binding sites  [  6,  196,  197  ] . 
Imino proton shifts are mostly well resolved and can often be monitored satisfacto-
rily in 1D spectra. However, the observable ones are usually part of a Watson-Crick 
hydrogen bonding pattern and then not in close proximity to the metal ion binding 
atom. In addition, the chemical shift of imino protons is very sensitive to tempera-
ture and accessibility of bulk water, which may falsify results.  

 In this case, homo- or heteronuclear 2D NMR spectra can often yield more 
signifi cant shift perturbations from the non-exchangeable protons. Mg 2+ -induced 
 1 H chemical shift changes are usually not larger than 0.1–0.2 ppm  [  6,  7,  197  ]  at 
limiting metal concentrations of ~10–20 equivalents and perturbations of  13 C 
chemical shifts are similarly small in general  [  197–  200  ] . Chemical shifts induced 
by [Co(NH 

3
 ) 

6
 ] 3+  are slightly more pronounced due to the higher charge and associ-

ated 10 times stronger binding affi nity  [  201  ] . Unfortunately, exchange rates of 
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commonly employed metal ions are often in the intermediate regime on the NMR 
time scale  [  84  ]  leading to a general broadening of the lines already at lower 
 concentrations that can impede the analysis of chemical shift changes. 

 With  31 P, nucleic acids contain a second highly sensitive and abundant spin 1/2 
nucleus in addition to protons, whose only disadvantage is the low signal dispersion. 
Most  31 P resonances cluster in the small region between –3 to –1 ppm and only a few 
with non-standard backbone torsion angles can be resolved from the rest  [  202  ] .  31 P 
resonances can be unambiguously assigned by the site-specifi c incorporation of a 
non-bridging  17 O that effi ciently broadens the signal of the adjacent  31 P  [  203  ] , an 
approach which has been employed, e.g., by Hansen et al.  [  204  ]  to pinpoint a binding 
site in a hammerhead ribozyme. Alternatively,  31 P resonances from the crowded 
bulk region can be resolved by the incorporation of phosphorothioates, which have a 
 31 P resonance shifted by ~60 ppm  [  203,  205  ] , allowing to observe effects of metal ion 
binding to selected sites in the phosphate backbone  [  206  ] . Coordination of Cd 2+  to a 
phosphorothioate, for example, will lead to an upfi eld shift of the  31 P resonance by a 
few ppm in both  R  

P
  and  S  

P
  diastereomers, as has been observed for both the A9/

  Figure 5    Signatures of metal ion binding to nucleic acids as observed in NMR spectra. ( a ) Mg 2+  
interaction is indicated by chemical shift changes (titration from 0 mM, red, to 12 mM Mg 2+ , dark 
blue). Line broadening indicates direct Mg 2+  coordination. The panel is adapted from  [  7  ]  and 
 [  252  ] . ( b ) Selective line broadening is observed in a  1 H NMR spectrum with increasing amounts 
of Mn 2+  (titration from 0  m M, blue, to 210  m M, yellow). ( c ) Coordination of a Ag +  ion causes a 86 
Hz splitting of the imidazole N3 signal in a [ 1 H, 15 N]-HSQC. Panel adapted from  [  118  ] . ( d ) Binding 
of [Co(NH 

3
 ) 

6
 ] 3  +  can be observed by NOE crosspeaks between the protons of its ammine ligands 

(bulk resonance at 3.65 ppm) and the imino protons of a short RNA hairpin.       
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G10.1 and scissile phosphate locations in the hammerhead ribozyme  [  207,  208  ]  in 
agreement with the results of biochemical studies by Wang et al.  [  157  ] . However, 
such experiments have to be interpreted with care because the introduction of a sulfur 
atom might also create a new or specially shifted binding site. 

 Considering the unfavorable NMR characteristics of oxygen isotopes,  15 N is the 
only nucleus in nucleic acids that can serve as a probe for the detection of an inner-
sphere coordination site. In addition,  15 N is straightforwardly observable by NMR 
spectroscopy. This explains why with  15 N, compared to  1 H,  13 C and  31 P, much higher 
chemical shift perturbations can be observed. Direct coordination to nucleobase 
nitrogens is confi rmed in Hg 2+ -mediated thymine base pairs in DNA by 30 ppm  15 N 
downfi eld shifts  [  117  ]  as well as by Ag +  coordination to imidazole nucleotides 
 [  118  ] . Also the more labile coordination of Cd 2+  and Zn 2+  ions to N7 induces 20 ppm 
shifts in 1D  15 N experiments  [  209–  211  ] . An initial broadening of the  15 N resonance 
is attributed to the exchange between free and bound states. At higher, saturating 
Cd 2+  concentrations the peak grows sharper again. Resonances for the adjacent 
purine  13 C8 and  1 H8 are perturbed less but still signifi cantly  [  172  ] , which is not 
observed in outersphere coordination  [  212,  213  ] . Since direct observation of the low 
sensitivity nucleus  15 N can be lengthy, the recording of 2D [ 1 H, 15 N]-HSQC can be 
advantageous, while at the same time enhancing the resolution. On the basis of 
 2  J -[ 1 H, 15 N]-HSQC experiments Erat et al. have proposed that the combined infor-
mation of  1 H and  15 N shifts and characteristic broadening can be used to identify 
inner- and outersphere binding events  [  214  ] . The empirically collected knowledge 
agrees well with theoretical calculations, confi rming that  15 N chemical shifts are a 
valid means to determine the coordination mode  [  215,  216  ] .  

      4.2.5.2 Paramagnetic Effects: 

 The large magnetic moment of an unpaired electron of a paramagnetic metal 
ion species effi ciently relaxes nuclei in its immediate environment (Figure  5 b) 
 [  172,  217,  218  ] . The effect is strictly distance-dependent (relative to r –6 ) and leaves less 
room for ambiguity than chemical shift perturbations. Paramagnetic line broadening 
information can even be included as weak distance restraints in molecular dynamics 
calculations  [  197  ] . Mn 2+  exchanges very fast between the free and bound form and can 
therefore effectively relax a whole molecule at substoichiometric concentrations.  m M 
amounts are usually enough to detect site-specifi c line-broadening effects. Mn 2+  is 
most widely used because of its likeness to Mg 2+  (e.g.,  [  219–  221  ] ), but also Co 2+  and 
Ni 2+  are suitable paramagnetic probes  [  98,  222  ] .  

      4.2.5.3 NOE Crosspeaks to [Co(NH 
3
 ) 

6
 ] 3+  and NH    +

4
  : 

 [Co(NH 
3
 ) 

6
 ] 3+  is a mimic for [Mg(H 

2
 O) 

6
 ] 2+   [  223  ]  and has been used in a wide range of 

studies  [  172,  200,  201,  224–  226  ] . Similarly, NH    +
4
   can be used as a substitute for mono-

valent metal ions  [  195  ] . Both compounds possess protons that are amenable for direct 
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observation of inter-molecular NOE crosspeaks (Figure  5 d) to nucleic acid protons in 
a radius smaller than 6 Å. In the most common case tumbling of the cation in the bind-
ing site and exchange with the unbound state are fast on the chemical shift time scale 
and all [Co(NH 

3
 ) 

6
 ] 3+ /NH    +4   protons resonate at a single frequency. G-quadruplex struc-

tures are an exception, displaying a binding site with on-off rates slow enough to allow 
observation of separate resonances for free and bound ammonium  [  227,  228  ] . The tight 
binding even signifi cantly slows down the usually fast proton exchange of ammonium 
 [  195  ] . It is advantageous to employ  15 N-labeled NH    +4   because it not only avoids the 
quadrupolar  14 N nucleus, but also allows for heteronuclear HSQC experiments that 
detect the exchange of ions between binding sites and the solvent  [  229  ] . Structural 
information, however, can be inferred in both fast and slow exchanging cases. From the 
NOE cross-peaks of [Co(NH 

3
 ) 

6
 ] 3+  or NH    +4   weak distance restraints can be extracted and 

integrated in molecular dynamics simulations to infer binding sites  [  45  ] .  

      4.2.5.4 Direct Detection of NMR-Active Metal Isotopes: 

 A good number of the metal ions that have been studied in association with nucleic 
acids have at least one NMR-active isotope. Unfortunately many of them, including 
the biologically most relevant  23 Na + ,  39 K + , and  25 Mg 2+ , have half-integer spins > 1/2. 
Fast quadrupolar relaxation usually restricts their use in solution NMR experiments 
to the study of kinetic and thermodynamic features by line shape analysis (see also 
Sections  5  and  6 )  [  230–  234  ]  and pushes them more into the fi eld of solid state 
NMR, which is better suited to handle the large quadrupolar effects. 

 Spin 1/2 isotopes are available in  52 Fe,  107 Ag,  109 Ag,  111 Cd,  113 Cd,  195 Pt,  199 Hg, 
 203 Tl,  205 Tl, and  207 Pb. Many have wide chemical shift ranges and can give useful 
information about coordination geometry and ligand atom identity, as has been 
shown in proteins  [  235,  236  ] . In nucleic acids, however, their use is most often 
restricted by the problem of weak binding and fast exchange. An exception is again 
the high-affi nity binding of monovalent metal ions to G-quadruplex structures that 
even permitted the direct observation of separate peaks for the bound and unbound 
species of  23 Na + ,  39 K + , and  85 Rb + , which was not thought possible so far  [  192,  237  ] . 

  205 Tl +  is a very useful NMR substitute for K +  and Na +  due to its high natural 
abundance (70%) and high sensitivity  [  238  ] . Basu et al. observe two well separated 
 205 Tl +  peaks for the bound and unbound species in a G-quartet  [  239  ] . In a subse-
quent work Gill et al. even managed to measure small scalar  1 H- 205 Tl +  couplings of 
< 1 Hz between the ion and imino and aromatic protons, which allow the precise 
localization of metal ions in a G-quadruplex structure  [  193  ] . 

 Such direct couplings could not be observed between  113 Cd 2+  and  15 N upon 
coordination of the metal ion to an N7 in the tandem G·A base-pair motif of the 
hammerhead ribozyme  [  209,  212  ] , which is attributed to the fast exchange of Cd 2+ . 
The coordination of Ag +  ions between imidazole nucleotide analogs in a DNA 
duplex on the other hand is stable enough to observe a 86 Hz  1  J ( 15 N, 107/109 Ag) 
coupling indirectly in the splitting of the nitrogen signal (Figure  5 c)  [  118  ] .     



231 Metal Ion-Nucleic Acid Interactions in Solution

    5   Determination of Binding Kinetics 

 Metal ions interact with nucleic acids on a very wide range of time scales. Fast 
exchange (ms to  m s range) dominates the dynamic interactions of the majority of 
alkali and alkaline earth metal ions. On the other extreme, metal complexes 
effective in cancer treatment are characterized by particularly slow kinetics that 
can be in the order of hours or days  [  240  ] . Mg 2+  is special with regard to its water-
ligand exchange rate of ~2·10 5  s –1  being four orders of magnitude slower than that 
of most of the main group metal ions, but also signifi cantly slower than many 
transition metal ions  [  241  ] . 

    5.1   Nuclear Magnetic Resonance 

 The appropriate approach for establishing binding kinetics is determined by the 
association-dissociation rate of the metal ion, which can be fast, intermediate or slow 
on the respective time scale accessible to the employed method. For example, what is 
considered fast on the NMR (~10 –1 –10 –9  s) or EPR (~10 –4 –10 –8  s) time scale will still 
be slow in IR (~10 –13  s) or UV (~10 –15  s) spectroscopy  [  42  ] . In the case of slow 
exchange, separate signals can be observed for each exchanging species, while fast 
exchange only displays one averaged signal (Figure  6 ). NMR has proven the most 
versatile tool to determine thermodynamic and kinetic parameters on different time 
scales. Most of the relevant exchange processes in nucleic acids happen in fast 
exchange ( > 10 3  s –1 ) relative to the NMR chemical shift time scale. In this regime, the 
NMR signal has a chemical shift that corresponds to the population-weighted average 
of the chemical shifts of the bound and unbound forms. A concentration-dependent 
movement of the signal can be used to deduce affi nity constants (see Section  5.2 ). If 
the exchange is moderately fast (too fast would be  k  

–1
  > 40 | d  

bound
 – d  

unbound
 |  [  242  ] ) a full 

line-shape analysis can give on- and off-rates of metal binding as well as equilibrium 
dissociation constants  [  242,  243  ] . Relaxation rates and line-shapes of the quadrupolar 
nuclei  23 Na,  25 Mg, and  43 Ca are modulated by their interactions with larger molecules 
and have been used in a number of studies to characterize binding kinetics, coopera-
tivity and co-solute dependence  [  230–  232,  234,  244–  246  ] .  

 Magnetic relaxation dispersion (MRD) experiments allow the probing of molec-
ular motions over a wide range of time scales by recording autorelaxation rates of 
quadrupolar nuclei at various different fi eld strengths  [  247,  248  ] . In this way the 
residence times of small molecules like H 

2
 O (through  2 H or  17 O)  [  249  ]  or metal ions 

(especially well suited is  23 Na + ) on the surface of a biomolecule can be determined 
under fast exchange conditions. By MRD experiments, Halle and colleagues con-
fi rmed the binding of  23 Na +  in the minor groove of DNA A-tracts by showing that 
binding is blocked by the minor groove binding drug netropsin  [  250,  251  ] . Results 
support the existence of relatively long-lived  23 Na +  (50 ns  [  250  ] ; 10 ns to 100  m s 
 [  251  ] ) and  58 Rb +  (0.2 ± 0.1  m s  [  251  ] ) ions. 
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 When NH    +4   or [Co(NH 
3
 ) 

6
 ] 3+  are used as metal ion mimics, cross-relaxation exper-

iments on the basis of the nuclear Overhauser effect (NOESY, ROESY) can be used 
to observe fast exchange between different binding sites and the solvent  [  11  ] . 
Together, the peak magnitudes and the absence of an observable change in the dom-
inant bulk chemical shift of ammonium protons allow the deduction of upper and 
lower limits for the exchange rate, but no exact quantifi cation. 

 Intermediate exchange is characterized by severely broadened resonances. As 
long as the resonances are still detectable, temperature-dependent changes and line-
shape analysis can yield exchange rates. Mg 2+  interactions with RNA often occur on 
an intermediate time scale leading to a gradual broadening of all resonances in the 
course of a metal titration  [  6,  7,  10,  196,  252  ] . 

 In the region of slow exchange on the chemical shift time scale each exchanging 
species gives a separate signal that can be monitored individually. Only very few 
metal binding motifs have been characterized so far that are able to slow down 
exchange so signifi cantly. Among them are the strong binding sites in the stem of 
G-quadruplex structures, for which lifetimes can be exceptionally long on the NMR 
chemical shift time scale  [  227,  228  ]  and which have been studied extensively due to 
their compact size. 

 In slowly exchanging systems, the frequency differences between bound and 
unbound species directly indicate lower limits for residence times, even if the fully 
bound state is usually not reached. In this way directly observed G-quadruplex 
channel-bound and free  23 Na +  and  85 Rb +  resonances gave conservative lower resi-
dence limits of 90  m s and 17  m s, respectively  [  237  ] . Similarly, the shifts of the K + -
substitute  205 Tl +  allows estimation of exchange rates in a G-quartet, where also one 
especially slowly exchanging ion could be identifi ed through the exceptionally 
small line width  [  239  ] . Slow exchange is also amenable to saturation transfer 
experiments. Monitoring the effi ciency of magnetization transfer from free  205 Tl +  to 
bound  205 Tl +  for varying saturation times, bound lifetimes between 80 ± 10 ms and 

  Figure 6    Depending on the 
exchange rate between two 
states and the respective 
resonances in their NMR 
spectrum, the two peaks fall 
together (top) or are clearly 
separated (bottom) as the two 
extremes.       
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155 ± 65 ms for different binding sites on a G-quadruplex were found  [  193  ] . 
Employing  15 NH    +

4
  ,  15 N– 1 H N 

z
  exchange HSQC experiments at incremented mixing 

times allow the observation of different ammonia species – free and bound via 
inner- and outersphere binding in the channel permitting the quantifi cation of the 
exchange rates between the individual species  [  229,  253,  254  ] . A considerably slower 
exchange for  15 NH    +4   than for Na +  is observed. 

 The binding rates of the anticancer drug  cis -diamminedichloroplatinum(II) and 
its  trans  isomer, however, are on a completely different time scale than any of the 
slowly-exchanging examples above. To illustrate this: binding kinetics in the range 
of 10 –5  s –1  are determined from the gradually growing peaks of the mono- and 
bifunctional Pt 2+ -DNA adducts over many hours  [  255  ] .  

    5.2   Further Methods 

 NMR is the by far most used method to study metal ion binding kinetics in nucleic 
acids and there are only few examples where a different approach has led to the 
determination of association-dissociation rates. Dynamics in the  m s-range are fast 
on the NMR, but not necessarily on the EPR time scale and thus exchange processes 
that are averaged out in the former, might be resolved in the latter  [  167  ] . 

 Labuda and Pörschke have used the intrinsic fl uorescence of the wyosine (Wye) 
nucleobase, which is a natural modifi cation of guanine, to establish binding kinet-
ics of Mg 2+  and Ca 2+  to the anticodon loop in tRNA  [  256  ] . By a temperature jump 
method, relaxation parameters in the absence and presence of metal ions were 
determined. Interestingly, the rate constants for Ca 2+  binding in general and Mg 2+  
innersphere binding particularly were found to be in the ms range. 

 Where experimental methods reach their limits in terms of resolution and 
exchange rates, molecular dynamics (MD) simulations can give complementary 
information on the metal binding to known nucleic acid structures. However, the 
force fi eld description of di- and multivalent cations is much more demanding than 
that of monovalent ions  [  257  ] . In addition, at present, simulations are limited to 
below  m s time scales, which is too short to observe, e.g., the dehydration of Mg 2+  
 [  258  ] . What is possible in terms of kinetics, however, is the evaluation of the 
residence times of the more easily dehydrated K +  and Na +  with nucleic acid surfaces 
that happen on the ps to ns time scale  [  259–  262  ]  and for longer-lived bound 
metal species the estimation of lower boundaries of residence times  [  263  ] .   

    6   Determination of Binding Affi nities 

 Two challenges are faced in the thermodynamic analysis of metal ion binding to 
nucleic acids. Firstly, metal ion binding is inextricably interwoven with the folding 
and structural stability of nucleic acids and the one cannot be studied without affect-
ing the other  [  264  ] . Secondly, usually there are only few specifi c binding sites with 
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higher affi nity and they coexist with a large background of weak, transient electro-
static interactions that are not easily accounted for in simple binding polynomials 
 [  265  ] . Both problems can sometimes be alleviated by determining apparent affi nity 
constants under moderately high monovalent salt conditions, assuming that then the 
nucleic acid conformation will not signifi cantly change any more upon addition of 
the metal ion to be analyzed and that all unspecifi c interaction sites will be saturated 
by the monovalent ion. 

 Metal ion affi nities have been inferred from a range of different observables, like 
thermodynamic stabilities of the nucleic acid fold measured by UV melting curves 
 [  266–  269  ]  or the thermodynamics of folding of the hammerhead ribozyme by iso-
thermal titration calorimetry (ITC)  [  270  ] . Qualitative and quantitative assessment of 
sequence specifi c ion binding to DNA A-tracts has been undertaken based on the 
reduced effective charge that can be detected by free solution capillary chromato-
graphy  [  271,  272  ] . Apparent metal affi nity constants have been determined from 
observed rate constants of ribozyme catalysis in many cases (e.g.,  [  154,  157,  273–
  275  ] ). An approach based on the gas-phase fragmentation of metal-nucleic acid 
complexes in ESI-MS (electrospray ionization mass spectrometry) was recently 
applied to determine binding affi nities to the thrombin binding aptamer  [  276  ] . In 
addition, the ratio of bound and unbound metal ions, as determined by fl uorescent 
indicators, AES (atomic emission spectroscopy), NMR, EPR or lanthanide lumines-
cence, in dependence of metal ion concentration, yields information on binding 
affi nities (see Sections  6.1 – 6.3 ). 

 These various approaches differ in their ability to derive quantitative information, 
their ability to distinguish between multiple coexisting binding sites and their limits in 
terms of macromolecule size. All of the above methods yield signals that are an over-
lay of all the binding sites present in the system. Analysis of the  dependence of the 
bound and free metal ion concentrations on the total metal ion concentration by, e.g., 
Hill or Scatchard plots can help to disentangle them to some extent to determine 
classes of binding sites with similar affi nities and their occupancies and give informa-
tion about binding cooperativity. However, one should be aware that reciprocal plots, 
like Scatchard or Eadie-Hofstee plots can lead to wrong values, as some experimental 
data points can obtain too much weight depending on their distribution  [  277  ] . In addi-
tion, this approach is in many cases challenged by the interdependence of RNA fold-
ing and metal ion binding  [  264  ] . Aside from that, there is usually also a restriction to 
simpler model molecules with one or only few strong binding sites. While the size 
restriction is also true for NMR, this method has one advantage over all the others: It 
allows to separately monitor binding events at several individual binding sites in a 
molecule and to determine intrinsic binding affi nities (see Section  6.3 ). 

    6.1   Stoichiometric Methods – “Ion Counting” 

 So-called “ion counting” methods detect the free metal ion concentration in a 
sample, from which the number of ions strongly bound to the nucleic acid can be 
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deduced. This can be useful to establish the number of strong divalent metal ion 
binding sites in a high-salt background  [  143  ] , but also to evaluate the affi nities of 
different metal ions with respect to each other. Here, fl uorescent indicators have 
been widely used to determine free metal ion concentrations  [  278–  280  ] . However, 
such dyes are usually restricted to the detection of one specifi c kind of metal ion. 
Recent methodological progress has made AES a very valuable tool in this 
regard, able to detect a far wider range of mono- and divalent cations and also 
anions, thereby more completely accounting for the ion cloud around polynucle-
otides  [  281,  282  ] . Irrespective of the way of detection, those methods are based 
on the equilibration of the nucleic acid-containing solution (by dialysis or ultra-
fi ltration spin columns) against a buffer solution with well defi ned metal content. 
After the equilibrium is reached, metal ion concentrations in both solutions are 
measured and the number of metal ions retained per nucleic acid molecule can be 
determined  [  278,  282  ] .  

    6.2   Relative Affi nities by Competition Experiments 

 EPR, lanthanide luminescence or NMR experiments can be used to directly sense the 
bound metal ions. All these methods, however, are restricted to certain metal ions 
each: EPR mainly to Mn  2+  , which can differ signifi cantly from Mg 2+  in binding affi ni-
ties for nucleic acid ligands  [  167  ] , luminescence measurements to lanthanide(III) 
ions, mainly Tb 3+ , and NMR to NMR-active nuclei. Competition experiments, where 
the observable ion is displaced stepwise by increasing concentration of another (silent) 
metal ion, can yield relative apparent affi nities for a wider range of ions  [  275,  283–  285  ] . 
The same method can also be applied, for example, in Tb 3+  cleavage experiments: 
The change in cleavage intensity with increasing amounts of competing Mg 2+  can in 
principle be used to calculate Mg 2+  binding affi nity at specifi c sites  [  9,  10  ] .  

    6.3   Calculating Site-Specifi c Intrinsic Binding Affi nities 
from NMR Chemical Shifts 

 While slow exchange can make things easier in the study of binding kinetics, for the 
determination of affi nity constants by NMR fast exchange can be advantageous. 
Observable nuclei that are affected by the fast exchange between the metal-bound 
and metal-free state exhibit one resonance at the population-weighted average 
position. Titration with a metal ion will shift the free-to-bound equilibrium and 
thereby the position of the peak. Similarly, the peak width of a resonance will be 
affected when the titrated metal ion is paramagnetic. If a resonance is infl uenced 
only by one single association-dissociation event, the chemical shift change or 
change in peak width, respectively, plotted against metal ion concentration can be 
fi tted by a 1:1 binding isotherm using e.g. a Levenberg-Marquardt  [  7,  196,  286,  287  ]  
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or a Newton-Gauss  [  288  ]  algorithm and binding constants can be deduced. This has 
been widely used for small complexes  [  25,  27,  40,  86,  289–  291  ] , as well as for more 
complicated nucleic acids  [  7  ] . 

 However, if there is more than one binding site all having similar affi nities, as is 
usually always the case for nucleic acids, the sites will compete for the metal ions. 
Therefore the effective metal ion concentration that is available for each binding 
site at each titration step is lower than what was actually added and calculated 
affi nities will always be underestimated. An iterative approach proposed by Erat, 
Sigel et al. circumvents this caveat (Figure  7 )  [  7,  9,  10  ] . The fi rst step is the group-
ing of resonances, according to their initial affi nity constants and additional infor-
mation like Mn 2+  line broadening, into probable binding sites. The average binding 
constants for those sites are used to determine a refi ned free metal ion concentration. 
The newly determined metal concentration is again inserted into the calculation of 
binding constants. These steps are repeated until the calculated affi nities do not 
signifi cantly change any more.  

 Proton resonances lend themselves to this kind of study because of their easy and 
fast acquisition, comparably good signal dispersion in 2D experiments and high 
sensitivity to changes in their environment. However, there are some factors that can 
hamper the determination of binding constants in this way. Firstly, bound Mg 2+  
exchanges with the solvent on the intermediate NMR chemical shift time scale and 
lines can get too broad to follow at higher concentrations. Secondly, the presumption 
that each binding site is affected by a single binding event is often not true, especially 
for protons. A second binding event close-by or a structural rearrangement, even if it 
is small, can make the data unusable. And thirdly, of course, the mapping of binding 
sites requires that resonances have been assigned.   

  Figure 7    Calculation of intrinsic affi nity constants as deduced from chemical shift changes upon 
Mg 2+  addition to a large RNA  [  7,  9,  10  ] . ( a ) Scheme of the iterative calculation procedure. ( b ) Fit of 
the experimental data from H6 of U21 in a group II intron domain 6 after the fi rst and the fi fth itera-
tion  [  7  ] . The data points shift to the left, as the available Mg 2+  concentration for each site becomes 
smaller. Simultaneously the calculated intrinsic affi nity constant increases from log  K  

A1
  = 2.11 ± 

0.09 to log  K  
A5

  = 2.52 ± 0.04  [  7  ] .       
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    7   Effects of Other Factors 

    7.1   Effect of Anions 

 The stabilities of commonly employed metal salts have to be kept in mind when 
characterizing and quantifying cation-nucleic acid interactions. Adverse effects are 
possible especially in the high, non-physiological concentrations of certain salts 
that are part of many setups and can interfere with the collection of quantitative 
information. For example, the group of DeRose observes signifi cant coordination of 
Mn 2+  to Cl –  at high Cl –  concentrations  [  167  ] . Similarly, Cd 2+  is known to form a 
rather stable CdCl +  complex in aqueous solution: Consequently, an increase in Cd 2+  
affi nity towards RNA of 0.8 log unit for log  K  

A
  values has been observed for M 2+  

binding to the bulge region within the catalytic domain 5 of a group II intron 
ribozyme when using 100 mM KClO 

4
  instead of 100 mM KCl  [  292  ] . 

 Compared to cations, information on anion binding to nucleic acids is rather 
scarce, even though they too have been shown to be present in the fi rst coordination 
shell of nucleic acids. Molecular dynamics simulations and a thorough evaluation of 
crystal structures  [  293–  295  ]  have identifi ed anions (Cl – , SO    -2

4   , ClO    -4   , and PO    -3
4    as 

the most frequently employed anions in crystallization buffers and MD simula-
tions). These anions replace water molecules close to nucleobase amino groups as 
well as to endocyclic nitrogens and 2’-OH groups. The same authors  [  295  ]  also 
speculated that anions occupy sites that are also possible binding sites for the nega-
tively charged functional groups of proteins, drugs or phosphate backbone groups 
from a distant nucleic acid strand. 

 Anions are also found in close association with metal ions  [  293,  295  ] . In some 
cases local arrangements where the anion is situated between two cations suggest an 
interdependence of binding, where the anion facilitates the close approach of two 
positive charges (Figure  8 )  [  295  ] . Close contact of two Mg 2+  ions is observed in 
many ribozyme active sites. In some cases, based on abnormally short metal-metal 
distances and molecular dynamics simulations, the existence of a bridging hydrox-
ide has been suspected  [  296–  298  ] .  

 Nucleic acids are commonly studied in solutions containing Cl – , SO    -2
4   , ClO    -4    or 

PO    -3
4   , yet little is known about the differential effects those anions might have on 

their physical properties. A study of  25 Mg relaxation revealed a different behavior 
in the presence of Cl –  and SO    -2

4   , which is attributed to a lyotropic effect  [  234  ] . 
A difference between these two anions was also observed in the fi rst step of splicing 
in a group II intron  [  299  ] . While ammonium chloride stimulated branching readily, 
ammonium sulfate did so only after a long lag phase in reactivity.  

    7.2   Effect of Buffers 

 Metal ion complexation by a buffer is often neglected, but in fact rather common 
and can severely hamper the quantitative analysis of binding events (e.g.,  [  300,  301  ] ). 
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Many buffers commonly employed in biological applications interact signifi cantly 
with metal ions  [  302-  309  ] . The preparation of RNA or DNA samples for further 
experiments usually involves high amounts of Tris (2-amino-2-hydroxymethyl- 
propane-1,3-diol) and Hepes [N-(2-hydroxyethyl)-piperazine-N ¢ -2-ethanesulfonic 
acid]  [  310  ] , e.g., in transcription and electrophoresis running buffers, that have to be 
removed carefully before any quantitative investigation of metal ion binding is 
attempted  [  307  ]  (Figure  9 ). When applying Mg 2+ , buffers like Tris or Bistris [bis-
(2-hydroxy-ethyl)-amino-tris(hydroxymethyl)-methane] have relatively little infl u-
ence, but this changes when Ca 2+   [  39,  311  ] , 3d metal ions or Cd 2+  are applied 
 [  39,  57,  307,  308  ] , which show an increased affi nity, e.g., by about 2 log units for 
Cd 2+ , if compared with Mg 2+   [  307  ] . Phosphate, which is frequently employed as a 
buffer in spectroscopic or biochemical experiments of nucleic acids, also interacts 
with metal ions strongly enough to falsify measurements of intrinsic affi nity con-
stants  [  36  ]  or of reaction rates  [  312–  315  ] , an observation that holds for other buffers 
as well  [  312,  316  ] . Consequently, one is often forced to work in buffer-free media 
 [  312,  317,  318  ] .  

 Not only metal ions engage in interactions with buffer molecules, but also nucleic 
acids have been shown to form complexes with certain buffers, which can lead to 
complex formation or affect the conformation  [  319,  320  ] . Thus also the formation of 
nucleic acid ternary complexes with buffers and metal ions, like they have been 
observed for nucleotides  [  57,  307,  308,  311,  321  ]  and in human serum albumin  [  322  ] , 
is a possibility that should be kept in mind when studying the interactions of metal 
ions and nucleic acids.  

  Figure 8    Anions bound to metal ion within nucleic acid structures. ( a ) A chloride ion (pink) 
bridges two [Co(NH 

3
 ) 

6
 ] 3+  complexes in the crystal structure of the  E. coli  signal recognition particle 

(SRP) RNA (PDB ID 3LQX;  [  295  ] ). ( b ) A binuclear Mg 2+  complex in the loop E motif is bridged 
by three water or hydroxide molecules, respectively (PDB ID 354D;  [  298  ] ). The panels were pre-
pared using pymol (  http://www.pymol.org    ) and the indicated PDB IDs.       
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    7.3   Effects of Solvent Permittivity and Co-solutes 
to Mimic Macromolecular Crowding 

 Two more factors are of importance when evaluating the signifi cance of  in vitro  
fi ndings for metal ion nucleic acid interactions of biological systems: The dilute 
aqueous reaction conditions under which most  in vitro  investigations of nucleic 
acids take place are quite unrealistic with regard to the molecular crowding present 
in the cytoplasm and inside cellular organelles  [  323,  324  ] . Also dielectric constants 
at the surface and even more in the interior of proteins and nucleic acids differ sig-
nifi cantly from the value of about 80 for water. Depending on the local environment 
values between 20 to 70 can occur  [  325–  330  ] . 

 Studies in an aqueous solution of 1,4-dioxane have been used to simulate the 
reduced permittivity of such conditions and found an overall increased Mg 2+  affi nity 
to a short RNA hairpin  [  331  ] . Such an increase was also observed for the binding of 
Cu 2+  to single nucleotides in dioxane-enriched solutions  [  332  ] . To simulate the 
crowded cellular environment, Nakano et al. investigated the stability and catalytic 
activity of a minimal hammerhead ribozyme with PEG8000 as co-solute  [  333,  334  ] . 
The authors fi nd that large neutral co-solutes stabilize the tertiary structure and 
enhance catalytic rates especially at low Mg 2+  concentrations. In general, molecular 
crowding is expected to reduce the high concentrations of Mg 2+  that are usually 
required for the correct folding of RNA molecules under  in vitro  conditions, when 
considering the situation in a living cell  [  335  ] .   

  Figure 9    Buffers commonly employed in experiments of nucleic acids. All buffers are shown in 
their protonated form.       
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    8   Concluding Remarks 

 Compared to the situation in most metalloproteins, metal ion binding to nucleic 
acids is rather weak and of a highly dynamic nature. The reason for such true 
binding equilibria are the nature of the ligands – mainly phosphates, aromatic ring 
nitrogen atoms, and bridging water molecules – and of the metal ions, i.e. alkaline 
and alkaline earth metal ions. In addition, the metal ions of interest are mostly 
spectroscopically silent, which makes their detection at the coordinating sites very 
diffi cult. Taken together, the detailed characterization of metal ion binding to 
nucleic acids is rather challenging. In this review we summarize the methods 
applied nowadays with the aim to understand metal ion binding in solution and 
compiled the literature for the more interested reader. It is obvious that we are not 
only far from understanding this fascinating interaction and thus also the folded 
structure and mechanism of action of nucleic acids, but also that the methods 
applied carry numerous caveats. Most studies rely on the application of  other  metal 
ions than, e.g., Mg 2+ , which automatically means that the system under investigation 
has been altered. Every kind of metal ion has its distinct coordinating properties 
and thus also the functional RNA will slightly (or possibly more seriously) change 
its structure and other properties. In order to draw conclusions how the system 
works in its wild-type form, i.e., in the presence of Mg 2+ , one has to know exactly 
how the coordinating properties of the different metal ions change according to 
their position in the periodic table. Some efforts in this direction have been made 
and some progress was achieved in the past few years  [  8,  34,  37  ] . However, to make 
things more complicated, it also turned out that there seems to be no general rule: 
While for two different hammerhead ribozymes a clear correlation was found 
between cleavage rate and phosphate affi nities of specifi c metal ions  [  34  ] , no such 
correlation could be established for the  glms  ribozyme, which is about the same 
size and uses the same mechanism of cleavage  [  54  ] . Consequently, it looks like as 
if every ribozyme, sometimes even of the same class but from different organisms, 
has its own specifi cities for metal ion binding. 

 Most methods applied today fi nd their origin in applications in the metallopro-
tein fi eld and certainly many more will be transferred, adjusted, and applied to 
nucleic acids. There is a great need for the development of new methods to inves-
tigate metal ion binding to nucleic acids. Recent novel approaches include the use 
of electrospray ionization mass spectrometry (ESI-MS)  [  276  ] : Metal ion-nucleic 
acid complexes of the thrombin-binding aptamer of different concentration were 
fragmented in the gas-phase and such the binding affi nities determined. Another 
recent approach suggests to use a specifi cally placed nitroxide spin label in order 
to measure the distance to coordinated paramagnetic metal ions by EPR  [  168  ] . 
This latter method has been used repeatedly with proteins (e.g.,  [  336–  340  ] ). It 
will be fascinating to see what other methods will come up in the near and 
also more distant future to help to solve the “mysteries” of metal ion binding to 
nucleic acids. 
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   Abbreviations and Defi nitions 

  5’UTR    5’ untranslated region   
  AES    atomic emission spectroscopy   
  Bistris    bis-(2-hydroxy-ethyl)-amino-tris(hydroxymethyl)-methane   
  ENDOR    electron-nuclear double resonance spectroscopy   
  EPR    electron paramagnetic resonance   
  ER    endoplasmic reticulum   
  ESEEM    electron spin echo envelope modulation   
  ESI-MS    electrospray ionization mass spectrometry   
  EXAFS    extended X-ray absorption fi ne structure   
  FT-IR    Fourier-transform infrared   
   glmS     glucosamine-6-phosphate activated ribozyme   
  GNA    glycol nucleic acid   
  GTP    guanosine 5’-triphosphate   
  HDV    hepatitits delta virus   
  Hepes    N-(2-hydroxyethyl)-piperazine-N ¢ -2-ethanesulfonic acid   
  HSQC    heteronuclear single quantum coherence   
  IR    infrared   
  ITC    isothermal titration calorimetry   
  MD    molecular dynamics   
  MOPS    3-(N-morpholino)propanesulfonic acid   
  MRD    magnetic relaxation dispersion   
  NAIM    nucleotide analog interference mapping   
  NLPB    non-linear Poisson-Boltzmann   
  NMR    nuclear magnetic resonance   
  NOE    nuclear Overhauser effect   
  NOESY    nuclear Overhauser effect spectroscopy   
  NTP α S    nucleoside 5’- a -thiotriphosphate   
  PAGE    polyacrylamide gel electrophoresis   
  PNA    peptide nucleic acid   
  RNase    ribonuclease   
  ROESY    rotating frame Overhauser effect spectroscopy   
  rRNA    ribosomal RNA   
  RzB     trans cleaving derivative of the hammerhead ribozyme from the peach 

latent mosaic viroid (PLMVd)   
  SRP    signal recognition particle   
  T5PNP    5 ¢ - p -nitrophenylphosphate   
  TFA    thermodynamic fi ngerprint analysis   
  Tris    2-amino-2-hydroxymethyl-propane-1,3-diol   
  tRNA    transfer RNA   
  Wye    wyosine, a natural analog of guanine   
  XANES    X-ray absorption near edge structure   
  XAS    X-ray absorption spectroscopy          
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  Abstract   Metal ions play a key role in nucleic acid structure and activity. Elucidation 
of the rules that govern the binding of metal ions is therefore an essential step for 
better understanding of the nucleic acid functions. This review is as an update to a 
preceding one ( Metal Ions Biol. Syst. ,  1996 ,  32 , 91-134), in which we offered a 
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general view of metal ion interactions with mono-, di-, tri-, and oligonucleotides in 
the solid state, based on their crystal structures reported before 1994. In this chapter, 
we survey all the crystal structures of metal ion complexes with nucleotides 
involving oligonucleotides reported after 1994 and we have tried to uncover new 
characteristic metal bonding patterns for mononucleotides and oligonucleotides 
with A-RNA and A/B/Z-DNA fragments that form duplexes. We do not cover 
quadruplexes, duplexes with metal-mediated base-pairs, tRNAs, rRNAs in ribosome, 
ribozymes, and nucleic acid–drug and –protein complexes. Factors that affect metal 
binding to mononucleotides and oligonucleotide duplexes are also dealt with.  

  Keywords   A-DNA  •  A-RNA  •  B-DNA  •  crystal structures  •  metal ions  
•  mononucleotides  •  oligonucleotides  •  Z-DNA      

    1   Introduction 

 Metal ion interactions with nucleic acids and their constituents have continuously 
attracted considerable attention over the past fi ve decades because of the involve-
ment of metal ions and their biological signifi cance in nucleic acid processes, result-
ing in a large body of information  [  1–  7  ] . In this fi eld X-ray investigations have made 
an important contribution by providing accurate information on the geometry of 
metal binding to nucleic acid derivatives. X-ray studies were repeatedly reviewed 
dealing with transition metal ion complexes of nucleobases  [  8–  13  ] , nucleosides, 
and nucleotides  [  8–  12,  14–  16  ] , as well as alkali and alkaline earth metal ion com-
pounds of nucleotides  [  9,  16  ] . Special reviews on metal complexes of adenosine 
5’-triphosphate (ATP) are also available  [  17,  18  ] . Also, X-ray structural data for all 
of the metal compounds of  mono nucleotides reported before 1984  [  19  ]  and before 
1994  [  16  ]  and those of  oligo nucleotides  [  1,  16  ]  before 1994 were tabulated and/or 
reviewed. In the previous review  [  16  ] , we tried to derive general conclusions from 
the solid state studies of nucleotide–metal complexes and a special effort was made 
to catalogue characteristic structural patterns observed in the metal complexes of 
mononucleotides. During three decades, a number of crystal structures of oligonu-
cleotides have been reported, and recent, especially high-resolution X-ray data of 
oligonucleotides allow a detailed structural analysis of ion binding on DNA and 
RNA and, in particular, the observation of monovalent cations. Excellent reviews on 
DNA–cation interactions are available  [  20–  22  ] . 

 In this chapter we continue to catalogue new characteristic structural patterns, if 
any, in the crystal structures of metal complexes of  mono nucleotides reported after 
1994. Also, crystal structures of metal complexes of  synthesized oligo nucleotides 
reported after 1994 are surveyed to uncover characteristic metal binding patterns. 
We do not cover quadruplexes (see   Chapter 4    ), duplexes with metal-mediated base-
pairs (see   Chapters 10     and   11    ), tRNAs  [  23  ] , rRNAs in ribosome  [  24  ] , ribozymes 
 [  25  ] , and nucleic acid–drug and –protein complexes. Nomenclature and chemical 
structure of the common nucleotides are presented in  Figure 1 . For the conforma-
tional terms of the nucleotide structures refer to  [  26  ] .   
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    2   Metal-Mononucleotide Complexes 

 Only a limited number of crystal structures of metal ion–mononucleotide complexes 
have been reported after 1994. The total number of the complexes reported after 
1994 is summarized in Table  1  for alkali and alkaline earth metal ions and in Table  2  
for transition and heavy metal ions, as well as those reported before 1994 in paren-
theses. Here we deal with only those published after 1994 unless otherwise noted. 
For those before 1994, refer to Ref. 16.   

    2.1   Structures of Alkali and Alkaline Earth Metal Ion Complexes 

 Only a total number of 16 crystal structures are available after 1994, 9 for AMP, 
one for GMP, 5 for CMP, and one for UMP, and none for hypoxanthine and thy-
mine nucleotides. Their metal coordination data and/or comments are summarized 
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in Table  3 . For adenine nucleotides, in both the highly hydrated sodium salts 
Na 

2
 ·(5’-AMP)·12H 

2
 O  [  27  ]  and Na 

2
 ·(N6-methyl-5’-AMP)·12H 

2
 O  [  28  ] , which are 

isomorphs to each other, the sodium ion is fully hydrated and does not directly 
bind to the nucleotide. Interestingly, this is also the case for [Na(5’-dAMPH)]·6H 

2
 O 

 [  37  ] , despite the different crystal packings. In the two sodium salts of a pentamo-
lybdate complex of 5’-AMPH  [  29  ]  and an uranium(VI) complex of 5’-AMP  [  30  ] , 
Na +  ions bind solely to the phosphate groups of nucleotide molecules in the 
[(Mo 

5
 O 

15
 )(5’-AMPH) 

2
 ] 2–  fragment  [  29  ]  or in the trimeric [(UO 

2
 ) 

3
 (O)(5’-AMP) 

3
 ] –  

framework  [  30  ] , forming an O(P)–Na–O(W)–Na–O(P) linkage (where O(P) and 
O(W) denote phosphate oxygen and water oxygen, respectively) in the former  [  29  ]  
or a Na–O( P) bond for each of the AMP molecules in the latter  [  30  ] . Crystal struc-
tures of fi ve (Li + , Na + , K + , Ca 2+ , and Mg 2+ ) salts of 2’-AMP are reported  [  31  ] ; 
results on metal complexes with a 2’-nucleotide are quite scarce, to date only 
[Cu(2’-GMP)(H 

2
 O) 

3
 ] is reported  [  38  ] . Li +  ions bind directly to ribose O3’ and the 

phosphate oxygens of the nucleotide. Na +  and K +  ions bind directly to phosphate 
and the ribose O3’ and O4’ oxygens and indirectly to N7 via a water oxygen, 
where the involvement of ribose O4’ in the metal coordination is sparsely docu-
mented for Na + –5’-ATP  [  39,  40  ] . Ca 2+  and Mg 2+  ions directly bind to phosphate 
oxygens. In all the 2’-AMP structures, the neutral adenine bases are in the  syn  
conformation stabilized by an intramolecular O5’–H···N3 hydrogen bond, except 
for the Mg 2+  salt for which the base adopts  anti  conformation stabilized by the 
indirect O(P)–Mg–O(W)···N3 linkage resulting in macrochelation between the 
base and the phosphate group.  

 In guanine nucleotides, such as Na 
2
 [Pt(Me 

4
 dae)(5’-GMP) 

2
 ]·7H 

2
 O  [  32  ] , a 

seven-coordinated [Na(H 
2
 O)] +  ion binds directly to symmetry-related four GMP 

molecules through O6 of the base, hydroxyl O2’ and O3’ of the sugar, and three 
phosphate oxygens. The Na + –O6 bonding is also observed in [Na 

2
 (5’-

dGMP)]·4H 
2
 O  [  41  ] . 

 For cytosine nucleotides, fi ve sodium salts of 5’-CMP with different hydration 
degrees are reported  [  33–  35  ] . For [Na 

8
 (5’-CMP) 

4
 ]·37H 

2
 O  [  34  ] ,which crystallized 

from an aqueous solution, the phase transition proceeds depending on the relative 
humidity around the crystal to [Na 

8
 (5’-CMP) 

4
 ]·32.5H 

2
 O  [  34  ]  followed by [Na 

4
 (5’-

CMP) 
2
 ]·13H 

2
 O (space group  P 2 

1
 2 

1
 2 

1
 )  [  34  ] . The last one also crystallized from a 

water-methanol solution in the space group  P 2 
1
  form  [  33  ] . In all fi ve structures 

 [  33–  35  ] , sodium coordination with hydroxyl oxygens O2’ and O3’ of the ribose 
is commonly observed, while metal ion-bridging between the base through N3 
(and O2) and phosphate oxygen occurs only in less hydrated [Na 

4
 (5’-

CMP) 
2
 ]·13H 

2
 O  [  33,  34  ]  and [Na 

4
 (5’-CMP) 

2
 ]·13.14H 

2
 O·0.54MeOH  [  35  ] . 

 In uracil nucleotide salts, such as [Na 
2
 (5’-UMP)]·13H 

2
 O  [  36  ] , the metal ion 

bridges the hydroxyl O2’ and O3’ oxygens of the ribose. Sodium ion binding to O3’ 
of the deoxyribose is observed in [Na 

2
 (5’-dUMP)]·5H 

2
 O  [  42  ] , but in this less hydrated 

salt, metal ions further bind to the base through O4 and the phosphate group. 
 In summary, alkali and alkaline earth metal ions generally coordinate with water 

oxygens in well hydrated structures. They bind to the phosphate, sugar and base 
moieties in less hydrated structures.  
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    2.2   Structures of Transition and Heavy Metal Ion Complexes 

 In the previous review  [  16  ] , we catalogued the structures of transition and heavy metal 
ion–mononuclotide  binary  complexes, based on their structural characteristics, into fi ve 
patterns for  purine  nucleotides and three patterns for  pyrimidine  nucleotides: for  purine  
nucleotides, ( 1)  a 1:1 M-NMP monomeric structure with the general formula [M(5’-
nucleotide)(H 

2
 O) 

5
 ]· n H 

2
 O, ( 2 ) a 1:2 mononuclear bis(5’-NMP) structure with the general 

formula  cis -[M(5’-NMP) 
2
 (amine) 

x
 (H 

2
 O) 

y
 ], ( 3 ) a 1:2 mononuclear bis(5’-ATP) structure 

with the general formula [M(5’-ATPH) 
2
 ] 4– , ( 4 ) a 2:2 dimeric structure with the general 

formula [M(NMP)] 
2
 , and ( 5 ) a polymeric structure; for  pyrimidine  nucleotides, ( i ) a 1:2 

mononuclear M(NMP) 
2
 , ( ii ) a 2:2 dimeric [M(NMP)] 

2
 , and ( iii ) a polymeric M–nucleotide 

complex. On the other hand, for  aromatic amine –metal ion–nucleotide  ternary  com-
plexes, the structures are conveniently classifi ed into four categories: ( a ) a dimeric struc-
ture with “phosphate-only” metal bonding, ( b ) a structure with “base-only” metal 
bonding, ( c ) a structure with no direct metal bonding but with intercalation, and ( d ) a 
tetranuclear bis(NMP) structure with “base and phosphate” metal bonding. 

 A total number of 15 crystal structures are available after 1994, 5 for adenine 
nucleotides, 7 for GMP, 2 for IMP, one for UMP, and none for cytosine and thymine 
nucleotides. Their metal coordination data and/or comments are summarized in Table  4 . 
For adenine nucleotides, [Ni(5’-AMP)(H 

2
 O) 

5
 ]·H 

2
 O  [  43  ]  belongs to the structure 

type ( 1 ) of the metal-nucleotide  binary system  complex. Common features for this 
type of structure are: the “M–N7 base-only” metal bonding, three intramolecular 
interligand hydrogen bonds that stabilize the structure (one between a water ligand 
and O6 or N6 of the base and two between water ligands and phosphate oxygens), 
 anti , C3’- or C2’- endo ,  gauche - gauche  conformations (for the defi nition of these con-
formational terms, see Ref. 26). The crystal structure of the same complex was once 
reported by other authors  [  52  ]  and was the only example for the structure type ( 1 ) for 
5’-AMP, but, due to the poor quality of the data caused by the crystal twinning prob-
lem, the formation of an intramolecular N7–Ni–O(W)···H–N6 hydrogen bond 
remained to be proven. Such an intramolecular hydrogen bonding is now confi rmed 
by successfully locating all hydrogen atoms  [  43  ] . In this structure, the N6···O(W) 
distance is 2.958(5) Å and considerably longer than the O6···O(W) distance of, for 
example, 2.838(13) Å in [Ni(5’-IMP)(H 

2
 O) 

5
 ]·2H 

2
 O  [  53  ] , a 5’-6-oxo-purine nucle-

otide. This Ni 2+ –5’-AMP complex is of particular importance because it provides a 
rare but clear example showing that the amino group is able to form a hydrogen bond 
with the ligating water molecule, which eventually acts here as an H-bonding acceptor 
in contrast to its usual participation as a H-bonding donor, since normally the two 
hydrogen atoms point outward to lie nearly in the equatorial coordination plane  [  22  ] . 
Two metal cluster complexes, [(Mo 

5
 O 

15
 )(5’-AMPH) 

2
 ]·Na 

2
 ·6H 

2
 O  [  29  ]  and [(UO 

2
 ) 

3
 (O)

(5’-AMP) 
3
 ] 

2
 ·Na 

8.5
 ·33H 

2
 O  [  30  ] , provide two novel types of structures for metal–

nucleotide  binary system  complexes, that is, “( 6 ) a phosphate-only metal bonding” for 
the former and “( 7 ) a trimeric structure with the metal bonding to both the sugar and 
phosphate” for the latter. [(Mo 

5
 O 

15
 )(5’-AMPH) 

2
 ] 2–  is isostructural with [(Mo 

5
 O 

15
 )

(OPO 
3
 ) 

2
 ] 6–   [  54  ]  and thus, the AMP molecule behaves here as a phosphate derivative. 
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In the trimeric UO 
2
 –AMP complex, each of three UO    +2

2    units is connected to the O2’ 
and O3’ hydroxyls of the sugar unit of an AMP molecule and to both O3’ and a phos-
phate oxygen of the neighboring AMP. This is the fi rst example for O3’–M–O(P) mac-
rochelate formation. The O2’–M–O3’ chelation is also quite scarce in heavy metal ion 
complexes, rare examples being [Cu(5’-UMP)(imidazole) 

2
 (H 

2
 O)]·4H 

2
 O  [  55  ]  and 

[Cd 
2
 (5’-IMP)(5’-IMPH) 

2
 (H 

2
 O) 

6
 ]·6H 

2
 O  [  56  ] . An  aromatic amine –metal ion–nucleotide 

 ternary  complex [Cu(terpy)(5’-ADP)]·[Cu(terpy)(H 
2
 O)]·(5’-ADPH 

2
 )·16H 

2
 O  [  44  ]  does 

not fall into any of the four categories ( a ) – ( d ) noted above, thus adding a novel type of 
structure: “( e ) a monomeric structure with phosphate-only metal bonding”. The 
[Cu(terpy)] 2+  unit binds to the pyrophosphate group of 5’-ADP to form a monomeric 
[Cu(terpy)(5’-ADP)] –  molecular species, where the adenine ring moiety is far away 
from the terpy ligand and thus, any intramolecular ring-ring interaction is impossible. 
This is in contrast with the type ( a )  ternary  complexes [M(5’-NMP or 5’-NTP)( biden-
tate  aromatic amine)] 

2
  or a tetranuclear bpy-Cu 2+ -5’-ADPH complex  [  57  ] , for which the 

metal ion-bridged face-to-face (stacking) ring-ring interaction occurs, for example, in 
[Cu(5’-AMPH)(bpy)(H 

2
 O)] 

2
  2+   [  58  ]  or [Cu 

4
 (bpy) 

4
 (5’-ADPH) 

2
 (H 

2
 O) 

2
 (NO 

3
 ) 

2
 ] 2+   [  57  ] , or 

the edge-to-face interaction in [Cu(5’-CMP)(dpa)(H 
2
 O)] 

2
   [  59  ] . The coordinative num-

ber of the aromatic amine ligand used seems to affect the structure formed, that is, a 
 monomeric  structure forms for tridentate ligand while a bidentate ligand allows the 
formation of  dimeric  or  tetranuclear  structures. Another ternary complex, [Cu 

4
 (bpy) 

4
 (5’-

ATP) 
2
 ]·20.5H 

2
 O  [  45,  46  ] , resembles [Cu(phen)(5’-ATPH 

2
 )] 

2
   [  57  ] , [Zn(bpy)(5’-ATPH 

2
 )] 

2
  

 [  60  ] , or [Cu 
4
 (bpy) 

4
 (5’-ADPH) 

2
 (H 

2
 O) 

2
 (NO 

3
 ) 

2
 ] 2+   [  57  ]  in that it involves the phosphate-

only metal bonding and takes the folded structure with the metal ion-bridged intramo-
lecular adenine–aromatic amine ring-ring stacking.  

 For guanine nucleotides, among the seven crystal structures reported, fi ve are 
Pd 2+ – or Pt 2+ –diamine complexes of 5’-GMP  [  32,  47,  49  ] , possible models for bond-
ing of the antitumor drug  cis -[Pt(NH 

3
 ) 

2
 ] 2+  to two adjacent intrastranded guanine 

bases in DNA. These belong to the structure type ( 2 ) “a 1:2 mononuclear bis
(5’-NMP) structure with the general formula  cis -[M(5’-NMP) 

2
 (amine) 

x
 (H 

2
 O) 

y
 ]”. 

A general rule for this type of structure is: “ cis -N7–M–N7 base-only” metal 
bonding, “head-to-tail” relative orientation of the bases,  anti , C2’- endo  or C3’-
 endo ,  gauche-gauche  conformations. As with all crystal structures known so far of 
 cis -[metal(AN 

2
 )(nucleotide) 

2
 ] complexes (AN 

2
  stands for two amines or a diamine), 

[M(en)(5’-GMPH) 
2
 ]·9H 

2
 O (M = Pd 2+ , Pt 2+ )  [  47  ]  and [Pt{( RR  or  SS )-Me 

4
 dach} 

(5’-GMPH) 
2
 ]· n D 

2
 O (n = 10 or 14)  [  49  ]  have the head-to-tail orientation of the two 

bases in the  D  (right-handed chirality) confi guration ( D HT conformation), where the 
head-to-tail orientation means that H8’s of the two nucleotides are on opposite sides 
of the coordination plane and  D  is defi ned  [  61  ]  as having a negative slope for the line 
joining the H8’s of the two purines when the bis(nucleotide) complex is viewed from 
the nucleotide coordination side (see  Figure 1  in Ref. 32). In sharp contrast, [Pt(Me 

4
 dae)

(5’-GMP) 
2
 ]·Na 

2
 ·7H 

2
 O  [  32  ]  is the only exception adopting the head-to-tail orienta-

tion with the  L  confi guration ( L HT conformation). In all these complexes, a pair of 
intramolecular H-bonds between the anionic phosphate groups and the coordinated 
en ligands is formed to stabilize the structure. The structure of [Pt(MeSCH 

2
 CH 

2
 SMe)

(5’-GMPH) 
2
 ]·6H 

2
 O  [  48  ]  is almost identical to that in [Pt(en)(5’-GMPH) 

2
 ]·9H 

2
 O 
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 [  47  ]  but there forms no intramolecular hydrogen bond between the dithioether 
ligand and the monoanionic phosphate group, indicating that the orientation of the 
sugar-phosphate side chain in these bisnucleotide complexes is unrelated to the 
intramolecular H-bonding. [Pt(bpm)(L-arginine)]·(5’-GMP)·5H 

2
 O  [  50  ]  involves no 

direct metal bonding to GMP but a stacking interaction between guanine and bpm 
rings occurs in the crystal lattice. 

 For hypoxanthine nucleotides, an  aromatic amine –metal ion–nucleotide  ternary  
complex, [Cu 

4
 (phen) 

4
 (5’-IMP–H) 

2
 (H 

2
 O) 

4
 ](NO 

3
 ) 

2
 ·21.5H 

2
 O  [  46  ] , belongs to the structure 

type ( d ) and this structure is almost identical to that of [Cu 
4
 (phen) 

4
 (5’-IMP–H) 

2
 (H 

2
 O) 

4
 ]

(NO 
3
 ) 

2
 ·4H 

2
 O  [  62  ] . It forms a tetranuclear bis(NMP) structure with “base and phos-

phate” metal bonding involving unusual M–N1(deprotonated) and M–O6 bonding in 
addition to the usual M–N7 bonding. The structure of [Pd(en)(5’-IMPH) 

2
 ]·11H 

2
 O  [  51  ]  

is essentially the same as that of [Pd(en)(5’-GMPH) 
2
 ]·9H 

2
 O  [  47  ]  noted above. 

 For uracil nucleotides, an  aromatic amine –metal ion–nucleotide  ternary  com-
plex, [Cu(bpy)(5’-UMP–H)(H 

2
 O)] 

2
 [Cu 

4
 (bpy) 

4
 ( a -D-Glc-1P) 

2
 (OH)(H 

2
 O) 

2
 ]Cl·22H 

2
 O 

 [  46  ] , provides a novel type of structure, namely “( f ) a polymeric structure with 
“base and phosphate” metal bonding”. Each [Cu(bpy)(H 

2
 O)] 2+  fragment binds to 

two UMP molecules, one molecule through the base (at the deprotonated N3) and 
the other through the phosphate group to afford a  C  

2
 -helical coordination polymer. 

 In summary, we add the four novel types of structures: ( 6 ) a “phosphate-only” 
metal bonding and ( 7 ) a trimeric structure with “sugar and phosphate” metal bonding 
for metal– purine  nucleotide  binary  complexes, and ( e ) a monomeric structure with 
“phosphate-only” metal bonding and ( f ) a polymeric structure with “base and phos-
phate” metal bonding for  ternary aromatic amine –metal ion–nucleotide complexes.  

    2.3   Preferred Metal Binding Sites or Modes 

 There are three potential metal binding groups on a nucleotide: phosphate, sugar, 
and base moieties. Mono-, di-, and triphosphate groups are good ligands not only 
for alkali and alkaline earth metal ions but transition and heavy metal ions as well. 

 Sugar hydroxyl groups are good ligands for alkali and alkaline earth metal ions 
but not for transition and heavy metal ions though exceptions exist  [  55,  56  ] . 

 Ring nitrogens of bases are good targets for all types of metal ions, especially for 
transition and heavy metal ions. Coordination to the ring nitrogens is favored over 
binding to the exocyclic amino and keto groups: the N7 site is the most preferred 
metal binding site for purine bases and the N3 site for cytosine. 

 Keto substituents at O2 of cytosine and O2 and O4 of uracil (or thymine) are 
usual metal binding sites for alkali and alkaline earth metal ions. Metal bonding to 
guanine O6 is less favored but there are some examples  [  32,  41,  63–  67  ]  involving the 
N7–metal–O6 chelation  [  63–  65  ] . Amino substituents at N6 of adenine, N2 of gua-
nine, and N4 of cytosine have never participated in the metal coordination, though 
these groups become good ligands when they are deprotonated.  
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    2.4   Factors Affecting Metal Binding Sites 

 In general, “hard” metal ions such as alkali and alkaline earth metal ions prefer 
“hard” bases such as phosphate and sugar hydroxyl groups, while transition metal 
ions prefer phosphate and nucleobase moieties. 

 Stereospecifi c interligand interactions, involving hydrogen bonding, electrostatic 
repulsions, or steric constraints, are important factors that affect nucleobase and 
site-specifi c metal bonding  [  68–  70  ] . For example, in the tripodal tetradentate nta 
ligand (nta = nitrilotriacetate) system [69a], where nta bears three carboxylate 
groups that could function as hydrogen bonding acceptors only, the nta-capped 
octahedral metal ion binds exclusively to adenine at N7 over N9-substituted gua-
nine, cytosine, or uracil; this could be due to the formation of the interligand 
N6–H···O(nta) hydrogen bonding for adenine. 

 The hydration degree is an additional factor: when the water content is small in 
the crystal, the phosphate group is apt to participate in metal coordination. For metal 
binding effects on nucleotide structures, see  [  1,  8,  9  ] .   

    3   Metal-Oligonucleotide Complexes 

 All crystal structures of the metal compounds with di- and trinucleotides and 
those with DNA fragments reported before 1994 were tabulated in Ref. 1 (in 
Tables  2  and  3 , respectively). At that time, X-ray data of oligonucleotides at 
atomic resolution level were available only for Z-DNA. Now thanks to synchro-
tron radiation of increasing power, together with better detectors and cryotech-
niques, high-resolution (better than 1.3 Å  [  22  ] ) analysis of RNA/DNA structures 
is possible. However, it is important to keep in mind that the identifi cation of 
sodium is still problematic because of mixed occupancy of Na +  with water mole-
cules (sodium ions and water molecules carry the same number of electrons, giv-
ing electron density peaks with similar volumes)  [  21,  22,  71  ] . To our knowledge, 
no crystal structure of metal– di - or  tri nucleotide compounds are available after 
1994 to date. Crystal structures of the metal compounds of RNA fragments 
reported after 1994, excluding those of ribozymes  [  25  ] , are compiled in Table  5  
and those of DNA fragments in Table  6  together with comments in some detail. 
The ternary drug–metal ion–oligonucleotide complexes are excluded. The Nucleic 
Acid Data Bank (NDB)  [  72  ]  compiles all crystal structures of RNA/DNA oligo-
nucleotides so far reported and provides images of any available structure. A data 
base of metal ion binding sites in RNA structures (MeRNA)  [  73  ]  catalogs 16122 
metal ions corresponding to 23 elements that interact with RNA in 389 PDB 
entries solved X-ray diffraction, NMR and fi ber diffraction, with coordinates 
released before February 1, 2007 and containing one or more metal cations bound 
to RNA.   
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 The numbering system of an RNA or DNA fragment employed here is, for 
example,

    

2 3 4 5 6 7

14 13 12 11 10 9

GGUGAGG· 5’ G1-P — G2 P U3 P G4 P A5 P G6 P G7 — 3’

CCUCACC · · · · · · ·

3’ C14-P - C13-P -A12-P - C11-P -U10 - P - C9 - P - C8 5’.

= - - - - - - - - - - -

- -    

    3.1   RNA Fragments 

 There is an increasing interest in interactions between metal ions and RNA, because 
RNA biopolymers can act, in addition to their function as a genetic carrier, as rigid 
structural scaffolds, conformational switches, and catalysts for chemical reactions 
and in these cases, metal ions play a crucial role in RNA function  [  3,  74  ] . It should 
be noted that RNA often forms complex tertiary structures in which phosphates are 
often clustered. In those cases, the electrostatic potential would be very different 
and different metal binding modes would be expected. However, our chapter 
addresses only the regular double-helical region of RNA (A-RNA) structure. 

 A-RNA adopts a right-handed double-helical structure with a deep and nar-
row major groove and a shallow and wide minor groove. In the sodium salt of 
[r(GUAUAUA)d(C)] 

2
   [  75  ] , the sodium ion acts as a glue that connects three duplexes 

around a 3-fold axis in the crystal lattice by directly binding to O2’-hydroxyl groups 
of adenine11 (A11) residues from the three duplexes. The high-resolution (1.3 Å) 
crystal structure of the sodium salt of [r(GCGUU Br UGAAACGC)] 

2
   [  76  ]  reveals the 

base-sequence specifi c metal bonding. Five Na +  ions (Na1–Na5) and one Mn 2+  ion 
are located in the major groove of the duplex and participate in direct (innersphere) 
or water-mediated (outersphere) contacts with groups lining the major groove. Na1 
and Na2 ions form innersphere contacts with N7 of A9 and N7 of G7, respectively. 
Na3 and Na4 ions also engage in innersphere contacts with two O4 atoms of U4 and 
U5 and two O4 atoms of U17 and U18 and thus, the two fi rst bases of UUU triplets 
constitute a specifi c site for sodium ions. The GAAA tetranucleotides inserted in a 
regular RNA duplex, where G forms a non-Watson–Crick G7( anti )–G20( syn ) base 
pair in the duplex, present an unusual structural plasticity that corresponds to the 
direct bonding of an octahedral metal ion to N7 of purine bases and O4 of uracil 
bases. A striking asymmetric pattern of metal ion binding in the two equivalent 
halves of the palindromic sequences, that is, four (Na1–Na3 + Mn) on the one half 
while two (Na4 and Na5) on the other half, demonstrates that the sequence and its 
environment act together to bind metal ions. The highly ionophilic half consisting 
of six base pairs that binds fi ve metal ions (Na1–Na5) is reminiscent of the loop E 
of the 5S ribosome RNA  [  89  ] . In this structure, a Mn 2+  (or Mg 2+ ) ion binds to G12 
in an outersphere fashion to form an N7···O(W)–Mn–O(W)···O6 linkage. 

 Five high-resolution crystal structures of magnesium compounds with 
[r{2’- O -Me(CGCGCG)}] 

2
  ( P 6 

1
 22 form  [  77  ]  and  P 3 

2
 12 form  [  78  ] ), [r(CGCG F CG)] 

2
  

 [  79  ] , [r(CGCGAAUUAGCG)] 
2
   [  80  ] , and r(GGUGAGG)·r(CCUCACC)  [  81  ]  are 
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reported. Mg 2+  ions directly bind to the phosphate groups connecting neighboring 
duplexes  [  77  ]  or act as an anchor attached to the 3’-terminal G  [  79  ] . Hydrated metal 
ions are located preferably in the major groove  [  77–  81  ]  compared to the minor groove 
 [  81  ] , and when they are located in the major groove, the formation of outersphere 
N7···O(W)–M–O(W)···O6 bonding at the guanine residue is prominent  [  78–  81  ] . 

 In the four crystal structures of calcium compounds with [r(CGCAIGCG)] 
2
   [  82  ] , 

r(CUGGGCGG)·r(CCGCCUGG)  [  83  ] , r(GCCACCCUG)·r(CAGGGUCGGC)  [  84  ] , 
and [r(CCC P GGGG)] 

2
   [  85  ] , metal–phosphate bonding also occurs  [  84,  85  ] , but no 

outersphere N7···O(W)–M–O(W)···O6 bonding at G is observed (though a Ca 2+  ion 
is located in the major groove  [  83  ] ). Instead, interestingly, Ca 2+  ion binding to the 
 cis -diol of 3’-terminal sugar moieties of the duplex is frequent  [  82–  85  ] ; the intramo-
lecular O2’–Ca 2+ –O3’ chelation is also observed in [Ca(5’-IMP)]·6.5H 

2
 O  [  90  ] . 

 The manganese complex with [r(GGCCGAAAGGCC)] 
2
   [  86  ] , where two G·A and 

two A·A non-Watson–Crick (W–C) base pairs form an internal loop, is unique in that an 
octahedral [Mn(H 

2
 O) 

4
 ] 2+  ion directly binds to N7 of G9 in the G9·C4* W–C base pair 

(C4* is 2-fold symmetry-related to C4) following the internal loop (another Mn 2+  hydrate 
is bound to the symmetrically related A8*). Here the formation of the A8·G5* non-W–C 
base pair in the loop region creates enough space for an octahedral metal ion to bind to 
the base moiety. In the rhodium (or iridium) complex with [r(GCUUCGGC)d Br U] 

2
   [  87  ] , 

where r(UUCG) is embedded in self-complementary sequences and forms two G·U and 
two C·U non-W–C base pairs, four [Rh(NH 

3
 ) 

6
 ] 3+  (or [Ir(NH 

3
 ) 

6
 ] 3+ ) ions (Rh1–Rh4) per 

duplex play a role in maintaining the ordering of the molecule in the crystals. Rh1 and 
Rh2 are located in the major groove and participate in outersphere contacts to O6 atoms 
of two adjacent G6 and G7 and to O(P) atoms of the preceding C5 and G6. 

 Finally, a metal complex of a locked nucleic acid (LNA), r(m 5 Cm 5 CTm 5 CAm 5 Cm 
5 C) L ·r(GGTGAGG) L  containing magnesium and cobalt ions, is available  [  88  ] . These 
metal ions play a role in associating two duplexes in the crystal lattice: a [Mg(H 

2
 O) 

4
 ] 2+  

ion bridges directly between the two O2’ ether oxygens of the sugars from each 
duplex, while a [Co(NH 

3
 ) 

6
 ] 3+  ion is located in the major groove and makes outersphere 

contacts  via  amine ligands to guanine bases G6 and G7 from each duplex. 
 In summary, as major binding patterns, the following three are observed for crys-

talline A-RNA. (i) Metal cations prefer to bind to phosphate groups, especially at tight 
places where phosphates are clustered in the crystal lattice, through inner- and/or 
outersphere interactions, to shield the negative phosphate charges. (ii) The  outer sphere 
metal coordination of hydrated metal ions to the groups lining up in the  major  groove 
is frequently observed, especially to both O6 and N7 sites of guanine ([Mg(H 

2
 O) 

6
 ] 2+  

 [  78–  81  ]  and [Mn(H 
2
 O) 

6
 ] 2+   [  76  ] ), forming a [–N7···O(W)–M–O(W)···O6–] macroche-

late. This is consistent with the high negative electrostatic potential in the major 
groove, predicted for a (dG-dC) model of RNA  [  91  ] . (iii) The  inner sphere coordina-
tion of  octahedral  metal ions ([Na(H 

2
 O) 

5
 ] 2+   [  76  ]  and [Mn(H 

2
 O) 

4
 ] 2+   [  86  ] ) to the  base  

moieties in the  major  groove also occurs in a sequence-specifi c manner, where the 
direct metal–base bonding becomes possible by sterically inherent structures formed 
depending on non-complementary base sequences inserted in a regular RNA duplex. 
Finally, it should be pointed out that the O2’ hydroxyl groups, which are RNA spe-
cifi c, are intimately involved in the hydrogen bonding network whereas their partici-
pation in innersphere metal coordination is limited  [  75  ] .  
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    3.2   DNA Fragments 

    3.2.1   A-DNA Fragments 

 As with A-RNA, A-DNA adopts a right-handed double-helical structure with a 
deep and narrow major groove and a shallow and wide minor groove. A review on 
crystal structures of A-DNA duplexes is available  [  107  ] . Reliable detection of light 
metal ions in X-ray analysis of 3D structures remains a challenge, in particular of 
sodium ions  [  93  ] . Thus, replacement of Na +  or K +  by heavier alkali metal ions in the 
crystallization of a nucleic acid fragment has been attempted for locating sites occu-
pied by Na +  or K + . High-resolution quality of crystals and precise measurements of 
anomalous differences in intensities allowed to locate metal ion binding sites in the 
salts of [d(GCGTATACGC)] 

2
  with alkali (Na + , K + , Rb + , and Cs +   [  93  ] ) in addition to 

alkaline earth (Mg 2+   [  93,  94,  96  ]  and Ba 2+   [  93  ] ) metal ions. There are three binding 
sites: in two sites metal ions play a role as glues connecting three neighbor duplexes 
through direct contacts to phosphate-backbone atoms. The third site is located in the 
major groove and comprises three adjacent base pairs at the G3pT4pA5 step, where 
metal ions participate in outersphere contacts with N7 and O6 of G3 and O4 of T4 
of the same duplex. The former two sites are exclusively occupied by alkali ions, 
whereas the latter site can accommodate both alkali and alkaline earth metal ions. 
Crystal structures of Mg 2+  salts of [d(ACCGGCCGGT)] 

2
 , [r(GCG)d(TATACGC)] 

2
 , 

[r(GC)d(GTATACGC)] 
2
 , and [r(G)d(CGTATACGC)] 

2
  reveal two characteristic 

[Mg(H 
2
 O) 

6
 ] 2+  binding modes  [  97  ] . One mode has the ion binding in the deep major 

groove of a GpN step through outersphere contacts with N7 and O6 of guanine 
bases. The other mode involves binding of the metal ion to phosphates, bridging 
across the outer mouth of the narrow major groove. Outersphere type interaction of 
Mg 2+  ions with guanine bases in the major groove through N7 and/or O6 sites is 
commonly observed also in other A-DNA duplexes  [  99,  100,  101  ] . On the other 
hand,  innersphere  interaction with an  inner  base in the  major  groove is observed as 
still quite rare cases for Ba 2+  ion in [d(ACCCGCGGGT)] 

2
   [  102  ]  and an oxaliplatin 

complex of d(CCTCTGGTCTCC)·d(GGAGACCAGAGG)  [  103  ] , where a Ba 2+  ion 
binds directly to N7 and O6 of G8 and O6 of adjacent G7 in the former  [  102  ]  and 
N7 and O6 of G23 and N7 of adjacent A22 in the latter  [  103  ] . It should be noted 
here that the Ba 2+  ion is extremely dehydrated in these cases: no water ligand is 
located in the former and only one water ligand in the latter. 

 [Co(NH 
3
 ) 

6
 ] 3+  ion behaves as [Mg(H 

2
 O) 

6
 ] 2+  ion. Thus, in the crystal structure of 

[d(ACCGGCCGGT)] 
2
   [  102  ] , two of the three independent Co 3+  ions occupy the 

same sites as those of Mg 2+  ions in [d(ACCGGCCGGT)] 
2
   [  97  ] : they bind to two 

consecutive Gs in one strand, hydrogen bonding to O6 and N7 positions of the 
bases; another Co 3+  ion makes outersphere contacts to the duplex via phosphate 
groups and organizes the crystal packing. On the other hand, the two independent 
[Co(NH 

3
 ) 

6
 ] 3+  ions observed in chimera [r(GC)d(GTATACGC)] 

2
  display a phosphate-

only binding mode  [  102  ] . Outersphere type interaction of [Co(NH 
3
 ) 

6
 ] 3+  ions with 

guanine bases in the major groove through N7 and/or O6 sites and with phosphate 
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oxygens is also observed in other A-DNA duplexes  [  92,  104  ] . In all cases, 
[Co(NH 

3
 ) 

6
 ] 3+  ions play important roles in bridging duplexes to facilitate the crystal 

packing. Four crystal structures of platinum antitumor agents of the dodecamer 
d(CCTCTGGTCTCC)·d(GGAGACCAGAGG) duplex are of particular interest as 
models for  intra strand cross-links between adjacent purine bases:  cis -[Pt(NH 

3
 ) 

2
 ] 2+  

(cisplatin) complexes at 2.6 Å resolution  [  105  ]  and at 1.77 Å resolution  [  101  ] , 
[Pt( R , R -DACH)(oxalato)] 2+  (oxaliplatin)  [  103  ] , and  cis -[Pt(NH 

3
 )(NH 

2
 Cy)] 2+   [  106  ]  

complexes. In each complex, the duplex consists of the A-type DNA segment at 
the 5’-side and the B-type segment at the 3’-side with the A-B junction occurring 
at the base pair T8·A17, the site being adjacent to the platination. Each platinum-
diamine compound cross-links the two centrally located guanine bases G6 and G7 
of one strand through their N7 sites. The duplex is bent at the platinated site by 
30–45° toward the major groove without disrupting G·C base pairs. 

 In summary, four major metal binding patterns are observed for crystalline 
A-DNA. One is the same as (i) the  phosphate  bonding noted above in the summary 
for A-RNA. (ii)  Polyhedral  metal cations, divalent ions in particular, bind to  base  
moieties in the  majo r groove through  outer sphere contacts, most preferably to 
 guanine  bases at N7 and /or O6 sites and, often in addition, to the adjacent phosphate 
group of the same strand. (iii) When the metal ion is  dehydrated  to an  extreme  
extent, though this has been observed only for Ba 2+ , the  direct  metal bonding to 
 guanine  bases through N7 and/or O6 sites is observed. (iv)  Square planar  metal 
ions can  directly  bind to  base  moieties in the  major  groove:  cis -[Pt(diamine)] 2+  
compounds cross-link two adjacent  guanine  bases by binding to N7 sites.  

    3.2.2   B-DNA Fragments 

 B-DNA adopts a right-handed double-helical structure in which the major and 
minor grooves are wide. The determination  [  167  ]  of the structure of a 
[d(CGCGAATTCGCG)] 

2
  duplex, which is a so called Dickerson–Drew dodecamer 

(DDD), was a landmark in structural biology  [  168  ]  and DDD and related dodecamers 
have been extensively studied. Intriguing features of the DDD duplex are the narrowing 
of the minor groove in the central A-tract and ordered water molecules that line this 
groove, referred to as a spine of hydration  [  167  ]  (a ribbon of hydration  [  120  ] ). The 
eventual substitution of some of the molecules in the water spine by monovalent 
cations has been a question of debate  [  71,  109,  110,  120,  125,  126,  168  ] . In the high-
resolution crystal structures, a single monovalent ion is located with partial occupancy 
in the minor groove at the 5’ApT3’ step (AT-tract) for Na +  (1.40 Å resolution)  [  109  ] , 
K +  (1.2 Å)  [  118  ] , Rb +  (1.2 Å)  [  120  ] , Cs +  (1.8 Å)  [  121  ] , and Tl +  (1.49 Å)  [  122  ] , where 
an octahedral [M(H 

2
 O) 

2
 ] +  ion makes innersphere contacts with two O2 keto oxygen 

atoms of T7 and T19 and two O4’ ether oxygen atoms of T8 and T20. On the con-
trary, monovalent cations are absent in the minor grove in the cross-linked DDD 
duplex (1.43 Å)  [  126  ]  and it is argued  [  126  ]  that occasional binding of monovalent 
cations within the minor groove of A-tracts may be a consequence of groove 
narrowing but not the cause. In all the high-resolution DDD structures (1.40 Å  [  109  ] , 
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1.50 Å  [  117  ] , 1.2 Å  [  118  ] , 1.5 Å  [  120  ] , 1.10 Å  [  125  ] , 1.43 Å  [  126  ]  resolutions), a 
[Mg(H 

2
 O) 

6
 ] 2+  ion, which is bound in the fl oor of the major groove at one of the 

G-tracts of the duplex, has been conserved, where the metal ion is bound through 
outersphere contacts to O6 and N7 atoms of G2 and O6 of G22 in one duplex and 
simultaneously to the lip through phosphate oxygens of A6 and T7, but not the 
interior, of the minor groove of an adjacent duplex. This position is almost the same 
as that in the original DDD structure  [  167  ] . The location and interactions of this 
Mg 2+  ion explain the dependence of G-tract bending on divalent cations, that is, the 
[Mg(H 

2
 O) 

6
 ] 2+  ion pulls cytosine bases C1 and C21 partially out of the helical stack, 

exposing π-systems to the hydrated Mg 2+  cation, generating the “dodecamer bend” 
[109b]. Cation–π interaction between shell water molecules and cytosine π-systems 
is also observed in a decamer [d(CGCGAATTCGCG)] 

2
  duplex  [  169  ] . 

 Outersphere interactions with bases in the major groove are repeatedly observed 
in the duplexes with other sequences: a fully hydrated Mg 2+  ion is bound through 
hydrogen bonds to O6 and N7 of G3 and O4 of T16 in the [d(GCGAATTCG)] 

2
  

duplex (2.05 Å  [  131  ]  and 0.89 Å  [  132  ]  resolutions), O6 and N7 of G7 in the base-
intercalated (zipper-like) [d(GCGAAAGC)] 

2
  duplex (1.60 Å  [  141  ] ), and O6 and N7 

of G3 in the zipper-like [d(GCGAAAGCT)] 
2
  duplex (2.5 Å  [  142  ] ). Hydrated Mg 2+  

ions also hold neighboring duplexes together and help to neutralize the local high 
concentration of negative charges from the phosphate oxygens, which otherwise 
would tend to repel closely packed duplexes. 

 A [Ca(H 
2
 O) 

6
 ] 2+  ion in the DDD-like or -modifi ed dodecamer duplexes, 

[d(GCGAATTCGCG)] 
2
   [  144  ] , [d(GGCGAATTCGCG)] 

2
   [  144  ] , and [d(CGCGAA 

F T F TCGCG)] 
2
   [  144  ] , is located at a position corresponding to the conserved 

[Mg(H 
2
 O) 

6
 ] 2+  ion in the DDD duplex mentioned above. In addition, in most of 

the Ca 2+  compounds of DNA decamers, a hydrated Ca 2+  ion is bound, indirectly 
through its water ligands, in the minor groove of the G·C base pairs in the center of 
the duplex. Examples include [d(CCGGTACm 5 CGG)] 

2
   [  113  ] , [d(CTCTCGAGAG)] 

2
  

 [  145  ] , [d(CCAGTACTGG)] 
2
   [  146  ] , [d(CGATATATCG)] 

2
   [  170  ] , [d(CCAAGCTTGG)] 

2

  [  171  ] , [d(CCAACITTGG)] 
2
   [  172  ] . It is argued  [  146  ]  that the calcium ion and its 

bound water molecules fi t well in the wider G·C minor groove, whereas monovalent 
ions may be more appropriate for AT tracts. The ultrahigh resolution (0.74 Å) of the 
[d(CCAGTACTGG)] 

2
  duplex  [  146  ]  further reveals that the other two Ca 2+  ions 

bind in the major groove, one Ca 2+  directly to the terminal G·C pairs through O6 
of G10 and N7 of G9 and the other Ca 2+  via hydrogen bonds to N7 of A3, N7 of 
G4, and O6 of G4. 

 In the divalent transition metal ion complexes, the Mn 2+  complex of 
[d(CGTTAATTAACG)] 

2
   [  151  ] , Co 2+ , Ni 2+ , and Zn 2+  complexes of [d(GGCGCC)] 

2
  

 [  152  ] , Ni 2+  complexes of [d(CGTATATACG)] 
2
   [  157  ] , [d(CGTGTACACG)] 

2
   [  158  ] , 

and [d(GAATTCG)] 
2
   [  159  ] , and the Zn 2+  complex of [d(CGCAATTGCG)] 

2
   [  160  ] , 

the metal ion is bound directly to either  terminal  or  extra-helical  but  not to an 
interior  guanine base through N7. 

 As with A/Z-DNA fragments, interactions of [Co(NH 
3
 ) 

6
 ] 3+  ions with B-DNA 

fragments are always of the outersphere type. Cobalt hexammine ions are bound to 
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guanine bases in the major groove through N7 and/or O6 sites in all the complexes 
involving [Co(NH 

3
 ) 

6
 ] 3+  ions  [  142,  143,  154–  156,  200  ] . In addition, [Co(NH 

3
 ) 

6
 ] 3+  ions 

support the crystal lattice structure by forming bridges between neighboring duplexes. 
The Rh 3+  compounds with planar polycyclic aromatic ligands are unique as sequence-
specifi c metallointercalators or metalloinsertors. The D- a -[Rh{( R , R )-Me 

2
 trien}phi] 3+  

compound is intercalated into the major groove between G4 and C5 of [{G(dIU)
TGCAAC}] 

2
   [  162  ] . The D-a-  [Rh(bpy) 

2
 (chrysi)] 3+  compound is intercalated into the 

major groove and/or inserted into the minor groove at (a) mismatched site(s) by 
replacing (a) mismatched base pair(s): in [(CGGAAATTCCCG)] 

2
   [  163  ] , one of the 

two Rh 3+  molecules is intercalated between A6 and T7 and the other is inserted at the 
A4·C21 mismatched site; in [(CGGAAATTACCG)] 

2
  ( P 3 

1
 21 form  [  164  ] ), two Rh 3+  

molecules are inserted at the A4·A21 and A9·A16 mismatched sites; and in 
[(CGGAAATTACCG)] 

2
  ( P 4 

3
 2 

1
 2 form  [  164  ] ), one of the three Rh 3+  molecules is inter-

calated between A6 and T7 and the other two are inserted at two A·A mismatched 
sites. Metalloinsertors, unlike metallointercalators which unwind the duplex, perturb 
the DNA only minimally beyond the local binding site. Trinuclear platinum-polyamine 
compounds, TriplatinNC  [  114  ]  and TriplatinNC-A  [  115  ] , form outersphere coordina-
tion complexes with the DDD duplex, through amine ligands with phosphate groups 
of the duplex backbone as phosphate clamps. The  cis -[Pt(NH 

3
 ) 

2
 ] 2+  complex of the 

decamer d(CCTCGCTCTC)·d(GAGAGCGAGG) duplex  [  165  ]  is of special interest 
as a model for  inter strand cross-links, where a cisplatin cross-links the two guanine 
bases G5 and G15 through their N7 sites. On the other hand, in the  cis -[Pt(NH 

3
 ) 

2
 (py)] 2+  

complex of the dodecamer d(CCTCTCGTCTCC)·d(GGAGACGAGAGG) duplex 
 [  166  ] , a planar Pt 2+ -diamine compound with an additional bulky py ligand binds 
monofunctionally to N7 of guanine G7 in the major groove of one strand. 

 In summary, eight major metal binding patterns are observed with crystalline 
B-DNA. Two are the same as noted above in the summary for A-DNA: (i)  phos-
phate  bonding and (ii)  outersphere  bonding in the  majo r groove. (iii) Alkali metal 
ions bind  directly  to  base  moieties in the  minor  groove of the AT-tract by replacing 
water molecules consisting of the spine of hydration. Divalent alkaline earth ions, 
involving Mg 2+  ion  [  134  ]  and Ca 2+  ion in particular  [  113,  145,  146,  170–  172  ] , make 
 outersphere  contacts with  bases  in the  wide minor  groove. When the minor groove 
is  narrow  as in the DDD structure, Mg 2+  ion binds through hydrogen bonds to the 
 lip  of the minor groove  [  109,  117,  118,  120,  125,  126  ] . (iv) Polyhedral metal cations, 
involving Na +   [  114  ] , Mg 2+   [  200  ] , Ca 2+   [  146  ] , and transition metal ions in particular 
(Mn 2+   [  151  ] , Co 2+   [  152,  153  ] , Ni 2+   [  152,  157–  159  ] , and Zn 2+   [  160  ] ), bind  directly  to 
 guanine  bases in the  major  groove through N7 and/or O6 sites. These guanine bases 
are almost always located in either  terminal , or  extra-helical , or  fl ipped-out  posi-
tions or they are involved in the mismatched sheared base pairs. In other words, 
 polyhedral  metal ions exhibit a diffi culty to bind  directly  to the  interior  guanines in 
the  major  groove in the  standard  B-DNA duplex, except for Na +  ion that binds to 
O6 of the third guanine from the 3’-terminal end  [  114  ] . (v)  Square planar  metal 
compounds such as  cis -[Pt(NH 

3
 ) 

2
 ] 2+  and  cis -[Pt(NH 

3
 ) 

2
 (py)] 2+  bind  directly  to  base  

moieties in the  major  groove: the former compound  interstrand  cross-links two 
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adjacent  guanine  bases through N7 sites  [  165  ]  and the latter monofunctionally binds 
to N7 of  guanine   [  166  ] . (vi) Non-covalent polyamine-type bonding occurs in the 
 minor groove  by polynuclear platinum-amine compounds as phosphate clamps 
 [  114,  115  ] . (vii) Non-covalent π–π interaction by metallointercalators and metal-
loinsertors are observed  [  162–  164  ] . (viii) Cation–π interaction between DNA base-π 
systems and hydrated metal cations takes place [109b].  

    3.2.3   Z-DNA Fragments 

 Z-DNA adopts a left-handed double-helical structure with a convex surface, instead 
of the major groove in B-DNA, exposing the outside of base pairs directly to the 
solvent, and with the minor groove which is very narrow and deep, extending almost 
to the helical axis. Quite a number of crystal structures of metal salts/complexes of 
Z-DNA fragments (a total number of 26  [  1  ]  before 1994 and 22 after 1994) are 
reported due to their excellent diffraction properties, among which those of a 
d(CGCGCG) hexamer amount to half the number reported. In the crystal structures 
of [d(CGCGCG)] 

2
  duplexes, hydrated Na +  is bound through outersphere contacts via 

hydrogen bonds to phosphate oxygens  [  175,  176  ]  and N4 of cytosine  [  190  ] , and also 
through innersphere contacts directly to N7 of guanine  [  190  ]  in addition to phosphate 
oxygens  [  190–  192  ] . For hydrated Mg 2+  ion, outersphere contacts occur usually with 
N7 and/or O6 of guanine  [  174-  176,  178,  179,  192,  193  ]  and rarely with N2 of guanine 
 [  174  ]  and N4 of cytosine  [  175,  180  ]  in addition to phosphate oxygens. Direct interac-
tions also occur with N7 of the 3’-terminal guanine  [  176,  178,  179,  193,  194  ]  in addi-
tion to phosphate oxygens. On the other hand, hydrated Co 2+   [  195  ]  and Cu 2+   [  196  ]  
ions bind exclusively through innersphere contacts to N7 of the  inner  guanines in 
addition to N7 of the 3’-terminal guanine. For Rb +  ion  [  177  ] , extensive direct interac-
tions with base and sugar moieties are observed. 

 [Co(NH 
3
 ) 

6
 ] 3+   [  183–  185,  197,  199  ]  and [Ru(NH 

3
 ) 

6
 ] 3+   [  198  ]  ions form outersphere 

complexes with [d(CGCGCG)] 
2
   [  197,  198  ] , [d(GCGCGCG)] 

2
   [  184  ] , [d(Gm 5 CGCGCG)] 

2
  

 [  183  ] , [d(TGCGCA)] 
2
   [  185  ] , and [d(CGTACGTACG)] 

2
   [  199  ]  through hydrogen 

bonds usually with N7 and O6 of guanines in addition to phosphate oxygens. As rare 
cases, in the complexes of the d(CGCGCA)·d(TGCGCG) duplex, [Co(NH 

3
 ) 

6
 ] 3+   [  187  ]  

and [Ru(NH 
3
 ) 

6
 ] 3+   [  188  ]  ions are bound through hydrogen bonds to N7 and the  deproto-

nated N6  of  adenine  in addition to guanines at N7 and O6. A square planar [Pt(NH 
3
 )

(L 
1
 )(L 

2
 )] 2+  (L 

1
  and L 

2
  are NH 

3
  or H 

2
 O) ion binds to [d(CGTA’CG)] 

2
  (A’ = 2-amino 

adenosine) through N7 of G6  [  189  ] . 
 In summary, three major metal binding patterns are observed with crystalline 

Z-DNA. Two are the same as noted above in the summary for A/B-DNA: (i) 
 phosphate  bonding and (ii)  outersphere  bonding in the  majo r groove, and (iii) 
hydrated metal ions are much less accessible in the  minor  groove, whereas they 
do not suffer from any steric constraint on the  convex  surface in attacking the 
functional groups of  bases ; metal binding sites are always  guanine  bases at N7 
(or N7/O6 chelation for Ba 2+   [  199  ] ).   
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    3.3   Factors Affecting Metal Binding 
to Oligonucleotide Duplexes 

 From X-ray diffraction studies of oligonucleotide duplexes, certain general 
observations emerge: (i) Metal cations, usually hydrated, preferentially bind to 
phosphate groups, either directly or mediated by water ligands by forming hydrogen 
bonds, and serve to partially neutralize the negative charges of phosphates. (ii) In 
the minor groove in A·T-rich regions in B-DNA, monovalent cations are directly 
bound to the base moieties by replacing water molecules that constitute a spine 
of hydration. This is consistent with a high negative electrostatic potential in the 
minor groove in A·T-rich regions of B-DNA  [  201  ] . (iii) In the major groove, 
metal ions bind preferentially to the guanine base, either directly at the N7 site or 
through hydrogen bonds with the O6 and N7 sites. 

 For the  standard  duplexes of A-RNA and A/B-DNA but not for Z-DNA, where 
usually the metal ion is  polyhedral  with hydrogen-bonding donor ligands like water, 
the metal ion binds through outersphere contacts (but not innersphere contacts) to 
the interior guanines in the major groove, as a rule. Only when the guanine base 
is located at the terminal position or at (or near) extra-helical, fl ipped-out, or 
mismatched-base pair positions in  non-standard  duplexes, such a polyhedral metal 
ion binds directly to the base at the N7 site, often accompanying the formation of an 
intramolecular interligand hydrogen bond between the water ligand and the O6 
substituent. Also as an exception, only when the metal ion is extremely dehydrated, 
it can bind directly to the interior guanine base in the major groove in the  standard  
duplex. What factors correspond to these observations? 

 First, why does the metal ion bind preferably to the guanine base among the four 
bases which have some potential metal binding sites at the mononucleotide level? 
Among the most preferred metal binding sites on the bases, N7 of adenine and 
guanine and N3 of cytosine, as described in Section  2.3 , N3 of cytosine can be ruled 
out since it takes part in the Watson–Crick base-pair in the RNA/DNA duplexes. 
The preferred metal bonding to guanine over adenine for the polyhedral metal ion 
with hydrogen-bonding donor ligands like water can be explained, at least in part, 
in terms of interligand interaction, as noted in Section  2.4 : When such a metal ion 
binds to N7 of guanine, an intramolecular hydrogen bond is formed between a water 
ligand as a hydrogen bonding donor and the O6 keto group as an acceptor, stabilizing 
the structure, whereas when it binds to N7 of adenine, a similar hydrogen bond is 
formed between the N6-H 

2
  amino group as a donor and a H 

2
 O ligand as an acceptor 

but the hydrogen bond is weak compared to the former, as mentioned in Section  2.2 . 
Indeed, a number of crystal structures of [M(5’-purine mononucleotide)(H 

2
 O) 

5
 ]-type 

complexes with M–N7 bonding are reported for 6-oxopurine nucleotides but only 
the Ni 2+  complex  [  43  ]  for adenosine nucleotides. Rather it is conceivable that the 
close contact between the amino NH 

2
  group and the H 

2
 O ligand in the crowded 

coordination environment would cause steric hindrance, making it less favorable for 
the polyhedral metal ion to bind the N7 site of the adenine base. 
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 Second, why does the polyhedral metal ion bind to guanine through outersphere 
contacts (but no innersphere contacts) to interior guanines in the major groove in 
A/B-type duplexes but through innersphere contacts in a Z-type duplex? The dou-
ble-helical ordered structure of oligonucleotides with the distinct shape of the major 
and minor grooves answers this question. From a structural consideration, Gao et al. 
originally  [  195  ]  and others [1,22,69f,157,159] have suggested that for B-DNA with 
even the widest major groove among right-handed duplexes, there would be steric 
clashes of the octahedrally hydrated metals bound to N7 of guanine with the previ-
ous (the 5’-side) base in the sequence. Square-planar metals like platinum-diamine 
complexes  [  105,  106,  165,  166  ]  or highly dehydrated metals, though quite rare only 
for Ba 2+  ion  [  102,  103  ] , are able to escape from these clashes. On the other hand, for 
Z-DNA with a convex surface exposing the edges of base pairs directly to the sol-
vent and a narrow and deep minor groove, polyhedral metal ions have much less 
access to the minor groove, whereas the lack of steric restriction on the convex sur-
face makes it possible for any metal ion to attack the functional groups of bases, 
here again exclusively N7 of guanine. 

 Third, when the polyhedral metal ion makes outersphere contacts through hydrogen 
bonds with functional groups of bases in the major groove, why does the metal ion bind 
predominantly to guanine bases? Two factors at least may be responsible for this: a 
molecular electrostatic potential and a hydrogen bonding potential. (1) Molecular 
mechanics simulation demonstrated a strong electronegative potential at the G·C region 
in the major groove for A/B-DNA  [  201  ] . (2) Metal cations are bound to nucleic acids 
usually in a hydrated state and work as hydrogen bonding donors in addition to point 
charges  [  22  ] . The candidates of their targets in the major groove as hydrogen bonding 
acceptors are N7 of adenine, O6 and N7 of guanine, and O4 of thymine. We suggest 
that, in order to stabilize the overall structure formed, the  bi -functional hydrogen bond-
ing to guanine by forming an [–O6( n th G)···H 

2
 O–M–OH 

2
 ···N7( n th G)–] macrochelate 

would be preferable to the  mono functional hydrogen bonding to adenine or thymine. In 
practice, under a given environment, the hydrated metal ion works to form as many 
hydrogen bonds as possible involving such a hydrogen-bonding macrochelate. 

 However, despite the above arguments, at present it may be safe to say that 
whether a polyhedral metal ion could bind directly to the interior-base moiety in the 
major groove of right-handed duplexes is still an open question from a consider-
ation of the plasticity  [  20  ]  of the duplex structures. Indeed, some hydrated Mn 2+  ions 
bind to internal guanines at N7 sites in the DNA duplex which winds around the 
nucleosome core particle  [  202  ] , as a result of a combination of favorable facts  [  151  ] : 
the local conformation of DNA, the longer Mn 2+ –N7 distance and its variable hydra-
tion sphere. In any case, even if it should occur in the standard right-handed DNA 
duplexes, DNA structures may suffer local deformation to a considerable extent. 

 In summary, metal binding to oligonucleotide duplexes depends on numerous 
factors: the shape (the width and the depth) of the major and the minor grooves; 
electronegative potentials, as modulated by base sequence and conformation; cation 
size and geometry and dehydration energetics; the concentrations of the competing 
multivalent cations, polyamines, and others; and the crystal packing environment in 
the solid state.   
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    4   Concluding Remarks and Future Directions 

 During the past fi ve decades single-crystal X-ray diffraction studies have provided a 
wealth of well-defi ned information on metal interactions with nucleic acid constitu-
ents such as bases, nucleosides, and nucleotides, involving oligonucleotides whose 
crystal structures were analyzed using high-resolution data at the atomic level. Now 
certain general aspects emerge, as described here. However, known structures of 
metal complexes of nucleotides (listed in Tables  1  and  2  in Ref. 16 and Tables  1  and 
 2  in this chapter) and oligonucleotides (in  Table 3  in Ref. 1 and Tables  5  and  6  in this 
chapter) are still limited. In order to refi ne these general aspects and moreover to add 
new general observations, further X-ray diffraction studies, particularly those of oli-
gonucleotide fragments with more variable sequences [7a] supported by further tech-
nological advances to collect ultra-high resolution data, are needed. 

 In addition, it should be noted that the localization of metal ions in the crystals 
does not mean that in solution they are statically bound at specifi c sites, and rather, 
those bound even at the most favorable sites on DNA still readily exchange with 
solution  [  20  ] , and much remains to be learnt about dynamical behaviors of metal 
interactions with oligonucleotide duplexes  [  22  ] . 

 Finally, since metal ions occur, in practice, in even more complex systems 
containing proteins and other compounds (though we do not deal with these here), 
further X-ray studies of such systems are needed to enhance our understanding of 
the nature of metal complexes and their biological action. It is likely that even 
more “unusual DNA structures  [  203,  204  ] ” and “unusual RNA folds  [  204  ] ” and 
their interactions with metal ions  [  204  ]  will be discovered. This is a fi eld to be still 
continuously challenged. 

   Abbreviations 

  A    adenine base   
  A’    2-amino adenosine   
  AN 

2
     two amines or a diamine   

  ADP    adenosine diphosphate   
  ADPH    monoprotonated adenosine diphosphate   
  ADPH2    diprotonated adenosine diphosphate   
  AMP    adenosine monophosphate   
  AMPH    monoprotonated adenosine monophosphate   
  ATP    adenosine triphosphate   
  ATPH    monoprotonated adenosine triphosphate   
  ATPH2    diprotonated adenosine triphosphate   
   a -D-Glc-1P     a -D-glucopyranose-1-phosphate   
  bpy    2,2’-bipyridine   
  bpm    2,2’-bipyrimidine   
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   Br U    5-bromo-2’-deoxyuridine   
  C    cytosine base   
  chrysi    5,6-chrysenequinone diimine   
  CMP    cytidine monophosphate   
  Cy    cyclohexyl   
  d    deoxyribose   
  D    deuteron   
  DACH    diaminocyclohexane   
  dAMP    deoxyadenosine monophosphate   
  dAMPH    monoprotonated deoxyadenosine monophosphate   
  DDD    Dickerson–Drew dodecamer   
  dGMP    deoxyguanosine monophosphate   
  dIU    5-iodo-2’-deoxyuridine   
  dpa    2,2’-dipyridylamine   
  dUMP    deoxyuridine monophosphate   
  en    ethylenediamine   
   F C    5-fl uoro-cytidine   
   F T    2’-deoxy-2’-fl uoro-arabino-furanosyl thymidine   
  G    guanine base   
   gg      gauche-gauche    
  GMP    guanosine monophosphate   
  GMPH    monoprotonated guanosine monophosphate   
  I    inosine   
  IMP    inosine monophosphate   
  IMPH    monoprotonated inosine monophosphate   
  IMP–H    mono-deprotonated inosine monophosphate   
  L    ligand   
  LNA     locked nucleic acid: an oligonucleotide that contains one or more 

2’- O ,4’- C -methylene-b-D-ribofuranosyl monomer(s)   
  M    metal ion   
  m 5 C    5-methyl-cytidine   
  Me    methyl   
  Me 

4
 dach     N , N , N’ , N’ -tetramethyl-1,2-diaminocyclohexane   

  Me 
4
 dae     N , N , N’ , N’ -tetramethyl-1,2-diaminoethane   

  MeRNA    data base of metal ion binding sites in RNA   
  Me 

2
 trien    dimethyltriethylenetetraamine   

  N    general term for nucleobases   
  NDB    Nucleic Acid Data Bank   
  NMP    general term for monophosphate nucleotides   
  nta    nitrilotriacetate   
  NTP    general term for triphosphate nucleotides   
  O(P)    oxygen atom of the phosphate group   
  O(W)    water oxygen atom   
  P    phosphate   
   P     phenyl ribonucleotide   
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  phen    1,10-phenanthroline   
  phi    9,10-phenanthrenequinone diimine   
  py    pyridine   
  r    ribose   
  T    thymine base   
  terpy    2,2’,2”-terpyridine   
  TMP    thymidine monophosphate   
  TriplatinNC     [{ trans -Pt(NH 

3
 ) 

2
 (NH 

2
 (CH 

2
 ) 

6
 NH 

3
  + )} 

2
 -m-{ trans -Pt(NH 

3
 ) 

2
 (NH 

2
  

(CH 
2
 ) 

6
 NH 

2
 ) 

2
 }] 8+    

  TriplatinNC-A    [{  trans -Pt(NH 
3
 ) 

3
 } 

2
 -m-{ trans -Pt(NH 

3
 ) 

2
 (NH 

2
 (CH 

2
 ) 

6
 NH 

2
 ) 

2
 }] 6+    

  tRNA    transfer ribonucleic acid   
  U    uracil base   
  UMP    uridine monophosphate   
  UMP–H    mono-deprotonated uridine monophosphate   
  W    water ligand          
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  Abstract   The review will discuss the infl uence of metal ions on conformational 
changes of oligonucleotides. First, a short defi nition of the torsion angles is given, 
followed by a concise yet critical overview of the commonly applied experimental 
techniques. Finally, the possible role of metals upon the following conformational 
changes of oligonucleotides is discussed: (i) the denaturation of double-strands, (ii) the 
transition from B- to A-DNA, (iii) the transition from right- to left-handed DNA and 
RNA, (iv) the condensation, (v) and other conformational changes. We conclude 
with a summary and outlook.  
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    1   Introduction 

 Due to the fl exible nature of the oligonucleotides  [  1  ] , they easily undergo conforma-
tional changes. This was already realized in the early days of the structural determi-
nation of DNA. DNA fi bers equilibrated against different levels of humidity gave 
raise to different X-ray diffraction patterns  [  2,  3  ] . 

 This chapter is organized as follows: First, some experimental techniques that are 
suitable to follow conformational changes of oligonucleotides are shortly discussed. 
Then, fi ve sections describe the possible role of metals upon oligonucleotides regarding 
the denaturation of double-strands, the transition from B- to A-DNA, the  transition from 
right- to left-handed helices, the condensation, and other  conformational changes. Each 
section starts with a short general introduction about the process that will be discussed. 

 In this chapter, we will not discuss the role of metal ions on the formation of 
G-quadruplexes (see instead   Chapter 4    ) and DNA-protein ternary complexes (see 
instead   Chapter 5    ), nor the formation of discrete metal assemblies in artifi cial 
nucleic acids and of metal mediated base pairs (see instead   Chapter 11    ). Nevertheless, 
all these processes may lead to conformational changes of oligonucleotides. 

 Furthermore, we will mainly discuss conformational changes of chemically 
unmodifi ed oligonucleotides. Given the available space in this review, we had to 
restrict ourselves to reports where the presence of a metal ion was directly linked to 
a conformational change of an oligonucleotide composed of naturally occurring 
nucleotides. Still, the observation of a conformational change within an oligonucle-
otide by various experimental techniques like circular dichroism  [  4  ]  or Raman spec-
troscopy  [  5,  6  ]  frequently means that the actual geometric change within the nucleic 
acids is unknown. In addition, there have been many studies published that claim a 
certain conformational transformation based on some spectroscopic change. In our 
view, some of these claims are not supported by the experimental facts. 

 Obviously, the clearest method to determine conformational changes is to com-
pare two structures whose geometries have been experimentally determined. 
Unfortunately, this is only possible for a tiny fraction of all interesting oligonucle-
otide structures. In addition, when the geometries of different X-ray structures of 
oligonucleotides with the same sequence in the same general conformation are com-
pared, the helical parameters can vary dramatically  [  7  ] . This is also true for the most 
basic conformational parameter possible, the torsion angle, as shown exemplarily by 
Lavery and Zakrzewska  [  8  ] . A-, B-, and Z-DNA (in case of the purine-pyrimidine 
step) are all known to exist in two different main conformations  [  9  ] . Schneider and 
coworkers systematically analyzed 447 selected DNA crystal structures with a resolu-
tion equal or better than 1.9 Å which included 7739 dinucleotide steps  [  10  ] . Their 
analysis led to the following summary of average torsion values as shown in Figure  1  
and Table  1 . A similar analysis was done for RNA structures  [  11  ] .   

 Furthermore, the interaction of free metal ions with oligonucleotides is sometimes 
studied in the presence of buffers that are known to form stable metal complexes such 
as tris(hydroxymethyl)aminomethane (tris), phosphate, or citrate. Preferentially, if 
a defi ned pH is wanted, one should use buffers that have weakly coordinating 
 properties to metal ions like cacodylate (see for example the following references: 
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 [  12-  15  ] , however, keep the toxicity of cacodylate in mind  [  16  ] ). The other option is 
to correct the infl uence of metal-buffer complexes, if this is possible  [  17  ] . A third 
option is not to use any buffer at all and record the pH instead  [  18,  19  ] . 

 The possible types of interactions of metal ions with oligonucleotides have been 
reviewed before  [  20  ] . In 1993, Eichhorn has written a short essay about metal-
induced conformational changes in general  [  21  ] . 

    1.1   Commonly Used Experimental Techniques 

 UV-vis spectroscopy is a simple, yet powerful as well as sensitive method that 
allows the researcher to follow the denaturation of oligonucleotides and even the 
transition of right- to left-handed oligonucleotide helices. 

 Circular dichroism (CD) is most likely one of the most powerful techniques to 
detect conformational changes in solutions if the technique is carefully applied. 
Kypr et al. have written an excellent review how to follow conformational changes 
of DNA by circular dichroism  [  22  ] . 

 Vibrational circular dichroism (VCD) applies the principles of circular dichro-
ism in the infrared region  [  23  ] . VCD is a rather insensitive technique. Therefore 
very high concentrations of oligonucleotides, up to 0.07 M calculated in terms of 
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  Figure 1    Selected torsion 
angles of a polynucleotide.       

   Table 1    Main DNA conformational classes and their selected torsion angles (Figure  1 ). Data 
collected from  [  10  ] .   

  a    b    g    d    e    z    c  

 AI  295  173  54  82  206  285  201 
 AII  146  192  183  85  197  289  203 
 BI  299  179  48  133  182  263  250 
 BII  293  142  46  143  251  168  278 
 Z, Y-R step  66  a    186 a   54  147  264  76  205 
 ZI, R-Y step  210  a    233  b    177  96  242  292  63 
 ZII, R-Y step  169  a    162  b    179  95  187  63  58 
    a    a +1 step 

   b    b +1 step  
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phosphates, are needed  [  24  ] . Nevertheless, VCD can provide other and more detailed 
information about the oligonucleotide structure compared with the “normal” infra-
red spectroscopy. 

 X-ray and NMR structure determinations are fi nally crucial to correlate an 
UV-vis, IR, Raman, CD, or VCD spectrum with a certain geometry. Normally, it is 
easier to precisely locate metal ions by X-ray structure analysis than with NMR. 
Nevertheless, even in crystal structures the identity or presence of metal ions can be 
a fi ercely debated topic  [  25,  26  ] .   

    2   Denaturation of Double-Stranded Oligonucleotides 

 Double-stranded oligonucleotides can be melted, that is, the two strands are sepa-
rated in this new state which is also called denatured  [  27  ] . This process can be 
reversed, if the cause of the denaturation is removed. The longer the DNA, the lon-
ger it takes to form the duplex state again. In the case of genomic DNA, denatur-
ation can be an irreversible process. The melting can be easily followed by a 
measurement of the UV absorption at 260 nm, since the molten strands have an 
UV absorbance that is about 20% higher than those of the original double-strand 
(corrected for the infl uence of the temperature)  [  28  ] . The hyperchromicity correlates 
approximately linearly with the content of adenosine-thymidine/uridine base pairs 
 [  29  ] . The determination of melting temperatures (T 

m
 ) has been critically discussed 

 [  30  ] . The denaturation of oligonucleotides can be induced by increased tempera-
tures  [  31  ] , chemical denaturants  [  32  ] , protonation  [  33,  34  ] , and deprotonation  [  35  ] . 

 Owczarzy and coworkers have very carefully studied the factors that infl uence 
the melting of short deoxyoligonucleotides (10- to 30mers) in the presence of either 
0.069–1.02 M sodium ions  [  36  ]  or tris, deoxynucleotide-trisphosphates, 1–10 mM 
magnesium(II), and 50–200 mM potassium  [  37  ] . The latter conditions are espe-
cially relevant for predicting the optimal temperatures needed for the polymerase 
chain reaction. In their former work, Owczarzy derived a new relationship to predict 
the melting temperature. In addition, differential scanning calorimetry (DSC) exper-
iments revealed that the effect of the sodium ion concentration is independent of the 
oligo concentration but dependent on the guanosine-cytidine content  [  36  ] . 
Furthermore the same group showed that the pH within a range between 6.5 and 8.3 
does not have an infl uence on the melting point. All this work resulted in an online 
application that can help to predict important properties of oligonucleotides such as 
T 

m
 , thermodynamics of the denaturation process, and UV spectra  [  38  ] . 
 Most transition metals were reported to increase the melting temperature with 

the exception of copper(II)  [  13,  39  ] . The infl uence of various divalent metals 
(Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu, Pd, and Cd) on the denaturation and aggregation 
of long genomic DNA and 160 base pairs of nucleosomal fragments has been 
studied by Raman spectroscopy  [  40  ] . The denaturation of calf thymus DNA, 
which was observed at 90°C, has been followed by IR and VCD spectroscopy 
 [  41  ] . In the IR spectra, bands shifted and became less intense, while the VCD 
spectrum essentially showed no signals anymore. 
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 The infl uence of the magnesium ion concentrations on the melting of two RNA 
strands r[GGUUUGGAGGG] and d[GGCCCUCUAAACC] that are relevant in the 
context of the P1 duplex of the  Tetrahymena  group I ribozyme were studied by 
variable temperature  1 H NMR  [  42  ] .  

    3   B- to A-DNA Transitions 

 The A-form of pure DNA in aqueous solution can only be accessed in the presence 
of extremely high concentrations of ethanol (78% percent!)  [  43  ] . Additionally, the 
salt concentrations, e.g., sodium chloride, must not be higher than 1 mM, otherwise 
precipitation of the DNA occurs. We are not aware of any study that dealt with 
A-DNA in the presence of transition metals.  

    4   Right- to Left-Handed Helical Transitions 

 In the early seventies of the last century, Pohl and Jovin recorded circular dichroic 
spectra which they interpreted as the “R” and “L” form of poly d(GC) as a function 
of the used salt concentration (Figure  2 )  [  44  ] .  

 The transitions from the “R” to the “L” form were determined to have a midpoint 
at either 2.56 M NaCl, 1.67 M NaClO 

4
 , or 0.66 M MgCl 

2
 . The enthalpy of the 

change was almost zero, however the activation energy was determined to be 22 ± 
2 kcal/mol  [  44  ] . The authors also tested the homopolymer poly d(G)•poly d(C), and 
poly d(AT) as well as the RNA analogue poly (GC). The RNA poly (GC) did not 
undergo such a transition, neither did poly d(G)•poly d(C). Whereas the results of 
the RNA were not withstanding the proof of time, the latter results were afterwards 
confi rmed, since poly d(G) has a strong tendency to form so-called quadruplex 
DNA  [  45,  46  ] . On the other hand, poly d(AT) showed minor changes in the CD 
spectra that were caused by the high salt concentrations. The authors of this publica-
tion did speculate about possible biological functions of this new form of DNA, but 
not about the possible geometrical arrangement. 

 The questions about a possible geometry were answered when the fi rst crystal 
structure of a double-stranded DNA was solved in 1979  [  47  ] . It turned out to be a 
left-handed helix. The repeating unit of the structure was found to be a dinucle-
otide, rather than a mononucleotide unit as it is the case for most of the right-
handed helices. The zigzag of the phosphate backbone led to the term “Z-DNA” 
which was coined one year later  [  48  ] . In the following years, the conditions that 
favor the formation of Z-DNA or Z-RNA, respectively, have been determined  [  49  ] . 
The most important factor is the presence of an alternating purine-pyrimidine 
sequence. In fact, this is the ultimate requirement for the formation of Z-DNA or 
Z-RNA. Within that context, the ease of Z-DNA formation of the different 
sequences is as follows: d(GC) 

n
  > d(AC) 

n
 •d(GT) 

n
  >> d(AT) 

n
 . Furthermore, chemi-

cal modifi cations of the nucleosides modulate the formation of Z-DNA. Increasing 
the steric demand at the position 8 of guanine by either bromination or methylation 
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 [  50  ]  helps to form Z-DNA (Figure  3 , left: R = Br or CH 
3
 ). On the cytosine, bromi-

nation and to a lesser extent methylation at the position 5 (in short m5C) facilitate 
the transition to Z-DNA (Figure  3 , right: R = Br, CH 

3
 )  [  51  ] . The latter case is very 

relevant for any physiological role of Z-DNA, since methylation of cytosine at the 
5-position has been correlated with gene expression, diverse types of cancer, and 
schizophrenia  [  52  ] .  

 The exploration of left-handed oligonucleotides has been stimulated by multiple 
fi ndings that Z-DNA has a physiological role. In 1995, it was found that chicken 
double-stranded RNA adenosine deaminase (later abbreviated as ADAR1) was 
binding to radioactively labelled Z-DNA  [  53  ] . ADAR enzymes hydrolyse adenosine 
within stretches of double-stranded RNA to give inosine. ADAR1 also contains a 
Z-DNA binding domain, called Za. Figure  4  shows how the interaction of all these 
components is thought to be  [  54  ] . The polymerase creates a negatively supercoiled 
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  Figure 2    Salt-induced change of the circular dichroism of poly d(GC), solid line: 0.2 M NaCl, pH 
7.2 at 25°C, dashed line: same solution after increasing NaCl concentration to 20 %(w/w). 
Reproduced from  [  44  ]  by permission of Elsevier; copyright 1972.       
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  Figure 4    Postulated interaction of ADAR1 within the transcription of DNA. Adapted from  [  54  ] .       

DNA that can release this strain in sections with an alternating purine-pyrimidines 
sequence by rearranging to the left-handed helix. This temporarily formed Z-DNA 
is then recognized by domain Za of ADAR1 as a binding site. The actual target of 
ADAR1, the double-stranded RNA to be edited, is already nearby the Z-DNA. If 
transcription is stopped, the Z-DNA reverts to its B-form  [  55  ] . The possible bio-
chemical role of the Z-DNA has been further clarifi ed in a recent work: Z-DNA 
forming sequences cause deletions in mammalian cells on a large scale  [  56  ] . 
Spontaneous breaks of the chromosomes can occur in intact DNA and may induce 
translocation-related diseases. Cellular processes around these Z-DNA forming 
sequences were very different for bacterial and mammalian cells. In the former, 
mainly small deletions were found and their frequency was increased by replication. 
In mammalian cells, however, double-strand breaks were found distributed over a 
large 400 base pair region. The authors speculated that these large-scale deletions 
were caused by cellular repair processes.  

 Recently, an additional role of Z-DNA has been postulated. Dröge and  coworkers 
have cross-linked ADAR1 with the chromatin in A549 cells. Afterwards, they have 
analyzed the sequences ADAR1 was binding to. They found 186 hotspot regions 
 [  57  ] . Only 2 hotspots were found in promoter regions in contrast to  in silico  predic-
tions  [  58  ] . However, 46 of the Z-DNA forming hotspots were located in the cen-
tromere regions of the chromosomes. This would imply the involvement of Z-DNA 
during the processes of mitosis and meiosis. 

 The group of Tinoco, Jr., showed that Z-RNA could be formed in solutions of high 
salt concentrations at temperatures above 35°C  [  59–  61  ] . In the mean time, several 
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X-ray  [  62,  63  ]  and NMR  [  64,  65  ]  structures of Z-RNA were determined. However, no 
studies have been published about the induction of Z-RNA by transition metals. 

 As can be seen in Table  2 , the Z-forms of either poly d(GC) or poly d(Gm5C) 
are inducible by high concentrations of salts, such as sodium chloride or magne-
sium chloride  [  66  ] . Alternatively, Z-DNA can also be formed in the presence of 
multiple charged cations like inorganic ones such as cobalt(III) hexammine or 
organic ones such as the tetramine spermine. For example, the midpoint of the B-Z 
transition of the methylated DNA poly d(Gm5C) occurs at a sub-physiological 
concentration of 50 mM NaCl in the presence of 2 mM spermine. For a compari-
son, the spermine concentration in rat liver nuclei was found to be 4 mM  [  67  ] . 
Unfortunately, the authors of reference  [  66  ]  used varying amounts of DNA and 
declared its concentrations in only 2 cases. Therefore, the midpoints of these B- to 
Z-DNA transitions in equivalents of metals respectively polyamines versus poly 
d(GC) bases cannot be calculated.  

   Table 2    Required concentrations to induce the midpoint of the right- to left-handed transition of 
DNA. Ion concentrations are given in mM. Solutions contain 50 mM NaCl, 5 mM tris, pH 8.0. 
Data collected from  [  66  ] .   

 Additive  poly d(GC)  poly d(Gm5C) 

 NaCl  2500  700 
 MgCl 

2
   700  0.6 

 CaCl 
2
   100 (strange CD spectrum)  0.6 

 BaCl 
2
   40 (strange CD spectrum)  0.6 

 [H 
3
 N(CH 

2
 ) 

2
 NH 

3
 ]Cl 

2
   no change seen up to 100 mM  1.0 

 [H 
3
 N(CH 

2
 ) 

3
 NH 

3
 ]Cl 

2
   no change seen up to 100 mM  1.0 

 [H 
3
 N(CH 

2
 ) 

4
 NH 

3
 ]Cl 

2
   no change seen up to 100 mM  2.0 

 [H 
3
 N(CH 

2
 ) 

5
 NH 

3
 ]Cl 

2
   no change seen up to 100 mM  30 (strange CD 

spectrum) 
 [Co(NH 

3
 ) 

6
 ]Cl 

3
   0.02  0.005 

 Spermidine · 3HCl  B-form till 1 mM and then precipitation  0.05 
 Spermine · 4HCl  B-form till 0.05 mM and then precipitation  0.002 
 ethanol (V/V%)  60%  20% 

 Not only cobalt(III) hexammine  [  66  ]  but also simple aqua complexes of transi-
tion metals were shown to induce Z-DNA of poly d(GC) (Table  3 ). It is remark-
able that copper(II) does not induce the left-handed form of poly d(GC)  [  68  ] . The 
inhibitory infl uence of sodium chloride upon the Z-DNA induction promoted by 
transition metals was described by several authors  [  69,  70  ] . A systematic study 
revealed the chloride ion to be the cause for this inhibition  [  71  ] . During a titration 
of poly d(GC) with transition metals, the following processes are thought to hap-
pen: First, the metal coordinates to poly d(GC) in the B-form. It was proposed that 
then the chloride binds to this binary arrangement, thereby inhibiting the B- to 
Z-DNA transition.  
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 The ability of preformed coordination complexes to induce Z-DNA has been 
studied by several groups. Table  4  summarizes the reported values for a series of 
simple nitrogen containing ligands with either copper or zinc  [  68,  72,  73  ] . No clear 
trend can be observed, neither as a function of metal, nor for the ligands. It remains 
remarkable that copper polyamine complexes are inducing Z-DNA, while copper(II) 
or 1,2-ethylenediamine alone do not. A dicobalt complex, which is bridged by imi-
dazole, was shown to be more effi cient in partially inducing Z-DNA of a short 
d(5mCG) 

15
  sequence than cobalt hexammine alone, but before the end of the transi-

tion was reached, the oligonucleotides started to precipitate  [  74  ] .  

   Table 3    Induction of the Z-form of poly d(GC) by divalent transition metals complexes.   

 Metal salt 
 Midpoint of transition: equiv. 
M 2+  versus DNA bases 

 Chloride ion 
concentration [mM]  Ref. 

 MnCl 
2
   4  10   [  69  ]  

 CoCl 
2
   9  10   [  69  ]  

 NiCl 
2
   0.6  0.7   [  70  ]  

 Ni(NO 
3
 ) 

2
   0.5  0   [  71  ]  

 NiCl 
2
   4  10   [  69  ]  

 NiCl 
2
   no transition  100   [  70  ]  

 ZnCl 
2
   2.1  0.1   [  72  ]  

 Hg(ClO 
4
 ) 

2
  a   0.5  0   [  106  ]  

    a   poly d(Gm5C) used  

   Table 4    Midpoints of the B- to Z-DNA transition of poly d(GC) induced by polyamine metal 
complexes. Values given as r = metal/nucleobase.   

 Metal complex  r for M = Cu  r for M = Zn 

 M(ethylenediamine)Cl 
2
   0.64  [  68  ]   1.29  [  72  ]  

 M(dien)Cl 
2
   0.23  [  68  ]   0.60  [  72  ]  

 M(trien)Cl 
2
   not measured  2.99  [  68  ]  

 M(tren)Cl 
2
   0.31  [  68  ]   0.07  [  68  ] /0.15  [  73  ]  

 Early on, it was found that Pt(II)dien was inducing Z-DNA already at a mid-
point of about 0.12 (ratio of metal against nucleobase). However cis- and to a lesser 
extent transplatin were found to cause some changes of the corresponding CD 
spectra of poly d(GC) without actually inducing the left-handed form  [  75  ] . 
Dinuclear platinum complexes were also shown to induce Z-DNA, such as  1  or 
even  2  that does not have any open coordination site (Figure  5 )  [  76  ] . There seems 
to be a tremendous difference between the dose of platinum complexes needed to 
generate Z-DNA and the amount of platinum actually found to be attached to DNA. 
On the one hand, the ratio of added platinum complex to DNA, the so-called r 
value, ranged between 0.1 and 1. On the other hand, the ratio r 

b
  of platinum 

 complexes like  1  that were found to be  covalently bound  to DNA was only between 
0.013 and 0.059. In this work, the conformation of the DNA was not studied after 
the non-covalently platinum complexes had been removed. Complex  1 , which is 
able to form a covalent bond to N(7) of guanine, irreversibly induced Z-DNA  [  77  ] . 
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This could be shown by adding ethidium bromide, a strong intercalator that 
normally brings Z-DNA back to the B-form  [  78,  79  ] .  

OO

NH NH

NH

NH

NH

NH

HN

HN

R1 R1
R2R2

HN

OO

HN
M

2+

N N

OO

NH HN

NH

R1
R2

M
− 2H+

+ 2H+

  Figure 6    Left: Substituted 1,4,7,10,13-pentaazacyclohexa-decan-14-16-dione (dione) ligands: 
R 1  = F:  F-dione , R 1  = F, R 2  = CH 

3
 :  F-Me-dione , R 1  = R 2  = F:  2F-dione . Right: Acid-base behavior 

of metal-dione complexes.       

Pt
H3N

H3N

NH3R

N
H2

H2
NH3

Pt
N

R

1: R = Cl, 2: R = NH3

  Figure 5    Dinuclear platinum complexes used for the B- to Z-DNA induction  [  76  ] .       

 The ligand 1,4,7,10,13-pentaazacyclohexa-decan-14-16-dione (dione) was intro-
duced by Kimura and coworkers. They used the copper complex of dione derivatives 
as a model for superoxide dismutase  [  80,  81  ] . Later, it was shown that nickel com-
plexes of dione like  Ni-F-dione  (Figure  6 , left) could induce Z-DNA with a midpoint 
of the transition of 0.31 (ratio of metal complex against nucleobase)  [  82  ] . This work 
was extended to the corresponding zinc and copper complexes.  Cu-F-dione  and 
 Cu-F-Me-dione  could promote the B- to Z-DNA transition of poly d(GC), while the 
 Cu-2F-dione  and  Zn-F-dione  could not  [  83,  84  ] . This could be explained with the 
acid-base behavior of the metal complexes (Figure  6 , right). Different substituents of 
the dione ligand infl uenced the equilibrium between the dicationic form which is 
able to induce Z-DNA, while the neutral form is not. These studies were continued 
with pyrazolyl-containing complexes. It was shown that the mono- and the dinuclear 
nickel complexes of N,N,N’,N’-tetrakis-[2-(3,5-dimethylpyrazol-1-yl)-ethyl]-1,2-
propylenediamine could induce Z-DNA. In the case of the mononickel complex the 
authors postulated that a proton could assume the role of the metal  [  107  ] .  

 The binding of copper(II) to Z-DNA was explored with the help of crystallogra-
phy. Kagawa and coworkers studied  preformed  crystals of Z-DNA that were  soaked  
with a solution of CuCl 

2
   [  85  ] . The resulting structure was refi ned at the rather high 

resolution of 1.2 Å. Copper ions were found to coordinate to the N(7) atoms of 
 all  guanosine bases of d(CG) 

3
 . However, the positions of all metal cations were 

only partially occupied with reported occupancies ranging from 6.7 to 62.6%. 
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Furthermore, most of the copper ions in this crystal structure have abnormal high 
thermal vibrational factors. These so-called B factors indicate that the real occupan-
cies of these copper ions are even lower than reported. In cases of pronounced  partial 
occupancies of these copper atoms, the complete coordination sphere of the metal 
centers could not always be determined. The reported metal to N(7) distances ranged 
between 2.17 and 2.57 Å. The latter distance stems from the copper atom that has 
the lowest occupancy. 

 The crystal structure of d(GCGCTG) contained a hydrated magnesium cation 
bridging two base pairs in an interstrand fashion (Figure  7 a)  [  86  ] . If this crystal was 
soaked in a solution containing cobalt(II) chloride, the magnesium was replaced by 
two Co 2+  ions each coordinating to the N(7) position of a neighboring base pair  [  87  ] . 
The two Co 2+  atoms had an interatomic distance of 6.1Å and were bridged by water 
molecules (Figure  7 b).   

  Figure 7    ( a ) Hydrated magnesium ions bridging two neighboring N(7) positions. ( b ) Two Co 2+  
atoms coordinating to the same N(7) positions as in ( a ), connected via several water molecules. 
Reproduced from  [  87  ]  by permission from Oxford University Press; copyright 1993.       
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    5   Condensation of Oligonucleotides 

 Condensation of DNA is the compaction into a regular unit. In the absence of this 
process, the linear stretched DNA would not fi t into any cellular compartment  [  88  ] . 
DNA condensation is also one prerequisite for non-viral gene therapy  [  89  ] . 

 Calf thymus DNA was titrated with increasing amounts of chromium(III) (up to 
3 equivalents per phosphate) and studied by IR and VCD spectroscopy  [  41  ] . The 
authors observed fi rst a   Y   type condensation in the right-handed form followed by 
formation of aggregates that they estimate to be in the size of a few micrometer. The 
behavior of 2.4 equivalents of manganese(II) per phosphate with calf thymus DNA 
was similar. First, a fi rst   Y   type condensation still in the right-handed form was 
observed. Upon heating up to 70°C, partial denaturation occurred.  

    6   Diverse Conformational Changes 

 The bifunctional platinum complex cisplatin and its clinical successors carboplatin 
and oxaliplatin induce complex conformational changes, once the bifunctional 
adduct to the DNA or RNA is formed  [  90–  93  ] . Since there are almost no protons 
around the platinated GG cross-link, initial NMR structure determinations without 
the use of residual dipolar couplings  [  94  ]  were really challenging and an intensive 
discourse in the literature about the correct geometry of this unit arose  [  95–  97  ] . 
Slightly different is the situation for polynuclear platinum complexes as described 
by Farell  [  98  ] . 

 The interaction of ruthenium complexes with DNA and the following conforma-
tional changes of the DNA have been carefully reviewed by Brabec and Novacova 
in 2006  [  99  ] . Recently, the binding of dinuclear ruthenium complexes to DNA oli-
gomers containing one or two more adenine bulges has been studied by  1 H-NMR 
and molecular modeling  [  100  ] . Addition of copper(II) together with dopamine 
(4-(2-aminoethyl)benzene-1,2-diol) to plasmid DNA pCold caused some signifi cant 
changes in the CD spectrum of the DNA. Control experiments with Cu(I) indicated 
that the afore mentioned changes might be copper(I)-dependent  [  101  ] . The interac-
tion of a preformed copper(II)-glutathione complex with calf thymus DNA has been 
studied with the help of UV-vis, viscometry, EPR, CD, thin fi lm IR spectroscopy, 
and gel electrophoresis. While EPR indicated that the copper complex remained 
unchanged in the presence of DNA, CD and thin fi lm IR showed some conforma-
tional changes of the DNA in the presence of Cu-glutathione  [  102  ] . The interaction 
of calf thymus DNA and copper(II) was studied by IR and VCD spectroscopy  [  24  ] . 
At a copper to DNA phosphate ratio of 0.5–0.7, spectra were observed which were 
clearly different from B-DNA, but could not be assigned to either A-DNA or a dena-
tured form. Platinum(II) and copper(II) complexes of 4-methyl-2-N-(2-pyridylmethyl)
aminophenol have been studied for their antitumor activity and their ability to cleave 
DNA. The conformational changes upon calf thymus and   j  174 supercoiled phage 
DNA were followed by gel electrophoresis and CD spectroscopy  [  103  ] . Also in this 
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publication, drastic changes were observed in the CD spectra that could not be 
assigned to a certain DNA geometry. 

 The folding of RNA in the presence of metal ions is a complex process that is 
connected with multiple conformational changes. This topic has been reviewed by 
Draper in 2004  [  104  ] . It seems that the formation and changes between multiple 
RNA conformations are not yet fully understood. Sections of RNA that change their 
conformation upon binding of small molecules are called riboswitches. This event 
is connected with a change of gene expression. Riboswitches can also refold upon 
metal binding  [  105  ] .  

    7   Concluding Remarks and Future Directions 

 In the preceding sections, we have summarized the infl uence metal ions can exert 
upon the conformation of oligonucleotides. Sometimes the metal can be substituted 
by polyamines, indicating that the effect is mainly coulombic. While many experi-
mental techniques can record conformational changes, the assignment how the 
geometry actually changed is much more challenging, quite often even impossible to 
determine. The task can be of course complicated by multiple weak binding sites and 
overlay of spectra with different geometries. However, the technical progress will 
allow us to do more studies with less material at a higher resolution in the future. 

   Abbreviations 

  ADAR    double-stranded RNA adenosine deaminase   
  CD    circular dichroism   
  dien    diethylene triamine   
  dione    1,4,7,10,13-pentaazacyclohexa-decan-14-16-dione   
  DSC    differential scanning calorimetry   
  EPR    electron paramagnetic resonance   
  IR    infrared   
  m5C    5-methylcytidine   
  R    purine   
  spermidine    N-(3-aminopropyl)butane-1,4-diamine   
  spermine    N,N’-bis(3-aminopropyl)butane-1,4-diamine   
  tren    tris(2-aminoethyl)amine   
  trien    triethylene tetramine   
  tris    tris(hydroxymethyl)aminomethane   
  VCD    vibrational circular dichroism   
  Y    pyrimidine   
  Z a     Z-DNA binding domain          
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  Abstract   Metal ions stabilize quadruplex nucleic acids by coordinating the O6 
guanine atoms from G-quartets. These quartets form the basic motif of quadruplex 
structures. This article systematically surveys the available crystallographic data on 
native quadruplexes, their ligand complexes and (in one instance) a protein com-
plex. Three categories of quadruplex are examined, tetramolecular, bimolecular, 
and intramolecular: all are formed by telomeric nucleic acid sequences from human 
or ciliate organisms.  
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    1   Introduction – The Basics of Quadruplex Structure 

 Polynucleotides and oligonucleotides containing long repeats of guanosine 
 nucleotides have long been known to have a marked tendency to self-associate and 
aggregrate into gel-like materials. Analysis of the fi bres formed from gels of guanos-
ine monophosphate  [  1  ]  led to a structural model with four strands held together by 
a hydrogen-bonding arrangement of four guanines – the G-quartet (Figure  1 ). This 
very stable motif can self-associate and layers of G-quartets are then formed. The 
structures of polynucleotides containing purely guanosines are thus four-stranded 
analogues of the Watson-Crick AT and GC base-paired double helices  [  2  ] .  

 Short lengths of nucleic acid can also form structures based on the G-quartet 
motif under certain circumstances. These quadruplex nucleic acids can be formed 
from one, two or four strands of DNA or RNA sequences that contain a number of 
short tracts of guanine nucleotides. Each G-tract should contain optimally 3–5 con-
secutive guanosines, with a typical sequence being: 

     m n m o m p mG X G X G X G
    

 where m is the number of G residues in each short G-tract, which are usually directly 
involved in G-quartet interactions. X 

n
 , X 

o
 , and X 

p
  can be any combination of resi-

dues, including G, forming the linkers between G-quartets. This notation has all the 
G-tracts of equal length. However, this is not a necessary condition since if one or 
more of the short G tracts is longer than the others, some G residues will be most 
likely located in the linker regions. Also, the presence of G residues within connect-
ing sequences can give rise to more complex arrangements in which such individual 
G residues become inserted into the G-quartet stack and displace the G-tract G resi-
dues. The structures and topologies of a number of telomeric quadruplexes DNAs in 
particular, have been determined by X-ray crystallographic and NMR methods; the 
reader is referred to the extensive reviews on the subject for further detail  [  3–  5  ] . 

  Figure 1    Structure of the 
G-quartet. Hydrogen bonds 
are shown as dashed lines.       
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 In principle, tetramolecular (tetrameric) and bimolecular (dimeric) quadruplexes 
can be formed from the association of non-equal sequences, although almost all 
bimolecular quadruplexes reported to date are formed by the association of two 
identical sequences X 

n
 G 

m
 X 

o
 G 

m
 X 

p
 , where n and p may or may not be zero. 

Tetramolecular quadruplexes are formed by four X 
n
 G 

m
 X 

o
  strands associating 

together, where X 
n
  and X 

o
  may be terminal sequences of zero or non-zero length. 

 The connecting sequences intervening between successive G-tracts can link 
stacked G-quartets in a number of distinct ways, so that a wide variety of  quadruplex 
topologies can be formed. These connectors can form loops, of which there are three 
principal types: diagonal, lateral or propeller (also sometimes termed chain-reversal). 
The particular type formed is dependent on the number of G-quartets comprising the 
stem of a quadruplex, on loop length and sequence and sometimes on the nature of 
the alkali metal ion. Propeller loops necessarily connect two strands in the same 
parallel orientation, linking the bottom G-quartet with the top G-quartet in a G-stack 
whereas diagonal and lateral loops connect chains in opposing, anti-parallel orienta-
tions. Lateral (sometimes termed edge-wise) loops join adjacent G-strands. Two 
lateral loops can be located either on the same or opposite faces of a quadruplex, 
corresponding to head-to-head or head-to-tail, respectively, when in bimolecular 
quadruplexes. Strand polarities can vary, with one being a head-to-tail lateral loop 
dimer in which all adjacent strands are anti-parallel, and the other is a head-to-head 
hairpin quadruplex with one adjacent strand parallel and the other is anti-parallel. 
The second type of anti-parallel loop is the diagonal loop, which joins opposite 
G-strands. In this instance the directionalities of adjacent strands must alternate 
between parallel and anti-parallel, and are arranged around a core of stacked 
G-quartets. All-parallel quadruplexes have all guanine glycosidic angles in the  anti  
conformation, whereas anti-parallel quadruplexes have equal numbers of the 
guanosine nucleotides in  syn  and  anti  conformations, arranged in a way that is par-
ticular for a given topology. All quadruplex structures have four grooves, defi ned as 
the cavities bounded by the phosphodiester backbones.  

    2   The Role of Metal Ions 

 Early models for four-fold helices and quadruplex oligonucleotide structures 
based on the G-quartet motif  [  6,  7  ]  suggested the existence of a central channel 
into which water molecules or cations could be placed. This interpretation was 
subsequently confi rmed and extended by a large number of biophysical and struc-
tural studies on G-quartet-containing nucleic acid sequences (reviewed in  [  8  ] ). 
This central channel is a universal and unique feature of all quadruplex structures, 
distinguishing them from other types of nucleic acid arrangements, not least 
nucleic acid double helices. Of particular signifi cance have been the fi ndings that 
the stability of these four-stranded structures depends on the presence of physio-
logical concentrations of the alkali metals sodium or potassium with the order of 
stabilizing ability being K +  > Na + . 
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 The precise location of an ion in the channel would be expected to depend on its 
ionic radius. K +  ions are too large to be accommodated in the plane of a G-quartet, 
whereas Na +  ions are small enough to be coordinated in-plane with all four guanine 
bases in a G-quartet. Several other ions can stabilize quadruplexes, including those 
of divalent heavier metals such as rubidium and cesium (Rb + , Cs + ), strontium (Sr 3+ ), 
thallium (Tl + ), calcium (Ca 2+ ), lead (Pb 2+ ), barium (Ba 2+ ), though all to a lesser extent 
than K + . Metal ions in the channel are always located in crystal structures. Metal ion 
coordination patterns observed in X-ray crystallographic analyses  generally concur 
with fi ndings from several multinuclear NMR studies, which have been able to 
directly locate Na + , K + , Rb + , and Ca 2+  ions  [  9  ] . The presence of  particular ions in the 
channel can also change quadruplex conformation and fold, an effect that has been 
most extensively documented for human telomeric quadruplexes, reviewed in  [  5  ] . 

 The integral role that metal cations play in G-quadruplex structures was directly 
observed when the fi rst crystal structure of a quadruplex, the tetramolecular 
d(TGGGGT), was reported  [  10  ] . The crystal structures of bimolecular and intramo-
lecular human telomeric G-quadruplex  [  11  ] , also showing central channel metal ion 
arrangements. Here, a novel structure, with an all-parallel topology, was revealed to be 
the form crystallizing in potassium-containing experimental conditions. Surprisingly, 
this was fundamentally distinct from an earlier structure reported using NMR tech-
niques  [  12  ] . The latter was reported for the identical G-quadruplex-forming sequence 
in a sodium-containing environment and showed an anti-parallel topology (Figure  2 ). 
Earlier studies on the bimolecular quadruplex formed by d(GGGGTTTTGGGG) had 
suggested that here too, NMR and crystallography were in disagreement  [  13,  14  ] , 
although a subsequent crystallographic analysis  [  15  ]  showed that the NMR assign-
ment of topology was correct and that the initial crystal structure  [  13  ]  was not. 
G-quadruplex structures are also  sensitive to fl anking  nucleotides, concentration, and 
molecular crowding conditions  [  16,  17  ] . In general, metal cations coordinate to the 
O6 guanine substituent groups lining the central channel of a  quadruplex. The posi-
tively-charged cations counter the negative electrostatic effect of the carbonyl groups, 
thus enhancing quadruplex stabilization (Figure  2 ).  

 The aim of this review is to survey all the available crystal structure data on the 
geometry of metal ions in quadruplex crystal structures, as these constitute the most 
accurate and reliable source of geometric information on ion environments in qua-
druplexes. We have conducted a systematic search of the Protein Data Bank Database 
(PDB)  [  18  ]  using the key search words  quadruplex  or  tetraplex DNA  or  RNA crystal 
structures , which resulted in 151 hits (May 2011). The list was further edited by 
omitting structures that do not represent biologically relevant sequences. The fi nal 
list contained 36 structures. All 36 structures are from sequences that are of telo-
meric origin. These have been further categorized into three subgroups in respect of 
the organism from which the telomeric G-quadruplex-forming sequence originated: 
 Tetrahymena ,  Oxytricha nova , and human. Each structure was visualized and metal 
coordination distances measured and recorded. 

 A variety of metal ions have been observed in the central quadruplex channel in 
these crystal structures. For example, mono-cations such as sodium, potassium and 
thallium and di-cations such as strontium and calcium have all been reported. The 
observed ions either coordinate to a single G-quartet in (or close to) a square-planar 
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arrangement or between two stacking G-quartets in a bipyramidal antiprismatic 
arrangement. The interplay between specifi c quadruplex sequence, cation type and 
size and other factors affecting the coordination arrangement are discussed below.  

    3   Metal Ions in Quadruplex Structures 

    3.1    Tetrahymena  Telomeric Quadruplexes 

 The quadruplex crystal structure formed from the telomeric sequence in  Tetrahymena  
is tetramolecular. Four strands, each comprising the sequence d(TGGGGT), associate 
together, adopting the same orientation in the 5’ to 3’ direction to form a parallel qua-
druplex (Figure  3 ). This parallel quadruplex arrangement is maintained in both of the 
RNA and the DNA forms. The ions that have been observed in various crystal struc-
tures of this quadruplex are: sodium, calcium, thallium, strontium or potassium.  

 Both sodium and thallium ions are able to adopt either the square planar or bipyra-
midal antiprismatic arrangement. The preference for forming one coordination 
arrangement compared to another is a consequence of the position of the cation in the 
ion channel. It is notable that quadruplexes can stack in the crystal structures in a 

  Figure 2    The telomeric quadruplex is parallel in ( a ) human and anti-parallel in ( b )  Oxytricha 
nova  quadruplexes; ( c ) the central ion channel. Potassium ions are colored mauve.       
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 manner such as to allow a continuous one-dimensional array of ions in the ion channel 
to be formed, proceeding from one quadruplex to the next. At the point where this 
 continuity is broken, for example when just two quadruplexes are stacked together (a 
typical motif), the ion channel ends. The ion channel hence resembles a linear tube 
with a center and two ends. The ends are represented by an open G-quartet that does 
not have a further quadruplex stacking onto it. So, where the ions are  coordinating to 
an “end” G-quartet, sodium and thallium ions adopt a square planar coordination 
arrangement, and a bipyramidal antiprismatic arrangement where they are positioned 
away from the “end” G-quartet and closer to the centre of the ion channel (Figure  4 ).  

 On the other hand, calcium, strontium and potassium ions show a marked prefer-
ence for the bipyramidal antiprismatic coordination arrangement. These ions are 
always positioned between the stacked G-quartets and never within a single 
G-quartet (Figure  5 ). The ionic radius for strontium and potassium ions are similar, 
1.18 Å and 1.38 Å, respectively. These ions are larger than sodium and thallium 
(ionic radii of 1.02 Å and 0.89 Å, respectively). It is apparent that the larger size 
ions simply may not be accommodated except between the stacking G-quartets, for 
purely steric reasons. Calcium ions, on the other hand, have an ionic radius of 1.00 
Å (closer to that of sodium and thallium) but still show a tendency to coordinate 
between the G-quartets rather than be in-plane or close to them. It may be that the 
two positive charges of the calcium ion are suffi cient to counter the negative elec-
trostatic character of eight O6 carbonyl groups from two consecutive stacked 
G-quartets and thus calcium ions are observed to be positioned between two 
G-quartets in all the crystal structures where it is present.  

 The coordination distances have a smaller distribution of values for the square 
planar arrangement, ranging between 2.3 to 2.4 Å compared to the range seen with 
bipyramidal antiprismatic coordination, of 2.3 to 3.6 Å (Table  1 ). In a square-planar 
arrangement, coordination distances are limited by the linear dimensions of the 
relatively small and fl at area in the center of the G-quartet where the cation has to fi t 
in order to maintain the cation-G-quartet square planar geometry. In contrast, a 

  Figure 3    Schematic views of the topology and strand orientations in ( a ) the intermolecular 
quadruplex d(TGGGGT), ( b ) the human telomeric parallel quadruplex, and ( c ) the  Oxytricha   nova  
bimolecular anti-parallel quadruplex.       
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larger area is available between two stacked G-quartets for an ion to be fi tted in the 
bipyramidal antiprismatic arrangement.  

 The range of distances for cations at the interface between two separate 
G-quadruplexes is 2.6 Å to 3.2 Å (Table  1 ), with the ions adopting bipyramidal 
antiprismatic coordination in all instances. This is not surprising since the ion is 
positioned between two continuous ion channels.  

    3.2    Oxytricha nova  Telomeric Quadruplexes 

 The quadruplex crystal structures determined for the telomeric sequence in 
 Oxytricha nova  are all bimolecular. Two strands, each formed of the sequence 
d(GGGGTTTTGGGG), associate together adopting an anti-parallel quadruplex 
conformation where the strands run in opposite direction relative to each other in the 

  Figure 5    Further tetramolecular quadruplexes, with mixed ion-containing channels. Sodium ions 
are colored mauve, strontium ions are green and potassium ions are cyan.       
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5’ to 3’ direction (Figure  3 ) and the d(TTTT) sequence forms a diagonal loop. The 
quadruplex fold is not affected by ion type or presence of bound ligands or protein 
(Table  2 ). It is also not affected by the crystal form or space group (i.e. crystal pack-
ing); all of the native (ligand-free) structures have this identical topology (PDB IDs 
1JPQ, 1JRN, 2GWQ and 2GWE) (Table  2 ).  

 In this quadruplex type, both potassium and thallium ions always adopt bipyrami-
dal antiprismatic coordination between two consecutive stacked G-quartets despite 
the large difference in their ionic radius (Figure  6 ). The coordination  distances to O6 
atoms range between 2.4 Å and 3.3 Å. However, sodium ions (even though they are 
slightly larger than thallium ions) are coordinated in square planar arrangements 
(Figure  6 ) within the G-quartets, with coordination distances to O6 atoms ranging 
between 2.1 Å and 2.5 Å (Table  2 ).  

 In contrast to the  Tetrahymena  quadruplex structures, individual  Oxytricha nova  
bimolecular quadruplexes cannot stack on one another in the crystal structures due to the 
presence of the diagonal T 

4
  loop (Figure  3 ) capping each terminal G-quartet face and 

thus preventing the continuation of the ion channel from one quadruplex to the next. No 
crystal structure of an intramolecular  Oxytricha nova  quadruplex is currently available, 
but it will be interesting to see what geometries are shown by the channel ions.  

    3.3   Human Telomeric Quadruplexes 

 The available database of human telomeric crystal structures consists of eight structures; 
six DNA quadruplexes, two of which are ligand-free and four ligand-bound, together 
with two RNA quadruplexes, one ligand-free and one ligand-bound (Table  3 ).  

 All the structures reported to date contain potassium ions only in the ion channel, 
irrespective of the ions present in the experimental conditions used in the crystalli-
zation setup – typically a number of different ions are employed simultaneously in 
crystallization trials. This is a consequence of the higher affi nity of potassium ions 
for quadruplexes relative to any other ion. In all the structures in the database, the 
potassium ions adopt bipyramidal antiprismatic coordination (Figure  7 ) with dis-
tances ranging between 2.4 Å to 3.3 Å. Similarly, the potassium ion involved in 
linking two stacking quadruplexes adopts the same bipyramidal antiprismatic coor-
dination with distances in a similar range: 2.6 Å to 3.0 Å (Table  3 ).    

    4   Conclusions 

 All non-human telomeric quadruplex crystal structures reported to date consistently 
show that the fold of a specifi c quadruplex sequence is not affected by the ionic 
conditions used in the crystallization experiment or the coordination of the ions in 
the ion channel. All these structures are highly hydrated and the crystal lattice envi-
ronments are crowded with ions, solvent and quadruplex molecules. The relevance 
of the human telomeric quadruplex crystal structures to biological environments is 
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  Figure 7    Ion channels in human telomeric quadruplexes.       

still controversial  [  35,  36  ] , but whatever the form of these quadruplexes, the ion 
channel is retained as an essential structural motif. 

 Smaller ions, such as sodium and thallium, are more inherently likely to exhibit 
dynamic behavior within the ion channel but they are trapped in a particular position 
by coordinating within a G-quartet in a square planar arrangement and hence are 

 



1334 G-Quadruplexes and Metal Ions

observable by X-ray crystallography. It is signifi cant that none of the quadruplex 
crystal structures show any evidence for disordered sodium ions in the channels, 
which would indicate high mobility. Similarly sized ions that possess greater net 
positive charge (such as calcium), may also in principle be able to move along the ion 
channel, though again they are only observed with bipyramidal antiprismatic coor-
dination between two stacked G-quartets and not within individual channels. This 
may be due to a preference for their larger net positive charge to simultaneously 
counter the negative electrostatics of the O6 carbonyl groups in two stacked 
G-quartets. 

Note added in proof
A very recent crystal structure (PDB id 3QXR: D. Wei, G. N. Parkinson, S. Neidle, 
to be published) has shown that potassium and magnesium ions can be bound in 
loops and clefts of an intramolecular quadruplex, suggesting that some metal ions 
have important additional stabilizing roles in these structures over and above their 
presence in quadruplex ion channels.      
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  Abstract   The dramatic changes in the environmental conditions that organisms encoun-
tered during evolution and adaptation to life in specifi c niches, have infl uenced intracel-
lular and extracellular metal ion contents and, as a consequence, the cellular ability to 
sense and utilize different metal ions. This metal-driven differentiation is refl ected in the 
specifi c panels of metal-responsive transcriptional regulators found in different organ-
isms, which fi nely tune the intracellular metal ion content and all metal-dependent pro-
cesses. In order to understand the processes underlying this complex metal homeostasis 
network, the study of the molecular processes that determine the protein-metal ion rec-
ognition, as well as how this event is transduced into a transcriptional output, is neces-
sary. This chapter describes how metal ion binding to specifi c proteins infl uences protein 
interaction with DNA and how this event can infl uence the fate of genetic expression, 
leading to specifi c transcriptional outputs. The features of representative metal-respon-
sive transcriptional regulators, as well as the molecular basis of metal-protein and pro-
tein-DNA interactions, are discussed on the basis of the structural information available. 
An overview of the recent advances in the understanding of how these proteins choose 
specifi c metal ions among the intracellular metal ion pool, as well as how they allosteri-
cally respond to their effector binding, is given.  

  Keywords   metal-induced conformational changes  •  metal ion homeostasis  •  metal 
ion selectivity  •  metal ion sensors  •  transcriptional regulation      

    1   Introduction: The Biological Signifi cance of Metal Sensing 

 Living organisms from all kingdoms of life need transition metal ions as essential 
micronutrients, involved in a variety of biological reactions and estimated to be 
required in one third of all proteins. Their essentiality, coupled with their limited 
environmental availability, has prompted all life forms to develop mechanisms for 
specifi c and selective metal ion accumulation and utilization. Accordingly, all organ-
isms possess metal homeostasis networks that ensure the availability and the correct 
localization of metal ions in metallo-proteins and sub-cellular compartments. On the 
other hand, the intrinsic toxicity of the majority of metal ions demands a tightly regu-
lated intracellular traffi cking that maintains intracellular metal ion concentration 
under the physiological limits and minimizes the amount of free metal ions  [  1  ] . 

 Different transition metal ions have different chemical properties, thus gener-
ally each metallo-protein uses a specifi c metal to carry out a precise function. 
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EUKARYOTES ......................................................................................................................  163

 4.1 Metal Sensors in Yeast ..............................................................................................  163
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5 GENERAL CONCLUSIONS ............................................................................................  164
ABBREVIATIONS ..................................................................................................................  165
REFERENCES ........................................................................................................................  166
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The metal-specifi city of cellular responses indicates that metal-binding proteins 
are able to choose, in the mixture of metal ions in solution, the correct cofactor 
for a specifi c biological function. Overlaps between the metabolisms of different 
metal ions were demonstrated, implying that the homeostasis of one single metal 
ion should not be considered in isolation, but always in the context of the overall 
intracellular metal ion content  [  2  ] . This led to the introduction of the term  metal-
lome  to describe the full content, distribution, and concentration of metal ions 
found in a certain organism  [  3  ] . 

 The study of the metallome has extraordinary importance in the understanding of 
how life evolved and how cellular metabolisms adapted to the presence of diverse 
micronutrients in the different environments. Indeed, while changes in the meta-
bolic activity can alter metal demand, variations of environmental metal availability 
can modify the metabolic activity and enzyme production, in order to minimize the 
consumption of a limited metal ion or to detoxify the poisoning effect of an abun-
dant metal ion. Systems for resistance to toxic concentrations of heavy metal ions, 
such as Ag + , AsO    −

2
  , AsO    −3

4
  , Cd 2+ , Co 2+ , CrO    −2

4
  , Cu 2+ , Hg 2+ , Ni 2+ , Pb 2+ , TeO    −2

3
  , Tl + , and 

Zn 2+  are present essentially in all microorganisms, including the more ancient life 
forms  [  4  ] . On the other hand, metal hyperaccumulator plants, living on and utilizing 
heavy metal ions in contaminated soils, often represent an example of recent adapta-
tion to extreme metal ion concentrations caused by pollution of the biosphere in the 
last few decades  [  5  ] . 

 A correct balance of metal acquisition and traffi cking is essential to establish 
relationships between prokaryotic and eukaryotic organisms, such as symbiosis and 
pathogenesis. For example, leguminous symbionts of the  Rhizobium  family that 
convert atmospheric nitrogen to ammonium, used by plants as essential nitrogen 
source  [  6  ] , rely on metal-dependent enzymes such as Fe-nitrogenase  [  7  ]  and [Ni,Fe]-
hydrogenase  [  8  ] , thus infl uencing the metal ion content of the rhizosphere and metal 
ion availability for their host. Similarly, competition for metal ion acquisition is 
imperative for host-pathogen interactions. Mammalian hosts often use metal with-
holding, using metal binding proteins such as the iron-binding lactoferrin  [  9  ]  or the 
manganese- and zinc-binding calprotectin  [  10  ] , to prevent pathogen growth by 
decreasing metal ion concentration to levels incompatible with bacterial life. To 
compensate, bacteria synthesize proteins and other molecules, such as bacteriofer-
ritins and siderophores, able to chelate metal ions and to subtract them from the host 
systems. In the case of  Brucella abortus , an intracellular bacterium living inside the 
macrophages, mutation of a gene encoding for its iron-binding heme-bacterioferri-
tin causes a defi cient growth phenotype in iron starvation conditions  [  11  ] . In addi-
tion, bacteria sense the presence of low environmental levels of metal ions and 
respond by inducing the expression of a wide variety of toxins and other virulence 
determinants  [  12  ] . This is the case of the gastric pathogen  Helicobacter pylori , 
which needs the expression and activation of two metallo-enzymes, Ni-urease and 
[Ni,Fe]-hydrogenase, in order to colonize its natural environment. 

 Accordingly, a signifi cant fraction (ca. 25%) of the global repertoire of bacterial 
transcription factors is involved in controlling metal homeostasis, particularly for 
copper, iron, and nickel  [  13  ] . Infection with  H. pylori  has been epidemiologically 
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linked to an impaired iron metabolism in hosts, proving that bacterial infection 
could infl uence host metal ion homeostasis  [  14  ] . Interestingly, the presence of an alter-
native urease, requiring iron and not nickel, has been reported for  Helicobacter muste-
lae , a bacterium that colonizes the stomach mucosa of carnivore animals  [  15  ] . This 
peculiar metal dependence of urease could have developed as an adaptation to the 
specifi c host niche, containing a large amount of iron and a relative lower level of 
nickel, evidencing the selective pressure that metal ions induce on evolution. This is an 
indication that the study of bacterial metal traffi cking presents a signifi cant, still under-
estimated, potential for new therapeutic strategies for human and animal health. 

 The crucial players of metal homeostasis networks are specifi c metal-responsive tran-
scriptional regulators, generally defi ned as  metal sensors , which couple specifi c metal 
ion binding with a change in their DNA binding affi nity and/or specifi city, thus translat-
ing the concentration of a certain metal ion into a change in genetic expression  [  16  ] . In 
general, specifi c interactions between proteins and metal ions, driven by the coordination 
chemistry and geometry of metal binding sites, are propagated away from the specifi c 
metal binding site through changes in protein structure and/or dynamics, along the pro-
tein backbone, resulting in a modifi cation of the DNA binding affi nity of the protein. 
This event causes repression, derepression, induction or enhancement of transcription of 
genes codifying metal ion effl ux or uptake pumps, membrane permeases, soluble met-
allo-chaperones, metal accumulator proteins, metal-dependent enzymes, and metal-
dependent transcriptional regulators  [  17  ] . This produces a fi nely tuned metabolic response 
driven by metal ions, including the coordinated control of the entire machinery of met-
allo-enzyme synthesis and activation, as well as the systems of homeostasis that involve 
competitive metal ion uptake, intracellular accumulation, and extrusion. In addition, 
some metal sensors also control metabolic processes other than metal homeostasis, such 
as oxidative stress resistance, toxin synthesis, and acid adaptation  [  18  ] . 

 In the present chapter, we discuss how metal ion binding to specifi c proteins infl u-
ences protein interaction with DNA and how this event can infl uence the fate of 
genetic expression, leading to specifi c transcriptional outputs. The features of repre-
sentative metal-responsive transcriptional regulators, as well as the molecular basis 
of metal-protein and protein-DNA interactions are discussed on the basis of the 
structural information available. An overview of the recent advances in understand-
ing how these proteins choose specifi c metal ions among the intracellular metal ion 
pool, as well as how they allosterically respond to their effector binding, is given.  

    2   Structural Insights into Metal Ion-Driven 
DNA-Protein Interactions 

 The dramatic changes in the environmental conditions that organisms encountered dur-
ing evolution and adaptation to live in specifi c niches, have infl uenced intracellular and 
extracellular metal ion contents and, as a consequence, the cellular ability to sense and 
utilize different metal ions  [  2  ] . This metal-driven differentiation is refl ected in the spe-
cifi c panels of metal-responsive transcriptional regulators found in different organisms, 
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which fi nely tune the intracellular metal ion content and all metal-dependent processes. 
In order to understand the processes underlying this complex metal homeostasis net-
work, the study of the molecular processes that determine the protein-metal ion recogni-
tion, as well as how this event is transduced into a transcriptional output, is necessary. 

    2.1   Structural Determinants of Metal-Dependent 
Transcriptional Regulators 

 Although the number and variety of metal sensor proteins is extremely large, some 
functional and structural features are typically conserved among the majority of these 
proteins, while some other traits are conserved only in a limited number of them, 
allowing a classifi cation of known metal sensors into different groups on the basis of 
functional and structural properties. In particular, seven main families of metal- 
sensing transcriptional regulators have been described in bacteria (Table  1 )  [  16  ] .  

 In the vast majority of cases, metal sensors negatively control mRNA synthesis, 
preventing RNA polymerase (RNAP) from initiating the transcription at the pro-
moter. In this context, metal ions can bind metal sensors (i) as co-repressors, increas-
ing the affi nity of the protein repressor for the DNA operator sequences: this is the 
case of proteins that regulate genes for metal ion effl ux, storage, traffi cking, and tol-
erance; (ii) as inducers, decreasing the affi nity of the repressor for the DNA operator 
sequences, eventually leading to transcriptional activation of genes for membrane 
uptake systems. In a limited number of cases, the metal-responsive transcriptional 
regulators positively regulate gene transcription, functioning as activators. In addi-
tion, some single examples are known to act as pleiotropic regulators, exerting a dual 
control, both as activators and repressors, on different promoters, and playing central 
roles in general transcriptional networks of specifi c organisms. 

 All metal sensors generally function as homo-dimers (or dimers of homo-dimers, 
as in the case of NikR). In general, each monomer presents a modular architecture, 
being often divided into distinct N- and C-terminal domains, usually functioning as 
DNA-binding domain (DBD) and dimerization domain, respectively. The N-terminal 
DBDs generally protrude on both sites of the protein dimer and contact DNA using 
either a winged helix-turn-helix (wHTH) motif, containing two wings, three  a -heli-
ces and three  b -strands  [  19  ]  or ribbon-helix-helix (RHH) motifs, made of a short 
 b -strand followed by two  a -helices  [  20  ] . 

 Regulatory metal binding sites are positioned in strategic positions along the 
protein backbone, often located across the interface between two monomers or 
across the interface between the N- and C-terminal domains. 

 Metal ion binding to regulatory sites can cause either quaternary structural transitions, 
propagated along the protein backbone to determine reciprocal DBD orientations, or a 
change of protein dynamics. In the latter case, an increase of protein mobility promotes 
protein-DNA binding, likely through a favored induced-fi t mechanism, by making the 
DNA-bound protein conformer energetically more accessible. On the other hand, a 
decreased mobility of the protein backbone drives protein dissociation from DNA.  
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    2.2   Metal Ion Coordination Chemistry in Metal 
Sensor Proteins 

 Metal sensor proteins are often evolutionary related orthologs of other transcrip-
tional regulators that control gene expression by binding small organic molecules, 
from lipophilic agents to intermediary metabolites, or amino acids. The difference 
between metal sensors and metal-independent transcriptional regulators concerns 
the evolution of the binding site towards a cavity able to accommodate a precise 
metal ion with its coordination requirements, thus transducing its coordination 
chemistry into the appropriate biological response  [  21  ] . Indeed, metal sensor pro-
teins usually present very conserved DBDs among members of the same family, 
while the metal-binding regions are usually divergent among related orthologs, 
refl ecting response to different metal ion effectors. On the other hand, members of 
different families can often sense the same metal ion.  

 Different organisms produce characteristic sets of metal sensors, and structurally 
different metal sensors can be found to perform similar functional roles in different 
bacteria. The key for understanding how this variety of metal-responsive transcrip-
tional regulators can function  in vivo , binding the correct metal ion cofactor and 
coupling it to an allosteric change, ultimately switching on/off genetic expression, 
resides in the coordination geometry of metal binding sites.  

    2.3   Structural Basis for Metal Ion Selectivity 

 Metal-responsive control of gene expression occurs in cellular environment, extremely 
rich of various types and concentrations of metal ions. During the past few years, 
while the importance of the cellular metallome has emerged, several studies have 
addressed the fundamental question aimed to identify the general factors allowing 
metal sensors, and, more generally, metallo-proteins, to selectively respond to a spe-
cifi c metal ion, avoiding adventitious binding and non-physiological response to 
wrong metal ion cofactors. A straightforward explanation would be that each protein 
presents higher affi nity for the cognate metal ions as compared to all others. However, 
metal binding affi nity alone is a poor predictor of the metal ion selectivity that pro-
teins exert  in vivo . This selectivity is rather achieved by combining different factors, 
such as (i) stereo-electronic factors for preferred metal ion coordination geometry, (ii) 
metal ion availability in the context of the metallome, (iii) metal-induced conforma-
tional changes of the protein structure, and (iv) kinetics. 

 The type and position of protein residues in the metal binding pocket directly 
infl uence the metal ion coordination sphere and, consequently, its affi nity and selec-
tion: the presence of specifi c donor ligands (S, O or N from protein residues), the 
shape and the charge of the metal binding cavity, as well as the position of metal 
binding residues that allow limited coordination geometries, infl uence the metal ion 
preferences for a specifi c metal binding site. 
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 In every family of transcriptional regulators, homologous folds contain different 
metal binding sites, able to accommodate diverse metal ion effectors. The residues 
that form the metal binding pockets have been characterized and in many cases 
metal ion responsiveness could be rationalized on this basis. In some cases, different 
metal binding sites, responding to different metal ions, are observed in different 
positions of the same protein fold. In other cases, a single metal binding site, located 
in a particular position of the protein structure and containing the same type of 
metal binding residues, selects differently charged metal ions on the basis of the 
number and geometry of the metal ligands as well as by fi ne tuning the electrostatic 
and/or steric local environment of the metal binding pocket. 

 The metal ion responsiveness of transcriptional regulators depends on the different 
types of metal ions that are present inside the intracellular milieu. Different intracel-
lular metal ion pools can dictate which metal ion species are sensed by metal-respon-
sive transcriptional regulators in different cells. Therefore, in principle, the same metal 
sensor can respond to different metal ions in different organisms, or in different sub-
cellular compartments, differing for the intracellular metal ion content, uptake, traf-
fi cking, and sequestration. The competition for metal ions among proteins devoted to 
these different pathways of metal ion metabolism determines the threshold of the metal 
concentration inducing sensing and gene regulation. Finally, metal ion selectivity also 
depends on the redox state of the ion, in turn dictated by cellular metabolism. 

 Metal ions bind specifi c protein residues often imposing their preferred coordination 
geometry, derived from stereo-electronic energy stabilization. The latter, for open-shell 
transition metal ions, derives from d-d splitting of the ligand fi eld and depends also on 
the metal ion oxidation state. This event could trigger a local conformational change, 
which is propagated from the binding pocket along the protein backbone, and results in 
a change of the protein fold and functionality. Binding of the wrong metal ion in the 
same position is not able to force the protein into a favorable conformation. 

 Metal ion binding often does not modulate a direct allosteric structural change in 
the backbone conformation, but rather a change in protein fl exibility, in turn affect-
ing protein-DNA interactions. In this sense, it is possible that the kinetics of metal 
binding to the protein, and in particular which metal ion is presented to the protein 
at which stage of its biosynthesis and/or function, coupled with the kinetics of ligand 
exchange, often mediated by interactions with other proteins, determines which is 
the metal ion/protein association that eventually leads to metabolic response.   

    3   Structure-Function Relationships in Prokaryotic 
Metal Ion-Dependent Transcription Factors 

    3.1   ArsR/SmtB Family 

 The ArsR/SmtB family of transcriptional regulators is the most represented and wide-
spread family of known metal sensors. More than 500 sequences of genes encoding 
ArsR/SmtB members were found among all bacterial taxonomy groups, with the majority 
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of bacterial genomes possessing at least one sequence  [  22  ] . The fi rst members of this 
family, discovered ca. 20 years ago, are the Zn 2+ -sensor SmtB from  Synechococcus  
PCC7942  [  23  ]  and the As 3+ /Sb 3+ -sensor ArsR from  Escherichia coli  ( Ec )  [  24  ] . 
Subsequently, several other metal sensors were found (Table  1 ), functioning to regulate 
effl ux, detoxifi cation and resistance to excess of cytosolic metal ions  [  16  ] . These include 
the Zn 2+ -sensor ZiaR  [  25  ] , the Cd 2+ /Bi 3+ /Pb 2+ -sensor CadC  [  26  ] , the Co 2+ /Zn 2+ /Cd 2+ /Ni 2+ /
Cu 2+ -sensor CzrA  [  27,  28  ] , the Zn 2+ /Cd 2+ /Pb 2+ -sensor AztR  [  29  ] , the Ni 2+ -sensor NmtR 
 [  30  ] , the Co 2+ -sensor KmtR,  [  22  ]  the Cd 2+ /Pb 2+ -sensor CmtR  [  31  ] , and the Cd 2+ /Zn 2+ /
Ag + /Cu + -sensor BmxR  [  32  ] . In general, these proteins function as repressors in the apo 
form, recognizing and binding an imperfect 12-2-12 inverted repeat on DNA within the 
promoter region, and inhibiting the concomitant interaction and activity of RNA poly-
merase. Metal ions function as inducers, driving protein dissociation from DNA  [  23  ] . 

 Four members of this family have been structurally characterized using either 
X-ray crystallography or high resolution NMR spectroscopy, and in particular the 
structure of  Synechococcus  ( Sy ) SmtB  [  27  ] ,  Staphylococcus aureus  ( Sa ) CzrA 
 [  27,  33  ] ,  Sa CadC  [  34  ]  and  Mycobacterium tuberculosis  ( Mt ) CmtR  [  35  ]  are known 
(Figure  1 ). All these proteins are stable dimers and share a general fold comprising 
at least fi ve  a -helices and a two or three stranded  b -sheet. Helices  a 3 and  a 4 form 
two winged helix-turn-helix motifs per dimer, responsible for DNA recognition and 
binding. The other three helices are involved in hydrophobic interactions within the 
monomer responsible to build and orient the DNA binding motif. In addition, helices 
 a 1 and  a 5 are involved in dimerization.  

 Structural information on metal binding in the ArsR/SmtB family has also been 
obtained through site-directed mutagenesis and X-ray absorption spectroscopy studies. 
Despite their generally similar folds found within the different members of the family, 
the position and coordination of metal binding sites are very different in different ArsR/
SmtB proteins, suggesting that the protein matrix has been adapted during protein evo-
lution to sense a variety of different metal ions (Table  1 ). In the vast majority of cases, 
regulatory metal binding sites are symmetrically placed at the dimer interface, forming 
inter-subunit sites, with each metal ion bound by residues from opposite protomers. 

 We can distinguish two different types of metal ion binding sites according to their 
position on the known or predicted secondary structural elements. One of these is 
close to the N-terminal part, including the N-terminus and helix  a 3 (named  a 3N). 
This site is generally richer in cysteine residues, being the preferred, but not exclusive, 
place for “soft” metal ions such as Cd 2+ , Pb 2+ , and As 3+   [  36  ] . In particular,  Sa CadC 
 [  34  ] ,  Cyanobacterium anabaena  ( Ca ) AztR  [  29  ] , and  Ec ArsR  [  37  ]  sense metal ion 
binding using this metal binding site. In  Ec ArsR, an intra-subunit  a 3 site is found, 
where As 3+  and Sb 3+  are coordinated by the sole three cysteines in helix  a 3  [  37  ] . 

 The second type of metal binding sites is located in the C-terminal sequence of 
the proteins, comprising residues from helix  a 5. These are usually histidine, aspar-
tate, and glutamate, which form a tetrahedral or distorted tetrahedral coordination 
site, where Zn 2+ , Ni 2+ , and Co 2+  are preferentially bound ( a 5 site).  Sy SmtB  [  27  ] , 
 Sa CzrA  [  27  ] , NmtR  [  30  ] , and  Acidithiobacillus ferrooxidans  ( Af ) ArsR  [  38  ]  respond 
to metal ions bound in this region of the protein structure. In NmtR, this site is 
extended to include residues from the C-terminus, giving an octahedral binding site 
that better coordinates Ni 2+  and Co 2+  over Zn 2+  ( a 5C site)  [  30  ] .  Af ArsR shows an 
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atypical trigonal site of the  a 5C type, where As 3+  is bound to three cysteines deriving 
from a single monomer  [  38  ] . 

 Every protein of the family normally possesses only one of these metal binding 
sites with regulatory function. However, some family members, such as  Sy SmtB  [  27  ]  
and  Sa CadC  [  39  ] , contain both  a 3N and  a 5 metal binding sites but are regulated by 
only one of them ( a 5 for  Sy SmtB and  a 3N for  Sa CadC), while the second site ( a 3N 
for  Sy SmtB and  a 5 for  Sa CadC) has a possible structural role. In contrast, the 
 Synechocystis  ( Sy ) ZiaR apparently senses Zn 2+   via  both  a 3N and  a 5 binding sites 
 [  25  ] . Analogously, both  a 3N and  a 5 binding sites are used by  Oscillatoria brevis  
( Ob ) BxmR, but the  a 3N site shows less selectivity and binds Cd 2+ , Ag + , Cu + , and 
Zn 2+ , while  a 5 is specifi c for Zn 2+  ion, therefore creating an interesting redundancy in 
its ability to sense Zn 2+   [  32  ] . The presence of a hybrid site, with residues from both  a 5 
and  a 3 helices contributing to metal binding, has been evidenced for  Mt KmtR (site 
 a 5-3)  [  22  ] . The  Mt CmtR metal binding site is found in a different region, involving 
two cysteines in the  a 4 helix and a third cysteine in the C-terminus of the other sub-
unit ( a 4C site), forming a symmetrical pair of metal binding sites (Figure  1 )  [  31  ] . 

 Binding of metal ions to their specifi c coordination sites within the ArsR/SmtB 
family drives an allosteric change that releases the transcriptional regulators from 
DNA  [  16  ] . The structural basis of this conformational transition has been inferred 
from the available crystal structures, and involves the stabilization of a protein con-
former with low affi nity for DNA, through a H-bonding network that connects the 
inducer site to the DNA binding site  [  27  ] . In the case of  Sy SmtB, the crystal struc-
tures of apo and metal-bound forms show that Zn 2+  binding to the regulatory  a 5 site 
induces a quaternary structure compaction of the homo-dimer, which alters the rela-
tive position of one subunit with respect to the other, therefore changing the posi-
tions of the DNA recognition sites  [  27  ] . Consistently, the crystal structures of apo 
and Zn 2+ -bound  Sa CzrA, together with the solution structures of the Zn 2+ - and DNA-
bound forms of the protein, indicate that the protein adopts a different conformation 
upon operator binding, with the peripheral domains moving closer to each other 
 [  27,  33  ] . Furthermore, Zn 2+  binding decreases the internal dynamics of the protein 
backbone, leading to the unavailability, in energetic terms, of the conformer that 
features high affi nity for DNA  [  27,  33  ] . On the other hand, DNA binding increases 
the protein motility around the  a 5 metal binding site  [  33  ] . Similarly, in the apo and 
metal-bound solution structure of the Cd 2+ -sensor  Mt CmtR, binding of the metal ion 
to the  a 4C site reduces conformational heterogeneity, locking the two subunits 
of the dimer in a well-defi ned reciprocal orientation and decreasing the number of 
protein conformations available for DNA selective interaction  [  35  ] .  

    3.2   MerR Family 

  Pseudomonas aeruginosa  ( Pa ) Hg 2+ -sensor MerR, regulating the expression of 
bacterial mercuric ion resistance, was the fi rst protein for which the term “metallo-
regulatory“ was used  [  40  ] . While the majority of metal-dependent transcriptional 
regulators function as repressors of transcription, proteins belonging to the MerR 
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family mainly function as activators in their holo-forms, inducing the synthesis of 
proteins for metal effl ux and detoxifi cation  [  41  ] . These proteins bind their target 
promoters both in their apo and holo forms, recognizing an unusually long spacer 
(19–20 bp versus the 16–18 bp found in most prokaryotic promoters  [  42  ] ) between 
the –35 and the –10 sequences. This unusual promoter sequence is suboptimal, by 
itself, for RNAP recognition. Apo-MerR proteins are able to recruit RNAP, but their 
presence creates a distortion of the DNA structure, thus preventing the formation of 
a productive complex for transcriptional initiation and contributing to the transcrip-
tional silencing  [  43  ] . Metal ion binding functions as inducer of an allosteric change 
of DNA conformation that realigns the –35 and –10 sequences, so that RNAP can 
productively contact the promoter sequence and initiate transcription  [  44  ] . 

 The MerR family comprises proteins able to sense different metal ions (Table  1 ), 
including the Zn 2+ /Pb 2+ /Cd 2+ -sensor  Ec ZntR  [  45  ] , the Co 2+ -sensor  Synechocystis  
( Sy ) PCC 6803 CoaR, the Pb 2+ -sensor  Alcaligenes eutrophus  ( Ae ) PbrR  [  46  ] , the 
Cu + /Ag + /Au + -sensor  Ec CueR  [  47  ] , the Cd 2+ -sensor  Pseudomonas aeruginosa  ( Pa ) 
CadR  [  48  ] , the Au + -sensor  Salmonella enterica  ( Se ) GolS  [  49  ] , and the Au + -sensor 
 Ae CupR  [  50  ] . Among them,  Ec ZntR and  Ec CueR have been structurally character-
ized by crystallography (Figure  2 )  [  47  ] . Both these proteins are homo-dimers and 
present highly homologous folds, with an extended conformation composed by a 
long dimerization helix from which distinct N-terminal and C-terminal domains 
protrude. The N-terminal winged helical DNA-binding domain is comprised of a 
helix-turn-helix  b -hairpin structure, while the C-terminal domain (metal binding 
domain, MDB) is made of a loop containing the metal binding residues.  

 In both structures, the metal binding sites are positioned in the region close to the 
dimerization interface. Contrarily to the ArsR/SmtB family regulators, which evolved 
metal selectivity by positioning metal binding sites in different regions of the protein, 
the MerR family regulators discriminate among a wide range of different metal ions 
by fi nely changing the identity and exact position of the metal binding residues and 
their environment. In particular, the crystal structure of Zn 2+ - Ec ZntR shows two Zn 2+  
ions bound to two cysteine/histidine residues (Cys 114  and Cys 124  for Zn 

I
  and Cys 115  and 

His 119  for Zn 
II
 ) from the MBD of one subunit, and to another cysteine residue (Cys 79 ) 

from the N-terminus of the dimerization helix in the opposite subunit  [  47  ] , bridging 
the two ions. A phosphate ion binds the two Zn 2+  ions in a bidentate mode. Although 
the structure of Hg 2+ -sensor MerR is not available, NMR studies indicate a trigonal 
planar coordination geometry for Hg 2+  ions, involving three cysteine residues, corre-
sponding to the cysteine residues that coordinate metal ions in  Ec ZtnR  [  51  ] . 

 The same residues are conserved in  Ae PbrR and  Pa CadR  [  47  ] , suggesting that 
metal ion binding occurs in similar positions in different proteins responding to dif-
ferent divalent metal ions. Differently, in the Cu + /Au + /Ag + -sensor  Ec CueR, the Cys 79  
residue is substituted by a serine (Ser 77 ), which abrogates one possible metal ion 
coordination position and contributes to a buried and hydrophobic environment 
more adapt for a monovalent ion. In this case, Cu +  binds in a linear dithiolate coor-
dination involving the conserved Cys 112  and Cys 120  residues  [  47  ] . The diverse iden-
tity of this residue positioned at the N-terminus of the dimerization helix and close 
to the MDB in the protein quaternary structure, gives a possible explanation for 
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  Figure 2     (a)  Ribbon diagrams (top and middle panels) and details of the metal binding sites (bot-
tom panels) of the proteins belonging to the MerR family and for which the structure of the protein 
is available in the PDB. In all cases, the protein depicted is the metal-bound form of the molecule 
(PDB code 1Q05 for  Ec CueR and 1Q08 for  Ec ZntR). In the middle panels, the ribbons are rotated 
by 90° around the horizontal axis with respect to the representation in the top panels. In the bottom 
panels, the metal ions are depicted as spheres and the residues bound to the metal ions as “sticks”. 
Atoms are colored according to their type. ( b ) Ribbon diagram of  Ec SoxR (PDB code: 2ZHG) 
crystallized in complex with DNA. Ribbons are colored from blue in the proximity of the N-termini 
to red at the C-termini. DNA ribbons are depicted in dark red.       
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protein selectivity of divalent over monovalent metal ions and  vice versa . 
Accordingly, a multiple sequence alignment shows that a serine residue is found in 
this position in all MerR homologues that recognize +1 charged metal ions, while 
this place is occupied by cysteine when the protein senses +2 charged metal ions, 
which often prefer a more covalent-type binding mode  [  47  ] . 

 In contrast to  Ec CueR, which is a poor discriminator between different +1 
charged metal ions,  Se GolS and  Ae CupR are extremely selective for Au + . Multiple 
sequence analysis revealed that  Se GolS and  Ae CupR conserve the counterparts of 
Cys 112  and Cys 120  residues in the MBD as well as of Ser 77  in the N-terminal domain, 
therefore excluding that fi rst shell metal binding coordination by itself is responsi-
ble for the different selectivity of these proteins  [  50,  52  ] . Mutational analysis, involv-
ing the replacement of the metal binding loop of  Se GolS with the same region of 
 Ec CueR, revealed that the precise sequence change of the metal binding loop is suf-
fi cient to mimic the Cu + -sensor in its binding promiscuity to Cu + , Ag + , and Au +   [  52  ] . 
The involvement of the metal binding loop in determining the metal selective behav-
ior of these proteins is further confi rmed by the observation that  Se GolS and  Ae CupR 
share several similarities in this sequence, which are not conserved in  Ec CueR 
 [  50,  52  ] . Although for the other metal-responsive regulators of the MerR family very 
little biochemical and structural data is available, their sequence alignments show 
extensive similarities between their primary structure and the sequences of  Ec ZntR 
and  Ec CueR, suggesting a common fold and metal ion coordination. 

 So far, no structure of DNA-bound protein has been established for the metal 
sensors of the MerR family. However, this family also includes several non-metal 
responsive transcriptional regulators, which are involved in the defence against oxi-
dative stress and drug resistance, and bind different effectors in the C-terminal 
domain. As expected, these proteins show closely related N-terminal DBDs but dif-
ferent C-terminal ligand binding domains, in agreement with the different inducers 
that are recognized by different proteins  [  53  ] . In particular, the structures of  Bacillus 
subtilis  ( Bs ) BmrR bound to a lipophilic drug (tetraphenylphosphonium)  [  54  ] , of 
 Bs MntA, which lacks any C-terminal domain thus being a constitutive activator 
 [  55  ] , and of the oxidative sensor  Ec SoxR, containing a [Fe-S] cluster bound to four 
cysteine residues in the MBD  [  56  ] , have been solved in the presence of their respec-
tive DNA operator. When bound to DNA,  Bs BmrR causes a signifi cant bending of 
the DNA molecule and a peculiar base pair breaking and sliding of the central base 
pair step, and the operator bunches up in the middle. This conformation is stabilized 
by the protein residues that interact with the phosphate backbone of DNA. The 
results of this interaction twists the DNA molecule, and realigns the –10 and –35 
sequences on the same face of the DNA double helix, in a position accessible for 
RNAP  [  54  ] . The structures of  Bs MntA, obtained both in the absence and in the pres-
ence of DNA, shed light on the difference between DNA-free and DNA-bound 
structures, and revealed a rotation around a hinge region that lies at the N-terminus 
of the dimerization helix, which changes the relative position of DBDs  [  55  ] . Finally, 
the structure of the DNA-bound  Ec SoxR presents a network of inter-subunit hydro-
gen-bonding interactions between the DBDs and the MBDs, proposed to mediate 
the signal transduction between the two regions of the protein that drives the protein 
conformational change and consequent transcriptional activation  [  56  ] .  
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    3.3   DtxR Family 

 The DtxR family includes the metal-responsive transcriptional regulators that 
specifi cally sense Fe 2+  and/or Mn 2+ . The prototype of Fe 2+ -sensors is  Corynebacterium 
diphteriae  ( Cd ) DtxR, while the paradigm of Mn 2+ -sensors is  Bs MntR  [  16  ] . These 
proteins function as metal-dependent repressors of transcription, with metal ions 
acting as co-repressors by promoting protein interaction with palindromic DNA 
regions located upstream of the initiation start of specifi c metal-regulated genes 
 [  57,  58  ] . This event represses the synthesis of proteins for metal ion acquisition and 
storage, as well as of virulence factors. In the case of  Corynebacterium glutamicum  
( Cg ) DtxR, and of the Fe 2+  responsive  Mt IdeR, the DtxR ortholog in  M. tuberculo-
sis , additional roles as holo-activators of genes involved in iron storage and in pro-
tection against oxidative stress has been proposed  [  57,  59  ] , suggesting that these 
proteins are central regulators in the iron-dependent gene transcription network. 

 Fe 2+ -responsive  Cd DtxR and  Mt IdeR have been extensively characterized from the 
biochemical, biophysical, and structural point of view. Both these proteins are highly 
specifi c for Fe 2+   in vivo , although this selectivity is not maintained  in vitro , where 
 Cd DtxR similarly responds to Fe 2+ , Ni 2+  and Co 2+   [  60  ] , while  Mt IdeR responds to Fe 2+ , 
Ni 2+ , Co 2+ , Cd 2+ , Mn 2+ , and Zn 2+   [  61  ] . Several crystal structures were initially reported 
for both proteins in the absence and presence of a variety of metal ions and DNA, even 
though the structure of the protein in the presence of the physiological cofactor Fe 2+  
has never been obtained  [  62–  70  ]  (Figure  3 ). These regulators contain a N-terminal 
winged helix DNA binding domain, followed by a helical dimerization domain, and a 
C-terminal SH3-like domain, rare in prokaryotes, that was proposed to enhance the 
DNA-binding activity through stabilization of inter- or intra-subunit contacts  [  71,  72  ] .  

 The structural studies evidenced the presence, in both  Cd DtxR and  Mt IdeR, of two 
different metal binding sites (see Table  1 ). Site 1, called “ancillary” site, is proposed 
to stabilize the dimeric conformation of the protein  [  73  ] . In this site, the metal ions are 
placed between the N- and C-terminal domains, in a distorted trigonal bipyramidal 
geometry, formed by three residues (two His and one Glu) from the DBD and by two 
residues of the SH3 domain (one Glu and one Gln). Metal site 2 is the so-called “pri-
mary” metal binding site, responsible for protein activation  [  73  ] , entirely located in 
the N-terminal domain in an octahedral coordination geometry involving four con-
served residues from the DBD (Met, Cys, Glu, His), one of them (Met 10 ) located in 
the N-terminal helix. In the case of the crystal structure of  Mt IdeR a third metal bind-
ing site has been observed, whose physiological relevance is yet unknown. 

 In the apo form,  Cd DtxR and  Mt IdeR exist in a weakly associated dimeric state, 
showing a partially disordered region in the DBD that involves the N-terminal helix 
 [  74  ] . This disorder is thought to inhibit protein interaction with DNA, which appar-
ently involves two dimers interacting on opposite sides of the DNA molecule  [  66  ] . 
Metal binding, involving Met10, apparently induces a more folded conformation 
and stabilizes the dimeric species  [  60,  75  ] . Metal binding also seems to induce a 
domain closure of the DBD with respect to the dimerization domain, moving the 
DNA binding helix in an optimized position for DNA recognition in two consecu-
tive major grooves of DNA  [  64,  68  ] . 
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  Bs MntR is the prototype of the Mn 2+ -responsive transcriptional repressor of the 
DtxR family. Differently from the  Cd DtxR and  Mt IdeR repressors,  Bs MntR exists in 
solution as a stable dimer, independently of the presence of bound metal ions  [  76  ] . 
This protein is highly specifi c for Mn 2+  and Cd 2+  over other divalent metal ions such 
as Mg 2+ , Ca 2+ , Fe 2+ , Co 2+ , Ni 2+ , and Zn 2+   [  76  ] . Structural studies on  Bs MntR revealed 
that the overall architecture is conserved between this protein and its Fe 2+ -responsive 
homologues, although this protein lacks the C-terminal SH3-like domain  [  77,  78  ] . 
Despite this similarity, the location and the coordination of the metal binding sites 
are considerably different. Although the overall stoichiometry of two Mn 2+  ions per 
monomer is maintained,  Bs MntR does not feature any occupied primary or ancillary 
sites. On the other hand, the structure of the holo-protein revealed a binuclear metal 
binding site located at the interface between the N-terminal DBD and the dimeriza-
tion domain. Two Mn 2+  ions were found, separated by 4.4 Å, in a distorted octahedral 
coordination geometry and bridged by a glutamate residue  [  78  ] . 

 The comparison of the structures of the metal-bound proteins versus the apo-
repressor suggests that binding of metal ions induces a closure of the DBDs with 
respect to the protein dimer, partially caused by metal binding to specifi c residues in 
the inter-domain helix  [  79  ] . Moreover, as in the case of DtxR, Mn 2+  binding to the 
N-terminal  a -helix drives an important conformational change in this region, which 
is refl ected in the protein ability to interact with DNA  [  79  ] . Metal ion binding to the 
protein also results in a global decrease of protein mobility, probably functional to 
induce a correct recognition of a specifi c DNA operator  [  80  ] . The crystal structure 
of apo- Ec MntR is consistent with these conclusions  [  81  ] . 

 Recently, the crystal structure of  Streptococcus gordonii  ( Sg ) ScaR, a Mn 2+ -
responsive protein belonging to the DtxR family, has been reported  [  82  ] . The gen-
eral fold of  Sg ScaR is more similar to DtxR-like proteins, conserving the three-domain 
structure and the residues building up the primary site in  Cd DtxR and  Mt IdeR. On 
the other hand, the residues corresponding to the ancillary sites are absent in  Sg ScaR, 
in agreement with the stable dimeric behavior shown by this protein in solution. 
Surprisingly, the holo-structures, obtained in the presence of Cd 2+  and Zn 2+ , pre-
sented an empty primary site, while revealing a novel metal binding site, located at 
the interface between the C-terminal domain and the dimerization domain. However, 
the physiological signifi cance of this metal binding site, possibly caused by an arte-
fact of protein crystallization conditions, remains unclear and should be further 
investigated in solution  [  82  ] .  

    3.4   Fur Family 

 The Fur family of metal-responsive transcriptional regulators is widespread, being 
present in the genome of all Gram negative bacteria with the only exception of the 
plant symbiont  Rhizobium  and some close organisms  [  83  ] . The fi rst discovered 
member and the archetype of the family is the  E. coli  Fe 2+ -dependent transcrip-
tional repressor  [  84  ] . Fur has been also studied from other bacteria, including 
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 P. aeruginosa  ( Pa )  [  85  ] ,  H. pylori  ( Hp )  [  86  ] , and  Vibrio colerae  ( Vc )  [  87  ] . The 
paradigmatic mechanism that explains Fur functioning was initially described for 
 Ec Fur  [  88  ] : these proteins generally function as holo-repressors, and, in the pres-
ence of the cognate metal ions, bind to DNA operators in the target core promoters, 
thus masking the RNAP binding sequences and preventing transcriptional initia-
tion. Therefore, metal ions act as co-repressor of the gene transcription. 

 Genetic studies revealed that Fur proteins might also exert positive regulation on 
some genes that should be over-expressed in the presence of Fe 2+  ions. However, this 
apparent activation is not directly mediated by Fur, but it is often mediated by small 
regulatory RNAs that determine the fate of mRNA molecules at the post-translational 
level  [  89  ] . Distinctively, in addition to the paradigmatic Fe 2+ -dependent repression 
occurring on the promoters of holo-Fur repressed genes,  Hp Fur carries out repression 
in the absence of bound metal ions, functioning therefore as a repressor on apo- Fur-
repressed genes, with Fe 2+  ions acting as inducers of transcription  [  90  ] . By this 
 mechanism, the same input information (high or low concentration of Fe 2+  ions in the 
cytoplasm) is translated into two opposite transcriptional outputs in different genes. 
The wide range and importance of processes directly and indirectly controlled by Fur 
indicate that this protein is a global transcriptional regulator, involved in several met-
abolic responses and genetic networks. Accordingly,  Ec Fur and  Hp Fur directly or 
indirectly regulate over 90 and 200 genes respectively, involved not only in iron 
homeostasis, but also in oxidative stress response, in motility, and several other 
 cellular activities essential for cell growth and environmental adaptation  [  83,  91  ] . 

 Several Fur homologues that respond to metal ions other than Fe 2+  have been dis-
covered and characterized. These include the Zn 2+ -sensor  Mt Zur  [  92  ] , the Mn 2+ /Fe 2+ -
sensor  Rhizobium leguminosarum  ( Rl ) Mur  [  93  ] , and the Ni 2+ -sensor  Streptomyces 
coelicolor  ( Sc ) Nur  [  94  ] . The oxygen peroxide-sensor  Bs PerR  [  95  ]  can also be 
included in this list, as it uses metal ions, such as Mn 2+  or Fe 2+ , to sense the presence 
of H 

2
 O 

2
  and transduce the signal in a transcriptional output. Crystallographic struc-

tures are available for  Pa Fur  [  96  ] ,  Mt Zur  [  92  ] ,  Bs PerR  [  97,  98  ] ,  Sc Nur  [  99  ] ,  Vc Fur 
 [  100  ] , and  Hp Fur  [  101  ] . All these proteins share a general dimeric fold, with each 
monomer containing a N-terminal winged helix-turn-helix DNA binding domain 
connected to a C-terminal dimerization domain through a short linker (Figure  4 ).  

 The structures of different Fur and Fur-like regulators revealed the presence of 
three different metal binding sites not always conserved in different homologues. 
The recently reported structure of  Hp Fur, containing all three metal sites (named 
S1, S2, and S3), can be used as a reference for the present discussion (Figure  4 ). S1 
corresponds to a tetrahedral structural Zn 2+ -binding site, important for protein sta-
bility and dimerization, found in the C-terminal dimerization domain and usually 
made of four cysteine thiolates. This site is conserved in the structures of  Mt Zur 
 [  92  ] ,  Bs PerR  [  97  ] , and  Hp Fur  [  101  ] . In  Ec Fur, two cysteines and two histidines are 
the metal coordination residues  [  102  ] . S3 in  Hp Fur has also been observed in the 
structures of  Pa Fur and  Vc Fur: the residues involved in this binding site (two histi-
dines, one glutamate, and an aspartate) are conserved, even though the metal coor-
dination geometry can differ in different protein orthologs. The physiological 
relevance of this metal site is still controversial  [  101,  103  ] . Finally, S2 of  Hp Fur 
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contains a “regulatory” metal ion, is located at the interface between the N- and 
C-terminal domains, and is generally considered responsible for driving protein 
interaction with its cognate DNA. 

 The presence of metal ions in the indicated location was reported for all the Fur 
proteins so far characterized, although with variability of the coordination environ-
ment depending on the protein and the metal ion effector. The binding of a metal ion 
in this region would bring residues from the N- and C-terminal domain in close 
proximity, thus orienting the relative positions of the two DBDs and stabilizing a 
conformation with high affi nity for DNA  [  92  ] . A similar allosteric mechanism has 
been proposed for  Bs PerR, for which the presence of a Fe 2+ /Mn 2+  ion in the  regulatory 
site would stabilize a conformer with high affi nity for DNA, and, at the same time, 
would create an open coordination site for a H 

2
 O 

2
  molecule. The latter would oxi-

dize the metal ion, creating a Fe 3+  species able to catalyze the oxidation reaction of 
one histidine residue either in the DNA binding domain (His 37 ) or in the  dimerization 
domain (His 91 ) of the protein. This unusual protein modifi cation would subsequently 
decrease protein affi nity for DNA, thus causing dissociating of the repressor and 
activation of the downstream genes  [  98  ] . 

 Another peculiar Fur family homologue, of unknown structure, is the Fe 2+ -sensor 
 Bradyrhizobium japonicum  ( Bj ) Irr, which functions as an apo-repressor at low 
Fe 2+ -concentrations. When high concentrations of Fe 2+  ions are available, the heme 
cofactor binds to a short N-terminal motif and promotes dissociation from DNA as 
well as protein degradation with an unknown mechanism  [  104  ] .  

    3.5   NikR 

 NikR is a transcription factor that regulates the expression of genes coding for pro-
teins involved in nickel metabolism. It is a highly homologous protein, found in ca. 
30 species of bacteria and archea. In particular, the Ni 2+ -bound NikR from  E. coli  
( Ec NikR) binds to DNA and represses the transcription of the  nikABCDE  operon, 
which codes for a specifi c Ni 2+  membrane uptake ABC transporter  [  105,  106  ] . On 
the other hand, NikR from  H. pylori  ( Hp NikR) is a pleiotropic regulator of several 
genes, for example acting as a nickel-dependent repressor of  Hp NikR itself and of 
the Ni 2+  permease NixA, as well as a nickel-dependent promoter of the pathogenic 
factor urease  [  107  ] . In  H. pylori , the disruption of the Ni 2+ -chaperone network, 
involved in metal ion delivery to Ni 2+ -containing urease, results in a deregulation of 
the Ni 2+ -dependent transcriptional regulator NikR  [  108  ] , suggesting that intracellu-
lar metal ion availability infl uences the activity of this metal sensor, in a mechanism 
that could be operative in other cases as well. 

 Several crystal structures of NikR  [  109–  114 , 159  ]  have established that this pro-
tein is a homo-tetramer, made of a dimer of dimers, constituted by three domains. 
One domain is the central metal-binding domain, made of the C-terminal portion of 
the protein responsible for tetramerization. This domain hosts four regulatory metal 
binding sites symmetrically located at the tetramerization interface, where Ni 2+  ions 
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bind three fully conserved His and one Cys residues in a square planar coordination 
geometry stabilized by the ligand fi eld of the open shell d 8  metal ion (Figure  5 ). An 
extensive hydrogen-bonding network around the nickel binding sites is thought to 
couple the metal-specifi c stereo-electronic preferences of Ni 2+  with the structural or 
dynamic properties of the protein, rendering it able to bind DNA. This MBD is 
fl anked by two peripheral DNA-binding domains, separated by unstructured link-
ers. Each DBD is made of the dimerization of the N-terminal portion of the protein 
and feature a ribbon-helix-helix motif for DNA binding typical of prokaryotic tran-
scription factors  [  115  ]  in which two anti-parallel N-terminal β-strands from oppo-
site protomers make a two-stranded anti-parallel β-sheet that contacts the major 
groove in one-half-site of a two-fold symmetric DNA operator (Figure  5 ).  

 Three distinct conformations of NikR have been observed in the solid-state: 
open,  trans , and  cis , characterized by the position of the DBDs with respect to the 
central MBD (Figure  5 ). The crystal structure of the  Ec NikR-DNA complex has 
shown that the  cis  conformation of the Ni 2+ -bound protein is able to bind DNA 
(Figure  5 )  [  111  ] . The metal specifi c Ni 2+ -dependent NikR-DNA interaction is sup-
ported by electrophoretic mobility shift assays, fl uorescence anisotropy, and DNaseI 
footprinting studies, as well as calorimetric titrations  [  106,  116,  117 , 160 , 161  ] . 

 The effect of Ni 2+  on the reactivity of NikR toward DNA binding has been recently 
investigated using atomistic molecular dynamics simulations complemented by 
solution NMR studies  [  118  ] . The results indicate that both apo- and holo-NikR are 
present in solution as an ensemble of inter-converting structures spanning the 
 conformational space from  cis  to open to  trans  forms. The presence of bound Ni 2+  
ions does not induce, by itself, the stabilization of the  cis  conformation competent 
for DNA binding, but it appears to unlock the motion of the DBDs with respect to 
the MDB, supporting the view that the likely mechanism of interaction of the protein 
with its operator DNA sequence involves a selection of the correct conformation 
coupled with an induced fi t mechanism facilitated by the presence of bound Ni 2+ .  

    3.6   CsoR/RcnR Family 

 The dual nature of essential and toxic element applies to copper. A sensor for Cu + , the 
major form of copper in the cell, is CsoR, widely spread in the bacterial world  [  119  ] . 
In general, the apo-form of this transcriptional regulator binds to the promoter region 
of a copper-sensitive operon, acting as a transcriptional repressor. When copper lev-
els are too high, Cu +  binds to the protein, inducing its release from DNA and allowing 
expression of the proteins devoted to decrease intracellular copper concentration. 

 Two crystal structures are available: one is the Cu + -bound CsoR from  M. tuberculo-
sis  ( Mt CsoR)  [  120  ] , while the other is the apo-form of  Thermus thermophilus  CsoR 
( Tt CsoR)  [  121  ]  (Figure  6 ).  

  Mt CsoR is a homo-dimeric protein, containing a N-terminal core with a four-helix 
bundle fold, and a short C-terminal helix stacked against the basis of the molecule. 
Apo- Tt CsoR is a dimer of dimers in the solid state, with each dimer being similar to 



1595 Metal Ion-Mediated DNA-Protein Interactions

the  Mt CsoR architecture. In  Mt CsoR, two symmetric metal binding sites are observed, 
in which each Cu +  ion bridges two subunits, with a trigonal planar coordination geom-
etry made of Cys 36 , Cys 65’  and His 61’ . In the case of  TtC soR, while residues Cys 36  and 
His 61’  are conserved, Cys 65’ is absent: two histidine residues, His 5  and His 70  are found in 
the close vicinity of the putatively conserved metal binding site, and could be involved 

  Figure 5    ( a ) Ribbon 
diagrams of NikR in (top 
panel) open, (middle panel) 
 trans , and (bottom panel)  cis  
conformation (PDB: 2HZA, 
2CA9, and 2HZV, 
respectively). ( b ) Structure of 
the metal binding sites found 
in  Hp NikR (2Y3Y). Ribbons 
are colored according to their 
monomer chain and atoms 
are colored according to 
their type.       

 



160 Zambelli, Musiani, and Ciurli

in metal binding. No clear metal-induced allosteric changes, possibly modulating 
protein-DNA interactions, can be deduced on the basis of these structural studies. 

  B. subtilis  CsoR, another member of the family, has been shown to bind Cu +  with 
high affi nity in a trigonal S 

2
 N coordination site  [  122  ] . This protein is also able to 

bind Ni 2+ , Zn 2+ , and Co 2+  with high affi nity, but adopts different metal coordination 
geometries in each case, with non-physiological responses, suggesting that, in this 
case, metal-ligand coordination geometry drives physiological metal selectivity 
rather than metal binding thermodynamics  [  21  ] . 

 RcnR is a Ni 2+  and Co 2+  sensor that regulates the expression of a nickel and 
cobalt effl ux protein  [  123,  124  ] , RcnA, a membrane permease  [  125  ] . No structural 
information is available for RcnR. This protein shares very low sequence similarity 
with CsoR, but it has been proposed to be an all α-helical protein with a fold similar 
to that of CsoR  [  124  ] . RcnR proteins possess a conserved His-Cys-His-His metal 
binding motif. Ni 2+  and Co 2+  binding experiments indicate nanomolar affi nity for 
both ions, while data from electronic, electron paramagnetic resonance, and X-ray 
absorption spectroscopies reveal that RcnR binds Ni 2+  or Co 2+  in a six-coordinated 
octahedral geometry that includes all four conserved metal binding residues as well 
as, possibly, the N-terminal –NH 

2
  group and a peptide amide group  [  124  ] .  

  Figure 6    Ribbon diagrams 
(top and middle panels) and 
detail of the metal binding 
site (bottom panel) of 
 Mt CsoR (PDB code: 2HH7), 
representative of the CsoR/
RcnR family. In the middle 
panel, the ribbons are rotated 
by 90° around the horizontal 
axis with respect to the 
representation in the top 
panel. Ribbons are colored 
from blue in the proximity of 
the N-termini to red at the 
C-termini. In the bottom 
panel, the metal ion is 
depicted as a sphere and the 
residues bound to the metal 
ion as “sticks”. Atoms are 
colored according to their 
type.       
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    3.7   CopY Family 

 CopY is a Cu +  responsive transcription factor, present in the Gram-positive phylum 
of Firmicutes  [  16  ] . The fi rst characterized protein of the family has been  Enterococcus 
hirae  ( Eh ) CopY, which regulates the Cu +  uptake and effl ux as well as the synthesis 
of  Eh CopZ, a Cu +  chaperone  [  126  ] . The generally accepted mechanism of action 
involves the Zn 2+ -bound  Eh CopY, which binds the cognate DNA operator acting as 
repressor of transcription  [  127  ] . Cu + - Eh CopZ then delivers Cu +  ion to the repressor, 
which, in this form, releases the gene transcription from the promoter  [  128  ] . The 
protein has been reported to function as a dimer, and spectroscopic studies revealed 
that each monomer binds one Cu +  ion to four conserved cysteine residues located at 
the C-terminus  [  128  ] . 

 The solution structure of the monomeric N-terminal domain of  Lactococcus lac-
tis  CopR, a member of the CopY family, revealed that this protein region contains a 
winged helix-turn-helix motif, involved in the DNA binding  [  129  ] . Structural stud-
ies on the integral protein will be necessary to understand how Cu +  can modulate the 
DNA binding properties of the protein, leading to a specifi c transcriptional output.  

    3.8   Other Bacterial Metal Sensor Systems 

 In addition to the seven major families of metal-sensors described above, we can dis-
tinguish some individual metal sensors belonging to other, structurally distinct, fami-
lies of regulators not primarily involved in metal-dependent transcriptional regulation. 
An example is the structurally characterized molybdenum-sensor  Ec ModE from the 
LysR family  [  130  ] . This family is the largest group of transcriptional regulators in 
bacteria. LysR-like proteins are usually dimers of dimers with each monomer made of 
a conserved N-terminal winged helical DNA binding domain and a divergent C-terminal 
ligand binding domain  [  131  ] . These proteins recognize a two-fold symmetric operator 
sequence with half sites separated by 10–15 base pairs. In contrast with other LysR-
like proteins,  Ec ModE apparently functions as a single dimer, binding the oxyanion 
form of Mo(VI) and recognizing the operator sequence in the promoter DNA, nega-
tively regulating the transcription of genes encoding MoO    −2

4    membrane transporters 
 [  132  ] . Crystal structures of  Ec ModE in the apo  [  133  ]  and molybdate-bound  [  134  ]  
forms (Figure  7 ) reveal that the metal ion is bound at the C-terminal domain through 
hydrogen bonding interactions of the oxyanion oxygens with nearby protein residues. 
This causes an allosteric change of the relative orientations of the DBDs, stabilizing a 
conformation competent for high affi nity DNA binding.  

 In order to monitor changes in their extracellular environment, bacteria have 
evolved multiple two-components histidine kinase transcriptional regulators  [  135  ] . 
Each two-component system consists of a sensor protein-histidine kinase, often asso-
ciated to the plasma membrane, and a response regulator  [  136  ] . Generally, the sensor, 
in dimeric form, detects an external stimulus using the periplasmic domains and 
transmits it to the cytoplasmatic domains, containing the ATP binding pockets and 
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the histidine sequences for self-phosphorylation. Subsequently, each His-bound 
phosphoryl group is transferred to an aspartate residue in the response regulator 
component, which binds DNA and activates the transcription of specifi c genes  [  136  ] . 
Some two-component systems have been identifi ed as responsible for controlling 
extracellular metal ion sensing: for example, the  Ec CusR/S detects copper concentra-
tion in the periplasm and responds by regulating the expression of genes involved in 
metal ion export and tolerance  [  137  ] . Similarly, the  Synechocystis  6803 ManR/S con-
trols the expression of genes involved manganese import into the cytoplasm  [  138  ] . 

  Figure 7    Ribbon diagram 
(top panel) and detail of the 
metal binding site (bottom 
panel) of  Ec ModE (PDB 
code: 1O7L). Ribbons are 
colored from blue in the 
proximity of the N-termini to 
red at the C-termini. In the 
bottom panel, the metal ion 
and the residues bound to it 
are depicted as “sticks”. 
Atoms are colored according 
to their type.       
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 Sigma factors are dissociable subunits of RNAP, responsible for promoter 
 recognition by the enzyme and DNA melting at the transcriptional initiation site. 
Competition of different types of sigma factors for RNAP, resulting in a specifi c 
transcriptional response, is a general mechanism to fi nely tune metabolic changes 
 [  139,  140  ] . The use of extra-cytoplasmatic sigma factors is an alternative and 
important mechanism used by bacteria to transduce the external stimuli from the 
periplasm to the cytoplasm  via  a trans-membrane metal cascade  [  141  ] . The arche-
type of the metal-responsive extra-cytoplasmatic sigma factors is the  Ec FecI, part 
of the  Ec FecIRA signal cascade  [  142  ] .  Ec FecA is a Fe 3+ -citrate receptor present in 
the bacterial outer membrane. Ligand binding to  Ec FecA is transduced through 
 Ec FecR, located in the plasma membrane, to the cytosolic sigma factor  Ec FecI. 
This regulator then binds the –10 and the –35 sequences, as well as the RNAP, 
promoting transcriptional initiation of the Fe 3+ -citrate importer system. 

 Another example of a three-components signal transduction complex is the 
 Cupriavidus metallidurans  ( Cm ) CnrYXH, involved in regulation of bacterial toler-
ance to Co 2+  and Ni 2+  ions  [  143  ] .  Cm CnrX is a dimeric membrane-anchored protein 
with a periplasmic domain acting as a receptor for metal ions. It interacts with the 
trans-membrane protein  Cm CnrY, which sequestrates CnrH in its cytoplasmatic 
side. Binding of metal ions to  Cm CnrX in the periplasm triggers a signal to  Cm CnrY, 
which causes, with a still unknown mechanism, the release of  Cm CnrH. The latter 
then can diffuse in the cytoplasm to the DNA molecule and positively regulate the 
synthesis of proteins involved in Co 2+  and Ni 2+  resistance  [  144  ] . The recently 
reported crystal structure of the soluble dimeric domain of  Cm CnrX revealed that 
Ni 2+  and Co 2+  ions, the inducers of the signalling cascade, bind in an octahedral 
geometry, while Zn 2+  ions, leading to an inactive form of the protein, bind in a trigo-
nal bipyramidal environment  [  145  ] .   

    4   Metal Ion-Dependent DNA-Protein Interactions in Eukaryotes 

    4.1   Metal Sensors in Yeast 

 The study of meta-regulated gene expression in eukaryotes has mainly focused on 
the yeast  Saccharomyces cerevisiae . In this organism, metal homeostasis is con-
trolled by (i) metal ion and protein compartmentalization, (ii) metal ion-mediated 
protein-DNA interactions, and (iii) metal ion-mediated masking of transcriptional 
activation domains. No metal-responsive signal cascade from the plasma membrane 
has been discovered yet. 

 Mechanisms of metal ion tolerance involve their accumulation in vacuoles, 
diminishing their intracellular availability  [  146,  147  ] . On the other hand, the local-
ization of proteins in different compartments, such as cytoplasm or nucleus, deter-
mines their activity as transcriptional regulators. This is the case of the Fe 2+ -sensor 
Aft1/Aft2, which is localized in the nucleus when Fe 2+  is present at low concentra-
tions, inducing genes that encode Fe 2+  transporters  [  148  ] . 
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 Mac1 and Ace1 are metal-dependent activators that bind DNA in response of low 
and high Cu +  ions concentrations, respectively. They contain regulatory motifs rich 
in cysteines that  in vitro  bind Cu +  ions and form poly-copper structures  [  149  ] . The 
current model indicates that at a threshold Cu +  concentration, these poly-copper 
clusters inhibit the DNA binding activity of Mac1, but induce the activity of Ace1, 
with a consequent repression of Mac1-regulated genes and an activation of the 
Ace1-regulated genes  [  150  ] . 

 Zap1 is a Zn 2+ -dependent transcriptional regulator that activates and represses 
gene transcription in a Zn 2+ -dependent manner. This protein contains a transcrip-
tional activation domain placed between two atypical zinc fi nger motifs  [  151  ] . 
Zn 2+  binding to these zinc fi ngers is more labile than in standard motifs and  binding 
occurs cooperatively. This metal binding event masks the activation domain, thus 
inactivating gene expression by Zap1  [  152  ] .  

    4.2   Metal Sensors in Higher Eukaryotes 

 Eukaryotic cells often sense metal ions at the pre-transcriptional level, by changing 
the stability and translation of mRNA, or at the post-translational level, by determin-
ing the protein fate through traffi cking and degradation. With few exceptions, metal 
ion sensors are yet to be discovered in higher organisms. MTF1 is the only known 
metal responsive transcriptional regulator in animals. This protein is commonly, but 
not exclusively, acting as a transcriptional activator  [  153  ] . In mammalians, MTF1 
responds to Zn 2+  ions that bind Cys 

2
 His 

2
  zinc fi ngers motifs, stabilizing a complex 

with DNA and activating transcription  [  154  ] . In addition to the zinc-fi ngers,  Drosophila  
MTF1 contains a copper cluster that confers to the protein the ability to respond to 
copper ions and to up-regulate the synthesis of a copper-metallothionein  [  155  ] . In 
plants, genetic studies have discovered two metal-responsive transcriptional regula-
tors: FER/FIT1 regulates transcription of genes in response to Fe 2+  ions defi ciency 
 [  156,  157  ] , while the Cu + -sensor SPL7 activates expression of genes involved in Cu +  
assimilation  [  158  ] . No structural detail on these proteins has been discovered so far.   

    5   General Conclusions 

 The study of metal-dependent gene regulation can be considered the new frontier of 
bio-inorganic chemistry. It requires full grasp of metal ion coordination chemistry, 
molecular biology, biochemistry, cell biology, structural biology, and several bio-
physical methods. It therefore represents a novel challenge both for researchers with 
a chemical background aiming to explore the chemistry of metal ions in biological 
systems, and for biochemists or molecular biologists eager to widen their knowledge 
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in the inorganic chemistry of metals that are essential for life as we know it. In most 
cases, these two perspectives require a closely entangled multi-disciplinary approach 
that may induce different research groups to undergo a synergistic effort to unravel 
this new fascinating side of biology. 

 Abbreviations 

   Ae      Alcaligenes eutrophus    
   Af     Acidithiobacillus ferrooxidans   
  ATP 4–     adenosine 5’-triphosphate   
   Bj     Bradyrhizobium japonicum   
  bp    base pair   
   Bs     Bacillus subtilis   
   Ca     Cyanobacterium anabaena   
   Cd     Corynebacterium diphteriae   
   Cg     Corynebacterium glutamicum   
   Cm     Cupriavidus metallidurans   
  DBD    DNA-binding domain   
   Ec      Escherichia coli    
   Eh     Enterococcus hirae   
  His    histidine   
   Hp      Helicobacter pylori    
  HTH    helix-turn-helix   
  MBD    metal-binding domain   
  mRNA    messenger RNA   
   Mt      Mycobacterium tuberculosis    
  NMR    nuclear magnetic resonance   
   Ob      Oscillatoria brevis    
   Pa     Pseudomonas aeruginosa   
  PDB    Protein Data Bank   
  RHH    ribbon-helix-helix (motif)   
   Rl      Rhizobium leguminosarum    
  RNAP    RNA polymerase   
   Sa      Staphylococcus aureus    
   Sc     Streptomyces coelicolor   
   Se     Salmonella enterica   
   Sg     Streptococcus gordonii   
   Sy     Synechococcus or Synechocystis   
   Tt     Thermus thermophilus   
   Vc     Vibrio colerae   
  wHTH    winged helix-turn-helix (motif)          



166 Zambelli, Musiani, and Ciurli

   References 

    1.    L. A. Finney, T. V. O’Halloran,  Science   2003 ,  300 , 931–936.  
    2.    K. J. Waldron, J. C. Rutherford, D. Ford, N. J. Robinson,  Nature   2009 ,  460 , 823–830.  
    3.    R. J. P. Williams,  Coord. Chem. Rev .  2001 ,  216 , 583–595.  
    4.    S. Silver, T. L. Phung,  J. Ind. Microbiol. Biotechnol .  2005 ,  32 , 587–605.  
    5.    U. Kramer,  Annu. Rev. Plant. Biol .  2010 ,  61 , 517–534.  
    6.    P. van Rhijn, J. Vanderleyden,  Microbiol. Rev .  1995 ,  59 , 124–142.  
    7.    B. N. Kaiser, S. Moreau, J. Castelli, R. Thomson, A. Lambert, S. Bogliolo, A. Puppo, D. A. Day, 

 Plant J .  2003 ,  35 , 295–304.  
    8.    J. M. Palacios, H. Manyani, M. Martinez, A. C. Ureta, B. Brito, E. Bascones, L. Rey, 

J. Imperial, T. Ruiz-Argueso,  Biochem. Soc. Trans .  2005 ,  33 , 94–96.  
    9.    D. Legrand, A. Pierce, E. Elass, M. Carpentier, C. Mariller, J. Mazurier,  Adv. Exp. Med. Biol . 

 2008 ,  606 , 163–194.  
    10.    B. D. Corbin, E. H. Seeley, A. Raab, J. Feldmann, M. R. Miller, V. J. Torres, K. L. Anderson, 

B. M. Dattilo, P. M. Dunman, R. Gerads, R. M. Caprioli, W. Nacken, W. J. Chazin, E. P. Skaar, 
 Science   2008 ,  319 , 962–965.  

    11.    M. A. Almiron, R. A. Ugalde,  J. Microbiol .  2010 ,  48 , 668–673.  
    12.    C. M. Litwin, S. B. Calderwood,  Clin. Microbiol. Rev .  1993 ,  6 , 137–149.  
    13.    A. Danielli, V. Scarlato,  FEMS Microbiol. Rev .  2010 ,  34 , 738–752.  
    14.    K. Muhsen, D. Cohen,  Helicobacter   2008 ,  13 , 323–340.  
    15.    J. Stoof, S. Breijer, R. G. Pot, D. van der Neut, E. J. Kuipers, J. G. Kusters, A. H. van Vliet, 

 Environ. Microbiol .  2008 ,  10 , 2586–2597.  
    16.    Z. Ma, F. E. Jacobsen, D. P. Giedroc,  Chem. Rev .  2009 ,  109 , 4644–4681.  
    17.    S. Silver, L. T. Phung,  Ann. Rev. Microbiol .  1996 ,  50 , 753–789.  
    18.    D. Osman, J. S. Cavet,  Nat. Prod. Rep .  2010 ,  27 , 668–680.  
    19.    K. S. Gajiwala, S. K. Burley,  Curr. Opin. Struct. Biol .  2000 ,  10 , 110–116.  
    20.    E. R. Schreiter, C. L. Drennan,  Nat. Rev. Microbiol .  2007 ,  5 , 710–720.  
    21.    M. A. Pennella, D. P. Giedroc,  Biometals   2005 ,  18 , 413–428.  
    22.    D. R. Campbell, K. E. Chapman, K. J. Waldron, S. Tottey, S. Kendall, G. Cavallaro, C. Andreini, 

J. Hinds, N. G. Stoker, N. J. Robinson, J. S. Cavet,  J. Biol. Chem .  2007 ,  282 , 32298–32310.  
    23.    A. P. Morby, J. S. Turner, J. W. Huckle, N. J. Robinson,  Nucleic Acids Res .  1993 ,  21 , 

921–925.  
    24.    J. Wu, B. P. Rosen,  Mol. Microbiol .  1991 ,  5 , 1331–1336.  
    25.    C. Thelwell, N. J. Robinson, J. S. Turner-Cavet,  Proc. Natl. Acad. Sci .  1998 ,  95 , 

10728–10733.  
    26.    G. Endo, S. Silver,  J. Bacteriol .  1995 ,  177 , 4437–4441.  
    27.    C. Eicken, M. A. Pennella, X. Chen, K. M. Koshlap, M. L. VanZile, J. C. Sacchettini, D. P. 

Giedroc,  J. Mol. Biol .  2003 ,  333 , 683–695.  
    28.    C. M. Moore, A. Gaballa, M. Hui, R. W. Ye, J. D. Helmann,  Mol. Microbiol .  2005 ,  57 , 27–40.  
    29.    T. Liu, J. W. Golden, D. P. Giedroc,  Biochemistry   2005 ,  44 , 8673–8683.  
    30.    J. S. Cavet, W. Meng, M. A. Pennella, R. J. Appelhoff, D. P. Giedroc, N. J. Robinson,  J. Biol. 

Chem .  2002 ,  277 , 38441–38448.  
    31.    J. S. Cavet, A. I. Graham, W. Meng, N. J. Robinson,  J. Biol. Chem .  2003 ,  278 , 

44560–44566.  
    32.    T. Liu, X. Chen, Z. Ma, J. Shokes, L. Hemmingsen, R. A. Scott, D. P. Giedroc,  Biochemistry  

 2008 ,  47 , 10564–100575.  
    33.    A. I. Arunkumar, G. C. Campanello, D. P. Giedroc,  Proc. Natl. Acad. Sci .  2009 ,  106 , 

18177–18182.  
    34.    J. Ye, A. Kandegedara, P. Martin, B. P. Rosen,  J. Bacteriol .  2005 ,  187 , 4214–4221.  
    35.    L. Banci, I. Bertini, F. Cantini, S. Ciofi -Baffoni, J. S. Cavet, C. Dennison, A. I. Graham, D. R. 

Harvie, N. J. Robinson,  J. Biol. Chem .  2007 ,  282 , 30181–30188.  
    36.    M. D. Wong, Y. F. Lin, B. P. Rosen,  J. Biol. Chem .  2002 ,  277 , 40930–40936.  



1675 Metal Ion-Mediated DNA-Protein Interactions

    37.    W. Shi, J. Dong, R. A. Scott, M. Y. Ksenzenko, B. P. Rosen,  J. Biol. Chem .  1996 ,  271 , 
9291–9297.  

    38.    J. Qin, H. L. Fu, J. Ye, K. Z. Bencze, T. L. Stemmler, D. E. Rawlings, B. P. Rosen,  J. Biol. 
Chem .  2007 ,  282 , 34346–34355.  

    39.    L. S. Busenlehner, T. C. Weng, J. E. Penner-Hahn, D. P. Giedroc,  J. Mol. Biol .  2002 ,  319 , 
685–701.  

    40.    T. O’Halloran, C. Walsh,  Science   1987 ,  235 , 211–214.  
    41.    N. L. Brown, J. V. Stoyanov, S. P. Kidd, J. L. Hobman,  FEMS Microbiol. Rev .  2003 ,  27 , 

145–163.  
    42.    C. B. Harley, R. P. Reynolds,  Nucleic Acids Res .  1987 ,  15 , 2343–2361.  
    43.    D. F. Browning, S. J. Busby,  Nat. Rev. Microbiol .  2004 ,  2 , 57–65.  
    44.    A. Z. Ansari, M. L. Chael, T. V. O’Halloran,  Nature   1992 ,  355 , 87–89.  
    45.    C. E. Outten, F. W. Outten, T. V. O’Halloran,  J. Biol. Chem .  1999 ,  274 , 37517–37524.  
    46.    B. Borremans, J. L. Hobman, A. Provoost, N. L. Brown, D. van Der Lelie,  J. Bacteriol .  2001 , 

 183 , 5651–5658.  
    47.    A. Changela, K. Chen, Y. Xue, J. Holschen, C. E. Outten, T. V. O’Halloran, A. Mondragon, 

 Science   2003 ,  301 , 1383–1387.  
    48.    K. R. Brocklehurst, S. J. Megit, A. P. Morby,  Biochem. Biophys. Res. Commun .  2003 ,  308 , 

234–239.  
    49.    L. B. Pontel, M. E. Audero, M. Espariz, S. K. Checa, F. C. Soncini,  Mol. Microbiol .  2007 ,  66 , 

814–825.  
    50.    X. Jian, E. C. Wasinger, J. V. Lockard, L. X. Chen, C. He,  J. Am. Chem. Soc .  2009 ,  131 , 

10869–10871.  
    51.    L. M. Utschig, J. W. Bryson, T. V. O’Halloran,  Science   1995 ,  268 , 380–385.  
    52.    S. K. Checa, M. Espariz, M. E. Audero, P. E. Botta, S. V. Spinelli, F. C. Soncini,  Mol. 

Microbiol .  2007 ,  63 , 1307–1318.  
    53.    M. Ahmed, L. Lyass, P. N. Markham, S. S. Taylor, N. Vazquez-Laslop, A. A. Neyfakh,  J. 

Bacteriol .  1995 ,  177 , 3904–3910.  
    54.    E. E. Heldwein, R. G. Brennan,  Nature   2001 ,  409 , 378–382.  
    55.    K. J. Newberry, R. G. Brennan,  J. Biol. Chem .  2004 ,  279 , 20356–20362.  
    56.    S. Watanabe, A. Kita, K. Kobayashi, K. Miki,  Proc. Natl. Acad. Sci. USA   2008 ,  105 , 

4121–4126.  
    57.    B. Gold, G. M. Rodriguez, S. A. Marras, M. Pentecost, I. Smith,  Mol. Microbiol .  2001 ,  42 , 

851–865.  
    58.    I. Brune, H. Werner, A. T. Huser, J. Kalinowski, A. Puhler, A. Tauch,  BMC Genomics   2006 , 

 7 , 1–19.  
    59.    I. Brune, H. Werner, A. T. Huser, J. Kalinowski, A. Puhler, A. Tauch,  BMC Genomics   2006 , 

 7 , 21.  
    60.    M. M. Spiering, D. Ringe, J. R. Murphy, M. A. Marletta,  Proc. Natl. Acad. Sci. USA   2003 , 

 100 , 3808–3813.  
    61.    M. P. Schmitt, M. Predich, L. Doukhan, I. Smith, R. K. Holmes,  Infect. Immun .  1995 ,  63 , 

4284–4289.  
    62.    X. Qiu, C. L. Verlinde, S. Zhang, M. P. Schmitt, R. K. Holmes, W. G. Hol,  Structure   1995 ,  3 , 

87–100.  
    63.    X. Qiu, E. Pohl, R. K. Holmes, W. G. Hol,  Biochemistry   1996 ,  35 , 12292–12302.  
    64.    N. Schiering, X. Tao, H. Zeng, J. R. Murphy, G. A. Petsko, D. Ringe,  Proc. Natl. Acad. Sci. 

U S A   1995 ,  92 , 9843–9850.  
    65.    X. Ding, H. Zeng, N. Schiering, D. Ringe, J. R. Murphy,  Nat. Struct. Biol .  1996 ,  3 , 382–387.  
    66.    A. White, X. Ding, J. C. vanderSpek, J. R. Murphy, D. Ringe,  Nature   1998 ,  394 , 502–506.  
    67.    E. Pohl, R. K. Holmes, W. G. Hol,  J. Mol. Biol .  1999 ,  292 , 653–667.  
    68.    E. Pohl, R. K. Holmes, W. G. Hol,  J. Mol. Biol .  1999 ,  285 , 1145–1156.  
    69.    M. D. Feese, B. P. Ingason, J. Goranson-Siekierke, R. K. Holmes, W. G. Hol,  J. Biol. Chem . 

 2001 ,  276 , 5959–5966.  
    70.    G. Wisedchaisri, R. K. Holmes, W. G. Hol,  J. Mol. Biol .  2004 ,  342 , 1155–1169.  



168 Zambelli, Musiani, and Ciurli

    71.    G. P. Wylie, V. Rangachari, E. A. Bienkiewicz, V. Marin, N. Bhattacharya, J. F. Love, J. R. 
Murphy, T. M. Logan,  Biochemistry   2005 ,  44 , 40–51.  

    72.    C. Liu, K. Mao, M. Zhang, Z. Sun, W. Hong, C. Li, B. Peng, Z. Chang,  J. Biol. Chem .  2008 , 
 283 , 2439–2453.  

    73.    C. J. Chou, G. Wisedchaisri, R. R. Monfeli, D. M. Oram, R. K. Holmes, W. G. Hol, C. 
Beeson,  J. Biol. Chem .  2004 ,  279 , 53554–53561.  

    74.    P. D. Twigg, G. Parthasarathy, L. Guerrero, T. M. Logan, D. L. Caspar,  Proc. Natl. Acad. Sci. 
USA   2001 ,  98 , 11259–11264.  

    75.    M. Semavina, D. Beckett, T. M. Logan,  Biochemistry   2006 ,  45 , 12480–12490.  
    76.    S. A. Lieser, T. C. Davis, J. D. Helmann, S. M. Cohen,  Biochemistry   2003 ,  42 , 12634–12642.  
    77.    A. Glasfeld, E. Guedon, J. D. Helmann, R. G. Brennan,  Nat. Struct. Biol .  2003 ,  10 , 652–657.  
    78.    J. I. Kliegman, S. L. Griner, J. D. Helmann, R. G. Brennan, A. Glasfeld,  Biochemistry   2006 , 

 45 , 3493–3505.  
    79.    M. A. DeWitt, J. I. Kliegman, J. D. Helmann, R. G. Brennan, D. L. Farrens, A. Glasfeld,  J. 

Mol. Biol .  2007 ,  365 , 1257–1265.  
    80.    M. Golynskiy, S. Li, V. L. Woods, Jr., S. M. Cohen,  J. Biol. Inorg. Chem .  2007 ,  12 , 699–709.  
    81.    T. Tanaka, A. Shinkai, Y. Bessho, T. Kumarevel, S. Yokoyama,  Proteins   2009 ,  77 , 741–746.  
    82.    K. E. Stoll, W. E. Draper, J. I. Kliegman, M. V. Golynskiy, R. A. Brew-Appiah, R. K. Phillips, 

H. K. Brown, W. A. Breyer, N. S. Jakubovics, H. F. Jenkinson, R. G. Brennan, S. M. Cohen, 
A. Glasfeld,  Biochemistry   2009 ,  48 , 10308–10320.  

    83.    S. C. Andrews, A. K. Robinson, F. Rodriguez-Quinones,  FEMS Microbiol. Rev .  2003 ,  27 , 
215–237.  

    84.    A. Bagg, J. B. Neilands,  Biochemistry   1987 ,  26 , 5471–5477.  
    85.    R. W. Prince, D. G. Storey, A. I. Vasil, M. L. Vasil,  Mol. Microbiol .  1991 ,  5 , 2823–2831.  
    86.    S. Bereswill, F. Lichte, T. Vey, F. Fassbinder, M. Kist,  FEMS Microbiol. Lett .  1998 ,  159 , 

193–200.  
    87.    A. R. Mey, E. E. Wyckoff, V. Kanukurthy, C. R. Fisher, S. M. Payne,  Infect. Immun .  2005 ,  73 , 

8167–8178.  
    88.    V. de Lorenzo, S. Wee, M. Herrero, J. B. Neilands,  J. Bacteriol .  1987 ,  169 , 2624–2630.  
    89.    E. Masse, H. Salvail, G. Desnoyers, M. Arguin,  Curr. Opin. Microbiol .  2007 ,  10 , 140–145.  
    90.    I. Delany, G. Spohn, R. Rappuoli, V. Scarlato,  Mol. Microbiol .  2001 ,  42 , 1297–1309.  
    91.    A. Danielli, D. Roncarati, I. Delany, V. Chiarini, R. Rappuoli, V. Scarlato,  J. Bacteriol .  2006 , 

 188 , 4654–4662.  
    92.    D. Lucarelli, S. Russo, E. Garman, A. Milano, W. Meyer-Klaucke, E. Pohl,  J. Biol. Chem . 

 2007 ,  282 , 9914–9922.  
    93.    E. Diaz-Mireles, M. Wexler, G. Sawers, D. Bellini, J. D. Todd, A. W. Johnston,  Microbiology  

 2004 ,  150 , 1447–1456.  
    94.    B. E. Ahn, J. Cha, E. J. Lee, A. R. Han, C. J. Thompson, J. H. Roe,  Mol. Microbiol .  2006 ,  59 , 

1848–1858.  
    95.    J. W. Lee, J. D. Helmann,  Nature   2006 ,  440 , 363–367.  
    96.    E. Pohl, J. C. Haller, A. Mijovilovich, W. Meyer-Klaucke, E. Garman, M. L. Vasil,  Mol. 

Microbiol .  2003 ,  47 , 903–915.  
    97.    D. A. Traore, A. El Ghazouani, S. Ilango, J. Dupuy, L. Jacquamet, J. L. Ferrer, C. Caux-Thang, 

V. Duarte, J. M. Latour,  Mol. Microbiol .  2006 ,  61 , 1211–1219.  
    98.    D. A. Traore, A. El Ghazouani, L. Jacquamet, F. Borel, J. L. Ferrer, D. Lascoux, J. L. Ravanat, 

M. Jaquinod, G. Blondin, C. Caux-Thang, V. Duarte, J. M. Latour,  Nat. Chem. Biol .  2009 ,  5 , 
53–59.  

    99.    Y. J. An, B. E. Ahn, A. R. Han, H. M. Kim, K. M. Chung, J. H. Shin, Y. B. Cho, J. H. Roe, S. 
S. Cha,  Nucleic. Acids Res .  2009 ,  37 , 3442–3451.  

    100.    M. A. Sheikh, G. L. Taylor,  Mol. Microbiol .  2009 ,  72 , 1208–1220.  
    101.    C. Dian, S. Vitale, G. A. Leonard, C. Bahlawane, C. Fauquant, D. Leduc, C. Muller, H. de 

Reuse, I. Michaud-Soret, L. Terradot,  Mol. Microbiol .  2011 ,  79 , 1260–1275.  
    102.    L. Pecqueur, B. D’Autreaux, J. Dupuy, Y. Nicolet, L. Jacquamet, B. Brutscher, I. Michaud-

Soret, B. Bersch,  J. Biol. Chem .  2006 ,  281 , 21286–21295.  



1695 Metal Ion-Mediated DNA-Protein Interactions

    103.    A. C. Lewin, P. A. Doughty, L. Flegg, G. R. Moore, S. Spiro,  Microbiology   2002 ,  148 , 
2449–2456.  

    104.    S. K. Small, S. Puri, M. R. O’Brian,  Biometals   2009 ,  22 , 89–97.  
    105.    K. De Pina, V. Desjardin, M. A. Mandrand-Berthelot, G. Giordano, L. F. Wu,  J. Bacteriol . 

 1999 ,  181 , 670–674.  
    106.    P. T. Chivers, R. T. Sauer,  J. Biol. Chem .  2000 ,  275 , 19735–19741.  
    107.    A. H. van Vliet, F. D. Ernst, J. G. Kusters,  Trends Microbiol .  2004 ,  12 , 489–494.  
    108.    E. L. Benanti, P. T. Chivers,  J. Bacteriol .  2009 ,  191 , 2405–2408.  
    109.    E. R. Schreiter, M. D. Sintchak, Y. Guo, P. T. Chivers, R. T. Sauer, C. L. Drennan,  Nat. Struct. 

Biol .  2003 ,  10 , 794–799.  
    110.    P. T. Chivers, T. H. Tahirov,  J. Mol. Biol .  2005 ,  348 , 597–607.  
    111.    E. R. Schreiter, S. C. Wang, D. B. Zamble, C. L. Drennan,  Proc. Natl. Acad. Sci. USA   2006 , 

 103 , 13676–13681.  
    112.    C. Dian, K. Schauer, U. Kapp, S. M. McSweeney, A. Labigne, L. Terradot,  J. Mol. Biol .  2006 , 

 361 , 715–730.  
    113.    C. M. Phillips, E. R. Schreiter, Y. Guo, S. C. Wang, D. B. Zamble, C. L. Drennan,  Biochemistry  

 2008 ,  47 , 1938–1946.  
    114.    A. L. West, F. St John, P. E. Lopes, A. D. MacKerell, Jr., E. Pozharski, S. L. Michel,  J. Am. 

Chem. Soc .  2010 ,  132 , 14447–14456.  
    115.    P. T. Chivers, R. T. Sauer,  Protein Sci .  1999 ,  8 , 2494–2500.  
    116.    P. T. Chivers, R. T. Sauer,  Chem. Biol .  2002 ,  9 , 1141–1148.  
    117.    N. S. Dosanjh, S. L. Michel,  Curr. Opin. Chem. Biol .  2006 ,  10 , 123–130.  
    118.    F. Musiani, B. Bertosa, A. Magistrato, B. Zambelli, P. Turano, V. Losasso, C. Micheletti, S. 

Ciurli, P. Carloni,  J. Comput. Theor. Chem .  2010 ,  6 , 3503–3515.  
    119.    T. Liu, A. Ramesh, Z. Ma, S. K. Ward, L. Zhang, G. N. George, A. M. Talaat, J. C. Sacchettini, 

D. P. Giedroc,  Nat. Chem. Biol .  2007 ,  3 , 60–68.  
    120.    T. Liu, A. Ramesh, Z. Ma, S. K. Ward, L. Zhang, G. N. George, A. M. Talaat, J. C. Sacchettini, 

D. P. Giedroc,  Nat. Chem. Biol .  2007 ,  3 , 60–68.  
    121.    K. Sakamoto, Y. Agari, K. Agari, S. Kuramitsu, A. Shinkai,  Microbiology   2010 ,  156 , 

1993–2005.  
    122.    Z. Ma, D. M. Cowart, R. A. Scott, D. P. Giedroc,  Biochemistry   2009 ,  48 , 3325–3334.  
    123.    J. S. Iwig, J. L. Rowe, P. T. Chivers,  Mol. Microbiol .  2006 ,  62 , 252–262.  
    124.    J. S. Iwig, S. Leitch, R. W. Herbst, M. J. Maroney, P. T. Chivers,  J. Am. Chem. Soc .  2008 ,  130 , 

7592–7606.  
    125.    A. Rodrigue, G. Effantin, M. A. Mandrand-Berthelot,  J. Bacteriol .  2005 ,  187 , 2912–2916.  
    126.    D. Strausak, M. Solioz,  J. Biol. Chem .  1997 ,  272 , 8932–8936.  
    127.    P. A. Cobine, C. E. Jones, C. T. Dameron,  J. Inorg. Biochem .  2002 ,  88 , 192–196.  
    128.    P. A. Cobine, G. N. George, C. E. Jones, W. A. Wickramasinghe, M. Solioz, C. T. Dameron, 

 Biochemistry   2002 ,  41 , 5822–5829.  
    129.    F. Cantini, L. Banci, M. Solioz,  Biochem. J .  2009 ,  417 , 493–499.  
    130.    L. A. Anderson, T. Palmer, N. C. Price, S. Bornemann, D. H. Boxer, R. N. Pau,  Eur. J. 

Biochem .  1997 ,  246 , 119–126.  
    131.    S. E. Maddocks, P. C. Oyston,  Microbiology   2008 ,  154 , 3609–3623.  
    132.    L. A. Anderson, E. McNairn, T. Lubke, R. N. Pau, D. H. Boxer,  J. Bacteriol .  2000 ,  182 , 

7035–7043.  
    133.    D. R. Hall, D. G. Gourley, G. A. Leonard, E. M. Duke, L. A. Anderson, D. H. Boxer, W. N. 

Hunter,  EMBO J .  1999 ,  18 , 1435–1446.  
    134.    A. W. Schuttelkopf, D. H. Boxer, W. N. Hunter,  J. Mol. Biol .  2003 ,  326 , 761–767.  
    135.    A. Khorchid, M. Ikura,  Int. J. Biochem. Cell. Biol .  2006 ,  38 , 307–312.  
    136.    R. Gao, A. M. Stock,  Ann. Rev. Microbiol .  2009 ,  63 , 133–154.  
    137.    G. P. Munson, D. L. Lam, F. W. Outten, T. V. O’Halloran,  J. Bacteriol .  2000 ,  182 , 5864–5871.  
    138.    T. Ogawa, D. H. Bao, H. Katoh, M. Shibata, H. B. Pakrasi, M. Bhattacharyya-Pakrasi,  J. Biol. 

Chem .  2002 ,  277 , 28981–28986.  
    139.    K. S. Murakami, S. Masuda, S. A. Darst,  Science   2002 ,  296 , 1280–1284.  



170 Zambelli, Musiani, and Ciurli

    140.    D. G. Vassylyev, S. Sekine, O. Laptenko, J. Lee, M. N. Vassylyeva, S. Borukhov, S. Yokoyama, 
 Nature   2002 ,  417 , 712–719.  

    141.    A. Staron, H. J. Sofi a, S. Dietrich, L. E. Ulrich, H. Liesegang, T. Mascher,  Mol. Microbiol . 
 2009 ,  74 , 557–581.  

    142.    V. Braun, S. Mahren, A. Sauter,  Biometals   2006 ,  19 , 103–113.  
    143.    C. Grosse, S. Friedrich, D. H. Nies,  J. Mol. Microbiol. Biotechnol .  2007 ,  12 , 227–240.  
    144.    G. Grass, B. Fricke, D. H. Nies,  Biometals   2005 ,  18 , 437–448.  
    145.   J. Trepreau, E. Girard, A. P. Maillard, E. de Rosny, I. Petit-Haertlein, R. Kahn, J. Coves,  J. 

Mol. Biol.   2011 , in press.  
    146.    C. W. MacDiarmid, L. A. Gaither, D. Eide,  EMBO J .  2000 ,  19 , 2845–2855.  
    147.    L. Li, O. S. Chen, D. McVey Ward, J. Kaplan,  J. Biol. Chem .  2001 ,  276 , 29515–29519.  
    148.    R. Ueta, N. Fujiwara, K. Iwai, Y. Yamaguchi-Iwai,  Mol. Biol. Cell .  2007 ,  18 , 2980–2890.  
    149.    K. R. Brown, G. L. Keller, I. J. Pickering, H. H. Harris, G. N. George, D. R. Winge, 

 Biochemistry   2002 ,  41 , 6469–6476.  
    150.    M. M. Pena, K. A. Koch, D. J. Thiele,  Mol. Cell. Biol .  1998 ,  18 , 2514–2523.  
    151.    A. J. Bird, K. McCall, M. Kramer, E. Blankman, D. R. Winge, D. J. Eide,  EMBO J .  2003 ,  22 , 

5137–5146.  
    152.    Z. Wang, L. S. Feng, V. Matskevich, K. Venkataraman, P. Parasuram, J. H. Laity,  J. Mol. Biol . 

 2006 ,  357 , 1167–1183.  
    153.    U. Wimmer, Y. Wang, O. Georgiev, W. Schaffner,  Nucleic Acids Res .  2005 ,  33 , 5715–5727.  
    154.    J. H. Laity, G. K. Andrews,  Arch. Biochem. Biophys .  2007 ,  463 , 201–210.  
    155.    X. Chen, H. Hua, K. Balamurugan, X. Kong, L. Zhang, G. N. George, O. Georgiev, W. 

Schaffner, D. P. Giedroc,  Nucleic Acids Res .  2008 ,  36 , 3128–3138.  
    156.    H. Q. Ling, P. Bauer, Z. Bereczky, B. Keller, M. Ganal,  Proc. Natl. Acad. Sci. USA   2002 ,  99 , 

13938–13943.  
    157.    E. P. Colangelo, M. L. Guerinot,  Plant Cell   2004 ,  16 , 3400–3412.  
    158.    H. Yamasaki, M. Hayashi, M. Fukazawa, Y. Kobayashi, T. Shikanai,  Plant Cell   2009 ,  21 , 

347–361.  
     159.  S. Benini, M. Cianci, S. Ciurli,  Dalton Trans .  2011 ,  40 , 7831–7833  
     160.  B. Zambelli, M. Bellucci, A. Danielli, V. Scarlato, S. Ciurli,  Chem. Commun .  2007 , 

3649–3651  
     161.  B. Zambelli, A. Danielli, S. Romagnoli, P. Neyroz, S. Ciurli, V. Scarlato,  J. Mol. Biol .  2008 , 

 383 , 1129–1143     



171A. Sigel, H. Sigel, and R.K.O. Sigel, Interplay between Metal Ions and Nucleic Acids, 
Metal Ions in Life Sciences 10, DOI 10.1007/978-94-007-2172-2_6, 
© Springer Science+Business Media B.V. 2012

    J.  R.   Morrow    (*) •     C.  M.   Andolina  
     Department of Chemistry ,  University at Buffalo, State University of New York , 
  Buffalo ,  NY   14260-3000 ,  USA    
e-mail:  jmorrow@buffalo.edu;     christopher.andolina@gmail.com   

    Chapter 6   
 Spectroscopic Investigations of Lanthanide 
Ion Binding to Nucleic Acids       

       Janet   R.   Morrow       and    Christopher   M.   Andolina         

Contents

ABSTRACT .............................................................................................................................  172
1 INTRODUCTION .............................................................................................................  172
 1.1 Lanthanide(III) Ions as Luminescent Probes ............................................................  172
 1.2 Metal Ion Binding to Nucleic Acids .........................................................................  174
 1.3 Lanthanide(III) Ions as Probes for Metal Ion Binding Sites in Nucleic Acids .........  175
2 DIRECT EXCITATION LANTHANIDE LUMINESCENCE ..........................................  176
 2.1 Luminescence Properties of the Lanthanide Ions .....................................................  176
 2.2 Ln(III) Excitation Spectroscopy ...............................................................................  177
 2.3 Ln(III) Emission Spectroscopy .................................................................................  179
 2.4 Time-Resolved Ln(III) Luminescence Spectroscopy ...............................................  180
 2.5 Luminescence Resonance Energy Transfer ..............................................................  181
3 AQUEOUS SOLUTION CHEMISTRY OF THE LANTHANIDE(III) IONS .................  182
 3.1 Speciation as a Function of pH .................................................................................  182
 3.2 Outer- and Innersphere Anions .................................................................................  183
 3.3 Aggregation of Ln(III) in Solution at Neutral pH .....................................................  184
4 LANTHANIDE(III) BINDING TO RNA .........................................................................  184
 4.1 Transfer RNA ............................................................................................................  185
 4.2 Ribozymes and Spliceosomes ...................................................................................  186
 4.3 GAAA RNA Tetraloops ............................................................................................  186
 4.4 Double-Stranded RNA ..............................................................................................  190
5 LANTHANIDE(III) BINDING TO DNA .........................................................................  191
 5.1 Single-Stranded and Double-Stranded DNA ............................................................  191
 5.2 Base Mismatches ......................................................................................................  192
 5.3 Hairpin Loops and Quadruplexes .............................................................................  193
6 LANTHANIDE ION BINDING TO MODIFIED NUCLEIC ACIDS 

CONTAINING ADDITIONAL LIGAND DONOR GROUPS .........................................  194
 6.1 Macrocyclic Ligands Conjugated to DNA ................................................................  194
 6.2 DNA Non-nucleosidic Linkers for Ln(III) Binding ..................................................  194



172 Morrow and Andolina

  Abstract   Luminescent lanthanide (Ln(III)) ions are valuable spectroscopic probes 
for metal ion binding sites in nucleic acids. In this chapter, we briefl y review Ln(III) 
luminescence and the information available from these experiments. An emphasis is 
placed on direct excitation Eu(III) spectroscopy as a tool. Eu(III) excitation spectros-
copy is used to show that solutions containing micromolar Eu(III), 100 mM NaCl, and 
20 mM MES buffer contain predominantly a mononuclear Eu(III) aqua complex and 
an Eu(III) hydroxide complexes. The binding of these species to various RNA and 
DNA sequences are monitored by using Eu(III) excitation spectroscopy. Eu(III) lumi-
nescence lifetime data shows that the Eu(III) ion typically loses 1–3 water molecules 
to form innersphere complexes with RNA and DNA that contain tandem base pair 
mismatches or hairpin loops. In addition, early studies that used nucleobase-sensitized 
Eu(III) or Tb(III) luminescence within transfer RNA or in the hammerhead ribozyme 
are presented. Luminescence resonance energy transfer studies are shown to be useful 
for determining distances between bound Ln(III) ion and organic fl uorophores or 
between two different Ln(III) ions. To supplement luminescence data, the binding 
sites of paramagnetic Ln(III) ions are determined by monitoring the chemical shifts of 
nucleotide protons. Binding sites are identifi ed by following the protons that are infl u-
enced by the Ln(III) pseudo-contact shift.  

  Keywords   DNAzyme   • europium  •  fl uorescence resonance energy transfer  
 • lanthanide ion aqueous complexes   • lanthanide ion complexes   • lanthanide ion 
coordination chemistry •   lanthanide ion dimerization   • lanthanide ion hydrolysis  
 • laser induced luminescence   • luminescence lifetimes     • lanthanide luminescence  
 • lanthanide ion macrocyclic complexes   • lanthanide ion solution chemistry   • nucleic 
acid materials • nucleic acid structure • pseudo-contact shift • ribozyme • RNA 
NMR structure      

    1   Introduction 

    1.1   Lanthanide(III) Ions as Luminescent Probes 

 Exquisitely detailed information about the Ln(III) coordination sphere can be obtained 
from luminescence studies of Ln(III) complexes  [  1–  5  ] . The information obtained 
from luminescence experiments is especially valuable for the characterization of 
metal ion binding sites in biopolymers. A primary example of this is the use of Eu(III) 
or Tb(III) ions as spectroscopically active metal ion surrogates for the study of Ca(II) 
ion binding sites in proteins and peptides  [  6,  7  ] . Ln(III) luminescence spectroscopy has 
enabled the characterization of these metal ion binding sites by giving information on 
the type of ligand donor group, geometry of the complex, number of bound waters and 
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Ln(III)-Ln(III) internuclear distances in the case of multiple metal ion binding sites. 
In contrast, there are relatively few studies that use Ln(III) ions for probing metal ion 
binding sites in nucleic acids, despite the importance of metal cation interactions in 
DNA and RNA. In this chapter, studies on Ln(III) binding to RNA, DNA, and to 
nucleic acids containing non-natural ligands that bind Ln(III) ions are reviewed. 

 There are two commonly used methods to excite Ln(III) luminescence  [  3,  8–  10  ] . 
The most frequently used method relies on excitation of a sensitizing ligand, generally 
an organic dye, as discussed further below. The second method is direct photo-
excitation of Ln(III) ion luminescence through electronic transitions within the 4f n  
manifold. However, the electronic transitions between states with a 4f n  confi guration 
are electric dipole (parity) and spin forbidden transitions giving rise to extremely weak 
luminescence from dilute solutions of Ln(III) ions. Powerful (mJ/pulse) excitation 
sources are needed to study direct Ln(III) luminescence. The weak luminescence of 
the Ln(III) ions is exacerbated further in aqueous solution due to effective non-radia-
tive quenching of luminescence by adjacent OH oscillators of water. Thus, dilute 
solution studies of Ln(III) luminescence under biologically relevant conditions are 
challenging. Laser-induced direct excitation Ln(III) luminescence was studied in the 
1980s and 1990s especially in the groups of Horrocks and Choppin  [  2,  5,  11  ] . These 
systems used a pumped dye laser for excitation over a narrow wavelength window. 
More recently in the Morrow laboratory, a novel spectroscopic system was built based 
on an injection seeded frequency tripled ( l  = 355 nm) Nd:YAG pump laser coupled 
with a master oscillator power oscillator (MOPO) which offers continuously tunable 
output in the UV (230–400 nm), visible (420–690 nm), and IR (735–1800 nm) spec-
trum with approximately 50 mJ/pulse at 580 nm  [  12  ] . The superior detection limits of 
this instrument make it possible to study Eu(III) excitation spectroscopy at nanomolar 
concentrations of lanthanide complexes in water, approximately 1000-fold lower con-
centrations than previously studied. The lower concentration limits for studying lan-
thanide ions in water by using the MOPO/laser system enables us to study interactions 
with nucleic acids under more biologically relevant conditions than used previously. 
This chapter has an emphasis on the application of direct excitation Ln(III) lumines-
cence spectroscopy as a tool to study Ln(III) coordination sphere and to gain insight 
on cation interactions with nucleic acids. 

 Lanthanide luminescence is more typically studied through excitation of a 
sensitizing ligand, generally an organic dye  [  3,  8,  10,  13  ] . The sensitizing ligand 
acts as an antennae which, upon photoexcitation, transfers energy to the lan-
thanide ion leading to Ln(III) luminescence. A good sensitizing ligand has a large 
molar absorptivity for conversion to the excited singlet state, effi cient intersys-
tem crossing to the triplet state and a triplet state energy between 2500–3500 
cm –1  above that of a Ln(III) excited state. Good progress has been made on the 
synthesis of Ln(III) complexes that have high quantum yields by judicious con-
sideration of photophysics of Ln(III) ions and sensitizers  [  8,  9,  14  ] . The natural 
nucleobases of DNA and RNA are not optimal for sensitization of most Ln(III); 
however, Tb(III) luminescence is sensitized in a base sequence and structure 
dependent manner  [  15,  16  ] . Early studies showed that Tb(III) ions could be sen-
sitized by both single-stranded and double-stranded nucleic acids with especially 
effi cient sensitization by guanine rich sequences  [  17  ] .  
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    1.2   Metal Ion Binding to Nucleic Acids 

 Nucleic acids contain only four different nucleosides including adenosine, guanos-
ine, thymidine and cytidine for DNA and uridine occurs instead of thymidine for 
RNA. Each nucleoside is connected through a phosphate diester linkage which 
bears a negative charge. DNA and RNA are polynucleotides with large negative 
charges that are neutralized by association with cations, which may include 
polyamines, cationic amino acids in protein complexes or divalent or monovalent 
metal cations. Most of these metal ion cations are associated loosely with the nucleic 
acid in order to neutralize charge. Such loosely associated “diffuse” cations are 
described by a non-linear Poisson-Boltzmann (NLPB) equation  [  18–  20  ] . According 
to the NLPB effect, there is a higher fraction of monovalent cations associated with 
phosphate esters of double-stranded versus single-stranded nucleic acids due to the 
closer spacing of phosphate esters in the former and the need for the alleviation of 
electrostatic stress. Interestingly, there is also a correspondingly greater association 
of cations to A-form RNA compared to B-form DNA, in part due to the closer spac-
ing of phosphate diesters in A-form nucleic acids  [  21  ] . In addition, for diffuse metal 
ions, divalent cations are more effective at relieving electrostatic stress and thus 
associate more tightly with the polynucleotide than do monovalent cations  [  20  ] . 

 In addition to diffuse metal ions, there are site specifi cally bound metal ions, 
especially in highly folded RNAs that have multiple ligand donor groups that might 
simultaneously interact with the metal ion. Site specifi cally bound metal ions may 
be outersphere and interact through water ligands or may have waters replaced to 
give innersphere interactions. In RNA structures that contain either single nucleotide 
or two nucleotide bulges, there is crystallographic evidence that metal cations such 
as Ca(II) or Mg(II) bind to specifi c donor groups such as the N7 of guanosine  [  22  ] . 
Mg(II) aqua ion has high hydration energies and frequently forms outersphere 
complexes. However, interesting innersphere Mg(II) complexes that have bidentate 
chelation have been reported  [  23–  26  ] . Other donor ligands include the carbonyl 
groups of nucleobases and the 2’-hydroxyl group of RNA. Different types of binding 
sites have been characterized for monovalent and divalent cations in large nucleic 
acid structures such as the ribosome as studied by X-ray crystallography  [  27  ] . 

 Solution state characterization of these metal ion binding sites is very diffi cult, 
especially for spectroscopically silent metal ions such as Mg(II), Na(I), K(I) or 
Ca(II). Recently developed techniques that enable the study of natural metal ions 
include methods such as Raman crystallography  [  28  ]  and solution Raman spectros-
copy to monitor binding of Mg(II) to phosphate esters  [  29  ] . However, there is a 
long tradition of employing metal ion surrogates that are spectroscopically active to 
probe metal ion binding sites in nucleic acids  [  30  ] . Briefl y, one of the more com-
monly used spectroscopic probes is Mn(II), a paramagnetic cation, which is used as 
a Mg(II) surrogate. Mn(II) binding can be probed either by using EPR spectroscopy 
or by monitoring with NMR the effect of the Mn(II) ion on protons that are in 
close proximity to the Mn(II) binding site  [  31,  32  ] . Such protons undergo effective 
line broadening due to the paramagnetic Mn(II) nucleus  [  33,  34  ] . Alternatively, 
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Co(NH 
3
 )    +3

6    is used as a surrogate for outersphere binding of fully hydrated Mg(II) 
 [  33,  35  ] . Nuclear Overhauser experiments are used to monitor through space interac-
tions between the protons on Co(NH 

3
 )    +3

6
   and those of nucleic acids close to the bind-

ing site  [  36,  37  ] . Other methods use phosphorothioate modifi cations to facilitate the 
 31 P NMR studies of Cd(II) binding  [  38,  39  ] . NMR spectroscopic studies of  15 N-labeled 
nucleobases have been used to monitor binding of both NMR silent as well as NMR 
active divalent metal ions such as  113 Cd(II)  [  40–  42  ] . Such metal ion surrogates or 
mimics have provided insight into the general properties of metal ion binding to 
nucleic acids despite criticism that the properties of surrogate ions are not identical 
to those of the naturally occurring metal ions. Recent work in this area is summa-
rized in the fi rst chapter of this volume.  

    1.3   Lanthanide(III) Ions as Probes for Metal Ion
Binding Sites in Nucleic Acids 

 Ln(III) ions have been used as surrogates for alkaline earth ion binding to nucleic 
acids, especially in proteins  [  1  ] . Ln(III) ions are close in size and coordination 
number (8–9) to Ca(II) ions, not Mg(II) ions. The large positive charge of trivalent 
Ln(III) ions is expected to result in stronger nucleic acid binding constants than 
observed for divalent ions. However, the oxophilicity and hard base character of the 
Ln(III) are properties held in common with Mg(II) and Ca(II). Large hydration 
energies are another common feature of Ln(III) and Mg(II), one that makes it diffi -
cult to form innersphere contacts  [  43  ] . 

 In addition to luminescence properties, the paramagnetic properties of the Ln(III) 
are useful in probing metal ion binding sites in nucleic acids  [  44  ] . We show that 
Ln(III) ion binding sites are mapped through pseudo-contact shifts of  1 H and  31 P 
resonances of the nucleic acids for groups that are in close proximity to the bound 
Ln(III). In this type of experiment, the different magnetic but similar chemical 
properties of each of the paramagnetic Ln(III) ions are utilized. Metal ion binding 
sites are mapped through a series of  1 H or  31 P NMR titrations that capitalize on the 
different distance range of measurable pseudo-contact shift for each Ln(III)  [  45  ] . 

 We begin the chapter by reviewing typical luminescence experiments with an 
emphasis on direct excitation Eu(III) luminescence. In Section  3 , the aqueous chemis-
try of Eu(III) as studied by direct excitation luminescence is presented as background 
for understanding binding to nucleic acids. In Section  4 , Ln(III) binding to RNA is 
discussed for structurally complex large RNAs including transfer RNA, ribozymes, 
and splicesomes. This is followed by presentation of studies of simple structural motifs 
such as duplexes or hairpin loops that can readily be investigated by NMR spectros-
copy methods in addition to luminescence methods. The last section will cover Ln(III) 
complexes of modifi ed nucleic acids which are of interest in the fi eld of supramolecu-
lar chemistry for the preparation of organized assemblies of metal ions.   
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    2   Direct Excitation Lanthanide Luminescence 

    2.1   Luminescence Properties of the Lanthanide Ions 

 The 4f orbitals of the Ln(III) are isolated from the environment by the fi lled outer-
core 5s and 5p electrons that are of lower energy but extend further into space. Thus 
the 4f orbitals do not participate to any large extent in bonding. A consequence of 
f-orbital shielding and minimal interaction with the environment or crystal fi eld is 
that the selection rules for f-f transitions lead to weak absorption and emission spec-
tra. The atomic line-like spectra of the Ln(III) do not change markedly with envi-
ronment compared to transition metals, except for crystal fi eld splitting of the f-f 
transitions  [  10  ] . 

 Shown in Scheme  1  is the energy level diagram for Eu(III) showing the ground 
state  7 F manifold and the fi rst three excited states. Energy differences between terms 
arise primarily from differences in Coulombic or interelectronic repulsion to give 
separations on the order of 10 4  cm –1 . Terms are further split by spin-orbit coupling 
(10 3  cm –1 ) to give several J levels. As shown in Scheme  1 , the ground state  7 F manifold 
for the free Eu(III) ion has seven J levels. The energy level diagrams for the other 

  Scheme 1    Energy level 
diagram of Eu(III).       
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Ln(III) are available  [  46  ] . Finally, the matrix or the ligand donors in complexes (the 
crystal fi eld) may split each of the J levels into further sublevels. Of note, apart from 
Eu(III), none of the other Ln(III) ions has a ground state or a lowest excited state that 
is non-degenerate. This feature makes Eu(III) an especially good probe because excita-
tion and emission bands are relatively simple for certain transitions.  

 Of special note is the energy difference between the fi rst excited state and the 
highest level of the ground state manifold for each Ln(III). The smaller this energy 
difference, the more readily the Ln(III) ion is quenched non-radiatively by vibronic 
processes including water OH oscillations or by other solvent or ligand NH, OH 
or CH stretches according to the energy gap law  [  46  ] . Highly quenched Ln(III) 
ions have low quantum yields and luminescence lifetimes that are generally in 
the sub-microsecond (Er(III), Tm(III), Ho(III)) or microsecond (Yb(III), Sm(III), 
Dy(III)) range. Conversely, Ln(III) with large energy gaps can have lifetimes in 
the millisecond range (Eu(III), Tb(III), Gd(III)). Eu(III) and Tb(III) are the most 
commonly used luminescent Ln(III), in part due to their longer lifetimes, moderate 
susceptibility to OH quenching, which is useful for water counting experiments, and 
their emission bands, which are in the visible region of the spectrum. These long-
lived excited states facilitate experiments that involve time-gating luminescence to 
obtain higher signal to noise ratios by applying a temporal delay to allow back-
ground fl uorescence to decay after an excitation pulse.  

    2.2   Ln(III) Excitation Spectroscopy 

 The Eu(III) ion is one of the most useful of the Ln(III) luminescent probes  [  47  ] . 
Europium’s utility as a probe is partly attributed to the non-degenerate ground state 
( 7 F 

0
 ) and fi rst excited state ( 5 D 

0
 ). Thus excitation through the  7 F 

0
  →  5 D 

0
  transition 

gives rise to a single peak for each Eu(III) species because this f-f transition is not 
split by ligand fi elds. This transition is extremely useful for monitoring the solution 
chemistry of Eu(III) complexes. For example, coordination complex isomers that dif-
fer by ligand conformation or ligand ionization state can be distinguished. Research 
in Horrock’s and Choppin’s laboratories in particular popularized this transition for 
the study of the solution chemistry of Eu(III) in simple coordination complexes and 
in proteins  [  5,  48–  50  ] . In Figure  1  are shown several examples of the  7 F 

0
  →  5 D 

0
  tran-

sition for different Eu(III) complexes both in solution and in the solid state. These 
studies show that the detection limit is 10 nM for Eu(III) aqua ion and 1 nM for 
Eu(EDTA)  [  12  ] .  

 The position of the  7 F 
0
  →  5 D 

0
  Eu(III) excitation peak has been related to the type 

of donor atom and its charge in an empirical correlation  [  51,  52  ] . Anionic ligands 
such as carboxylates give rise to red-shifted peaks while neutral donors such as 
amides do not shift the excitation peak as much as the carboxylates relative to 
aqua ligands. The position of the excitation peak depends on the Eu(III) coordina-
tion number as well, with a reduction in coordination number giving rise to a blue 
shift in the excitation peak. Unfortunately, the lack of data for donor groups similar 
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to those found in nucleic acids makes it diffi cult to use Eu(III) excitation peak posi-
tion for interpreting experiments discussed below. 

 The MOPO/laser system makes it feasible to excite several of the Eu(III) transitions 
that occur in the visible region of the spectrum (Figure  2 ). These excitation bands have 
the advantage that they are more allowed and of correspondingly higher intensity than 
the  7 F 

0
  →  5 D 

0
  transition which is forbidden also by the  D J  ¹  0 rule. Thus, excitation 

through these transitions gives rise to more intense luminescence with a corresponding 
increase in sensitivity for samples. However, the drawback of this approach is that the 
higher energy excitation bands are split by ligand fi elds so that the interpretation of 
speciation is complicated. Excitation spectra are typically collected on the laser/
MOPO system by monitoring the  7 F 

2
  emission through a band pass fi lter.  

 For comparison, the excitation spectra of several different Ln(III) including 
Tb(III), Dy(III), and Sm(III) are also shown in Figure  2 . The excitation peaks of 
these Ln(III) species are highly split by crystal fi elds in both ground and excited 
states. For these Ln(III) species, excitation peak differences can be distinguished for 
the various complexes, but these differences are not readily interpreted due to the 
complexity of the peaks.  

  Figure 1    Excitation spectra ( λ 
em

  = 628 ± 27 nm) as a function of concentration for (a) Eu(EDTA), 
(b) Eu(DTPA), (c) EuCl 

3
 (aq), (d) comparison of 1.00 mM solutions of Eu(EDTA), Eu(DTPA), 

EuCl 
3
 (aq), and EuCl 

3
  · 6H 

2
 O solid excitation spectra. All complexes were in prepared in 20 mM 

MES buffer, pH 6.50,  I  = 0.10 M (NaCl). Spectra are offset for clarity. Reprinted from  [  12  ]  with 
permission from the Society of Applied Spectroscopy, copyright 2009.       
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    2.3   Ln(III) Emission Spectroscopy 

 In aqueous solution, the higher level Ln(III) excited states are mostly quenched by 
non-radiative processes such as vibronic coupling to the OH of water leading to 
population of the lowest excited state  [  53  ] . Thus for Eu(III), most luminescence 
arises from the  5 D 

0
  state for complexes in water regardless of the mode of excitation. 

The non-degenerate nature of the  5 D 
0
  state simplifi es the splitting of the Eu(III) 

emission bands. The most intense are the electric dipole induced transitions, espe-
cially the  5 D 

0
  →  7 F 

2
  ( D J = 2) and the  5 D 

0
  →  7 F 

4
  ( D J = 4) that have hypersensitive 

character. For hypersensitive transitions, the intensity of these peaks changes more 
dramatically in response to ligand environment than other transitions. Other 
emission peaks are useful as well. The  5 D 

0
  →  7 F 

0
  ( D J = 0) emission peak refl ects the 

number of Eu(III) environments, similar to excitation spectra. Also, the  5 D 
0
  →  7 F 

1
  

( D J = 1) band (a magnetic dipole transition) is useful because it splits into as many 
as three components for strong ligand fi elds and may refl ect the absence or presence 
of axial symmetry. The presence of multiple emission peaks, some of which are not 
sensitive to the coordination sphere such as the  D J = 1, facilitates the development 
of Eu(III) ratiometric sensors  [  9,  54  ] . Shown in Figure  3  are emission spectra of the 

  Figure 2    Excitation spectra of 1.00 mM Ln(III) complexes in 20 mM MES buffer, pH 6.50, 
 I  = 0.10 M (NaCl) using band pass fi lters specifi ed in the text: (a) Eu(EDTA), Eu(DTPA), and 
EuCl 

3
 (aq), (b) Tb(EDTA), Tb(DTPA), and TbCl 

3
 (aq), (c) Dy(EDTA), Dy(DTPA), and DyCl 

3
  (aq), 

(d) Sm(EDTA), Sm(DTPA), and SmCl 
3
  (aq). Reprinted from  [  12  ]  with permission from the 

Society of Applied Spectroscopy, copyright 2009.       
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Eu(III) aqua ion in the presence of various simple anions including Cl – , F – , NO    -2
3    

 [  55  ] . Similarly, direct excitation of Tb(III), Dy(III), and Sm(III) leads to multiple 
emission peaks in the visible spectrum  [  12  ] .   

    2.4   Time-Resolved Ln(III) Luminescence Spectroscopy 

 Luminescence intensity decays give information about the Ln(III) coordination 
sphere  [  56,  57  ] . There is a large non-radiative quenching contribution primarily by 
OH groups in water as well as by other ligand groups including NH of amides or 
amines or OH groups of alcohols  [  46  ] . Replacement of bound OH with OD or NH 
with ND leads to less effi cient de-excitation as a result of energy transfer to higher 
lying vibrational overtones of the OD oscillator than OH oscillator. Thus, lumines-
cence lifetime experiments conducted alternately in H 

2
 O and D 

2
 O give information 

about the number of OH groups coordinated to the Ln(III). The relationship between 
the number of bound water molecules, q, and the difference in the rate constants for 
photoluminescence in H 

2
 O compared to D 

2
 O is given (eq.  1 ) for Eu(III). In general, 

the effi ciency of quenching is proportional to the distance of the quencher from the 
Ln(III) and the vibrational overtone that matches the energy gap of the Ln(III). For 
Eu(III), eq.  (1)  holds with the following contributions:  α  = 0.25 ms –1  for outersphere 
contribution, δ = 0.075 ms –1  for amide NH, A = 1.2 ms  [  57  ] .

     
δ =

é ù= - -ë û
= a +

2 2H O D O XH

XH O CNH

q A k k k

k n
   

(1)
   

 Despite efforts to precisely determine quenching parameters for Ln(III) complexes, 
it is important to keep in mind that there are uncertainties in these parameters that 
may introduce substantial errors. For example, outersphere quenching contributions 

  Figure 3    Emission spectra of 25.0 μM Eu(III) samples containing various salts at 100–200 mM 
concentrations, pH 6.5 and 20.0 mM MES. (a) Excitation of  5 D 

2
  →  7 F 

0
  transition (~465 nm), 

(b) excitation spectra of 25.0 μM Eu(III) samples containing various salts at 100–200 mM 
concentrations, pH 6.5 and 20.0 mM MES. Reprinted from  [  55  ]  with permission from Wiley-VCH, 
copyright 2009.       
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have been determined only for a few of classes of complexes  [  57  ]  and there are 
widely different values for the NH oscillators of amines  [  58  ] . Additional outersphere 
and innersphere quenching contributions of yet undetermined magnitude will likely 
be introduced in unusual environments such as those of nucleic acids. It is also 
important to note that the error in the determination of luminescence lifetime decays 
can be as high as 8–10% for separate samples prepared and measured on different 
days  [  12  ] .  

    2.5   Luminescence Resonance Energy Transfer 

 Luminescence resonance energy transfer between Ln(III) and organic fl uorophores 
 [  59–  61  ]  or a second Ln(III)  [  6  ]  is a useful way to determine distances between 
luminescent species. Luminescence resonance energy transfer (LRET) involves radi-
ationless dipole-dipole coupled energy transfer from an excited luminophore through 
space to another luminophore  [  62,  63  ] . For LRET, the emission band of the excited 
luminophore donor must overlap the absorbance band of the acceptor luminophore. 
The distance between the donor and acceptor molecules can be measured by using 
eq.  (2) . In eq.  (2) , the effi ciency of energy transfer is  E ,   t   

 DA 
  is the time-resolved 

luminescence lifetime of the donor-acceptor pair,   t   
 D 
  is the lifetime of the donor, 

 R  
0
  is the distance for 50% energy transfer to occur or Förster distance, and  r  is the 

calculated distance between the donor and acceptor.

     = - =
+

6
0

6 6
0

1 DA

D

R
E

R r

t
t    (2)   

 Luminescence resonance energy transfer between Ln(III) ions in aqueous solu-
tions has been used to study dimerization of Ln(III) ions through bridging ligands or 
to determine distances between Ln(III) ions in dinuclear systems  [  64–  66  ] . LRET 
has also been used to map metal ion binding sites in biomolecules, especially cal-
cium binding proteins  [  7,  67  ] . These studies entail using two different lanthanide 
cations to estimate distances between metal ion binding sites. The Eu(III) and Nd(III) 
donor acceptor pair is most useful. Nd(III) as an acceptor has one of the largest 
extinction coeffi cients (~10 M –1 cm –1 ) of all the Ln(III), facilitating LRET over lon-
ger distances. The most useful donor is Eu(III) because the  7 F 

0
  →  5 D 

0
  excitation 

peak is not split by ligand fi elds and this allows for precise control over which Eu(III) 
species is excited. One drawback in LRET between two Ln(III) ions is that the small 
overlap integral leads to a small  R  

0
 , the distance at which energy transfer is 50%. A 

typical  R  
0
  for a Eu(III)/Nd(III) couple in a dinuclear complex is 8 Å  [  66  ] . Likewise, 

for Ln(III) bound to nucleic acids, only closely spaced Ln(III) ions can be detected. 
 In contrast, LRET between sensitized luminescent Ln(III) donor and an organic 

fl uorophore acceptor typically can be observed over much longer distances (≈100 Å) 
 [  59,  68  ] . Such LRET systems have applications in the study of protein-protein 
interactions, ion channels in cells, and mapping Ln(III) ion binding sites in complex 
RNA molecules  [  62,  69  ] .   
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    3   Aqueous Solution Chemistry of the Lanthanide(III) Ions 

    3.1   Speciation as a Function of pH 

 The aqueous chemistry of Ln(III) ions has been studied by a variety of techniques 
including potentiometric pH titrations  [  43,  70  ] , luminescence spectroscopy  [  71–  74  ] , 
and most recently by X-ray scattering  [  75  ] . As with aqueous solutions of most metal 
ions, the speciation is complicated. Under certain conditions, hydroxide complexes are 
present as well as multinuclear complexes formed from oligomerization. In addition, 
at high concentrations of salt in buffered solutions, there may be a mixture of outer-
sphere and innersphere complexes of the simple anions with the buffer. A recent 
study in our laboratory showed that detailed information could be gained from 
Eu(III) excitation spectroscopy of solutions containing nanomolar to micromolar 
concentrations of Eu(III) under conditions of controlled pH and ionic strength  [  55  ] . 
This work showed that there is a speciation change between pH 6 and 7 that leads to 
a more highly luminescent Eu(III) species (Figure  4 ). This pH-dependent equilibrium 
was attributed to hydrolysis of the Eu(III) aqua species to form a Eu(III) hydroxide 
complex. Above pH 7, the appearance of new excitation peaks are consistent with 
the formation of additional hydroxide complexes and perhaps aggregates, but these 
were not investigated further.   

  Figure 4    Excitation spectra of the luminescence 25 μM Eu(III)  7 F 
0
  →  5 D 

0
  and dependence on pH 

 I  = 0.100 M (NaCl), 20.0 mM buffer. Reprinted from  [  55  ]  with permission from Wiley-VCH, 
copyright 2009.       
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    3.2   Outer- and Innersphere Anions 

 Early work used luminescence lifetime spectroscopy to monitor Ln(III) complexes 
of simple anions including the halides, perchlorate, and nitrate  [  73,  74  ] . However, 
reliance of luminescence lifetime data alone to determine inner- versus outersphere 
binding is problematic because many physical phenomena in addition to water 
quenching can lead to a change in the luminescence lifetimes, making interpretation 
diffi cult. For example, outersphere quenching contributions are not well defi ned and 
very high concentrations of anions may give non-ideal solutions. Some anions may 
quench by back energy transfer, electron transfer or by creation of charge transfer 
states from the excited state of the Ln(III)  [  3,   76  ]  making it diffi cult to determine the 
actual hydration state. 

 Eu(III) excitation spectroscopy provides an alternative way to monitor anion 
binding to Eu(III) aqua species in solution  [  55,  71,  77  ] . These studies showed that 
nitrate and fl uoride formed innersphere complexes as demonstrated by the appearance 
of new  7 F 

0
  →  5 D 

0
  Eu(III) excitation peaks at pH 6.5 (Figure  5 )  [  55  ] . Other anions 

including chloride and perchlorate did not markedly change the excitation peak 

  Figure 5    Nd(III) quenching of Eu(III)  7 F 
0
  →  5 D 

0
  excitation spectra in 20.0 mM MES pH 6.5. 

(a) Titration of 1.00 mM Eu(III) with Nd(III),  I  = 0.100 M (NaCl), (b) binding curve of the 
absolute change of intensity at 579.00 nm as a function of Nd(III) concentration,  I  = 0.100 M 
(NaCl),  K  

d
  = 1.43 ± 0.07 mM, (c) Titration of 1.00 mM Eu(III) with Nd(III),  I  = 0.100 M (NaNO 

3
 ), 

(d) binding curve of the absolute change of intensity at 579.00 nm as a function of Nd(III) con-
centration,  I  = 0.100 M (NaCl),  K  

d
  = 1.6 ± 0.2 mM. Reprinted from  [  55  ]  with permission from 

Wiley-VCH, copyright 2009.       
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frequency at either pH 5.0 or 6.5, consistent with outersphere complex formation. 
Relative emission band intensities also changed most markedly with the innersphere 
anions, nitrate and fl uoride. MES buffer was shown to bind weakly to Eu(III) in 
solutions containing 25 μM Eu(III) and 100 mM NaCl.   

    3.3   Aggregation of Ln(III) in Solution at Neutral pH 

 Dimerization and higher order aggregation of Ln(III) ions has been studied through 
LRET  [  77  ] , typically from plots of quenching of Eu(III) luminescence by Nd(III). 
In these studies Stern–Volmer constants obtained from plots of luminescence 
lifetime with added quencher are compared with those determined from quenching 
of luminescence intensity. Differences between the two are attributed to an addi-
tional static quenching component obtained by the formation of a dimeric complex 
 [  65,  78,  79  ] . In this way it was shown that simple complexes of Ln(III) dimerize at 
high pH  [  80  ] . In recently published work, excitation spectroscopy of Eu(III) was used 
to study the formation of aggregates. A Eu(III) solution at pH 6.5 was titrated with 
Nd(III) quencher  [  55  ] . Effi cient quenching of the excitation peak with leveling off of 
the luminescence intensity as the dimer completely formed was observed. This result 
supports the presence of multinuclear Ln(III) ion at near neutral pH. The dimeriza-
tion constant of 1.46 mM is consistent with an appreciable concentration of dimer at 
millimolar concentrations but not at the micromolar concentrations used in the 
nucleic acid studies described below. Importantly, this shows that under conditions of 
100 mM NaCl and MES buffer, the Eu(III) species is predominantly mononuclear. 
The increase in the intensity of the excitation peak from pH 5.0 to 6.5 suggests that 
there is some Eu(III)-hydroxide formation, but of unknown extent (Figure  4 ). Thus, 
under the conditions of our experiments that are used for studying binding of Eu(III) 
to nucleic acids (25 μM EuCl 

3
  in MES buffer, at pH 6.5, 100 mM NaCl) the pre-

dominant species are the mononuclear Eu(III) aqua or hydroxide complexes.   

    4   Lanthanide(III) Binding to RNA 

 The characterization of Ln(III) ion nucleic acid binding sites by using luminescence 
spectroscopy is quite difficult even when the full battery of experiments are 
used. In the studies described below, Ln(III) binding sites are characterized using 
Eu(III) excitation spectroscopy, nucleobase or modifi ed nucleobase sensitized 
Ln(III) luminescence, Ln(III) luminescence lifetimes, and LRET between two dif-
ferent Ln(III) or a Ln(III) and an organic fl uorophore. A common assumption is that 
there are a few strong binding sites that predominate under the conditions of the 
experiment. This assumption is supported by the presence of a single  7 F 

0
  →  5 D 

0
  exci-

tation peak or by a reasonably good statistical fi t of the luminescence decay trace 
to a single exponential. These assumptions generally work well in simple Ln(III) 
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coordination complexes or in Ln(III) complexes with proteins because there are 
a variety of ligand donors with distinct coordination properties. However, nucleic 
acid ligand donor groups are not as diverse as those of proteins or coordination 
complexes. Thus, luminescence data alone may not fully describe the details of 
Ln(III) binding to nucleic acids. Toward the end of Sections  4  and  5  on nucleic 
acid binding, we show that additional spectroscopic techniques including mapping 
of binding sites by Ln(III)-induced paramagnetic shifting of DNA or RNA proton 
resonances may enable a more complete description of Ln(III) binding sites. 

    4.1   Transfer RNA 

 Transfer RNA was the fi rst structurally complex RNA molecule that showed distinct 
Mg(II) ion binding sites by X-ray crystallography; thus, it is fi tting that some of the 
fi rst important studies describe binding of Ln(III) to different transfer RNA mole-
cules. The structure of a 15-year old crystal shows one Mg(II) in the D-loop, one in 
the D-stem, and one at the junction of the D and TΨC loops  [  81  ] . Studies that used 
Ln(III) ions as mimics for Mg(II) in transfer RNA date back nearly 35 years  [  69,  82  ] . 
Luminescence studies with tRNA are facilitated by the presence of modifi ed bases 
such as 4-thiouridine in  E. coli  tRNA or wybutine in yeast tRNA that are good sen-
sitizers for Ln(III) luminescence. These studies show that certain transfer RNAs 
such as  E. coli  tRNA fMet,Glu  bind 3–4 Eu(III) ions, on average 600-fold more strongly 
than Mg(II) ions. Direct excitation studies undertaken in the Horrocks’ laboratory 
showed 2–3 strongly bound Ln(III) ions with a 1.0 μM average dissociation constant 
in 0.5 M NaCl, pH 6  [  83  ] . A broad  7 F 

0
  →  5 D 

0
  Eu(III) excitation peak with a slight 

asymmetry was observed and fi t to two peaks for two different Eu(III) environments. 
Luminescence lifetime data taken at wavelengths across the excitation peak were 
consistent with approximately six bound water molecules for the Eu(III) ions in 
these two environments. Assuming a nine-coordinate Eu(III) ion, there are three 
direct innersphere contacts with donor groups of the RNA. LRET studies between 
the wybutine base and Eu(III) were combined with LRET studies using Nd(III) 
quenching of Eu(III) sites to obtain further information about the number of Ln(III) 
binding sites. These energy transfer data were consistent with at least three indepen-
dent Eu(III) sites. The discrepancy between the number of binding sites determined 
by LRET and the  7 F 

0
  →  5 D 

0
  excitation spectra highlights a common problem: that 

the different RNA sites do not always produce suffi ciently distinct environments to 
give resolved Eu(III) excitation peaks. 

 Direct excitation Eu(III) spectroscopy was used to study binding of Eu(III) to the 
isolated anticodon loop of tRNA phe  from  E. coli   [  84  ] . Addition of the loop to Eu(III) 
ion at 30  m M, 100 mM NaCl and pH 5.0, gave rise to an increase in the Eu(III) 
 7 F 

0
  →  5 D 

0
  excitation peak. Data was most consistent with a single strong binding 

site with a  K  
d
  of 1 μM, four bound waters, and presumably fi ve innersphere RNA 

contacts. A DNA analog bound Eu(III) 8-fold more weakly than the RNA analog 
and had a hydration number of fi ve.  
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    4.2   Ribozymes and Spliceosomes 

 The hammerhead ribozyme is an example of a small catalytic self-cleaving RNA 
that requires divalent metal ions for optimal activity. There are numerous elegant 
studies with a focus on metal ion dependence of hammerhead ribozyme folding and 
cleavage  [  85–  89  ] . Studies in Uhlenbeck’s laboratory in collaboration with Horrocks 
laboratory used Ln(III) luminescence as a means to study Ln(III) binding to 
hammerhead ribozyme  [  90,  91  ] . Luminescence data from both sensitized Tb(III) 
luminescence and Eu(III) excitation spectroscopy were consistent with a single 
strong Ln(III) binding site. For example, a single symmetrical  7 F 

0
  →  5 D 

0
  excitation 

peak was observed for Eu(III) bound to hammerhead ribozyme, although the peak 
width at half-height was 1 nm, much broader than a typical excitation peak for a 
single Eu(III) species, suggesting the possibility of overlapping excitation peaks 
from more than one type of site. The photoluminescence decay trace of this Eu(III) 
species was fi t to a single lifetime and was consistent with the replacement of three 
bound waters to give a hydration number of 6. Crystallographic studies showed a 
single Tb(III) ion bound close to the catalytic core of the ribozyme. Interestingly, 
Tb(III) inhibited cleavage of the hammerhead ribozyme, presumably by binding to 
a distinct site that blocked cleavage or rearrangement to the active species. 

 An interesting approach in Greenbaum’s laboratory features LRET for moni-
toring binding of Tb(III) to RNA  [  69,  92  ] . In this approach, irradiation at 280 nm 
gives both direct excitation and nucleobase sensitized Tb(III) luminescence. LRET 
to an appended cyanine dye gives distances between the two luminophores. In an 
application of this approach, Tb(III) was bound to two small nuclear RNAs that pair 
to form a conserved complex at the catalytic cores of the spliceosome. The authors 
studied the human U2-U6 complex, which contains the RNA components that are 
required in both steps of splicing. The binding of Tb(III) was monitored by LRET 
to Cy3, a member of the cyanine dye family, that was incorporated into either the 
5’- or the 3’-end of the U2-U6 complex. Excitation of the Tb(III) at 280 nm led to 
fl uorescence of the Cy3 dye through energy transfer. Analysis of LRET data was 
consistent with three distinct Tb(III) sites that were suffi ciently close to the Cy3 
dye. The presence of three Tb(III) sites was supported by luminescence intensity 
relationships as a function of Tb(III) ion. Also, deconvolution of the observed 
photoluminescence decay trace into multiple Tb(III) lifetimes refl ected the identifi -
cation of multiple Tb(III) environments in the absence of the energy acceptor, Cy3. 
The Tb(III) sites were mapped to two RNA internal loops and a four-way 
junction.  

    4.3   GAAA RNA Tetraloops 

 The 5’-GAAA-3’ tetraloop is a member of the 5’-GNRA-3’ family of loops that 
form unusually stable hairpins  [  93,  94  ]  and are found in numerous RNAs including 
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group I and II ribozymes  [  95–  97  ] . These loops have been a popular motif for metal 
ion binding studies. Spectroscopic data show that Mg(II), Mn(II), Co(NH 

3
 )    +3

6    bind to 
this loop  [  37,  38,  98  ] . DeRose’s group showed that addition of Mg(II) to the tetraloop1 
(Scheme  2 ) produces a shift in the  31 P NMR resonances of phosphate diesters 5’ to 
A6, A7 and G5  [  38  ] . Incorporation of phosphorothioate substitutions into each of 
the three adenosine residues of the tetraloop followed by addition of the thiophilic 
metal ion, Cd(II), shows that binding occurs 5’ to the A7 in the loop. Ln(III) ions 
also bind to GAAA tetraloops as shown by luminescence spectroscopy.  

 Excitation spectroscopy of Eu(III) bound to a GAAA tetraloop (tetraloop2) at pH 
5 to 5.5 in Greenbaum’s laboratory showed an asymmetric excitation peak that could 
be deconvoluted into two peaks  [  99  ] . One peak was slightly blue-shifted in compari-
son to Eu(III) aqua ion but the second peak was highly blue-shifted. Luminescence 
lifetime decays were consistent with a highly dehydrated Eu(III) center with only 
1–2 remaining bound waters. These are highly unusual properties for Eu(III) bound 
to RNA in comparison to other work and deserve comment (see below). Interestingly, 
a tetraloop containing all four loop nucleotides replaced with DNA and retaining the 
RNA stem had similar excitation peak frequencies and luminescence lifetimes. The 
homogeneous DNA loop, however, bound fully hydrated Eu(III) much more weakly 
than the RNA analog. ITC measurements were consistent with entropic driven bind-
ing for the highly dehydrated Eu(III) binding to RNA and enthalpic binding for the 
fully hydrated Eu(III) binding to the DNA sequence  [  100  ] . 

 Initial studies on Eu(III) binding to RNA in our laboratory were hampered by the 
presence of acetate and fl uoride impurities from RNA deprotection which bound 

  Scheme 2    DNA and RNA 
sequences that bind 
lanthanide(III) ions.       
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Eu(III) as shown by unique new excitation peaks  [  55,  101  ] . Extra steps were necessary 
to scrupulously separate the RNA from these ions prior to studies of Eu(III) binding to 
various tetraloop sequences. Fluoride in particular gives distinct highly blue-shifted 
excitation peaks, binds with micromolar dissociation constants and quenches Eu(III) 
luminescence in aqueous solutions to give apparent hydration states that are quite 
low  [  55  ] . Such quenching contributions cannot be readily distinguished from those of 
water ligands and may actually shorten the lifetime to less than that of fully hydrated 
Eu(III). Such highly blue shifted Eu(III) excitation peaks as observed by Greenbaum 
(578.40 nm) in solutions containing RNA deprotected by using tetraethyl ammonium 
fl uoride are likely to arise from the presence of Eu(III) fl uoride complexes  [  99  ] . 

 Our work on binding of Eu(III) to the GAAA tetraloop (GGCC GAAA GGCC, 
tetraloop3) used a slightly different stem sequence than that of Greenbaum’s group 
and was carried out at pH 6.5, 100 mM NaCl, and 20 mM MES buffer with 25 μM 
Eu(III) (Scheme  2 )  [  101,  102  ] . Addition of tetraloop3 to Eu(III) gave excitation peak 
frequencies that had decreased intensities and were only slightly red-shifted from 
Eu(III) aqua ion in NaCl (Figure  6 ). There are two distinct excitation peaks repre-
senting at least two different Eu(III) ion environments. The Eu(III) species bound to 
GAAA tetraloop3 are only slightly dehydrated. A hydration number close to 8 was 
determined upon excitation both at the major excitation peak maximum and at the 
more red-shifted shoulder. Binding curves were fi t to a two site model (eq. (3)) with 
both Eu(III) having an apparent  K  

d
  of 1 μM for tetraloop3  [  103  ] . Here LS is the con-

centration of the Eu(III)-nucleic acid complex,  K  
d
  is the dissociation constant, M is 

the total concentration of the Eu(III), A is the nucleic acid concentration, n 
s
  is the num-

ber of identical binding sites, x 
M

  is the mole fraction of M, x 
LS

  is the mole fraction of 
LS, I 

M
  is the luminescence intensity of free Eu(III), and I 

LS
  is the intensity of LS.
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2
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 (3)    

 Consistent with the two metal ion site model, LRET studies with Eu(III) 
donor and Nd(III) acceptor bound to tetraloop3 were consistent with two metal ions 

  Figure 6    Excitation spectra of the  7 F 
0
 → 5 D 

0
  transition of 25  m M Eu(III), 20 mM MES, pH of 6.5, 

 I  = 0.100 M (NaCl), titrated with ( a ) GAAA, ( b ) binding isotherm fi t to eq.  (3)  from a change in 
the luminescence intensity at 578.74 nm of Eu(III) in the presence of the GAAA tetraloop ( K  

d
  of 

0.97 ± 0.51 μM (n = 2.1 ± 0.1)).       
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approximately 6.3 Å apart. Small sequence changes in the stem region (tetraloop4) 
gave a similar Eu(III) excitation spectrum upon addition of the tetraloop and similar 
metal ion binding properties. Binding of Eu(III) to tetraloop3 did not markedly change 
the CD spectrum (Figure  7 ). This shows that the Eu(III) ion does not denature the 
RNA hairpin loop upon binding.  

 Paramagnetic Ln(III) ions induce long range pseudo-contact shifts (PCS) 
that are mediated by through-space interactions of the paramagnetic Ln(III) with 
nuclear spins such as protons ( 1 H) or phosphorous ( 31 P) nuclei as well as other nuclei. 
The work of the Bertini and Otting laboratories have successfully utilized parama-
gnetic Ln(III) ions for the determination of NMR solution state structures of proteins 
 [  45,  104–  106  ] . The pseudocontact shift varies for each Ln(III) with certain Ln(III) ions 
infl uencing nuclear spins up to 40 Å away  [  44  ] . Ln(III)-induced line broadening 
through relaxation of protons adjacent to the paramagnetic center also occurs, but 
generally over a shorter distance than do PCS. Thus, Ln(III) ions are excellent 
 paramagnetic probes for mapping binding sites through inducing chemical shift 
changes of proximal nuclei. 

 The NMR structure of tetraloop3 was solved in order to make proton NMR 
assignments. Three different paramagnetic Ln(III) ions were chosen for titration 
into tetraloop3  [  101,  102  ] . Ce(III) and Eu(III) were chosen for their moderate PCS and 
Yb(III) was chosen for its longer range PCS. A titration with Eu(III) ion is shown in 
Figure  8 . A control titration using the diamagnetic cation La(III) was also carried out 

  Figure 7    Circular dichroism spectra of 10 μM GAAA tetraloop RNA with 0 to 23 μM Eu(III). All 
solutions contain 20.0 mM MES, pH of 6.5, and  I  = 0.100 M (NaCl).       
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to enable us to extract information on the distance between the paramagnetic Ln(III) 
and the shifted protons. This is to account for the possible change in secondary or 
tertiary structure of the nucleic acid upon binding Ln(III) cations. The NMR titra-
tion data was consistent with two Ln(III) sites including one in the GAAA tetraloop 
in close contact with the O6 of G5 of the sheared GA base pair. The second was in 
the stem on the other side of the closing CG base pair interacting with the C3 and 
C4 bases in the minor groove.   

    4.4   Double-Stranded RNA 

 Binding of Eu(III) to the fully self-complementary sequences GGCCGGCC and 
GCGCGCGC was studied for comparison to the tetraloops  [  101,  102  ] . Upon bind-
ing to the double-helical RNA, the Eu(III) excitation peak red-shifted with a decrease 
in luminescence intensity. The excitation peaks for both sequences could be fi t to 
two peaks, consistent with at least two types of Eu(III) environments. Luminescence 
lifetimes taken on the left of the peak gave hydration numbers of 8–9 while lifetimes 
on the red side of the peak gave hydration numbers close to 7, refl ecting two differ-
ent types of sites.   

  Figure 8     1 H NMR spectra PCS shifts from titrations of 270 μM GAAA tetraloop titrated with 
Eu(III) 2.0 mM MES, pH of 6.5,  I  = 0.100 M (NaCl) in D 

2
 O at 20.5°C. Artifacts are marked with *. 

Each spectrum has been normalized to the peak of greatest intensity for clarity.       
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    5   Lanthanide(III) Binding to DNA 

    5.1   Single-Stranded and Double-Stranded DNA 

 Early studies suggested that single-stranded nucleic acids were more effective at 
sensitizing Tb(III) than double-stranded nucleic acids, presumably due to wrapping 
of the fl exible single-stranded DNA around Tb(III)  [  16,  17  ] . This wrapping interac-
tion may position Tb(III) closer to the nucleobase sensitizer. All bases were shown to 
sensitize Tb(III) luminescence although guanosine containing sequences appear to 
be the most effi cient sensitizers. Early Eu(III) excitation studies showed that oligode-
oxynucleotides including homopolymers of G, A, C, T bound to Eu(III) at pH 6.5 to 
give broad  7 F 

0
  →  5 D 

0
  excitation peaks  [  107,  108  ] . Different classes of sites were pro-

posed based on the distinct lifetimes obtained as a function of DNA. The apparent 
number of bound waters varied from two for the strongly bound sites to six or seven 
for the weakly bound sites. However, the ill-defi ned structure of these single-stranded 
sequences makes it diffi cult to determine the nature of the binding site. 

 More recent studies in the Morrow group show that Eu(III) binds to self-
complementary double helical DNA including the 24-mers d(GCGC) 

6
  and 

d(GGCC) 
6
   [  109  ] . As with the RNA GC rich sequences, the Eu(III) excitation 

peak decreases in intensity and red-shifts (Figure  9 ). Also similar to the RNA 
analog, the luminescence lifetimes are relatively short, even slightly shorter than 
full hydrated Eu(III). Lifetimes of 105 μs are observed for bound Eu(III) com-
pared to 115 μs for the aqua ion. This reproducibly shorter lifetime is attributed 
to an environment that gives rise to unusually strong outersphere or other quenching 
contributions. Apparent q numbers are 9 and 10 for Eu(III) bound to the self-
complementary sequences (GCGC) 

6
  and (GGCC) 

6
 , respectively.   

  Figure 9    The steady-state excitation spectra of Eu(III) with d(GGCC) 
6
  DNA at pH = 6.5 and 

 I  = 0.10 M (NaCl) and [Eu(III)] = 25 μM.       



192 Morrow and Andolina

    5.2   Base Mismatches 

 The importance of forming a Ln(III) ion DNA binding site in order to obtain effi -
cient sensitization was verifi ed by recent studies in the laboratories of Turro and 
Lu  [  15,  110  ] . Fully complementary DNA helices did not sensitize luminescence, 
but guanine bases in mismatches that may produce binding sites, including GG 
and GA tandem mismatches, effectively sensitized Tb(III) ions. This Tb(III) lumi-
nescence sensitization requirement may provide a means to identify mismatched 
sequences. Recent studies in Yi Lu’s lab  [  110  ]  showed that DNAzyme sensitized 
Tb(III) luminescence. Sensitization of Tb(III) luminescence was dependent on the 
presence of a GT wobble base pair in the DNAzyme substrate complex. 
Replacement of the GT wobble with a GC Watson-Crick base pair led to a decrease 
in sensitized Tb(III) luminescence. Similarly, replacement of the strand contain-
ing the DNAzyme with a fully complementary DNA strand reduced Tb(III) lumi-
nescence. Luminescence lifetime experiments of Tb(III) bound to the DNAzyme 
were consistent with a q of close to 7, consistent with two innersphere contacts 
with RNA. Similar to the self-cleaving hammerhead ribozyme, Tb(III) strongly 
inhibited cleavage of the substrate by the DNAzyme with a  K  

i
  of 3.3 μM in the 

presence of 100 μM Zn(II). 
 Consistent with these results, work in the Morrow laboratory showed that DNA 

structures containing non-cannonical Watson-Crick base pairs such as tandem base 
mismatches produce an increase in the Eu(III) excitation peak intensity and dehydra-
tion of the Eu(III) ion  [  109,  111  ] . For example, the  7 F 

0
  →  5 D 

0
  excitation peak of Eu(III) 

is shown as a function of concentration of DNA containing a tandem CA mismatch 
(Figure  10 , Scheme 2). This shows that disruption of the normal double-helical 

  Figure 10    The steady-state excitation spectra of Eu(III) with the CA mismatch DNA (CAmis) 
sequence at pH = 6.5,  I  = 0.10 M (NaCl), and [Eu(III)] = 25 μM.       
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structure by a mismatch leads to Eu(III) binding sites with an apparent q of 6 and 
three direct DNA contacts. Fitting the data to a 1:1 binding isotherm  [  112  ]  gives a 
dissociation constant of 44 μM. Optical thermal melting experiments show that the 
Eu(III) ion does not destabilize the duplex upon binding.   

    5.3   Hairpin Loops and Quadruplexes 

 Both Tb(III) and Eu(III) bind to guanine rich oligonucleotides that fold into 
 four-stranded structures known as G-quadruplexes  [  66  ] . Binding of Tb(III) to the 
G-quadruplexes sensitizes Tb(III) luminescence. It is proposed that Tb(III) binds 
tightly to the cavity in the quadruplex which serves to place Tb(III) close to the 
guanine sensitizers. Tb(III) is also proposed to bind, albeit more weakly, to the TTA 
loops. 

 Hairpins in DNA that contain relatively fl exible loops are sites for Ln(III) ion 
binding. The hairpin loop (Scheme  2 ) containing four thymines in the loop with a 
GC containing stem binds to Eu(III) and increases the Eu(III)  7 F 

0
  →  5 D 

0
  excitation 

peak intensity (Figure  11 )  [  109  ] . Luminescence lifetime studies are consistent with 
a slightly dehydrated Eu(III) with a q of 7. A binding constant of 33 μM was obtained 
assuming a 1:1 binding isotherm. The increase of luminescence intensity for the T4 
loop, compared to the decrease in luminescence intensity for the stem sequence 
alone suggests that the loop has unique Eu(III) ion binding sites. This postulate is 
supported by  1 H NMR titrations of the T4 loop with Eu(III) which shows a pro-
nounced chemical shift change of the thymidine   protons (0.3 ppm for T6 and 0.1 
ppm for T5) in the presence of the paramagnetic Eu(III) center.    

  Figure 11    The steady-state excitation spectra of Eu(III) and the T4 hairpin (T4HP) DNA at pH 
= 6.5,  I  = 0.10 M (NaCl), and [Eu(III)] = 25 μM.       
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    6   Lanthanide Ion Binding to Modifi ed Nucleic Acids 
Containing Additional Ligand Donor Groups 

    6.1   Macrocyclic Ligands Conjugated to DNA 

 Macrocyclic ligands and their Ln(III) complexes have been conjugated to DNA 
to study artifi cial nuclease-catalyzed cleavage of complementary RNA  [  113–
  117  ] . These macrocycles bind the Ln(III) ion tightly under physiological condi-
tions. Thus, most coordination sites of the Ln(III) are fi lled with macrocycle 
donor groups, but a few sites contain water ligands that can be displaced upon 
binding of the phosphate diesters of RNA. Coordination of the phosphate ester 
to the Ln(III) complex is an important fi rst step in the catalytic cleavage of RNA 
 [  118  ] . Most studies have focused on RNA cleavage activity and not the Ln(III) 
complex as a spectroscopic probe. However, recent studies on the characteriza-
tion of a Eu(III) macrocyclic complex conjugated to DNA or to a DNA/RNA 
chimera show that Eu(III) is bound both to the macrocycle and to additional 
groups on the DNA or RNA. Binding to groups other than the phosphate 
diester may inhibit cleavage by blocking available coordination sites for 
catalysis  [  102  ] .  

    6.2   DNA Non-nucleosidic Linkers for Ln(III) Binding 

 An area of increasing research interest is the incorporation into DNA of nucleo-
base-like ligands or non-nucleosidic linkers that bind metal ions  [  119,  120  ] . 
This facilitates the preparation of new molecules that use the self-assembly 
properties of DNA to form large metal ion containing structures and materials. 
Most reports to date involve the incorporation of ligands that bind transition 
metal ions or Zn(II). Recently, we reported an example of a non-nucleosidic 
linker that bound Eu(III)  [  111  ] . In this study, a phenanthroline derivative is 
incorporated into the DNA backbone in place of a nucleotide (Scheme  3 ). The 
Eu(III) excitation peak frequency, q numbers, and phenanthroline-sensitized 
luminescence are all consistent with Eu(III) binding to the non-nucleosidic 
linker rather than the natural DNA donor groups. A series of double-stranded 
derivatives were prepared that contained the phenanthroline linker in different 
bulge like positions. Eu(III) binding constants vary with the structure and posi-
tion of the linker in DNA. Binding to the free ligand, L1, is relatively weak at 
46 μM, while binding to the linker in a bulge-like structure is 2 μM. The origin 
of this remarkable change in binding properties with the placement of the linker 
is not known, but shows promise for the design of new types of self-assembling 
Ln(III) materials with unique properties.    
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    7   Concluding Remarks 

 Lanthanide luminescence spectroscopy adds a battery of useful experiments for the 
study of metal ion binding sites in nucleic acids. A wide range of experiments are 
available that give information on the type of binding sites and their distance from 
other fl uorophores including other Ln(III) ions. Sensitized luminescence through 
either naturally occurring nucleobases or modifi ed bases are useful for studying 
Ln(III) sites. Alternatively, direct excitation Eu(III) luminescence, especially of the 
 7 F 

0
  →  5 D 

0
  excitation peak gives information on the number of different Ln(III) 

 environments and produces luminescence of Ln(III) ion in sites that do not have 
sensitizing antennae. However, it is clear that the different Eu(III) environments 
produced by the ligand donor groups of nucleic acids do not change the excitation 
peak position suffi ciently to entirely resolve different species. Further information 

  Scheme 3    A Eu(III) complex and its incorporation as a non-nucleosidic linker into the DNA 
backbone.       
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is available by combining structural studies from NMR spectroscopy with paramag-
netic shift properties of the Ln(III) ions to delineate the nucleic acid binding sites. 
Development of these additional techniques may lead to a more complete picture of 
metal ion binding to nucleic acids. 

   Abbreviations 

  CD    circular dichroism   
  Cy3    a cyanine dye   
  DTPA    diethylenetriamine pentaacetate   
  EDTA    ethylenediamine N,N,N’,N’-tetraacetate   
  ITC    isothermal titration calorimetry   
  Ln(III)    trivalent lanthanide ion   
  LRET    luminescence resonance energy transfer   
  MES    2-morpholinoethanesulfonic acid buffer   
  MOPO    master oscillator power oscillator   
  NLBP    non-linear Poisson-Boltzmann equation   
  PCS    pseudo contact shift   
  q    number of bound water molecules   
  tRNA    transfer RNA          
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  Abstract   DNA damage by redox-active metal complexes depends on the interaction 
of the metal complex with DNA together with the mechanism of oxygen activation. 
Weak interaction, tight binding, and direct involvement of DNA in the coordination 
sphere of the metal are described. Metal complexes acting through the production 
of diffusing radicals and metal complexes oxidizing DNA by metal-centered active 
species are compared. Metal complexes able to form high-valent metal-oxo species 
in close contact with DNA and perform DNA oxidation in a way reminiscent of 
enzymatic chemistry are the most elegant systems.  
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    1   Introduction 

 Metal ion complexes are well known for their redox chemistry and their properties of 
oxygen activation  [  1–  12  ] . Since DNA is sensitive to oxidation, DNA damage/cleavage 
by metal complexes has attracted much attention because (i) metal complexes may be 
useful tools for studies of molecular DNA lesions due to oxidative stress, which is impli-
cated in many disorders including aging, cancer, and neurological diseases, (ii) they may 
also be used as probes of nucleic acids structure (DNA, RNA) or probes of DNA binding 
sites for proteins and drugs, (iii) versatile and specifi c artifi cial restriction nucleases 
based on metal complexes would supplement the tools for molecular biology and fi nally, 
(iv) metal complexes may still be viewed as potential cytotoxic anticancer drugs. 

 Unfortunately, literature often misses detailed molecular studies on the mecha-
nisms of DNA damage. Therefore, this review will not be exhaustive but will focus 
on some examples illustrating fundamental mechanisms in the chemistry of DNA 
oxidation by metal complexes. 

 Three different mechanisms are considered. The  fi rst  one is DNA degradation by 
metal complexes located at a certain distance from DNA. It includes the generation 
(by a redox-active metal complex) of reactive diffusible hydroxyl radicals by the so-
called Fenton chemistry. This classical chemistry of DNA damage does not require a 
very special interaction between the metal complex and the biological target and is 
easy to achieve. Outersphere electron transfer can also be observed with metal com-
plexes not interacting closely with DNA. The  second  one deals with the reaction of 
high valent, metal-centered reactive species, for which a strong and precise interaction 
of the metal complex and DNA occurs. Thus, the activated species comes in close 
contact with DNA. This chemistry is reminiscent of the highly selective oxidation 
chemistry mediated by heme or non-heme enzymes with a substrate entering a bind-
ing pocket containing an activated metal oxo (or its hydroperoxo precursor) species. 
For DNA damage, the metal complex has to adapt to and fi t into the structure of DNA 
to bring the activated metal ion within bonding distance with the biological target. The 
 third  one is the chemistry of DNA oxidation through direct coordination of a metal 
complex to DNA. Here, oxidation of DNA is facilitated by the fact that heteroatoms 
from DNA belong to the inner coordination sphere of the metal ion.  

    2   Metal Complexes with Weak Interaction with DNA 

    2.1   Oxidative Chemistry at a Distance 

 We include in this section DNA oxidation mediated by diffusible species (princi-
pally hydroxyl radicals) and by electron transfer (outersphere electron transfer). 



2037 Oxidative DNA Damage Mediated by Metal Ions

 Redox-active metal complexes, even when unable to make contact with DNA, 
are able to mediate DNA damage through the production of hydroxyl radicals (HO • ). 
This reaction is easy and does not require a special ligand to stabilize high valent 
states. One-electron reduction of H 

2
 O 

2
  by Fe II  (Fenton reaction, Figure  1 , reaction 1) 

is a classical way of production of HO • . Other metals are capable of serving in the 
Fenton reaction (copper, manganese, cobalt, etc.). The redox potential of H 

2
 O 

2
  is 

460 mV (NHE). The reaction requires a reductant in order to (re)generate the 
reduced form of the metal ion. Molecular oxygen may be a source of H 

2
 O 

2
  through 

disproportionation of the superoxide radical anion (Figure  1 , reaction 2). Hydroxyl 
radicals may also be generated by homolytic cleavage of the O–O bond of coordi-
nated H 

2
 O 

2
  or O 

2
  as illustrated with iron (Figure  1 , reactions 3 and 4).  

 Hydroxyl radicals are small, neutral, and consequently diffusible. HO •  are capable 
of reaction with any nucleobase as well as with 2-deoxyribose entities. HO •  produced 
at a distance from the target, attack DNA at any accessible DNA region. HO •  pro-
duced in the vicinity of DNA react with different sites yet in a more restricted area. 

 One way to distinguish complexes producing hydroxyl radicals (Figure  1 , reac-
tions 1, 3, and 4) from complexes acting by a metal-centered oxidant (Figure  1 , reac-
tions 5 or 6) is the use of radical quenchers such as ethanol, mannitol, DMSO. 
However, these radical traps are not (or less) active when the radicals are generated in 
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the vicinity of DNA. Therefore, in the fi eld of DNA damage, it is often diffi cult to 
ascertain the mechanism of action of positively charged metal complexes that interact 
via electrostatic interactions with the phosphates or metal complexes bearing aromatic 
ligands intercalating between DNA base pairs. When the radical trap fails to inhibit 
the reaction, no conclusion can be drawn in the absence of further studies such as the 
characterization of active intermediates and careful analysis of DNA damage. 

 The second type of oxidative chemistry that can be mediated without a close 
specifi c interaction between the metal complex and DNA is electron abstraction 
from guanine (G) bases. Some positively charged, redox-active metal complexes 
may interact with DNA by electrostatic interactions or by intercalation and thus, 
within this relatively short distance, may be able to perform outersphere electron 
transfer reaction with DNA, provided the redox potential of the oxidized form of the 
metal complex is high enough. Electron abstraction from the 2-deoxyribose units does 
not occur. Electron abstraction takes place at the level of nucleic acid bases. Guanine 
has the lowest redox potential, 1.29 V (NHE)  [  13  ] . Electron abstraction occurs only 
at the G bases, while HO •  radicals potentially react with all nucleic bases (and sugars). 

 Simple metal complexes with no special device to target DNA can only oxidize 
DNA by these so-called remote chemistries and are in general poorly effi cient. 
A quick evaluation test, commonly used in the literature, consists of cleavage of 
circular supercoiled plasmid DNA analyzed by agarose gel electrophoresis. This 
test is extremely sensitive and allows detection of nanomolar concentrations of 
cleavage events. Typically, micromolar concentrations of these metal complexes are 
necessary to transform the initial closed supercoiled circular DNA material (referred 
to as form I) into nicked circular DNA (form II). Thus, the yield of cleavage with 
respect to the cleaving agent is extremely low. Unfortunately, this method underes-
timates the real amount of damage events since it quantifi es direct DNA breaks 
while alkali-labile lesions that are important in DNA oxidation are missed.  

    2.2   Fenton Chemistry 

 A hydroxyl radical is capable of two types of chemical reactions: (i) homolytic cleav-
age of a C–H bond (2-deoxyribose) and (ii) addition on a double bond (aromatic 
heterocycles of nucleobases). These two reactions generate a transient radical spe-
cies on DNA that further transforms to a DNA lesion principally after reaction with 
O 

2
 , which has a diradical character. Only some sugar radicals lead to direct strand 

breaks (C5’, C3’, and C4’ radicals). Radicals generated on the other sugar positions 
(C1’, C2’, sometimes C4’ positions) and base oxidations lead to alkali-labile lesions 
that are revealed after an alkaline treatment. For reviews on the various DNA oxida-
tion products due to HO •  on the sugars and the nucleic bases see  [  14–  18  ] . 

 The fact that complexes devoid of any affi nity for DNA are nevertheless able to medi-
ate DNA damage by a HO •  mechanism is illustrated by the well known iron complex of 
EDTA. Fe-EDTA is negatively charged and thus cannot approach DNA. Thus, radicals 
must diffuse some distance before encountering the DNA. The damaged sites on DNA 
refl ect their relative accessibility. The sugar C–H bonds are not equally accessible. The 
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C1’–H1’ bond is the most deeply buried in the minor groove while C4’–H4’ and C5’–
H5’ are more accessible from the bulk solvent. The two C5’–H5’ bonds directly con-
nected to the phosphate groups are located on the outside of the minor (and major 
groove) of the double helix  [  18  ] . C3’–H3’ and C2’–H2’ bonds lie in the major groove. 

 Hydroxyl radical generators are often used in footprinting experiments and folding 
structure determinations of nucleic acids  [  19,  20  ] . Moreover, in the case of covalent link-
ing of the metal complex on a DNA recognition entity (protein, nucleic acid, etc.) the 
pattern of scission has been used to provide information on the binding of the DNA 
recognition element  [  21–  23  ] . Furthermore, the DNA cleavage pattern is different when 
the reagent attacks DNA from the major or the minor groove. A minor groove location 
leads to a 3’-shift in the cleavage events on a DNA sequence whereas a major groove 
location leads to a 5’-shift. Even though it proves useful, Fe-EDTA is not a good DNA 
cleaving agent. Excess of this reagent is necessary (mM concentration) to achieve DNA 
damage. This is probably due to the self-degradation of the ligand.  

    2.3   Electron Transfer 

 Electron transfer is restricted to damage at G residues. In general, guanine oxidation 
by electron transfer is not sequence-specifi c due to the phenomenon of long-range 
hole transfer (or long-range charge transport) that takes place within the  p -stacked 
base pairs of the DNA double helix. An initial guanine radical cation (hole) is unstable 
and is able to abstract one electron from a neighboring G, thus creating a new G +•  
(hole migration)  [  24  ] . Consequently, DNA damage may be observed far away from 
the site where it was initiated. The eventual trapping of the radical cation by water or 
by superoxide radical anion leads to irreversible DNA damage at guanines that are 
revealed by alkaline treatment. For a review on guanine oxidation products derived 
from guanine oxidation by electron transfer see  [  25  ] . Long-range charge transport was 
discovered with light activated rhodium complexes with aromatic ligands  [  26,  27  ] . 

 On the other hand, if the active species of the metal complex is not a one-electron 
oxidant but a two-electron oxidant, guanine oxidation by electron transfer leads to a gua-
nine cation. This two-step process includes the deprotonation of the fi rst formed G +•  to a 
neutral radical [G(–H)] •  followed by a second one-electron oxidation leading to a gua-
nine cation [G(–H)] + . The guanine cation entity is no more prone to long-range charge 
transport. It reacts with nucleophiles (such as H 

2
 O, peroxides, amine groups, etc.) and 

transforms to guanine lesions. Thus, DNA damage by electron transfer through a two-
electron mechanism will be observed at the site where the metal complex interacts with 
DNA. A high-valent manganese-oxo porphyrin, porphyrin-Mn V =O or (porphyrin) +• -
Mn IV =O (Figure  1 , Reaction 6), is able to mediate this type of guanine oxidation  [  28–  30  ] . 
This chemistry was observed when this highly reactive reagent, endowed with a two 
redox equivalent capacity, approaches GC-rich DNA through non-specifi c and weak 
electrostatic interactions between the positively charged macrocyclic ligand and DNA. 
The exact nature of the interaction responsible for guanine oxidation is not known in the 
present case. We will see in the next section that the same porphyrin reagent, when in tight 
interaction with the minor groove of DNA, performs sugar oxidation at the C5’-carbon.   
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    3   Metal Complexes with a Specifi c and Tight 
Non-covalent Interaction with DNA 

    3.1   Oxidative Chemistry Mediated in Close Contact with DNA 

 This section deals with selective 2-deoxyribose oxidation by metal-centered active 
species (Figure  1 , Reactions 5 and 6). In this section the metal complexes are 
endowed with a high affi nity for DNA. For a ligand to be capable of positioning and 
maintaining an activated metal species in a precise site within DNA, a tight binding 
to DNA is absolutely necessary. Additionally, this binding mode must be associated 
with a proper positioning of the metal-centered oxidant with respect to a given C–H 
bond of sugar. Moreover, the total absence of generation of diffusing radicals by the 
metal center is characterized by the selective oxidation of one (and only one) C–H 
bond of 2-deoxyribose at the site of interaction. The chemistry is exclusively directed 
toward sugars, nucleic bases are not touched. The chosen examples of this section 
have an activated metal species located in the minor groove. Three possible oxida-
tion mechanisms may occur in the minor groove, namely, C1’-, C4’-, and C5’-carbon 
oxidation. Iron bleomycin directs its reactivity to the C4’–H4’ bond of 2-deoxyri-
bose at the 5’-pyrimidine nucleoside of a 5’-GPy-3’ site (5’-GC-3’ or 5’-GT-3’ sites) 
while manganese tetrapyridiniumylporphyrin oxidizes only the C5’–H5’ bond of 
the nucleoside located on the 3’-side after a three consecutive AT base pairs site. The 
consequence of this type of chemistry is the ability of these metal complexes to 
undergo plasmid cleavage at submicromolar concentrations  [  31,  32  ] .  

    3.2   Iron Bleomycin 

 The natural glycopeptide bleomycin (BLM) appears as the paradigm for DNA cleav-
ing agents  [  33–  36  ] . The mechanism of action of this antibiotic and antitumoral drug 
is due to DNA cleavage by the iron bleomycin complex, which takes place in the pres-
ence of O 

2
  and a reductant or in the presence of H 

2
 O 

2
 . The mechanism of DNA dam-

age involves a metal-centered active species able to perform a two-electron oxidation 
reaction. A BLM–Fe III –OOH species was characterized, yet it is probably a precursor 
of a reactive unstable (BLM +• )–Fe IV =O (Figure  1 , Reaction 5), which was not charac-
terized  [  4  ] . The mechanism of DNA damage by iron bleomycin is due to selective 
abstraction of H •  from the C4’–H4’ bond of 2-deoxyribose by the activated form of 
bleomycin and to subsequent formation of a carbon-centered radical at C4’. This radi-
cal may either react with O 

2
  or may be further oxidized to a cation at C4’ that reacts 

with a molecule of water (Figure  2 ). Both pathways lead to DNA cleavage. This ele-
gant selective reaction of iron bleomycin can now be explained by the structure of an 
inactive analogue of activated bleomycin, namely BLM–Co III –OOH, in complex with 
DNA at the specifi c cleavage site  [  37–  39  ] . The binding constant of BLM–Co III –OOH 
with a 5‘GPy-3’ site is  K  

a
  ~ 10 6 –10 7  M –1 . As shown in Figure  3 , the metal binding 
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domain of BLM is held in the minor groove of DNA by the establishment of two 
hydrogen bonds between the guanine base of a 5‘-GT-3’ site and the pyrimidine moi-
ety of BLM. The bithiazole of BLM intercalates “above” the T residue of the 5’-GT-3’ 
site. The sugars of BLM lie in the minor groove and help the fi tting of the metal bind-
ing domain toward the targeted sugar. This precise interaction of iron bleomycin with 
a 5’-GPy-3’ site and the capacity of BLM to undergo oxygen activation at the metal 
center are the keys of the effi ciency of this reagent for single-strand cleavage of DNA 
depicted here. However, iron bleomycin is also able to perform double-strand breaks 
of DNA. A double-strand break may involve sequential oxidation of 2-deoxyriboses 
on opposite strands (probably by the same molecule of BLM) starting with the 
3’-phosphoglycolate (Figure  2 ) pathway on the fi rst strand, which leaves one redox 
equivalent on the metal center of BLM, followed by the attack of the second strand. 
Double-strand breaks of BLM are still not fully understood  [  36,  40–  42  ] .    

    3.3   Manganese Porphyrin 

 As emphasized in the case of iron bleomycin, a strong and precise interaction of 
the manganese porphyrin,  meso -tetrakis(4- N -methylpyridiniumyl)-porphyrinato)
manganese(III) (Mn-TMPyP4), associated with the capacity of the ligand to 
 stabilize high valent metal-oxo species, are also the keys of the effi ciency of this 
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  Figure 2    DNA damage by iron bleomycin.       
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reagent in DNA cleavage. The manganese complex is activated into a manganese-
oxo species, Mn V =O (equivalent to a (porphyrin +• )Mn IV =O entity) with KHSO 

5
  

 [  43  ] . In this case, the use of the dissymmetric peroxide KHSO 
5
  as an oxygen atom 

donor ensures a better effi ciency in the formation of high-valent metal-oxo species 
due to the good leaving group KSO    −4    (see Reaction 6, Figure  1 ). The highest affi n-
ity binding site of the cationic Mn-TMPyP4 is in the minor groove of sequences 
consisting of at least three consecutive AT base pairs ( K  

a
  ~ 10 6 –10 7  M –1 ). This inter-

action site is referred to as an (AT) 
3
 -box. In AT-rich sequences a negative potential 

attracts many minor groove binding molecules  [  21  ] . As can be seen in the model-
ing structure  [  44  ]  of Figure  4 , it turns out that, within the minor groove of the 
(AT) 

3
 -box, the metal-oxo entity of the porphyrin locates at suitable distance with 

respect to the C5’–H5’ bonds of the 2-deoxyribose unit of the 3’-neighboring 
nucleoside of the (AT) 

3
 -box. It was  demonstrated that Mn-TMPyP/KHSO 

5
  cleaves 

DNA through typical  cytochrome P450 chemistry  [  4,  6,  45  ] : H •  abstraction from the 
C5’–H5’ bond leads to a carbon-centered radical at C5’. Oxygen rebound mechanism 

  Figure 3    Structure of BLM–Co III –OOH in interaction with a 5’-GT-3’ site in double-stranded 
DNA (PDB fi le 2R2S)  [  39  ] . BLM is shown in CPK with a modeled peroxide. Hydrogen atoms are 
omitted for clarity. Simplifi ed DNA is shown with color coded bases (red, adenine; cyan, thymine; 
green, guanine; purple, cytosine). The targeted C4’–H4’ bond of the T residue of 5’GT-3’, which 
is the site of attack of bleomycin, is indicated together with the neighboring phosphate group 
between G and T. Hydrogen bonds between guanine and the pyrimidine moiety of bleomycin are 
shown by dashed lines. The DNA sequence used in the crystal with a red oxidized T-residue is 
shown at the bottom of the fi gure.       
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gives rise to 5‘-aldehyde and 3’-phosphate ending fragments and to direct strand 
cleavage (Figure  5 ). After two successive  b -eliminations an oxidized  product of sugar, 
furfural (FUR) is released as a marker of C5’-oxidation  [  46  ] .   

 The active metal center of the manganese porphyrin is not so deeply engaged in 
the minor groove compared to iron bleomycin. This is why the former activates the 
C5’–H5’ bond near the phosphate groups at the edge of the DNA backbone while 
the later reaches the deeper situated C4’–H4’ bond in the minor groove. 

 In contrast to iron bleomycin for which only one mechanism of DNA damage was 
reported (C4’ oxidation), the Mn-TMPyP4/KHSO 

5
  system showed several ways of 

damaging DNA depending on a different interaction mode of the metal complex with 
DNA. In DNA sequences devoid of AT-rich regions, Mn-TMPyP4 cannot fi nd a way 
to interact in the minor groove of DNA. The overall binding constant of the metal-
loporphyrin for GC-rich DNA is one to two orders of magnitude lower compared to 
AT-rich DNA. In GC-rich sequences electron abstraction from the G bases  [  29,  47  ]  
together with hydroxylation of the C1’–H1’ bond by an oxygen transfer mechanism 
were observed  [  29,  45  ] . Reaction of the high-valent metal-oxo entity with the most 
diffi cult to reach C–H target at the bottom of the minor groove is tentatively attributed 

  Figure 4    Modeling of the interaction of a high-valent manganese-oxo porphyrin, (TMPyP4–
Mn V =O) (with a  trans  hydroxo ligand) with the minor groove of the three consecutive AT base pair 
sites in double-stranded DNA  [  44  ] . Manganese porphyrin is shown in CPK. Hydrogen atoms are 
omitted for clarity as well as the counter ions. Simplifi ed DNA is shown with color coded bases 
(red, adenine; cyan, thymine; green, guanine; purple, cytosine). The targeted C5’–H5’ bond of the 
G residue on the 3’-side of the TTT, which is the site of attack of the manganese porphyrin, is 
indicated together with the neighboring 5’-phosphate of G. The DNA sequence used in the model-
ing study with a red oxidized G-residue is shown at the bottom of the fi gure.       
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to partial denaturation of damaged DNA or to a partial intercalation of manganese 
porphyrin between DNA base pairs. Guanine oxidation by a two-electron transfer 
mechanism is tentatively attributed to an outersphere electron transfer from an out-
side binding porphyrin perhaps interacting with the phosphate groups. Thus, even if 
the Mn-TMPyP4/KHSO 

5
  system is clearly a reagent that does not produce any diffus-

ing species, depending on the DNA sequence it interacts with, several mechanisms of 
DNA degradation are possible. This example illustrates the importance of the interac-
tion of a metal complex with DNA for the mechanism of DNA damage.   

    4   DNA Adducts of Metal Complexes 

    4.1   Oxidative Chemistry at Accessible Guanine Residues 

 Metal ions may coordinate to nucleobases (especially to the most basic site, namely 
N7 in guanine). Simple coordination of a metal ion at G does not necessarily lead to 
DNA oxidation. However, some high valent metal complexes proved capable of 
selective oxidation of coordinated guanine bases. Two examples are selected for 
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which the mechanism was studied in some detail: a nickel(II) complex associated to 
KHSO 

5
  and a platinum(IV) complex. In double-stranded DNA, the N7 atom of G is 

located in the major groove but substitution of one coordination bond in a metal com-
plex with guanine N7 is precluded due to steric hindrance. Thus, in this section, DNA 
damage occurs at Gs that are readily accessible (unpaired, bulged, looped or terminal 
guanine residues). DNA damage at G bases does not lead to direct strand breaks but 
to alkali-labile lesions that transform to strand breaks upon alkaline treatment.  

    4.2   Nickel Complexes 

 The nickel(II) tetraazamacrocyclic complex [Ni(Me 
2
  [  14  ] py-diene-N 

4
 )] 2+  (NiCR) 

(Figure  6 ) induces oxidation of accessible guanine residues in the presence of potas-
sium monopersulfate, KHSO 

5
   [  48-  51  ] . NiCR exists as a four-coordinate square pla-

nar complex and exhibits little tendency to acquire axial ligands in its initial Ni II  
state. Selective association with accessible guanine is established only after axial 
ligation is induced by oxidizing the nickel to the Ni III  state, which in turn adopts 
octahedral, six-coordinate geometry  [  49,  52,  53  ] . KHSO 

5
  is a strong oxidant with a 

potential suffi ciently high to cause oxidation of the Ni II  complex.  
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 From systematic studies and correlations between the guanine oxidation reaction 
and the redox potential of various complexes the dependence of the DNA reaction 
on redox potential was consistent with the notion that Ni III  species with higher 
potential are the most effi cient in guanine oxidation. Furthermore, ligand conforma-
tional fl exibility was found important to adapt to DNA binding. Additionally, ligand 
fl exibility may allow formation of a  cis -coordinated complex bringing guanine and 
a bound HSO    −5    into adjacent positions around the metal ion. Indeed, the reactive 
nickel species responsible for the oxidation of DNA proved not simply a Ni III  com-
plex. Simple electron transfer oxidants were ineffective at promoting the oxidation 
of DNA even though the formation of the Ni III  complex was detected by UV-visible 
spectroscopy  [  50  ] . Among all the tetraazamacrocyclic ligands tested, the CR ligand 
affords a good balance between high in-plane donor strength such that a stable, 
square planar complex with a relatively high Ni III /Ni II  redox potential is obtained 
and a certain fl exibility. Interestingly, the NiCR/KHSO 

5
  system leads to only one type 

of guanine lesion, 5-carbamido-5-formamido-2-iminohydantoin (2-Ih) (Figure  6 ) 
 [  54  ] , which was characterized previously from an intermediate epoxide at the C4–C5 
bond of G  [  55,  56  ] . The molecular mechanism for the formation of this product 
remains to be established. 

 The reaction of the NiCR/KHSO 
5
  system with accessible Gs is relatively effi -

cient. The reaction of the single-stranded 5’-T 
7
 GT 

7
 -3’ oligonucleotide with stoi-

chiometric amount of NiCR and excess amount of KHSO 
5
  (added in intervals) leads 

to 60% yield in 2-Ih-modifi ed oligonucleotide within 30 min at pH = 7.4 and 37°C. 
Thus, NiCR appears as a probe for accessible guanine residues found in a variety of 
DNA and RNA structures in which there is a strong correlation between the extent 
of guanine modifi cation and the exposure of N7. 

 Interestingly, direct coordination of the metal ion on guanine N7 was also postu-
lated in the case of a di-copper complex which reacts with unpaired Gs resulting in 
the formation of the same guanine oxidation product (2-Ih) under aerobic conditions 
and in the presence of 3-mercaptopropionic acid as reductant  [  57  ] .  

    4.3   Platinum Complexes 

 Most Pt IV  anticancer drugs are considered to be Pt II  prodrugs. Because Pt IV  com-
plexes are kinetically inert, reaction with DNA is not expected until they have been 
reduced to Pt II  in the cellular medium. However, direct Pt IV  binding to DNA has been 
observed  in vitro  and [Pt IV (dach)Cl 

4
 ], which has a high redox potential, oxidizes 

guanine without UV irradiation or additional oxidant.  In vitro  substitution reaction 
of [Pt IV (dach)Cl 

4
 ], with an oxidizable ligand, such as a guanine, leads to an inner-

sphere two-electron transfer from guanine to the platinum ion  [  58–  61  ] . Considering 
the redox potential of G (1.29 V versus NHE)  [  13  ] , an outersphere electron transfer 
mechanism is not possible between G and the Pt IV  complex. Instead, an innersphere 
mechanism induced by the coordination of Pt IV  on G was considered. In this exam-
ple, only guanine residues at 5’-end of a DNA strand were shown to be reactive  [  59  ] . 
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Binding of Pt IV  to N7 of G followed by nucleophilic attack of a 5’-phosphate or a 
5’-hydroxyl oxygen to C8 of the G moiety and an innersphere, two-electron transfer 
produce cyclic (5’-O–C8)-G and a Pt II  complex (Figure  7 ). The identity of the fi nal 
oxidized G residue depends on the hydrolysis rate of the cyclic intermediate. The 
cyclic phosphodiester slowly hydrolyzes to the 5’-phosphate group and an oxidized 
G-residue (8-oxo-G) whereas the cyclic ether does not hydrolyze, and this cyclic 
form is the fi nal oxidation product. Simple binding of a Pt IV  complex to N7 of intra-
strand G moieties was also observed experimentally but without further oxidation 
reactions at G. Substitution reactions of Pt IV  complexes with G are catalyzed by trace 
amounts of Pt II   [  60–  62  ] . Therefore, since the reaction induces the release of a free 
Pt II  complex, the overall reaction is autocatalytic after an induction time for the 
 reaction to start.  

 What is the yield of this reaction? After 10h, a reaction mixture of initial 10 mM 
[Pt IV (dach)Cl 

4
 ] and 20 mM 5’-dGMP, afforded 5 mM of 8-oxo-dGMP at pH = 8.6 
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and 37°C  [  58,  59  ] . Kinetic studies confi rmed that substitution is accelerated by Pt II  
 [  61  ] . Addition of Pt II  (~20% with respect to initial to Pt IV ) reduced the reaction time 
by half. 

 Although such a reaction may not be biologically relevant due to competition 
with the intracellular reduction of the Pt IV  complexes, it illustrates the potential 
oxidative behavior of Pt IV  complexes toward DNA. 

 These two last mentioned examples of high-valent metal complexes capable of 
direct coordination to N7 of G, illustrate oxidation of a G base through an inner-
sphere electron transfer process or through the formation of a  cis -coordinatd com-
plex with a strong oxidation power [ 63  ] . However, further studies are needed to 
better understand the mechanisms underlying guanine oxidation mediated by DNA 
adducts of metal complexes. Particularly, labeling studies will clarify the origin of 
the oxygen atoms incorporated in oxidized guanine residues and tell whether oxida-
tion proceeds by an electron transfer or an oxygen atom transfer process.   

    5   Concluding Remarks and Future Directions 

 The chemistry of DNA damage depends on the location of the metal ion with respect 
to DNA, on the mechanism of oxygen activation by the metal complex, and on the 
stability of the association between the metal complex and DNA. For effi cient DNA 
damage the reactive metal ion center must be positioned in close and appropriate 
location with respect to DNA to avoid self-degradation of the metal complex. This 
requisite is achieved only in a few cases. 

 Up to now, metal complexes able to damage DNA by oxidation have proved 
remarkable tools for the study of molecular DNA damage under oxidative stress and 
for studies of nucleic acid structures. However, the fi eld is still open for the design 
of versatile sequence-specifi c DNA cleavers and of double-strand cleaving agents 
that may have a future as artifi cial nucleases and cytotoxic drugs. 

 Abbreviations 

  A    adenine   
  BLM    bleomycin   
  C    cytosine   
  CR     2,12-dimethyl-3,7,11,17-tetraazabicyclo [  11 .3.1]heptadeca-1(17),2,11,

13,15-pentaene   
  dach    diaminocyclohexane   
  5’-dGMP    2-deoxyguanosine 5’-monophosphate   
  DMSO    dimethylsulfoxide   
  EDTA    ethylenediamine- N , N , N’ , N’ -tetracetate   
  FUR    furfural   
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  G    guanine   
  5’-GPy-3’    5’-guanine pyrimidine-3’ sequence   
  2-IH     5-carbimido-5-formamido-2-iminohydantoin   
   K  

a
     affi nity constant   

  NHE    normal hydrogen electrode   
  8-oxo-dGMP    8-oxo-7,8-dihydro-2’-deoxyguanosine 5’-monophosphate   
  8-oxo-G    8-oxo-7,8-dihydro-guanine   
  T    thymine   
  TMPyP4     meso -tetrakis(4- N -methylpyridiniumyl)-porphyrin dianion          
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  Abstract   Long considered to serve solely as the genetic information carrier, DNA 
has been shown in 1994 to be able to act as DNA catalysts capable of catalyzing a 
trans-esterifi cation reaction similar to the action of ribozymes and protein enzymes. 
Although not yet found in nature, numerous DNAzymes have been isolated through 
 in vitro  selection for catalyzing many different types of reactions in the presence of 
different metal ions and thus become a new class of metalloenzymes. What remains 
unclear is how DNA can carry out catalysis with simpler building blocks and fewer 
functional groups than ribozymes and protein enzymes and how DNA can bind 
metal ions specifi cally to perform these functions. In the past two decades, many 
biochemical and biophysical studies have been carried out on DNAzymes, espe-
cially RNA-cleaving DNAzymes. Important insights have been gained regarding 
their metal-dependent activity, global folding, metal binding sites, and catalytic 
mechanisms for these DNAzymes. Because of their high metal ion selectivity, one 
of the most important practical applications for DNAzymes is metal ion detection, 
resulting in highly sensitive and selective fl uorescent, colorimetric, and electro-
chemical sensors for a wide range of metal ions such as Pb 2+ , UO2 

2 +,      including para-
magnetic metal ions such as Cu 2+ . This chapter summarizes recent progresses in 
 in vitro  selection of metal ion-selective DNAzymes, their biochemical and biophys-
ical studies and sensing applications.  

  Keywords   biosensor  •  catalysis  •  DNA  •  DNAzyme  •  metalloenzyme  •  metal 
sensing      

    1   Introduction 

 For a long time, DNA’s only function was perceived as being the genetic material for 
all organisms. The genetic information is encoded by certain combinations of the 
four nucleobases: adenine (A), thymine (T), guanine (G), and cytosine (C). Because 
of the limitation of functional group diversity in the building blocks of DNA in com-
parison with other biomolecules such as proteins, and because of the mostly invari-
ant double helical structure, DNA was considered to be incapable of catalyzing 
chemical reactions. 

 The discovery of ribozymes  [  1,  2  ] , which are RNAs that can catalyze chemical or 
biological reactions, in the early 1980s was the fi rst hint that DNA might also be 
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capable of catalysis, because of the structural similarity between DNA and RNA. 
Such reasoning was not unfounded: in 1994, Ronald Breaker and Gerald Joyce iso-
lated the fi rst deoxyribozyme (DNAzyme) via  in vitro  selection  [  3  ] . This DNAzyme 
can catalyze a phosphodiester bond cleavage in the presence of Pb 2+  and had a rate 
enhancement of 10 5  over the uncatalyzed reaction. After this initial discovery, many 
more DNAzymes have been successfully isolated which are able to catalyze various 
types of reactions. Table  1  lists representative DNAzymes that have been obtained, 
including DNAzymes that catalyze cleavage of RNA  [  3–  10  ] , DNA  [  11–  16  ]  or the 
phosphoramidate bond  [  17  ] , the ligation of DNA  [  18,  19  ]  or RNA  [  20,  21  ] , the for-
mation of an RNA branch  [  22–  25  ] , an RNA lariat  [  26,  27  ] , or a nucleopeptide bond 
 [  28  ] , phosphorylation  [  29  ] , adenylation  [  30  ] , and depurination  [  31,  32  ]  of DNA, the 
Diels-Alder reaction  [  33  ] , and porphyrin metallation  [  34,  35  ] . One of the RNA-
cleaving DNAzymes is capable of catalyzing a phosphodiester transfer reaction 
with a  k  

cat
 / K  

m
   »  10 9  M –1  min –1  that rivals that of protein enzymes  [  4  ] .  

 Interestingly, most DNAzymes carry out their catalysis with the aid of metal cofac-
tors and some are very selective in this respect. For example, the fi rst reported 
DNAzyme is about 400,000-fold selective for Pb 2+   [  3,  36  ]  over other competing metal 
ions and the UO     +2

2   -dependent DNAzyme (39E) is >1 million-fold selective over other 
competing metal ions  [  10,  37  ] . This kind of metal selectivity can be found in many 
other DNAzymes. Because of their generally high metal ion selectivity, DNAzymes 
have been converted into fl uorometric  [  10,  36,  38–  46  ] , colorimetric  [  47–  53  ] , and elec-
trochemical  [  54,  55  ]  sensors for metal ions. In addition, they have also been used to 

 Reaction type  Metal cofactor  Refs 

 RNA cleavage  Pb 2+    [  3–  10  ]  
 Mg 2+  
 Zn 2+  
 none 
 Ca 2+  
 Mn 2+  or Mg 2+  
 Mn 2+  or Mg 2+  
 UO    +2

2    
 DNA cleavage (oxidative)  Cu 2+    [  11–  13  ]  
 DNA cleavage (hydrolytic)  Zn 2+  or Mn 2+    [  14–  16  ]  
 Phosphoramidate bond cleavage  Mg 2+    [  17  ]  
 DNA ligation  Cu 2+ , Zn 2+  or Mn 2+    [  18,  19  ]  
 RNA ligation (3′-5′)  Zn 2+  or Mg 2+    [  20,  21  ]  
 RNA ligation (branch formation)  Mn 2+  or Mg 2+    [  22–  25  ]  
 RNA ligation (lariat formation)  Mn 2+    [  26,  27  ]  
 Nucleopeptide linkage formation  Mn 2+  or Mg 2+    [  28  ]  
 DNA phosphorylation  Mn 2+    [  29  ]  
 DNA capping  Mg 2+ , Cu 2+    [  30  ]  
 DNA depurination 

(IO    4
–
  -dependent) 

 none   [  31  ]  

 DNA depurination  Ca 2+    [  32  ]  
 Diels-Alder reaction  Ca 2+    [  33  ]  
 Porphyrin metallation  Cu 2+  or Zn 2+    [  34,  35  ]  

 Table 1    Different types 
of reactions catalyzed by 
DNAzymes.  
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detect and degrade specifi c RNA sequences because of the intrinsic sequence require-
ment for the DNAzyme activity  [  56–  61  ] . 

 Even though DNAzymes have proved their usefulness in many applications, the 
detailed structure and reaction mechanisms of the DNAzyme catalysis are still largely 
unclear. A large number of biochemical and biophysical studies have already been 
carried out for several DNAzymes, but the absence of any high-resolution, three-
dimensional structure for the active conformations of DNAzymes is currently a major 
obstacle for understanding them  [  62,  63  ] . In the meantime, biochemical and biophysi-
cal studies have offered insights into the conserved sequences and structural features 
responsible for DNAzymes’ selective binding of metal ions and effi cient catalysis. 

 In this chapter, we will fi rst introduce  in vitro  selection (a method for isolating 
DNAzymes), then present the results of detailed biochemical and biophysical stud-
ies on RNA-cleaving DNAzymes. These studies have shed some light on how metal 
ions interact with DNAzymes. Finally, we will discuss the biosensing applications 
of DNAzymes.  

    2   In vitro Selection of DNAzymes 

    2.1   In vitro Selection 

 Although not yet found in nature, DNAzymes have been isolated via the combinato-
rial method of  in vitro  selection. This method was fi rst developed in the 1990s to 
isolate ribozymes and RNA aptamers, single-stranded oligonucleotides with high 
affi nities for different target molecules  [  64–  66  ] . In 1994, Ronald Breaker and Gerald 
Joyce used this strategy to isolate the fi rst DNA catalyst  [  3  ] . The fi rst DNAzyme 
used Pb 2+  as a cofactor to catalyze the cleavage of a phosphodiester bond. 

  In vitro  selection starts with a “random pool” containing typically 10 14–15  different 
DNA sequences. The pool is designed by fl anking a random sequence with two con-
stant regions that are primer binding sites (Figure  1 ). The length of the sequence gener-
ally varies from 40 to 80 nucleotides. After the “random pool” is then synthesized, it 
is incubated with the substrate to carry out the desired reaction in the  presence of a 
cofactor. The active DNA sequences are partitioned and collected. The active sequences 
can be separated from the inactive ones by various methods, such as polyacrylamide 
gel electrophoresis (PAGE) or affi nity resin. Polyacrylamide gel electrophoresis 
 separates the reaction products according to their size-dependent mobility on a polymer 
matrix. Affi nity separation normally employs biotinylated DNA and a streptavidin 
resin. After the separation step, polymerase chain reaction (PCR) is used to amplify 
the desired DNA sequences. Since  in vitro  selection normally only utilizes a single-
stranded DNA (ssDNA), such ssDNA is then generated from the PCR products and 
they are incubated under the desired condition with the substrate to start the next 
round of selection. After iterative rounds of selection, separation, and amplifi cation, 
the large initial pool of random sequences can be reduced into a small population of 
sequences that are enriched with active DNAzymes. Typically, it takes 5–15 rounds 
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of selection to obtain an active DNAzyme. At this point, the population is cloned and 
sequenced. The resulting sequences are grouped into different families based on 
sequence similarity and each family is tested for activity. The DNAzyme selection is 
an application of the idea of “survival of the fi ttest”, allowing researchers to fi nd new 
DNAzymes with desirable activities in the presence of intended targets.   

Synthetic random pool

Streptavidin

Initial annealing

Biotin

Biotin

rN

rN

rN

Incubation
and selection

e.g., metal
cofactor

Isolation 
and amplification

Polymerase chain
reaction

After 5-15 rounds

Streptavidin

Biotin
rN

single strand D
N

A
 regeneration

Cloning and identification of active DNAzymes

  Figure 1    The schematic view of an  in vitro  selection process. rN denotes a ribonucleotide (as the 
cleavage site). Grey dotted line denotes the random region.       
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    2.2   Examples of Selected DNAzymes 

 Many DNAzymes have been isolated by  in vitro  selection. While most of the 
DNAzymes selected to date involve either cleaving or ligating the phosphodi-
ester bond, DNAzymes with other functionalities have also been isolated, such as 
catalyzing porphyrin metallation and the Diels-Alder reaction. 

    2.2.1   RNA-Cleaving DNAzymes 

 The RNA-cleaving DNAzyme is the most frequently isolated and studied DNAzyme. 
They catalyze the phosphodiester bond cleavage of their RNA substrate. The 10-23 
and 8-17 DNAzymes, fi rst reported by Santoro and Joyce in 1997  [  4  ] , are the best-
studied and most widely used RNA-cleaving DNAzymes (Figure  2 a and  2 b). They 
are named by the round and clone number in their respective selections. The com-
puter algorithm mfold  [  67  ]  has predicted that both DNAzymes have small catalytic 
cores of only 13 to 15 nucleotides. The 10-23 catalytic core is composed of an unstruc-
tured loop while the 8-17 catalytic core is composed of a three-base-pair stem, an 
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  Figure 2    The predicted secondary structures for various RNA- and DNA-cleaving DNAzymes. 
Enzyme strands are in black and substrates are in grey. Black arrows indicate the cleavage site. 
Black lines between the enzyme and substrate strand indicate Watson-Crick base pairing. ( a ) The 
8-17 DNAzyme; black dot indicates a wobble base pair. ( b ) The 10-23 DNAzyme, Y = pyrimidine, 
R = purine. ( c ) Ascorbate-independent DNA-cleaving DNAzyme, black dots indicate formation of 
triple helix; oxidative cleavage occurs on the sugar ring. ( d ) DNA-hydrolyzing DNAzyme.       
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AGC trinucleotide loop, and an ACGA(A) loop. The cleavage site of 10-23 is a phos-
phodiester bond at the 3′-end of a single nucleotide fl anked by two completely com-
plementary substrate binding arms. The 8-17 cleavage site is similar to that of the 
10-23 DNAzyme, but has an unpaired nucleotide with a G•T wobble pair immedi-
ately downstream from it. The initial selection of the 8-17 DNAzyme is only reported 
to cleave a 5′-AG-3′ junction, while the 10-23 DNAzyme is capable of cleaving 
any purine-pyrimidine (5′-RY-3′) junction  [  4  ] . Later biochemical characterizations 
 indicated that both DNAzymes carry out the catalysis in a similar manner: metal 
assisted deprotonation of the 2′-hydroxyl, and the resulting oxyanion attacks the 
phosphate group nearby leading to cleavage  [  5,  56,  68–  71  ] . This strategy is also used 
by naturally occurring ribozymes and endonucleases  [  72,  73  ] .  

 One surprising aspect of the 8-17 DNAzyme is that this DNAzyme has been 
isolated numerous times by different groups under very different conditions 
 [  5,  7,  9,  70,  74,  75  ] . Several later selections were also carried out and isolated many 
more 8-17 variants. All these studies suggest that the 8-17 DNAzyme is a small, 
effi cient sequence that occurs very frequently during  in vitro  selections. The large 
number of 8-17 variants aids later biochemical studies substantially  [  76  ] . 

 The 10-23 DNAzyme has been widely used as a therapeutic agent for suppress-
ing RNA levels in various systems  [  56,  57,  60  ]  and for degrading viral RNA 
 [  58,  59,  61  ] . The 8-17 DNAzyme has numerous applications in nucleic acid detec-
tion  [  77,  78  ] , metal ion sensing  [  79–  81  ]  and DNA computing  [  82–  87  ] .  

    2.2.2   DNA-Cleaving DNAzymes 

 Besides catalyzing RNA cleavage, DNAzymes can also catalyze DNA cleavage 
via different types of mechanisms  [  11–  16  ] . Because DNA is intrinsically more 
stable than RNA, DNAzymes that are capable of catalyzing DNA cleavage 
demand a higher degree of complexity than their RNA-cleaving siblings. The fi rst 
DNA-cleaving DNAzymes were isolated in 1996 by Carmi, Schultz, and Breaker 
 [  11  ] . Both of the DNAzyme classes identifi ed in this experiment catalyze DNA 
cleavage via an oxidative mechanism; what distinguishes them is that they have 
different requirements for cofactors: the Class I catalyst requires both Cu 2+  and 
ascorbate while the Class II catalyst requires only Cu 2+ . However, these DNAzymes 
are not site-selective and their oxidative cleavage mechanism limits their applica-
tion to  ex vivo  purposes  [  11–  13  ] . Other DNA-cleaving DNAzymes were isolated 
in 2009 by Chandra, Sachdeva, and Silverman  [  14  ] . Unlike the Cu 2+ /ascorbate-
dependent DNAzymes, these new DNAzymes are capable of cleaving DNA by a 
hydrolytic mechanism using Zn 2+  and Mn 2+  as cofactors  [  14–  16  ] .  

    2.2.3   DNAzymes that Catalyze Ligation Reactions 

 The reverse reaction of RNA or DNA cleavage, RNA or DNA ligation, can also be 
catalyzed by DNAzymes. The fi rst RNA-ligating DNAzyme was isolated in 2003 
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by Flynn-Charlebois et al.  [  88,  89  ] . This DNAzyme is capable of ligating a RNA 
fragment with a 2′,3′-cyclic phosphate to the 5′-hydroxyl of a second RNA frag-
ment. The phosphodiester bond formed by this DNAzyme is a 2′-3′ linkage, unlike 
the naturally occurring 3′-5′ linkage in DNA  [  88,  89  ] . On the other hand, an RNA-
ligating DNAzyme that formed a 3′-5′ linkage was isolated in 2005. A 5′-triphos-
phate RNA and a DNAzyme that cleaves the 3′-5′ linkage were introduced into the 
selection process to favor the formation of the natural linkage  [  21,  90  ] . Detailed 
information on the RNA-ligating DNAzymes can be found elsewhere  [  56,  91  ] . 
Besides RNA ligation, DNA-ligating DNAzymes have also been reported  [  18,  19  ] .  

    2.2.4   Other DNAzymes 

 Other types of reactions that DNAzyme catalyze are listed in Table  1 . While most 
DNAzymes selected so far catalyze reactions that modify a nucleic acid substrate, 
two DNAzymes in particular catalyze reactions on non-nucleotide substrates: the 
PS2.M DNAzyme and the DAB22 DNAzyme  [  33,  34  ] . 

 The PS2.M DNAzyme was originally isolated as a DNA sequence that specifi cally 
binds to  N- methylmesoporphyrin (NMM), a transition-state analogue of a porphy-
rin metallation reaction  [  34,  35,  92,  93  ] . Later studies indicate that hemin [Fe(III)-
protoporphyrin IX], an inhibitor of porphyrin metallation, can also bind to the PS2.M 
DNAzyme, and the DNAzyme/hemin complex can catalyze the peroxidation of 
2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) or luminol  [  35,  93,  94  ] . 
The rate of the DNAzyme catalyzed peroxidation is approximately 250 fold higher than 
the background rate measured in the presence of a control oligo. Instead of forming a 
helical structure, the 18-nucleotide PS2.M DNAzyme is proposed to have a G-quadruplex 
structure due to its high guanine content. This G-quadruplex structure of the PS2.M 
DNAzyme is also crucial for its metallation and peroxidase activity  [  93–  96  ] . 

 The DAB22 DNAzyme was isolated to catalyze a Diels-Alder reaction. It catalyzes 
the carbon-carbon bond formation between an anthracene and a maleimide with a 
rate of 0.7 M –1  s –1   [  33  ] . This rate is comparable to the ribozyme counterpart which 
carries out the same reaction  [  97  ] .    

    3   Biochemical Mass Spectrometric Studies of DNAzymes 

 Among the various types of DNAzymes, the RNA-cleaving DNAzymes have 
been best characterized because of their wide practical applications. These 
DNAzymes have been studied biochemically via activity assays, mass spectrom-
etry, and UV-induced cross-linking assays. These biochemical assays have pro-
vided information about the conserved motifs and catalytic mechanisms of these 
DNAzymes. 
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    3.1   Activity Assays 

 When these DNAzymes cleave their RNA-containing substrates, they generate 
products with different lengths. Thus, their activity can be easily monitored by 
PAGE. Vital information on these DNAzymes can be obtained by combining the 
activity assays with mutational studies. 

 The 10-23 and 8-17 DNAzymes have been studied most extensively by these 
methods  [  4,  68–  70,  98  ] . Basic biochemical parameters and their metal-dependent 
changes have been extracted from these studies and are shown in Table  2  (different 
variants of the 8-17 DNAzymes have also been shown for comparison). Both 10-23 
and 8-17 DNAzymes can catalyze reactions very effi ciently: their catalytic rates 
approach 10 min –1 , which is very close to that of naturally existing ribozymes  [  4  ] . 
Studies on the metal dependence of the 8-17 DNAzyme and its variants are much 
more extensive than that of the 10-23 DNAzyme. A study by the Lu group and 

   Table 2    Activity of the 8-17 and 10-23 DNAzymes in the presence of different metal ions.   

 Metal cofactor   k  
obs

 , min –1    k  
 cat 

 / K  
m
   p K  

a
   Refs 

 10-23 DNAzyme  50 mM Mg 2+   3.4  4.5 × 10 9   11.4   [  4,  71,  98  ]  
 25 mM Mn 2+   1.19  7.0 × 10 7   10.6 
 25 mM Ca 2+   0.863  1.4 × 10 7   12.9 
 25 mM Mg 2+   0.961  2.2 × 10 7   11.4 
 25 mM Ba 2+   0.101  0.26 × 10 7   13.5 
 10 mM Mn 2+   >4  n.r.  10.6 
 10 mM Mg 2+   0.28  n.r.  11.4 
 10 mM Ca 2+   0.12  n.r.  12.9 
 10 mM Sr 2+   0.026  n.r.  13.2 
 10 mM Ba 2+   0.015  n.r.  13.5 

 8-17 DNAzyme  2 mM Mg 2+    » 0.01  n.r.  11.4   [  4,  68,  70  ]  
 0.2 mM Pb 2+   0.47  n.r.  7.8 
 5 mM Zn 2+   12  n.r.  8.96 
 3 mM Mn 2+    » 0.1  n.r.  10.6 
 3 mM Mg 2+    » 0.002  n.r.  11.4 
 3 mM Ca 2+    » 0.02  n.r  12.9 

 17E DNAzyme  0.1 mM Pb 2+   5.75  n.r.  7.8 
 (8-17 variant)  10 mM Zn 2+   1.35  n.r.  8.96   [  68  ]  

 10 mM Mn 2+   0.24  n.r.  10.6 
 10 mM Mg 2+   0.017  n.r.  11.4 
 10 mM Ca 2+   0.015  n.r.  12.9 

 Mg5 DNAzyme  0.2 mM Pb 2+   2.1  n.r.  7.8 
 (8-17 variant)  5 mM Zn 2+   0.74  n.r.  8.96   [  68,  70  ]  

 3 mM Mn 2+   > 3  n.r.  10.6 
 3 mM Mg 2+   0.06  n.r.  11.4 
 3 mM Ca 2+   1  n.r.  12.9 

  n.r. = not reported  
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 others in 2003 demonstrated that the 17E, as well as other 8-17 DNAzymes, has a 
higher reaction rate in the presence of Pb 2+   [  68  ] . Interestingly, although both the 
10-23 and 8-17 DNAzymes were selected in the presence of Mg 2+ , Mg 2+  is not the 
metal cofactor that can induce the highest catalytic activity. Instead, Mn 2+  promotes 
the highest activity for the 10-23 DNAzyme and Pb 2+  has the same effect for the 
8-17 DNAzyme  [  68,  71,  98  ] .  

 In addition to the rate constants and metal dependence, important information 
about the conserved sequences required for the activities of these enzymes was 
obtained through mutational studies  [  98–  100  ] . In these studies, nucleotides in dif-
ferent positions in the DNAzyme were replaced with natural or unnatural bases, 
revealing the importance of the nucleotide or functional group at particular posi-
tions (Figure  2 a and  2 b). A deletion study carried out in 2004  [  100  ] , agrees with the 
original hypothesis that the 10-23 core is almost intolerant to mutations: only C 

7
  and 

T 
8
  deletion remain highly active. A C 

7
 /T 

8
  double deletion resulted in a 10-fold 

decrease in the catalytic rate in the presence of Mg 2+   [  4,  101  ] . Interestingly, a four-
nucleotide deletion (A 

5
 G 

6
 C 

7
 T 

8
 ) from the 10-23 DNAzyme still resulted in an active 

enzyme and the resulting DNAzyme was highly selective for Ca 2+   [  98  ] . Systematic 
mutagenesis of the 10-23 DNAzyme’s catalytic core revealed that the nucleotides 
closer to the borders (e.g., G 

1
 , G 

2
 , T 

4
 , G 

6
 , and G 

14
 ) are the least tolerant to mutation, 

while nucleotides in the center are much more tolerant  [  99  ] . Only a few of the muta-
tions in the region from positions 7-12 reduce the activity of the DNAzyme, which 
is not consistent with the original report in 1997  [  4  ] . In the same study, the authors 
have also tried to replace certain nucleobases with inosine and other nucleobase 
analogs such as 2-aminopurine and purine. The nucleotide analog substitutions 
indicate that the functional groups on certain bases are crucial for the 10-23 
DNAzyme’s activity, such as the 2-amino and the 6-keto groups on G 

14
 , as well as 

the exocyclic amino group on A 
5
 . 

 Similar investigations on the 8-17 DNAzyme and its variants  [  68,  102  ]  suggested 
a sequence requirement that is very close to the original proposal  [  4  ] , including the 
importance of a G•T wobble pair next to the cleavage site, a AGC loop, a 3-base pair 
stem and a single-stranded region with the sequence WCGA(A) (W = A or T). An 
unnatural nucleotide substitution study has also been performed on the 8-17 cata-
lytic core, stressing the critical role of N7 on A 

6
 , O6 on G 

7
 , and N2 on G 

14
   [  102  ] . 

Although the 8-17 DNAzyme was initially reported to cleave only a 5′-AG-3′ junc-
tion, later studies on other 8-17 variants demonstrated their capability to cleave all 
sixteen possible dinucleotide junctions with different rates  [  5,  9,  68,  75  ] . Mass spec-
trometric analysis of the substrate cleaved by the 8-17 DNAzyme suggested that 
different products were formed in the presence of different metal ions  [  5,  68  ] . When 
the cleavage reaction is catalyzed by Zn 2+  or Mg 2+ , the formation of 2′,3′-cyclic 
phosphate (at the 3′-terminus) was observed by MALDI-TOF mass spectrometry; 
when the reaction was catalyzed by Pb 2+ , 3′ (or 2′) monophosphate formation is 
observed at the 3′-terminus  [  68  ] . 

 In a recent mutational study, an abasic nucleotide or C3 acrylic spacer was 
substituted for the key residues within the catalytic core of the 8-17 and 10-23 
DNAzymes  [  103  ] . Besides reconfi rming that certain nucleotides are absolutely 
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required for the activities of these DNAzymes, the authors proposed that many 
other nucleotides within the catalytic core perform a chaperone-like function and 
they are only important for the optimal activity of the DNAzyme. Four nucle-
otides are absolutely required for both the 8-17 and 10-23 DNAzymes and coinci-
dentally, the positions and neighboring nucleotides of these four nucleotides are 
very similar.  

    3.2   Cross-linking Studies 

 The activity assays have provided vital information on the sequence and metal cofac-
tor requirements of the DNAzymes, but very little information about the structure of 
the DNAzymes. Several cross-linking studies carried out by the Sen group have 
provided some insight into the spatial arrangement of the DNAzyme  [  104–  106  ] . 
In these studies, halo- and thiosubstituted nucleotides were used to replace some of 
the nucleotides in the catalytic core of the 8-17 DNAzyme. Upon irradiation with 
UV light, these halo- and thiosubstituted nucleotides formed cross-linked adducts 
with nucleotides that are contacting. These adducts can be treated with piperidine, 
which causes the linked nucleotides to undergo deglycosylation and  b -elimination at 
the 3′ phosphate, resulting in strand cleavage  [  107  ] . The site of the crosslink can then 
be identifi ed via PAGE  [  104  ] . 

 The cross-linking study on the 8-17 DNAzyme in the presence of Mg 2+  revealed 
strong interaction between nucleotides in the A 

6
 G 

7
 C 

8
  loop, and particularly C 

13
 G 

14
  

with T 
2.1

  in the wobble pair (Figure  2 a). This result is in close agreement with previ-
ous mutational studies  [  68,  102  ] , stressing the importance of these nucleotides for the 
catalytic activity of the 8-17 DNAzyme. The authors provided a more interactive 
picture on the active site of the 8-17 DNAzyme based on available data: the AGC 
loop and the WCGAA region bend toward the cleavage site and the G•T wobble pair, 
forming close contacts between T 

2.1
 , A 

6
 , G 

7
 , C 

13
  and G 

14
   [  104  ] . A follow-up study 

addressing the cross-links formed in the presence of Pb 2+  showed only local contacts. 
No global rearrangements, e.g., contacts between the AGC loop and T 

2.1
 , were observed 

 [  105  ] . This Pb 2+ -dependent study, together with the mass spectrometric analysis of the 
cleavage products  [  68  ]  and FRET studies  [  108,  109  ] , suggest that Pb 2+  is a unique 
metal cofactor for the 8-17 DNAzyme. A stereo-chemical study of the active site resi-
dues of the 8-17 DNAzyme have also been reported using an iodine-mediated cross-
link approach. The study revealed that C 

13
  occupies an asymmetrical position which is 

critical for catalysis  [  106  ] . 
 Another study by Leung and Sen used an electron hole fl ow pattern, and suggested 

that C 
13

  and G 
14

  in the single-stranded loop region are highly solvent exposed. This 
observation agrees with what was previously known: that these two nucleotides are 
critical for catalysis. G 

7
 , in contrast, is not solvent-exposed, but is similar to a guanine 

within a double helix. This observation suggests that G 
7
  helps organizing the active 

site  [  110  ] . G 
7
 ’s lesser extent of solvent exposure seems to be in agreement with a 

previous study that indicated that G 
7
  is sensitive to steric hindrance  [  102  ] .  
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    3.3   Conserved Sequences and Motifs of DNAzymes 

 Among all the DNAzymes, the conserved sequence for the 8-17 DNAzyme is the 
most extensively studied. The members of this sequence family isolated from 
 in vitro  selections by several groups  [  4,  5,  7,  70,  111  ]  provide a good starting point 
for analyzing its sequence conservation. The fi rst published study of this DNAzyme 
suggested that its conserved sequence included the G•T wobble base pair, a 
3-base pair stem, an AGC trinucleotide loop, and a single-stranded region with the 
sequence WCGR(A) (W = A or T; R = A or G)  [  68,  102  ] . Later studies have shown 
that the conserved sequence of the 8-17 DNAzyme is smaller than previously 
thought, especially when the cleavage site is taken into account  [  9,  75,  112  ] . Based 
on these studies, only four nucleotides are strictly conserved: A 

6
 , G 

7
  in the tri-nucleotide 

loop, and C 
13

 , G 
14

  in the single-stranded region (see Figure  3 ).  
 Although not as extensively studied as the 8-17 DNAzyme, the motif for the 

10-23 DNAzyme has also been defi ned (Figure  3 )  [  4,  100,  101,  103  ] . Other DNAzyme 
motifs have been identifi ed through  in vitro  selection as well, but the sequence con-
servation of these DNAzyme motifs has not been studied yet in detail.  

    3.4   Reaction Mechanisms 

 Based on the biochemical studies carried out to date, the reaction mechanism of 
most RNA-cleaving DNAzymes is believed to be consistent with metal-assisted 
general acid-base catalysis. However, without the three-dimensional structure of 
any active DNAzyme, a detailed mechanism is still out-of-reach. In the case of the 
8-17 DNAzyme, cleavage product analysis shows that (with the exception of the 
Pb 2+ -catalyzed reaction) the products contain a 2′,3′-cyclic phosphate at the 3′-ter-
minus and a 5′-hydroxyl at the 5′-terminus  [  5,  68  ] . These cleavage products indicate 
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a nucleophilic attack from the 2′-hydroxyl on the scissile phosphodiester bond. The 
attack results in a 5-coordinated phosphate intermediate and the cleavage of the P-O 
bond leading to the formation of the products. In the presence of Pb 2+ , the cyclic 
phosphate is further hydrolyzed to a monophosphate (Figure  4 )  [  68  ] . This second 
step hydrolysis by Pb 2+  is observed in leadzyme (ribozyme) and protein  ribonucleases. 
From other studies, the rate of 8-17 catalyzed reactions plotted versus pH on a 
logarithmic scale is linear with a slope of one  [  5,  68,  113,  114  ] . This observation sug-
gests a single deprotonation event is the rate-limiting step, and this can be assigned 
to the nucleophilic attack of the 2′-hydroxyl.  

 A linear relationship between the rates of the reaction and the p K  
a
  values of the 

active metal cofactor hydrates has also been observed. This observation supports the 
idea that the deprotonation of the 2′-hydroxyl is assisted by the corresponding metal 
cofactors  [  72,  73  ] . Direct metal coordination is probably required for the 8-17 
DNAzyme catalysis, since the cobalt complex [Co(NH 

3
 ) 

6
 ] 3+  (a structural analogue of 

hexahydrate Mg 2+ , but incapable of coordinating to the ribose, phosphate and water) 
does not support the activity of the DNAzyme  [  115  ] . That no signifi cant activity can 
be observed for the DNAzyme in the presence of high concentration of monovalent 
ions, may also suggest that the metal cofactor plays a direct role in catalysis  [  116  ] ; 
in addition, metal cofactors can also assist the folding of this DNAzyme. The 10-23 
DNAzyme also employs a very similar mechanism, except for the hydrolysis of the 
cyclic phosphate to the monophosphate  [  69,  71,  103,  117  ] .   
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    4   Biophysical Studies of DNAzymes 

 To date, no three-dimensional X-ray or NMR structure of a DNAzyme in an active 
conformation has been published. The only crystal structure available is a 10-23 
DNAzyme that resembles a 2:2 enzyme:substrate complex in a four-way junction. 
This stoichiometry and conformation do not refl ect the active form of the 10-23 
DNAzyme. As work to obtain the three-dimensional structure of an active DNAzyme 
continues, the structure and folding of DNAzymes are being studied by various spec-
troscopic methods, such as Förster resonance energy transfer (FRET), circular 
dichroism (CD), Tb 3+  luminescence, and NMR. 

    4.1   FRET and Single Molecule FRET Studies 

 FRET is a widely accepted technique for studying the structural dynamics of biomol-
ecules in solution  [  118–  121  ] . Various types of macromolecule structures, such as 
double-stranded DNA, three- and four-way DNA junctions, hammerhead and hair-
pin ribozymes; as well as dynamic process, such as DNA/RNA folding, ribozyme 
catalysis, DNA/protein interactions, have been studied by FRET  [  122–  134  ] . In a 
FRET experiment, the molecule is labelled with donor and acceptor fl uorophores 
that exhibit spectral overlap between donor emission and acceptor excitation. Upon 
the excitation of the donor, fl uorescent energy can transfer to the acceptor depending 
on the distance between the two. The effi ciency of the energy transfer is highly sensi-
tive to inter-fl uorophore distance. From the change of the FRET effi ciency, the global 
conformation change can be deduced  [  135  ] . Although FRET studies are normally 
carried out with dual fl uorophores, multi-fl uorophore FRET has also been applied in 
protein studies  [  136-  138  ] . 

 The fi rst FRET study on the 8-17 DNAzyme involved a tri-fl uorophore labelled 
DNAzyme  [  135  ] . The 8-17 variant used in the study, 17E, was an inactive construct 
where the ribose at the cleavage site has been replaced with a deoxyribose. The three 
arms of the DNAzyme are labelled with three fl uorophores: 6-carboxyfl uorescein 
(FAM), Cy5, and 6-carboxytetramethylrhodamine (TMR) (as shown in Figure  5 a). 
The FRET effi ciency changes between FAM-TMR, FAM-Cy5, and TMR-Cy5 were 
monitored and the global conformation changes of the DNAzyme were monitored 
in the presence of Zn 2+ . The result indicates that the 17E DNAzyme undergoes a 
two-step folding process in the presence of Zn 2+ : at low Zn 2+  concentrations, the 
FAM-labelled arm folds towards the Cy5-labelled arm with a  K  

d
  of 19  m M; at higher 

concentration of Zn 2+  ( K  
d
  = 260  m M), the TMR-labelled arm folds towards the other 

two arms, forming a more compact structure.  
 Another tri-fl uorophore labelled FRET study emphasizing the folding of the 

8-17 DNAzyme with different cleavage junctions has also been carried out  [  139  ] . 
The study also revealed that the DNAzyme undergoes two-step folding in the 
 presence of Mn 2+ , where the fi rst folding step occurs at 1–10 mM Mn 2+  and is 
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 independent of the cleavage junction, and the second folding step occurs at 
20–200 mM Mn 2+  and is dependent on the cleavage junction. The 8-17 DNAzymes 
with purine-purine junctions folded at lower Mn 2+  concentration than the ones with 
pyrimidine-pyrimidine junctions  [  139  ] . 

 In 2007, two more FRET studies provided a more complete view on the metal-
dependent global folding and folding dynamics of the 8-17 DNAzyme (Figure  5 b) 
 [  108,  109  ] . Global folding of the DNAzyme was observed for both Zn 2+  and Mg 2+  
and lower concentration of Zn 2+  than Mg 2+  is required for the process. This observa-
tion is consistent with the fact that the 8-17 DNAzyme was active at lower concen-
trations of Zn 2+ . However, no conformational change is observed in the presence of 
Pb 2+ , the metal ion cofactor that supports the highest level of activity  [  108  ] . The 
second single molecule FRET (smFRET) study addressed the problem that the 8-17 
DNAzyme construct used in the ensemble FRET was inactive (Figure  5 c). The reac-
tion catalyzed by the 8-17 DNAzyme is followed in real-time in the smFRET study. 
Fluorescence time trace for each individual molecule was recorded and the FRET 
effi ciency was monitored. Changes in the FRET effi ciency corresponded to an indi-
vidual state in the dynamic process. In the presence of Zn 2+  and Mg 2+ , a folded state 
is observed before cleavage. In contrast, in the presence of Pb 2+ , cleavage is observed 
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without a folding step. These results reveal that the 8-17 DNAzyme uses an “induced 
fi t” catalytic mechanism in the presence of Zn 2+  and Mg 2+  while using a “lock-and-
key” mechanism in the presence of Pb 2+ . These results may help to explain why Pb 2+  
can support the highest rate of reaction  [  109  ] . 

 A comprehensive investigation on the folding and activity of the 8-17 DNAzyme 
in the presence of monovalent ions has been conducted by Mazumdar et al.  [  116  ] . 
Folding is observed by ensemble FRET for all monovalent ions examined in the 
study at high concentrations (Li + , Na + , NH  

4
  + , Rb + , and Cs + ), while only Li + , Na + , and 

NH    +4    confer activity. 
 A newly developed, three-color, alternating-laser excitation FRET method has 

been reported for studying the 8-17 DNAzyme with similar results. This new method 
may provide more detailed insights into the folding and reaction dynamics of 
DNAzymes in general  [  140,  141  ] .  

    4.2   NMR Studies 

 Although NMR spectroscopy can provide vital information on the specifi c interac-
tions between the nucleotides in the DNAzyme, only a limited number of NMR 
studies have been carried out with DNAzymes. The  1 H NMR spectra for the lead-
dependent DNAzyme selected in 1994 was fi rst obtained. No signifi cant chemical 
shift was observed when 0–19 mM Mg 2+  was titrated into the DNAzyme in solution. 
Unfortunately, no Pb 2+  titration was performed, since Pb 2+  is the active metal cofac-
tor. NMR spectroscopy has also been attempted on the 10-23 DNAzyme, but only 
the base pairing features between the substrate binding arms can be resolved; no 
information on the catalytic core was provided  [  101  ] . Further NMR analysis on 
DNAzymes could assist the understanding of the specifi c interactions, such as the 
DNA/DNA and DNA/metal interactions, and the catalytic mechanism  [  142  ] .  

    4.3   Other Spectroscopic Studies 

 Lanthanide ions (Lu 3+ , Tb 3+ , Eu 3+ ) have often been used as spectroscopic probes 
for nucleic acids, since they show sensitized luminescence by energy transfer from 
the nucleic acids  [  143–  149  ] . They are used in many ribozyme studies to probe the 
metal binding sites by competing with other cations. Luminescence lifetime measure-
ments can be used to determine the number of water molecules coordinated to the 
lanthanide ions. 

 Tb 3+  luminescence spectroscopy was recently used to study the metal binding in 
the 8-17 DNAzyme  [  150  ] . Tb 3+  can competitively and reversibly inhibit the Zn 2+ - 
and Pb 2+ -dependent enzyme activity. This property of Tb 3+  allowed a further study 
of the metal ion binding of the DNAzyme. Luminescence lifetime measurements 
indicated that 6–7 water molecules were coordinated to Tb 3+ . Since nine water 
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 molecules are normally coordinated to Tb 3+ , 2–3 water molecules were replaced by 
functional groups in the DNAzyme. A competition study indicated that Tb 3+  com-
petes differently for the Pb 2+  binding site from binding sites of other metal ions such 
as Zn 2+ , Mn 2+ , Co 2+ , Ca 2+ , and Mg 2+ . This study provides additional evidence for a 
unique interaction between Pb 2+  and the 8-17 DNAzyme, which has been indicated 
by all previous biochemical and biophysical studies. 

 In contrast to the inhibitory effect observed for the 8-17 DNAzyme, lanthanide 
ions are able to support the RNA-cleaving activity of the lead-dependent DNAzyme 
selected in 1994  [  151  ] . However, the mode of catalysis appears to be different from 
that of the lead driven catalysis. No pH-dependent activity was observed for any of 
the lanthanide ions tested, while a pH dependent activity is generally observed for 
Pb 2+ . The luminescence measurements indicate that the substrate alone is suffi cient 
for binding the Tb 3+  ion. Absence of the 2′-hydroxyl group on the substrate elimi-
nated Tb 3+  binding. 

 CD spectroscopy has also been used to study structural changes of the 8-17 
DNAzyme  [  116  ] . The transition between the right-handed B-form DNA to the left-
handed Z-form DNA can be monitored by CD spectroscopy. Formation of Z-DNA, 
as indicated by a negative peak at 294 nm, can be induced in the presence of molar 
concentrations of monovalent ions, such as Li + , Na + , Rb + , Cs +  or NH    +4    for DNA 
sequences with alternating GC bases  [  152–  157  ] . More importantly, the Z-DNA 
formation is also observed in the presence of micromolar concentrations of Zn 2+  and 
millimolar concentrations of Mg 2+ . The Z-DNA formation is attributed to the three-
base-pair stem in the catalytic core, since the mutation of the middle GC to AT 
eliminates the Z-DNA formation. No Z-DNA formation is observed in the presence 
of Pb 2+ . The CD study correlates very well with previous FRET studies showing that 
Zn 2+  and Mg 2+  have a different mode of interaction with the DNAzyme from Pb 2+  
 [  108,  109  ] .  

    4.4   Structural Features Learned from the Biophysical Studies 

 Without any high-resolution crystal or NMR structure of an active DNAzyme, the 
precise structure of the DNAzyme responsible for the catalytic activity is largely 
unclear. However, from the biochemical and biophysical studies, certain important 
structural features of DNAzymes, especially those of the 8-17 DNAzyme, can be 
deduced and are summaried below. 

 First, global folding of the 8-17 DNAzyme in the presence of Zn 2+  and Mg 2+  (as 
well as high concentrations of monovalent ions) can be observed and this folding is 
required for activity. Second, a local B-to-Z DNA transition occurs in the stem 
region inside the catalytic core. Third, the cross-linking study points out that several 
key nucleotides make contact in the catalytic core: the AGC trinucleotide loop folds 
back and contacts the dinucleotide cleavage junction; C 

13
  and G 

14
  are also in close 

contact with the cleavage junction. Fourth, the metal binding site appears to be in 
the WCGAA region as mutagenesis studies indicated. Last, Pb 2+  is the exception to 
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all four points mentioned above as no global folding or B-to-Z DNA transition is 
observed in the presence of Pb 2+ . In addition, limited nucleotide contacts are detected 
via the photo cross-linking study and the site of Pb 2+  binding, as indicated from all 
the studies, is different from that of Zn 2+  and Mg 2+  binding. 

 Some of these structural features can be also observed for the 10-23 DNAzyme, 
such as the structural rearrangement to a more compact structure upon Mg 2+  binding 
 [  158  ] . The nucleotide responsible for metal binding is also deduced  [  117  ] . However, 
these studies on the 10-23 or other DNAzymes are much less comprehensive in 
comparison with those of the 8-17 DNAzyme.   

    5   Biosensing Applications of DNAzymes 

 Heavy metal ion contamination can often pose signifi cant hazards to the health 
of the general public and the environment. Developing analytical tools for their 
detection is an important way to monitor contamination. Currently, heavy metal 
ions are analyzed by various instrumental techniques, such as atomic absorption 
spectrometry, inductively coupled plasma mass spectroscopy, anodic stripping 
voltammetry, and X-ray fl uorescence spectrometry. Although these instrumen-
tal techniques are very sensitive to heavy metals (often lower than ppb level) 
 [  159  ] , they require advanced equipment, skilled operators, and pretreatment of 
samples, and therefore, on-site and real-time monitoring is diffi cult to achieve 
 [  160–  162  ] . 

 The rational design of small-molecule based chemical sensors for metal ions 
are challenging because it often involves try-and-error processes. The combinato-
rial search for metal ion sensors presents a new opportunity. Isolated from combi-
natorial  in vitro  selection experiments, DNAzymes often possess high metal 
selectivity, such as the 8-17, 39E, and the classic lead-dependent DNAzyme 
 [  3,  5,  10,  68  ] . These RNA-cleaving DNAzymes are specifi c for a wide range of 
metal ions, have small catalytic domains, and have a fast reaction rate  [  163–  167  ] . 
Combined with the high stability and the low cost of synthesis for DNA, DNAzymes 
represent good candidates for biosensing applications. 

    5.1   Fluorescence Sensors 

 Fluorescence-based sensors can provide high sensitivity with common benchtop or 
even portable fl uorometers. Fluorophores and quenchers are normally covalently 
attached to DNA in fl uorescence-based DNAzyme sensors. Recently, fl uorescence 
sensors without chemically linked fl uorophores have also been developed. These 
labelled free sensors without the chemically linked fl uorophores have benefi ts due 
to their lower cost. 
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    5.1.1   Labelled Fluorescence Sensors 

 The fi rst fl uorescence DNAzyme sensor was reported in 2000 by Li and Lu based on 
the 8-17 DNAzyme for the detection of Pb 2+  (Figure  6 a)  [  38  ] . In this sensor, the fl uo-
rophore 6-carboxytetramethylrhodamine (TAMRA) was covalently attached to the 
5′-end of the substrate strand and a quencher (4-(4′-dimethylaminophenylazo)ben-
zoic acid, or Dabcyl) was attached to the 3′-end of the enzyme strand. As a result, in 
the absence of Pb 2+ , the enzyme and substrate were held together by Watson-Crick 
base-pairing because the melting temperature was above room temperature, result-
ing in a low fl uorescence quenched state. In the presence of Pb 2+ , the 8-17 DNAzyme 
catalyzed the cleavage of the substrate. The cleaved substrate was unstable at room 
temperature due to its lowered melting temperature with its complementary strand, 
and therefore it was released from the enzyme strand. The end result was that the 
fl uorophore was separated from the quencher and an increase in the fl uorescence 
could be detected with a fl uorometer. By this design, the DNAzyme based biosensor 
is able to detect Pb 2+  at concentrations as low as 10 nM, which is lower than 72 nM, 
the maximum contamination level for drinking water as defi ned by the U.S. EPA.  

 The sensor also has 80–1000 fold selectivity against other metal ions because of 
the intrinsic selectivity of the 8-17E DNAzyme  [  68  ] . One drawback of this design 
is the high background fl uorescence even when the assay is carried out at 4°C. As a 
result, only a low fl uorescence enhancement is observed (60%). In a new design, a 
second intramolecular quencher was introduced into the system and an over six-fold 
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increase in fl uorescence was obtained at room temperature (Figure  6 b)  [  39  ] . Because 
of the robust performance, many of the newer fl uorescent sensors have been based 
on this dual-quencher design  [  10,  36,  40–  42,  168  ] . 

 Some of these sensors possess extremely high sensitivity and selectivity, in some 
cases they can surpass many instrumental methods. For example, a fl uorescent sen-
sor based on the UO    +2

2   -dependent 39E DNAzyme with incorporated asymmetric 
 substrate binding arms and a dual-quencher can detect as low as 45 pM of UO    +2

2    in 
solution, which is lower than the detection limit of ICP-MS for uranium (420 pM) 
 [  10  ] . The toxic level in water for uranium is 130 nM defi ned by the U.S. EPA. 
Besides its high sensitivity, this sensor also has an over 1-million fold selectivity 
against the next best competing ion Th(IV) and hundreds of millions fold selectiv-
ity over other metal ions  [  169  ] . The improved Pb 2+  sensor based on the lead-depen-
dent DNAzyme can also offer a 40,000-fold selectivity against other metal ions 
 [  36  ] , which is a signifi cant improvement over the 8-17 DNAzyme-based sensors. 

 Besides modifying the termini of the DNAzyme and the substrate, internal label-
ling of the fl uorophore and quencher can also be used (Figure  6 c). Both rational 
design and combinatorial selection methods have been used for such a sensor design. 
In the rational design study, different fl uorophore and quencher pairs were placed on 
various positions across the cleavage site of the 8-17 DNAzyme. In general, higher 
fl uorescence enhancement was obtained from the internally labelled fl uorophore 
and quencher, with the strongest signal producing an 85-fold enhancement  [  170  ] . 
Combinatorial selection of metal sensors can be accomplished by introducing a 
fl uorophore and a quencher into the  in vitro  selection of metal-dependent DNAzymes. 
This type of selection has been carried out by Li and coworkers and they have iso-
lated DNAzymes with high fl uorescent enhancements and high catalytic rates 
 [  171,  172  ] . 

 Replacing organic dyes with quantum dots (QDs) has become popular. Quantum 
dots have advantages over organic dyes in terms of their size-dependent emission, 
single wavelength excitation, higher quantum yield and higher photo stability 
 [  173,  174  ] . Therefore, using QD can potentially give higher sensitivity and allow 
multiplex detection. Using QD-linked DNAzymes, Wu and coworkers demonstrated 
the simultaneous detection of Pb 2+  and Cu 2+  with very high sensitivity (0.2 nM for 
Pb 2+  and 0.5 nM for Cu 2+ ). In this study, QDs with different emissions were attached 
to the substrates of the 8-17 DNAzyme and a Cu 2+ -dependent DNAzyme; the 
 substrate was also covalently attached to a quencher at the 3′-terminus. Both 
DNAzymes also had a quencher attached at the 5′-terminus. Before cleavage, the 
fl uorescence of the QDs were quenched; after addition of metal ions, cleavage of the 
substrates released the quenchers and fl uorescence enhancement could be observed 
when the QDs were excited with a single excitation wavelength  [  175  ] . Replacing 
the quencher with gold nanoparticles can also achieve a lower detection limit 
because of the better quenching by gold nanoparticles compared to organic dyes 
 [  176,  177  ] . A recent study has demonstrated that use of a gold nanoparticle, a fl uo-
rophore dual-labelled substrate, and the 8-17 DNAzyme can achieve a detection 
limit as low as 5 nM  [  178  ] .  
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    5.1.2   Label-Free Fluorescence Sensors 

 Labelling the DNAzyme with fl uorescent tags costs extra time and materials and 
they may potentially interfere with enzymatic activities. Therefore, fl uorescence 
sensors without these external tags will have an advantage in these aspects. Recently, 
several label-free fl uorescence sensors have been developed by various groups. 

 One of the methods for designing label-free sensors involved DNA intercalating 
dyes. The extrinsic fl uorophore 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) 
was demonstrated to be a general route to design label-free fl uorescence sensors. In 
two different studies, an abasic site or vacant site was introduced into the double-
stranded region of the 8-17 DNAzyme-substrate complex. The fl uorophore ATMND 
can bind to the opposite nucleotide of the abasic or vacant site via hydrogen bonding 
and base stacking. When ATMND is bound, its fl uorescence is quenched. Upon 
cleavage, the release of the substrate causes the release of ATMND into solution, 
resulting in a fl uorescence enhancement. This design was applied to both the 8-17 
DNAzyme and 39E DNAzyme to develop sensors for Pb 2+  and UO    +2

2
  . Both sensors 

retained high sensitivity and selectivity  [  179,  180  ] . 
 Another label-free fl uorescence sensor was reported by Zhang et al. utilizing 

the double-stranded DNA chelating dye Picogreen and the 17E DNAzyme for the 
detection of Pb 2+ . The dye binds to double-stranded DNA in the absence of Pb 2+ , 
producing a high fl uorescence state; after addition of Pb 2+ , catalytic cleavage of the 
substrate causes dissociation of the enzyme-substrate complex, releasing the che-
lated dye and reducing the overall fl uorescence. Because of the “turn-off” nature of 
this system, a higher detection limit of 10 nM is reported when compared to the 
ATMND system  [  181  ] .   

    5.2   Colorimetric Sensors 

 Although fl uorescence sensors can offer high sensitivity and selectivity for detec-
tion, they still require instruments for signal output. Even a small portable fl uo-
rometer can be a limitation for on-site and real-time detection because of cost 
issues. Colorimetry is ideal for its convenience because the presence of the ana-
lyte can be seen directly by a color change. Metallic nanoparticles, especially gold 
nanoparticles (AuNPs), display strong distance-dependent optical properties and 
very high extinction coeffi cients  [  182  ] . The change from a disperse state to an 
aggregate state of 13 nm AuNPs causes a color change from red to blue. Due to 
the polyanionic nature of DNA, aggregation of DNA-functionalized AuNPs can 
be prevented even in molar concentration of NaCl while bare AuNPs are less 
stable because of the salt-induced screening effect  [  183  ] . In addition, DNA has 
also been demonstrated to control the assembly or disassembly of AuNPs  [  184–
  186  ] . These properties have been utilized to design colorimetric sensors 
 [  182–  185,  187,  188  ] . 
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    5.2.1   Labelled Colorimetric Sensors 

 The fi rst colorimetric sensor for Pb 2+  detection was based on the assembly and dis-
assembly of gold-nanoparticles in the presence of the 8-17 DNAzyme. In this 
design, both substrate arms were extended and the two extended regions were 
designed to hybridize to their complementary strands on DNA-functionalized 
AuNPs (Figure  7 a). In the presence of the enzyme strand, aggregate of AuNPs 
linked by the enzyme-substrate complex can form after a heating-and-cooling 
hybridization process. This DNA-AuNPs aggregate has a blue color. To perform 
sensing, the aggregate is heated to 50°C and then followed by a cooling process 
controlled by the presence of Pb 2+ . If Pb 2+  is present, cleavage of the substrate can 
prevent the formation of the blue aggregate again and a red color can be observed 
by spotting the sensing solution onto a TLC plate  [  47  ] . The initial colorimetric sen-
sor required multi-step operation and long detection time; additionally, the detec-
tion limit (~100 nM) was about 50 times higher than the fl uorescence sensor. Since 
this design was originally published, several improvements to the original sensor 
have been made. The heating-and-cooling process was eliminated by designing a 
tail-to-tail arrangement of AuNPs and the detection time was decreased to 5 minutes 
by increasing the size of the AuNPs used from 13 nm to 42 nm. These improvements 
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  Figure 7    Designs for labelled colorimetric sensors. Grey circles denote gold nanoparticles 
(AuNPs). ( a ) The fi rst colorimetric DNAzyme sensor based on the assembly and disassembly 
of AuNP-DNA aggregates. In this design, the AuNPs were arranged in a head-to-tail maner. 
( b ) Improved design based on a head-to-head AnNP organization. ( c ) Colorimetric sensor design 
that utilizes an invasive DNA.       
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to the kinetics of the sensor came at the price of changing the original “turn-on” 
sensor to a “turn-off” sensor, since no color change can be observed in the presence 
of Pb 2+  (Figure  7 b)  [  52  ] .  

 To achieve fast and “turn-on” sensing with DNAzymes, small fragments of inva-
sive DNA have been used to assist the disassembly of the DNA-AuNPs aggregate 
(Figure  7 c)  [  189,  190  ] . Later, by using asymmetric substrate binding arms, the disas-
sembly of the DNA-AuNPs aggregate can occur without the presence of invasive 
DNA at room temperature  [  191  ] . A similar design has been applied to the 39E 
DNAzyme to develop a UO    +2

2    sensor  [  48  ] . 
 Other than cleaving DNAzymes, a Cu 2+ -dependent ligation DNAzyme has also 

been used for designing colorimetric sensors by similar methods. The use of a liga-
tion DNAzyme has the advantage of an extremely low background and therefore a 
high sensitivity  [  192  ] .  

    5.2.2   Label-Free Colorimetric Sensors 

 The colorimetric, label-free detection of an analyte is probably the most favorable 
method from the end user’s perspective. Such a detection method is possible with 
DNAzymes and AuNPs. A label-free sensor employs the different absorption prop-
erties of ss- and dsDNA on citrate-coated AuNPs. Single-stranded DNA can adsorb 
onto AuNPs via its nucleobases and enhance the salt stability of AuNPs. Without 
exposed nucleobases, the negatively charged phosphate backbone of dsDNA repels 
the negatively charged AuNPs. Therefore, no enhanced salt stability can be observed 
when dsDNA is present to AuNPs  [  193  ] . 

 Both Pb 2+  sensors (8-17 DNAzyme) and a UO    +2
2    sensor (39E DNAzyme) have 

been developed  [  48,  49  ] . Since no modifi cation is required for detection, after the addi-
tion of metal ions to the solution containing the DNAzyme and the substrate, the reac-
tion is quenched by addition of EDTA or adjusting the pH after a period of time. 
Detection is performed by addition of 13 nm AuNPs to the reaction mixtures. The 
presence of cleaved products then can protect AuNPs from aggregating due to salts 
present in the reaction system and as a result, no color change is observed. Although 
being a “turn-off” sensor, this system can achieve very low detection limits (1 nM for 
UO    +2

2    and 3 nM for Pb 2+ ). A similar label-free Pb 2+  sensor has also been reported 
using bare gold nanoparticles, but with a higher detection limit of 500 nM  [  50  ] . 

 All of the sensing methods described above require careful and accurate ali-
quots of small microliter amounts of solution, making it diffi cult for the general 
public with minimal scientifi c background or training to carry out the experiment 
successfully. Toward this goal, a dipstick test has been developed based on the 8-17 
DNAzyme and AuNP conjugates for detection of Pb 2+  with practical application 
for detecting Pb 2+  in paints (Figure  8 )  [  53  ] . In this study, the substrate carried a 
3′-biotin modifi cation and the 5′-end was extended with a thiol group. The sub-
strate was conjugated to the AuNPs via thiol-gold chemistry. The dipstick is made 
of four overlapping pads: the wicking pad, the conjugation pad, the lateral fl ow 
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membrane and the absorption pad, held in place on a backing sheet. The enzyme-
substrate was annealed and spotted onto the conjugation pad of the dipstick. 
Streptavidin was spotted on the membrane at the control zone. Capture DNA which 
is complimentary to the releasing part of the cleaved substrate was spotted as the 
test zone. After all the components dried on the membrane, the dipstick can be used 
for sensing. If no Pb 2+  is present, all the DNA-AuNPs conjugates were captured by 
the streptavidin at the control zone, and one red line results; if Pb 2+  is present, the 
cleaved substrate with the conjugated AuNPs can travel up the membrane with the 
buffer fl ow and be captured by the capture DNA. Since the cleavage reaction is 
generally not 100%, two lines can often be observed. With this procedure, a 5  m M 
detection limit is obtained. With a modifi ed procedure, in which the reaction is car-
ried out in solution and detection is performed on the dipstick, a 500 nM detection 
limit is achieved.    

    5.3   Electrochemical Sensors 

 Besides sensors with optical detections, electrochemical DNAzyme sensors have also 
been demonstrated. Electrochemical sensors have the advantages of high sensitivity, 
low cost of the electronic device detector, and convenience due to its miniaturization 
 [  79  ] . The fi rst electrochemical DNAzyme sensor was reported by Xiao et al.  [  54  ] . 
In this study, the 8-17 DNAzyme was modifi ed with a 3′-methylene blue (MB) group 
and it was 5′-thiolated. The DNAzyme was then conjugated to a gold electrode. When 
the substrate hybridized to the enzyme strand, the relatively rigid complex prevented 

Membrane backing
Control Test zone

Lateral flow membraneWicking pad

Absorption padConjugation Pad

Lateral flow direction

  Figure 8    Design of the dipstick for lead detection. The star denotes a control line with streptavidin 
and the black lines at the test zone denote the capture DNA. The dipstick involved has four overlap-
ping pads on a membrane backing. Buffer fl ows from the wicking pad towards the absorption pad. 
Uncleaved DNAzyme-substrate-AuNP conjugates are captured at the control line by streptavidin 
while the cleaved substrate-AuNP conjugates are captured at the test line by the capture DNA.       
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the MB group from approaching the electrode, thus preventing electron transfer. In 
contrast, the cleavage and release of the substrate allowed the MB to transfer elec-
trons to the electrode. The detection limit for Pb 2+  with this sensor was 500 nM. 

 Another electrochemical sensor based on the 8-17 DNAzyme was also reported 
but using a [Ru(NH 

3
 ) 

6
 ] 3+  and DNA-AuNPs for signal amplifi cation  [  55  ] . The ruthe-

nium complex can bind to the phosphate backbone of the DNA and the DNA-AuNPs 
hybridized to an extended region on the releasing arm of the substrate. In the absence 
of Pb 2+ , electron transfer from the ruthenium complex to the electrode was maximized 
and amplifi ed by the AuNPs; in the presence of Pb 2+ , the cleaved substrate was released 
from the DNA-AuNPs conjugate, resulting in a reduced number of ruthenium com-
plexes close to the electrode surface and loss of the amplifi cation from the AuNPs. 
Although being a “turn-off” sensor, this sensor was still highly sensitive, demonstrat-
ing a 1 nM detection limit because of signal amplifi cation.  

    5.4   Other DNAzyme Sensors 

 Instead of using other molecules to generate a fl uorescence signal, a hemin DNAzyme 
(PS2.M) has also been used. This DNAzyme was fi rst isolated as a cofactor to bind 
 N- methylmesoporphyrin  [  92  ] . Later, it was found that this sequence is able to catalyze 
porphyrin metallation  [  34,  94  ] . The hemin-DNAzyme complex has peroxidase activ-
ity, and as a result, its activity can be monitored by using common peroxidase sub-
strates, such as luminol and ABTS  [  93,  95,  96  ] . The Willner group was the fi rst to apply 
this DNAzyme in biosensing applications  [  194,  195  ] . The strategy for using the hemin/
DNAzyme complex as the signal module generally involves splitting the DNAzyme 
into two portions and each portion has an extension that can bind to the target  [  196  ] . 
In the case of a “turn-off” sensor, the presence of the trigger DNA will sterically hinder 
the formation of the hemin DNAzyme, and thus result in a “turn-off” state; when the 
trigger DNA is absent, the hemin DNAzyme is in the active state and can produce 
signals when luminol or ABTS is present  [  196  ] . A “turn-on” sensor was developed by 
fi rst locking a portion of the hemin DNAzyme using its complimentary sequence; in 
the presence of the target, the fully functional DNAzyme is released and produces a 
signal  [  197–  200  ] . More detailed reviews of this system are provided elsewhere  [  86  ] . 

 Other than solution phase sensors, DNAzyme-based sensors can also be prepared 
by surface immobilization. Surface immobilization allows lower background and 
sensor regeneration since unhybridized and cleaved substrate can be washed away. 
By covalently attaching the 8-17 DNAzyme with a fl uorophore-labelled substrate to 
a gold surface, a detection limit of 1 nM was achieved  [  201  ] . This detection limit is 
about ten times lower than most of the solution phase fl uorescent sensors using the 
same DNAzyme. Besides a lower detection limit, immobilization of the DNAzyme 
on a gold-coated nanocapillary membrane can retain the activity of the sensor for a 
30-day period at room temperature in a dried state  [  202,  203  ] . Other than gold sur-
faces, carbon nanotubes and silica gel have also been used to immobilize and entrap 
DNAzyme sensors  [  204,  205  ] . One step further for immobilized DNAzyme sensors 
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is the application in micro- and nanofl uidic devices. Immobilizing DNAzyme sen-
sors in these devices allow detection with a very small amount of materials. Generally, 
less than 1 nL of DNA solution is needed for sensing  [  44,  206  ] .   

    6   Concluding Remarks and Future Directions 

 In summary, a large number of studies have been carried out to understand the basic 
biochemistry of DNAzymes using the 8-17 and 10-23 DNAzymes as model sys-
tems. Many sensing applications based on these DNAzymes have been demon-
strated and some of these sensors are now available commercially  [  207  ] . 

 However, many aspects of these DNAzymes still remain to be understood, such 
as the nature of their metal binding site, their exact catalytic mechanisms, and most 
importantly, their active structures. Many more studies on these aspects will be 
needed to obtain a more complete picture of these DNAzymes. 

 The RNA-cleaving DNAzymes only represent one member of the DNAzyme 
family. Fundamental studies on the other DNAzymes are important to be able to 
understand this new class of enzymes. 

 Besides the basic studies on existing DNAzymes, we look forward to see more 
DNA catalysts, which can catalyze new types of reactions. New reactions, where 
the substrates are no longer nucleotides, are highly exciting, since they expand the 
practical application of DNAzymes into new territories. 

 For sensing applications, a major challenge is to apply the success of  in vitro  tests 
to sense and image metal ions in cells or even the human body. The study of the 
structure and mechanism of DNAzymes and their applications in sensing is a pri-
mary example of scientifi c endeavors that expand both our fundamental understand-
ing and exploration of the frontier of practical applications. Further advances in this 
fi eld will have great impacts in many areas of science, engineering, and society. 

 Abbreviations 

  ABTS    2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)   
  ATMND    2-amino-5,6,7-trimethyl-1,8-naphthyridine   
  AuNP    gold nanoparticle   
  CD    circular dichroism   
  Cy5    a cyanine dye   
  Dabcyl    4-(4′-dimethylaminophenylazo)benzoic acid   
  DNAzyme    deoxyribozyme   
  EDTA    ethylenediamine-N,N,N′,N′-tetraacetate   
  EPA    Environmental Protection Agency   
  FAM    6-carboxyfl uorescein   
  FRET    Förster resonance energy transfer   
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  hemin    Fe(III)-protoporphyrin IX   
  ICP-MS    inductively coupled plasma-mass spectrometry   
  MALDI-TOF    matrix-assisted laser desorption/ionization-time of fl ight   
  MB    methylene blue   
  NMR    nuclear magnetic resonance   
  NMM     N- methylmesoporphyrin   
  PCR    polymerase chain reaction   
  PAGE    polyacrylamide gel electrophoresis   
  QD    quantum dot   
  smFRET    single molecule Förster resonance energy transfer   
  ssDNA    single-stranded DNA   
  TLC    thin layer chromatography   
  TMR = TAMRA    6-carboxytetramethylrhodamine          
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  Abstract   The unique chiral structure and the highly specifi c Watson-Crick base-
pairing interactions that characterize natural double-stranded DNA, make this 
natural biopolymer an attractive ligand for asymmetric catalytic processes. In this 
chapter the applications of DNA as scaffold and chiral ligand in enantioselective 
transition metal catalysis are presented. An overview of the state of the art for 
the different approaches to metal-DNA based catalysts is given, followed by an 
overview of the mechanistic studies that have been performed to date.  
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    1   Introduction 

 “ This structure has novel features which are of considerable biological interest ”. This is 
the sentence that Watson and Crick used at the beginning of the publication in which 
they presented the three-dimensional structure of the DNA helix  [  1  ] . Almost sixty years 
later, the understanding of DNA and the development of new applications, both biologi-
cal and chemical, continue to be an exciting and challenging topic for the 21st century 
scientifi c community. Especially in the past two decades, DNA has emerged as a highly 
versatile molecule for applications beyond its natural function, including nanotechnol-
ogy  [  2 – 4  ] , DNA-templated synthesis  [  5  ] , and hybrid catalytic systems  [  6,  7  ] . 

 The main attractive features of DNA for catalysis lie in the highly specifi c 
Watson-Crick base-pairing hydrogen-bonding interactions and the well-defi ned 
helical structure that characterize natural double-stranded DNA. These two proper-
ties can be used for the specifi c assembly of catalyst structures, for substrate binding 
and enantiodiscrimination in asymmetric catalysis. In addition, DNA is a cheap and 
commercially readily available biopolymer. Furthermore, its high solubility in water 
makes DNA a suitable starting point for the development of new transformations in 
aqueous medium. Catalysis in water is one of the important research areas with 
respect to green chemistry  [  8,  9  ] . 

 This chapter deals with the application of DNA as scaffold and source of chirality 
in enantioselective transition metal catalysis. An overview of the developments to 
date will be followed by a discussion of the role of DNA in catalysis and fi nally an 
outlook for this novel approach to enantioselective catalysis will be given.  

    2   DNA in Metal Catalysis 

 Three general approaches towards DNA-based metal catalysis can be discerned: 
(i) metal-dependent DNAzymes, (ii) DNA-directed and templated catalysis, and 
(iii) DNA-based asymmetric catalysis. 

 DNAzymes are catalytically active DNA’s that fold into well-defi ned tertiary 
structures analogous to enzymes. Some of these rely on metal ions, although it is 
often not clear what the role of the metal ion is, i.e., structural or catalytic. As dis-
cussed in   Chapter 8     of this book, metalloDNAzymes have found many applications 
 [  10  ] ; sensing being a prime example. However, to date no (metallo)DNAzymes for 
enantioselective catalysis have been reported. 

 In DNA-directed and templated catalysis, DNA hybridization is used to bring 
catalysts and substrates together or to promote the formation of an active catalyst on 
a DNA template  [  11  ] . Since this does not involve enantioselective synthesis, this 
topic is not further discussed here. 
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 Finally, in DNA-based asymmetric catalysis, DNA is used as the chiral scaffold 
for the formation of a hybrid catalyst that can catalyze reactions in an enantioselec-
tive fashion. This approach will be detailed below.  

    3   Concept of DNA-Based Asymmetric Catalysis 

 The unique chirality of the DNA double helix and its capacity to bind a wide variety 
of small molecules via intercalation and/or groove binding makes this natural bio-
polymer an attractive ligand for asymmetric catalytic reactions. 

    3.1   General Concept 

 DNA-based asymmetric catalysis involves the assembly of a hybrid catalyst from duplex 
DNA and a catalytically active transition metal ion, which is coordinated to a non-chiral 
ligand. Thus, the transition metal complex is brought into close proximity of the DNA 
and the catalyzed reaction takes place in, or very close to, the chiral DNA helix structure, 
resulting in the preferential formation of one mirror image form of the reaction product.  

    3.2   Approaches to DNA-Based Asymmetric Catalysis 

 Two general approaches can be followed in the design of DNA-based asymmetric 
catalysis: (i) the supramolecular approach, in which the catalyst is bound using 
non-covalent interactions and (ii) the covalent approach, in which the catalyst is 
attached to the DNA via a covalent linkage (Scheme  1 ).  

 The covalent approach guarantees the well-defi ned positioning of the catalyst 
in the DNA, which thus gives rise to excellent control over the catalyst structure. 
However, the synthetic complexity and time-consuming nature of preparing covalently 
modifi ed DNAs is complicating the design and optimization process. In contrast, 
the supramolecular approach allows an easy assembly of the catalytic system, the use 
of inexpensive DNA from natural sources, and the rapid screening and optimization 
of the catalysts. However, a potential complication of the supramolecular approach 
lies in the fact that the catalyst may not be very well defi ned due to the possibility 
of the transition metal complex binding at multiple positions to the DNA. As a 
consequence, the DNA-based catalyst may actually be a heterogeneous mixture of 
different catalysts that reside in a different micro-environment. 

 To date, two generations of supramolecular DNA-based catalysts have been 
developed, which differ in the design of the metal chelator: (a) The fi rst generation 
ligands, which contain a 9-amino acridine intercalating moiety that is connected to 
a 2-(aminomethyl)pyridine metal binding moiety through a spacer, and (b) the second 
generation DNA-based catalysts employ bipyridine-type ligands. Compared to the 
fi rst generation of ligands, the catalytically active metal center can be brought much 
closer to the DNA due to the absence of a spacer moiety (Figure  1 ).    



252 García-Fernández and Roelfes

N
H
N N

R

N

n MeO OMe
R=

N

N N

N N

N N

N NN

N N N N

H
N

NN

L9

First generation ligands

Second generation ligands

L6 (dppz) L7 (dpq) L8 (phen)

L10 (bipy) L11 (dmbipy)

n=2; L1 n=2; L3
n=3; L4n=3; L2

n=5; L5

  Figure 1    First and second generation ligands used in supramolecular DNA-based catalysis.       

  Scheme 1    Schematic representation of DNA-based asymmetric catalysis using the supramolecular 
and covalent anchoring strategies: (a) nucleotide synthesis, (b) postsynthetic modifi cations.       
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    4   Reaction Scope of DNA-Based Asymmetric Catalysis 

 The concept of DNA-based asymmetric catalysis has been applied successfully 
to various asymmetric reactions, including Lewis acid-catalyzed C-C and C-X 
bond-forming reactions and organometallic reactions. 

    4.1   Lewis Acid-Catalyzed C-C Bond-Forming Reactions 

 In the fi rst application of a DNA-metal complex hybrid catalyst, Roelfes and 
Feringa reported the use of salmon testes DNA (st-DNA) as source of chirality 
in the Cu(II)-catalyzed enantioselective Diels-Alder reaction of azachalcone with 
cyclopentadiene  [  12  ]  (Scheme  2 ).  

O
N

O
N

CuL/st-DNA

endo + exo

endo/exo up to 98:2
ee (endo) up to 49%

  Scheme 2    DNA-based asymmetric Diels-Alder reaction. Typical conditions: 1.3 mg/mL st-DNA; 
[catalyst] = 0.3 mM; [azachalcone] = 1 mM; [cyclopentadiene] = 5 mM; [3-(N-morpholino)-
propanesulfonic acid (= MOPS buffer)] = 20 mM; pH = 6.5; 5°C; 3 days.       

 The reasons for selecting the Diels-Alder reaction were: (i) The Diels-Alder 
reaction greatly benefi ts from water as reaction medium  [  13,  14  ] . (ii) Kobayashi and 
Manabe  [  15  ]  and Engberts et al.  [  16  ]  had demonstrated the feasibility of Lewis acid 
catalysis in water in this and related reactions. (iii) This reaction does not involve 
changes in the oxidation state of the metal center which may give rise to damage of 
the DNA  [  17  ] , and (iv) previous work on catalytic antibodies  [  18,  19  ]  and RNAzymes 
 [  20  ]  suggested the potential of the Diels-Alder reaction in DNA-based asymmetric 
catalysis. 

 The hybrid catalyst was self-assembled by combination of the copper complex 
[CuL(NO 

3
 ) 

2
 ], where L is a fi rst generation ligand, and salmon testes DNA. The struc-

ture of the ligand L determines the enantiomeric excess observed in each case. Thus, 
the highest  ee ’s were obtained when the substituent R in the fi rst generation ligands is 
an aromatic group such as 1-naphthylmethyl or 3,5-dimethoxybenzyl. This suggests 
the involvement of π-π stacking interactions between the substituent and the dieno-
phile, as was previously put forward in the case of Cu(II) catalysts based on amino 
acids  [  15,  16  ] . Alternatively, cation- p  interactions between the arylmethyl group and 
Cu(II) have also been proposed  [  21  ] . 
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 When  L2 , with R = 1-naphtylmethyl, was used as ligand (see Figure  1 ), almost 
complete  endo  selectivity was achieved ( endo / exo  98:2) and 49%  ee  was observed 
for the (−) enantiomer of the  endo  product. Interestingly, changing the length of the 
spacer from three to two carbon atoms ( L1 ) gave rise to the formation of (+) 
enantiomer with 48%  ee . Elongation of the spacer length up to n = 5 ( L5 ) led to 
strong decrease in enantioselectivity, indicating that close contact between the DNA 
and the catalyst is required for effi cient transfer of chirality. 

 In the case of R = 3,5-dimethoxybenzyl ( L3, L4 ) a dependence between the 
length of the spacer and the enantiomeric preference of the reaction was not 
observed; the (+) enantiomer of the Diels-Alder product was obtained in excess in 
all evaluated cases, with  ee  values up to 37%. 

 The use of the second generation ligands, which are based on 2,2’-bipyridine-
type structures, in the metal-DNA based asymmetric Diels-Alder reaction led to a 
dramatic improvement of the stereo- and enantioselectivity in this reaction  [  22  ] . 
Nearly complete  endo  selectivity and up to 99%  ee  was observed in the reaction 
when 4,4’-dimethyl-2,2’-bipyridine (dmbipy) was used as ligand for copper. 

 An important step towards increasing the synthetic applicability of the Diels-Alder 
reaction catalyzed by hybrid metal-DNA was the introduction of the α, β-unsaturated 
2-acyl(1-methyl)imidazole substrates as dienophiles  [  23  ]  (Scheme  3 ). This kind 
of α,β-unsaturated ketones have proven to be excellent substrates in a variety of 
enantioselective Lewis acid catalyzed reactions [24−27].  

N

N

O

R

O
N

N

R

ee up to 98%

st-DNA
[Cu(dmbipy)(NO3)2]

MOPS pH 6.5, 5 ºC

R = Ph, p-MeOPh, p-ClPh, o-BrPh,
2-furanyl, cyclohexyl, Me, H

  Scheme 3    DNA-based catalytic Diels-Alder reaction with α,β-unsaturated 2-acyl(1-methyl)-
imidazole substrates.       

 Also in this case 4,4’-dimethyl-2,2’-bipyridine was found to be the best ligand, 
providing excellent diastereoselectivities (up to 99:1) and good to excellent enantiose-
lectivities (80–98%  ee ) with all the substrates evaluated. Moreover, the imidazole 
moiety could subsequently be removed to generate the corresponding methyl ester  [  28  ] . 

 Two more examples of DNA-based catalysis have been reported for the Diels-Alder 
reaction using Cu(II) as catalytic metal ion. These other examples use the covalent 
approach to catalyst assembly, attaching the metal ion to the DNA via a covalent 
linkage. In one report, polyaza crown ethers were incorporated into DNA-conjugates 
as catalytic Cu(II) binding sites. The catalytic activity of these systems was evalu-
ated in the Diels-Alder reaction of cyclopentadiene and azachalcone  [  29  ] . However, 
only a low enantioselectivity of 10% was observed. 
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 In the other approach, a modular approach towards catalyst assembly was used that 
involves three oligonucleotide components: an oligonucleotide that is functionalized with 
a ligand, i.e., 2,2’-bipyridine (bipy) at the 5’ or 3’ terminal phosphate moieties (ON1), an 
unfunctionalized oligonucleotide (ON2), and a template oligonucleotide strand that is 
complementary to both ON1 and ON2. Hybridization in the presence of a metal ion gives 
rise to a duplex DNA structure that has the catalytically active metal complex in an 
internal position at the interface between ON1 and ON2  [  30  ]  (Scheme  4 ).  
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  Scheme 4    Diels-Alder cycloaddition using covalent approach to asymmetric DNA-based catalysis.       
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  Scheme 5    Asymmetric Michael addition with enolate nucleophiles catalyzed by the copper-ligand 
complex in the presence of st-DNA.       

 The conversion and enantiomeric excess of the product proved to be dependent 
on the design of the catalyst, in particular the length of the spacer and the DNA 
sequence around the interface. The DNA sequence in the region of the metal center 
was readily optimized by variation of the unfunctionalized (ON2), resulting in a 
maximum  ee  of up to 93% for the major ( endo ) enantiomer. 

 The α,β-unsaturated 2-acyl(1-methyl)imidazole substrates have also been applied 
successfully in DNA-based catalytic enantioselective Michael addition reactions  [  31  ]  
(Scheme  5 ).  

 The hybrid catalyst composed of st-DNA and the complex [Cu(dmbipy)(NO 
3
 ) 

2
 ] 

catalyzed the addition of dimethyl malonate to ( E )-1-(1-methyl-1 H -imidazol-2-yl)-
3-phenylprop-2-en-1-one in water to give full conversion and 91%  ee . 
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 The substrate scope of this reaction proved to be quite broad: good to excel-
lent enantioselectivities, ranging from 58 to 99%  ee , were obtained in all cases. 
When nitromethane was used as Michael donor, a signifi cantly increased concentra-
tion of the nucleophile was needed to achieve full conversion. Again, with multiple 
substrates good to excellent enantioselectivities were observed, albeit slightly lower 
than obtained when using dimethyl malonate. 

 The aqueous solution containing the DNA-based catalyst could be recycled 
several times without loss of catalytic activity or enantioselectivity. Moreover, the 
use of organic co-solvents such as acetonitrile (10% v/v), allowed, in the case of 
the Michael addition of dimethyl malonate to ( E )-1-(1-methyl-1 H -imidazol-2-yl)-
3-phenylprop-2-en-1-one, to carry out the reaction on gram scale, giving rise to 85% 
isolated yield and 95%  ee   [  32  ] . Furthermore, using the protocol of Evans et al.  [  24  ] , 
the imidazole group of the Michael addition products was converted to a good 
leaving group upon  N -alkylation, followed by treatment with methanol to yield the 
corresponding methyl ester derivates. 

 Using the same α,β-unsaturated 2-acyl(1-methyl)imidazole substrates, the fi rst 
catalytic enantioselective vinologous Friedel-Crafts alkylation of indoles and 
pyrroles in aqueous medium was developed  [  33  ] . Again, the highest enantioselec-
tivities were obtained using a DNA-based hybrid catalyst based on [Cu(dmbipy)
(NO 

3
 ) 

2
 ] (Scheme  6 ).  
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  Scheme 6    Asymmetric Friedel-Crafts alkylation reaction catalyzed by Cu-L11 (for L11 see 
Figure  1 ) in the presence of DNA.       

 A variety of indole π nucleophiles reacted with α, β-unsaturated 2-acyl  imidazoles 
(Scheme  6 ) having aryl or alkyl substituents (R) on the β position. Full conversion 
was found after 10 h in most cases. Only when R was an aryl group, the reaction was 
slower and needed 20 equivalents of indole for completion. The  ee  varied from 69 to 
83% using st-DNA and could be increased to 93% by using the self-complementary 
oligonucleotide d(TCAGGGCCCTGA) 

2
  ( vide infra ). 

 An interesting observation is that in the reaction of ( E )-1-(1-methyl-1 H -imidazol-
2-yl)but-2-en-1-one (R = CH 

3
 ) with 5-methoxy indole, the copper complex loading 

could be lowered to 0.3 mol%. Based on the binding affi nity  K  
b
  = (1.12 ± 0.02) × 

10 4  M –1 , determined for the binding of Cu(II)-dmbipy, it can be calculated that under 
the reaction conditions only 16% of the copper complexes are actually bound to 
DNA, which corresponds to an effective catalyst loading of only 0.05 mol%. Yet, 
compared to the highest catalyst loadings, when 95% is bound to DNA, the enantio-
selectivity did not decrease. This suggests a signifi cant acceleration of the reaction 
by the presence of DNA ( vide infra ). 
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 Finally, the presence of an organic co-solvent, e.g., methanol, ethanol, dimethyl-
formamide, dimethylsulfoxide or 1,4-dioxane, in the reaction medium is tolerated 
and, in some cases, caused the reaction to proceed signifi cantly faster  [  32  ] . The 
reaction of 5-methoxyindole with ( E )-1-(1-methyl-1 H -imidazol-2-yl)but-2-en-1-
one in the presence of 30% v/v methanol made it possible to perform the reaction 
on gram scale and at –18ºC. Under these conditions the product could be isolated in 
85% yield with an increase in the enantioselectivity from 81 to 93%.  

    4.2   Lewis Acid-Catalyzed C-X Bond-Forming Reactions 

 In the light of the excellent results obtained with the catalytic carbon-carbon bond-
forming reactions, the enantioselective formation of carbon-heteroatom bonds using 
metal-DNA based catalysts was investigated. 

 Shibata, Toru, and coworkers reported the DNA-based catalytic enantio-
selective C-F bond-forming reaction. The Cu(II)-dmbipy/st-DNA hybrid catalyzed 
the fl uorination reaction of indanone- b -ketoesters in aqueous medium using 
1-(chloromethyl)-4-fl uoro-1,4-diazonibicyclo [  2 .2.2]octane ditetrafl uoroborate 
(Selectfl uor®) as fl uo rination reagent  [  34  ]  (Scheme  7 ).  

  Scheme 7    Asymmetric fl uorination reaction of β-keto esters.       

 In this case, the indanone-2-carboxylate esters used as substrates bind to the 
Cu(II) center in a bidentate fashion, resulting in formation of the corresponding 
enolates. These then react with an electrophilic fl uorine source, giving rise to the 
corresponding fl uorinated product. The catalytic reaction proved to be very sensi-
tive to the substitutions on the β-keto ester substrates; the best enantioselectivities 
(up to 74%) where obtained when the indanone carboxylates presented bulky esters 
as substituents. 

 Also the hydrolytic kinetic resolution of 2-pyridyloxiranes in water catalyzed by 
[Cu(II)-(dmbipy)/st-DNA] has been reported  [  35  ] . The selectivity of the reaction 
showed a strong dependence of the substituents on the oxirane. The best results 
were obtained with trans-2-(3-phenyloxiranyl)pyridine as substrate. In this case, the 
selectivity factor observed was 2.7 and the remaining epoxide was recovered 
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 Recently, the DNA-based catalytic enantioselective conjugate addition of water 
to  a , b -unsaturated ketones in aqueous medium has been reported  [  36  ] . The use of 
water as nucleophile in conjugate addition reactions represents a challenging topic 
in asymmetric catalysis and is of considerable synthetic interest, since it allows 
direct incorporation of hydroxy groups without requiring additional deprotection 
steps. The DNA-based reaction represents the fi rst non-enzymatic catalytic enantio-
selective  syn -hydration of α,β-unsaturated ketones in water, giving rise to chiral 
β-hydroxy ketones with up to 79%  ee , which could be further improved to 82% by 
performing the reaction in D 

2
 O. Furthermore, the catalytic solution could be recov-

ered and recycled at least four times without observing changes in the conversion 
and in the enantioselectivity of the reaction (Scheme  9 ).  
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  Scheme 8    Hydrolytic kinetic resolution with a DNA-based catalyst.       
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  Scheme 9    Asymmetric conjugate addition of water to enones catalyzed by Cu-L in the presence 
of DNA.       

 Surprisingly, the best results in this transformation were obtained using ligands 
of the fi rst generation. While in absence of the copper complex no conversion was 
observed, in absence of the ligand, the reaction rate was slower and the opposite 
enantiomer of the  b -hydroxy ketone product was obtained. These results demon-
strate that the copper complex is responsible of the activation of the enone for the 
hydration step, but the combination of the ligand coordinated to the metal center and 
the DNA controls the stereocontrol outcome of the reaction. 

 The catalytic activity of the complex [Cu( L3 )(NO 
3
 ) 

2
 /st-DNA] (for  L3  see Figure  1 ) 

was evaluated for several 2-acyl-(1-methyl)imidazole derivatives. In general, a 
dependence of the enantioselectivities, which were in the range from 28 to 72%, on 

with 63%  ee  (Scheme  8 ). However, the effectiveness of these hybrid catalysts has 
to be improved signifi cantly for the reaction to become of interest for synthetic 
applications.  
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the steric demand of the R substituents was observed: bulky alkyl substituents gave 
rise to higher enantioselectivities. Only, when R was an aryl substituent (phenyl), no 
hydration reaction was observed, due to the unfavorable thermodynamics for this 
reaction.  

    4.3   Organometallic Catalysis 

 Compared to Lewis acid catalysis, the development of DNA-based systems for 
organometallic transformations is less well explored to date. 

 Kamer et al. reported the synthesis of a uridine nucleobase substituted with a 
diphosphine group  [  37  ] . This modifi ed uridine was used as ligand in the allylic 
amination catalyzed by Pd(II) complexes, inducing  ee ’s up to 82% when THF was 
employed as solvent. Unfortunately, when this nucleobase was included as part of a 
trimer a lower reactivity and the loss of the enantioselectivity was observed. Other 
approaches to include phosphine ligands into DNA structures have been explored 
 [  38,  39  ] , but to date no catalysis was reported. 

 An alternative approach to achieving DNA-based organometallic catalysis 
involved the covalent attachment of a diene ligand that was used to bind Ir(I)  [  40  ] . 
The DNA-based catalysts were synthesized by coupling of the bicyclooctadiene diene 
ligands with a 19- mer  oligodeoxynucleotide and addition of an iridium(I) source. 
These iridium(I) catalysts have been evaluated in the allylic amination of 1-phenylallyl 
acetate with morpholine in a water/1,4-dioxane mixture (7:3) (Scheme  10 ). Although 
the  ee  values and stereoselectivity factors obtained were low, a chirality transfer from 
the nucleic acid to the iridium(I) complex could be observed. Using different DNA 
or RNA oligonucleotides allowed modulating the chiral environment surrounding 
the metal center. As a result, the enantiomeric outcome of the reaction could be 
changed, e.g. from an  ee  of +23 to -27% in one case.    

OAc

N
H

O
N

O
N
H

H
N

O

DNA

H3CO

[{IrCl(C2H4)}2]

47% yield
24% ee

  Scheme 10    DNA-based iridium(I)-catalyzed allylic amination.       
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    5   Role of DNA in Catalysis 

 An intriguing question concerns the role of DNA in these DNA-based catalytic 
reactions is. Is it “merely” the source of chirality or does the DNA affect the catalysis 
in more ways? For this reason the non-covalent approach to DNA-based catalysis 
has been subjected to a detailed mechanistic study, particularly focusing on the 
C-C bond-forming reactions. Most of the information to date has resulted from 
a study of the Diels-Alder reaction of azachalcone with cyclopentadiene, which 
proved to be a very convenient model reaction. However, similar trends were found 
for the other DNA-based catalytic enantioselective C-C bond-forming reactions 
( vide infra ). The  syn  hydration of enones has quite different characteristics. For the 
other reactions and for the covalently linked catalysts, mechanistic information is 
not yet available. 

    5.1   Effect on Reactivity 

 The effect of the DNA on the rates of the catalyzed reactions has been investigated 
in a kinetic study  [  7  ] . In the case of the Diels-Alder cycloaddition of azachalcone 
with cyclopentadiene catalyzed by Cu-L/st-DNA it was demonstrated that the DNA 
sequence and the DNA structure have a signifi cant effect on the reaction rate. 

 In case of catalysts from the fi rst generation, a slight deceleration of the reaction 
was observed in the presence of DNA compared to the reaction in the absence 
of DNA  [  41  ] . In contrast, using the second generation catalysts, i.e., those based on 
2,2’-bipyridine-type ligands, an acceleration of the reaction was found in the presence 
of DNA. This ranged from a modest 2.4-fold acceleration in case of Cu-bipy to a 
surprising 58-fold increase in the apparent second order rate constant ( k  

app
 ) with the 

Cu-dmbipy complex. 
 The proposed mechanism for this reaction involves reversible bidentate binding 

of the Cu(II) center to the azachalcone, followed by the irreversible Diels-Alder 
reaction, and fi nally dissociation of the product from the catalysts, thus making it 
available for the next cycle (Scheme  11 )  [  42  ] . The binding constant  K  

a
  for the binding 

of azachalcone to the Cu(II) complex was found not to be signifi cantly affected 
by the presence of DNA  [  43  ] . Using these values and the  k  

 app 
 , the  k  

 cat 
  for the actual 

could be determined. Indeed, it was found that in the presence of DNA the  k  
 cat 

  of the 
reaction increases by two orders of magnitude.   

    5.2   DNA Sequence Dependence 

 Salmon testes DNA is a natural DNA which contains, from the perspective of 
DNA-based catalysis, a random sequence of nucleotides. Since no apparent sequence 
selectivity for binding of Cu-dmbipy was observed  [  43  ] , which means that the 
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  Scheme 11    Proposed catalytic cycle of the Diels-Alder reaction catalyzed by Cu(II)-L.       

   Table 1    Sequence dependence of fi rst and second generation catalysts.   

 Entry  DNA 
 fi rst generation 
(L3)  ee  (%) 

 second generation 
(L11)  ee  (%) 

 1  st-DNA  37(+)  98.5(+) 
 2  poly (dA-dT)   6(+)  15(−) 
 3  poly (dG-dC)  62(+)  78(+) 
 4  d(GCGCGCGCGCGC) 

2
   54(+)  95(+) 

 5  d(GCGCGCGC) 
2
   27(+)  86(+) 

 6  d(GACTGACTAGTCAGTC) 
2
   34(+)  78(+) 

 7  d(TCGGGTACCCGA) 
2
   16(+)  98.6(+) 

 8  d(TCAGGGCCCTGA) 
2
   10(+)  99.4(+) 

  Conditions: all experiments were carried out with the following reagents: 0.3 mM [Cu(L)(NO 
3
 ) 

2
 ], 

1.3 mg mL –1  st-DNA, 1 mM azachalcone, 16 mM cyclopentadiene, 20 mM MOPS pH 6.5, 5ºC, 
3 days.  
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Cu-dmbipy binds everywhere on the DNA, the sequence dependence of both 
the enantioselectivity and rate acceleration was studied. For this purpose a series of 
self-complementary oligonucleotides were investigated as scaffold in the catalyzed 
reactions.  

 The enantioselectivity observed for the Diels-Alder reaction catalyzed by the 
complex of the fi rst generation [Cu( L3 )(NO 

3
 ) 

2
 ] was increased from 37%, when 

st-DNA was used as chiral scaffold, to 62%, when the reaction took place in presence 
of poly(dG-dC)(dG-dC) which presents alternating GC sequences. In contrast, 
AT- rich sequences gave rise to a strong decrease of the enantioselectivity values. 

 With the second generation catalyst based on Cu-dmbipy, a different behavior 
was observed. Sequences containing alternating GC and AT base pairs, or sequences 
containing alternations of G and C generally gave lower  ee ’s than obtained with 
salmon testes DNA. However, sequences containing tracts of three G or three C lead 
to higher  ee  values. The highest enantioselectivity, 99.4%  ee , was obtained with 
d(TCAGGGCCCTGA) 

2
 . 

 The kinetic studies also demonstrate that the sequences have a signifi cant infl uence 
over the catalytic Diels-Alder reactions. Surprisingly, it was found that the DNA 
sequences that give rise to the highest enantioselectivities are also those that cause 
the largest rate accelerations (Figure  2 )  [  43  ] .  

  Figure 2    (a) Relationship between  k  
app

  and  ee  obtained with different double-stranded oligonucle-
otides and st-DNA. (b) Relationship between log  k  

app
  and  D  D  G  ‡ . Reprinted with permission from 

 [  43  ] ; copyright 2008 American Chemical Society.       
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 A linear relation was found between the  ee  (expressed in  D  D G   ‡   ) and the  log  of 
the apparent 2 nd  order rate constant ( k  

app
 ). 

 A combination of these results explains why DNA-based asymmetric catalysis 
with Cu-dmbipy/st-DNA works, even though the catalyst is actually a heteroge-
neous mixture of copper complexes that all are located in a different DNA sequence 
and, hence, provide a different microenvironment for the reaction: the catalysts that 
are bound to the DNA sequences that give the highest  ee  dominate the overall out-
come of the reaction because they also accelerate the reaction the most. 

 Recently, Moses et al. have reported on alternative DNA structures as scaffold 
for the Diels-Alder reaction. Using parallel or antiparallel G-quadruplex structures, 
moderate to good enantioselectivities were obtained  [  44  ] . 

 Analogous to the observations made for the Diels-Alder reaction, the Cu-dmbipy/
st-DNA catalyzed Friedel-Crafts reactions also show an increase of the apparent rate 
constant ( k  

app
 ) of up to 30-fold in the presence of the DNA  [  33  ] . In this case, the enantio-

selectivity is also dependent on the DNA sequences following a similar pattern of 
sequence dependence found for the Cu-dmbipy/DNA catalyzed Diels-Alder reaction. 

 Also the reaction rate of the Cu-dmbipy/st-DNA catalyzed Michael addition was 
affected by the presence of DNA. With dimethyl malonate as the Michael donor, 
a modest 3- to 6-fold rate acceleration was observed. Most likely, the observed rate 
acceleration is lower than in the Diels-Alder and Friedel-Crafts reaction because of 
electrostatic repulsion: the Michael addition requires the approach of the negatively 
charged enolate of dimethyl malonate to the Cu(II)-bound enone, that is located in 
the highly negatively charged DNA. In case of nitromethane as the Michael donor 
even a deceleration of the reaction in the presence of DNA was observed. 

 Finally, also the enantioselectivities in the  syn  hydration of α,β-unsaturated 
ketones, catalyzed by fi rst generation catalysts, i.e., Cu- L3 /DNA, proved to be 
sequence-dependent. Interestingly, the sequence dependence in the hydration 
reaction proved to be very different from that observed in the Diels-Alder reaction 
with the same catalyst  [  36  ] . The highest enantioselectivites in the hydration reaction 
were obtained with DNA sequences that containing central AT base pairs. In particular, 
the use of the self-complementary oligonucleotides d(CAAAAATTTTTG) 

2
  and 

d(GCGCTATAGCGC) 
2
  provided the highest  ee  values, i.e., up to 82% in D 

2
 O.  

    5.3   Origin of Enantioselectivity 

 A complete stereochemical model that explains the transfer of the chirality of the 
DNA to the catalyzed reaction is currently not available, since the DNA binding 
mode of Cu-dmbipy and, hence, the catalyst structure, is still not known. However, 
some interesting observations can be made with regard to the observed stereochemical 
course of the catalyzed reactions. The absolute confi gurations of the benchmark products 
from the DNA-based catalytic C-C bond-forming reactions have been determined 
either directly, by comparison of the optical rotations to those reported in the litera-
ture, or via conversion to a known analogue by displacement of the imidazole moiety 
with a methoxy group. From the comparison of the absolute confi gurations it could be 
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concluded that the diene or nucleophile in these different reactions, always approach 
the enone from the same π face, that is, the  Si  face in case of R = aryl, and the  Re  face 
in case of R = alkyl (Figure  3 ). Therefore, it is likely that the enantiodiscrimination in 
these reactions is the result of the same mechanism. This could suggest that one face 
of the enone moiety is shielded by the DNA, resulting in preferred attack from the 
other face. However, this disagrees with the observed increase in the reaction rate, 
which would be unlikely in the case of shielding. An alternative hypothesis is that 
the DNA scaffold actively directs the incoming nucleophile or diene to one  p  face of 
the Cu(II)-bound enone, analogous to mechanisms commonly found with enzymes.  

N

N Cu2+

N
N

O R

DNA-bound catalyst Si attack favoured

diene or nucleopile

  Figure 3    Stereochemistry of the approach of the diene or nucleophile.       

 Attack from the same π face was observed in the Diels-Alder reaction catalyzed 
by the fi rst generation catalyst Cu- L3 /st-DNA. A different behavior was observed in 
the conjugate addition of water to α,β-unsaturated ketones with the same catalyst 
 [  36  ] : the water nucleophile attacks from the  Re  face of the enone. It is proposed that 
the induction of enantioselectivity by the DNA in this case might be related to the 
hydrogen bonding capabilities of the nucleobases in the groove; a spine of hydration 
is formed in the groove, with highly localized water molecules  [  45  ] , which could 
assist and direct the attack of the water nucleophile on the enone.   

    6   Lessons from DNA-Based Catalysis 

 Despite being introduced only fi ve years ago DNA-based asymmetric catalysis has 
already demonstrated its potential in a variety of important catalytic reactions. 
Based on the results reported to date, some general lessons can be learned. 

    6.1   Comparison of the Different Approaches 

 Two different approaches for binding a catalytically active transition metal complex 
have been developed, involving either supramolecular or covalent anchoring. Covalent 
anchoring in principle allows the greatest level of control over the catalyst structure 

 



2659 Enantioselective Catalysis at the DNA Scaffold

and thus allows the most precise design of the catalyst. However, a significant 
drawback is the laborious and time-consuming optimization of the catalyst, since it 
involves non-trivial multistep synthesis. This is refl ected in the fact that, to date, 
only very few examples of successful DNA-based catalysts that involve covalent 
anchoring of the catalytically active metal complex have been reported. 

 In contrast, the supramolecular approach has proven quite successful to date, even 
though the catalyst itself is structurally not well-defi ned. To a large part this is due to 
the ease of assembly of the DNA-based catalyst: it just involves mixing of the metal 
complex with the DNA. As a result, the optimization process is straightforward as has 
been demonstrated for several important reaction classes. Moreover, this approach 
allows the use of natural DNA, such as salmon testes DNA, which is inexpensive, 
as the scaffold. This makes this approach to DNA-based asymmetric catalysis also 
attractive for applications in organic synthesis. Indeed, multiple catalytic reactions 
have been performed on gram scale, giving rise to good yields and high enantiose-
lectivities of the isolated products. The fact that the aqueous solutions containing 
the catalyst are readily recycled further increases the appeal of this concept.  

    6.2   Implications for Catalysis 

 The DNA-based catalysis concept has two unique characteristics that distinguish it 
from the conventional approach to homogeneous catalysis. First of all, whereas 
conventionally a transition metal catalyst is designed as a well defi ned and homo-
geneous species, “the DNA-based catalyst” is actually a heterogeneous mixture of 
catalysts that all reside in a different microenvironment. Yet, excellent  ee ’s can be 
obtained in multiple reaction classes. This is attributed to the fact that the fraction of 
complexes that are in the optimal environment to achieve high enantioselectivities 
dominate the reaction because they cause the largest rate accelerations. This relates 
to a second important characteristic: whereas often enantioselectivity is achieved at 
the expense of catalytic activity, here they go hand in hand. This is most likely due 
to the fact the DNA-based catalyst does not rely on shielding of one prochiral face 
of the substrate, which is often the basis under design of ligands for transition metal 
catalysis. Instead, it is proposed that the DNA actively participates in the reaction, 
e.g., by directing reagents to the preferred face of the substrate, making use of the 
so-called second coordination sphere interactions presented by the DNA scaffold 
 [  46,  47  ] . As such, the DNA-based catalyst is a true hybrid catalyst, combining some 
of the attractive features of synthetic and enzymatic catalysis.   

    7   Concluding Remarks and Future Directions 

 This novel catalytic concept successfully combines the well-known catalytic activity 
of the transition metal ions with the unique chirality of the DNA. This has resulted 
in novel catalysts that not only give rise to high enantioselectivity in a variety of 
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reaction classes, but also display some very special mechanistic characteristics that 
can be related to the second coordination sphere interactions provided by the DNA. 
This has even resulted in the discovery of a new catalytic asymmetric reaction. 

 Future research in this fi eld will focus on two aspects. First of all, the catalytic 
scope of the DNA-based catalysis will be expanded. For example, the reactions 
reported to date almost exclusively involve Lewis acid catalysis. Especially 
DNA-based organometallic reactions will be highly desirable, since this reaction class 
is very important in organic synthesis. Moreover, the recent catalytic enantioselective 
 syn  hydration reaction is an attractive starting point for the further development of 
novel catalytic chemistry. It is envisioned that especially in reactions such as these, 
involving small and “diffi cult” nucleophiles such as water, the DNA-based catalysis 
concept will reveal its full potential. 

 The second important point is to achieve an understanding of these second 
coordination sphere interactions provided by the DNA. This will rely on extensive 
mechanistic and spectroscopic studies, which are complicated by the heterogeneous 
nature of the DNA-based catalytic system. However, this gives rise to valuable new 
insights that will contribute to our knowledge about catalyst design. 

 In conclusion, although the fi eld of DNA-based asymmetric catalysis is still in its 
infancy, already extraordinary advances have been made. The continuous progress 
in this research fi eld will contribute to the development of new enantioselective 
catalytic reactions of interest for synthetic applications. 

 Abbreviations 

  A    adenine   
  AT    adenine-thymine   
  BF    -4       tetrafl uoroborate   
  bipy    2,2’-bipyridine   
  Bu    butyl   
  dmbipy    4,4’-dimethyl-2,2’-bipyridine   
  dppz    dipyrido[3,2-a:2’,3’-c]phenazine   
  dpq    pyrazino[2,3- f ] [ 1,10 ] phenanthroline   
   D  D  G  ‡     increase of Gibbs free energy of the transition state   
   ee     enantiomeric excess   
  G    guanine   
  GC    guanine-cytosine   
  h    hour   
   K  

a
     equilibrium constant for binding of the substrate to the metal ion   

   K  
b
     equilibrium constant for binding of the metal complex to DNA   

   K  
d
     dissociation constant   

   k  
app

     apparent rate constant   
   k  

cat
     rate constant for the catalyzed reaction   

  L    ligand   
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  Me    methyl   
  MES    2-( N -morpholino)ethanesulfonic acid   
  MOPS    3-( N -morpholino)propanesulfonic acid   
  Nu    nucleophile   
  ON    oligonucleotide   
  OTf    trifl ate   
  Ph    phenyl   
  phen    1,10-phenanthroline   
  s    second   
  st-DNA    salmon testes deoxyribonucleic acid   
  T    template   
   t     tertiary   
  THF    tetrahydrofuran          
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  Abstract   Base-pairing in the naturally occurring DNA and RNA oligonucleotide 
duplexes is based on π-stacking, hydrogen bonding, and shape complementarity 
between the nucleobases adenine, thymine, guanine, and cytosine as well as on the 
hydrophobic-hydrophilic balance in aqueous media. This complex system of 
multiple supramolecular interactions is the product of a long-term evolutionary pro-
cess and thus highly optimized to serve its biological functions such as information 
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storage and processing. After the successful implementation of automated DNA 
synthesis, chemists have begun to introduce artifi cial modifi cations inside the core 
of the DNA double helix in order to study various aspects of base pairing, generate 
new base pairs orthogonal to the natural ones, and equip the biopolymer with entirely 
new functions. The idea to replace the hydrogen bonding interactions with metal 
coordination between ligand-like nucleosides and suitable transition metal ions 
culminated in the development of a plethora of artifi cial base-pairing systems termed 
“metal base-pairs” which were shown to strongly enhance the DNA duplex stability. 
Furthermore, they show great potential for the use of DNA as a molecular wire 
in nanoscale electronic architectures. Although single electrons have proven to be 
transmitted by natural DNA over a distance of several base pairs, the high ohmic 
resistance of unmodifi ed oligonucleotides was identifi ed as a serious obstacle. 
By exchanging some or all of the Watson-Crick base pairs in DNA with metal com-
plexes, this problem may be solved. In the future, these research efforts are supposed 
to lead to DNA-like materials with superior conductivity for nano-electronic 
applications. Other fi elds of potential application such as DNA-based supramole-
cular architecture and catalysis may be strongly infl uenced by these developments 
as well. This text is meant to illustrate the basic concepts of metal-base pairing and 
give an outline over recent developments in this fi eld.  

  Keywords   coordination chemistry  •  DNA  •  metal-base pairing  •  nanotechnology      

    1   Introduction 

    1.1   Use of DNA as Intelligent Material 

 The natural role of DNA is the conservation and propagation of genetic information 
in each organism. As the result of million years of evolution, it features a maximal 
density of functionality embedded in its double-helical structure  [  1  ] . 

 The interior of the duplex is formed by a parallel stack of pairwise-bonded 
aromatic nucleobases. Hydrogen bonding, π-stacking, and shape complementarity 
all play an important role as factors governing the strength and structural integrity of 
the double strand. Depending on the base-pair sequence and environmental factors 
such as humidity, salt content, and binding partners, DNA can adopt a number of 
secondary structures of which the right-handed B-type helix is the predominant form. 
The latter is characterized by a base-pair distance of 3.4 Å and a helical pitch of 36 
degrees per base pair resulting in a complete helix turn approximately every ten 
base pairs. The structure features two grooves, called the major and minor groove, 
through which the nucleobases can be accessed and recognized by DNA-binding 
proteins such as transcription factors in a sequence-dependent manner. The outer 
surface of the double strand is lined by the negatively-charged sugar-phosphate 
backbone providing superior water solubility and shielding for the internal hydro-
phobic π-stack. DNA is a remarkably stable molecule that allows handling in a 
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relatively wide pH range and does not undergo substantial decomposition when 
heated to a temperature of 100°C for a limited time. 

 Short DNA strands are routinely synthesized by an automated solid-phase process 
with full control over the desired sequence. The fully synthetic nature of this pro-
cess involving no enzymatic reagents allows the introduction of modifi ed building 
blocks such as artifi cial nucleosides, unnatural backbones or end-groups regardless 
of the biological function of DNA. However, the choice of a suitable protecting 
group strategy complying with the solid-phase synthesis and the subsequent transfer 
of the products to the aqueous media is required. 

 Since automated, solid-phase oligonucleotide synthesis is only feasible for the 
production of relatively short oligonucleotides (in practice up to lengths of about 
100 nucleotides), longer DNA strands of hundreds or thousands of base pairs con-
taining artifi cial building blocks is achievable through the combination of solid-phase 
DNA synthesis with subsequent enzymatic techniques. Short modifi ed DNA strands 
can be stitched together and ligated to form longer constructs using proteins called 
ligases. A new development of recent years is the use of artifi cial nucleoside triphos-
phates in the automated polymerase chain reaction (PCR) employing specifi cally 
designed or evolved polymerases that are able to process non-natural dNTPs  [  2  ] . 

 In the quickly developing fi eld of bottom-up nanotechnology, DNA has become an 
important building block owing to its superior properties  [  3  ] . Several lines of research 
may benefi t from the use of modifi ed DNA structures. In particular, the molecular 
electronics approach is currently seen as a promising new technology because the 
ongoing miniaturization of electronic circuits is facing a limit in structure size 
using the classic silicon-based photolithographic processes  [  4  ] . Furthermore, electro-
functional organic building blocks such as light-harvesting and charge separating units 
of future photovoltaic devices might be wired up with such molecular cables. 

 A great variety of synthetic DNA modifi cations have been realized in recent years 
such as fl uorescent dyes or surface anchors covalently bound to the 3’ or 5’ ends, 
outside pointing functionalities protruding from the sides of the double helix and 
artifi cial backbone structures dramatically changing the solubility of the DNA con-
structs (Figure  1 )  [  5  ] . Most interesting, however, turned out to be the modifi cations 
that were introduced right into the middle of the DNA double helix, thus replacing 
the natural base pairs. Such artifi cial nucleobases were developed for a range of 
reasons such as studying the hydrogen bonding and stacking forces that hold 
together the double helix  [  6  ] . Other artifi cial bases were incorporated into DNA to 
create new sets of base pairs that are orthogonal to the natural Watson-Crick system 
and therefore can be seen as an extension of the genetic code  [  7  ] . Owing to their 
wide application in medicinal diagnostics, many artifi cial bases were developed for 
the analytical recognition of single nucleotide polymorphisms (SNPs)  [  8  ] .  

 Before we restrict our focus on the internal modifi cation of DNA with metal ions 
coordinated to ligand-like nucleobases, another approach to DNA nanotechnology 
based on treating DNA as a programmable building material is briefl y introduced. The 
basis for this fi eld, often called “DNA origami”, is that the sequence-dependent 
hybridization of DNA single strands to double strands and the possibility to generate 
junctions of several duplexes was recognized as a method for the creation of complex 
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self-assembling 2- and 3-dimensional molecular architectures. This branch of DNA 
nanotechnology has been pioneered by Seeman  [  9  ] , followed by reports of complex 
2D structures by Winfree et al.  [  10  ] , Rothemund  [  11  ] , Yan  [  12  ] , and Somoza  [  13  ] . By 
going into the 3rd dimension, the topic has recently been brought to another level of 
sophistication by Shih et al.  [  14  ] , Gothelf, Kjems, and coworkers  [  15  ]  (Figure  1 a).  

    1.2   Can DNA Be Used as a Molecular Wire?  

 While exploring the suitability of DNA as a molecular wire, it turned out that the 
electron conducting abilities of natural DNA are not suffi cient for the use of unmodifi ed 
double strands in molecular electronic circuits [ 68 ]. The literature values for the con-
ductivity actually spread over a great range from 1 to 1 × 10 7  MΩ. This inconsistency 
was attributed to the differences in experimental techniques such as the method for 
contacting the DNA (AFM-based, silicon break junctions, carbon nanotube contacts, 

  Figure 1    Developments in the area of DNA nanotechnology: (a) The “DNA origami” approach 
makes use of the sequence-specifi c self-assembly features of DNA and the rational design of 
inter-duplex connections via cross-links based on the naturally occurring Holliday junction, (b) the 
covalent attachment of functionalities to the 3’- or the 5’-end(s) of DNA is achievable with 
contemporary standard methods of automated DNA synthesis, (c) several strategies have been 
developed for the covalent attachment of functionalities to internal nucleosides protruding out of 
the DNA duplex, (d) the incorporation of modifi cations inside the core of the DNA double helix 
requires the synthesis of artifi cial nucleobase phosphoramidite building blocks but allows to take 
direct infl uence on the process of double strand formation.       
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etc.), environmental factors (humidity, salt content, buffer), and surface effects  [  16  ] . 
It can also be assumed that the specifi c sequences of the various DNA strands under 
investigation play a role for the measured conductivity values. 

 Astonishingly, the conductance of single excess electrons and positive charges 
through short patches of DNA is part of biological processes involved in DNA repair 
 [  17  ] . The lossless conductance of many charges, however, over distances of several 
hundred base pairs does not seem to be a function of DNA that was worth to be 
optimized by natural evolution. Besides a low ohmic resistance, the transport 
of a steady current of electrical charges along a molecular wire would also require 
a high robustness of the oligonucleotide for the successful implementation into a 
bio-artifi cial hybrid electronic device  [  18  ] .  

    1.3   Metal Coordination of DNA Containing 
Only Natural Nucleotides 

 The idea of doping the interior of oligonucleotide duplexes with metal ions in order to 
yield materials with enhanced conductivity or other interesting electronic effects is 
not so new  [  19  ] . Early experiments to introduce metal ions into the core of a double 
helix aiming at enhanced electrical conductivity made use of unmodifi ed DNA strands 
at high pH and metal ions such as Zn(II), Co(II), and Ni(II)  [  20  ] . Based on this idea, 
Lee et al. proposed a model system for a fi eld-effect transistor based on M-DNA  [  21  ] . 
The structure and conductive properties of this so-called M-DNA were, however, 
controversially discussed and despite some proposed structural models, the exact 
position of the metal ions inside or around the DNA strands remains rather unclear  [  19  ] . 

 More reliable evidence for the binding of metal ions inside DNA duplexes exclu-
sively consisting of natural base pairs was obtained for thymine-rich sequences upon 
addition of Hg(II) salts. As early as 1952 the effect of Hg(II) on DNA samples was 
studied. In 1963, the formation and structure of a  T -Hg- T  metal-base pair, in which each 
thymine base is deprotonated at the N(3) position, was proposed by Katz ( 5  in Figure  3 , 
X = CH 

3
 ; see further below)  [  22  ] . Later, this observation was picked up by Buncel et al. 

and Kuklenyik and Marzilli, who supported the picture of Hg(II) binding to pairs of 
thymine bases by NMR experiments  [  23  ] . Recently, Ono and Togashi picked up this 
principle again and contributed further studies on the  T -Hg- T  metal-base pairing  [  24  ] . 

 A well documented method for elucidating the interstrand binding of metal ions to 
oppositely arranged nucleosides is the observation of a duplex-stabilizing effect in 
terms of an increase in the melting temperature  T  

M
  (for a more detailed explanation, 

see below). Whereas  TT  mismatches are known to strongly destabilize the DNA 
double helix, the addition of Hg(II) to sequences containing such  TT  mismatches 
leads to a signifi cant rise of the thermal duplex stability as observed in the DNA 
melting profi les. Likewise, Müller, Sigel, and coworkers found that the analogous 
 U -Hg- U  metal-base pairs ( 5  in Figure  3 , X = H) can be formed in an RNA context  [  25  ] . 
Recently, Ono et al. reported the  C -Ag- C  metal-base pair  6  which forms upon addition 
of Ag(I) to double strands containing  CC  mismatches  [  26  ] . Megger and Müller 
subsequently found evidence for the formation of parallel-stranded helices containing 
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eight consecutive  C -Ag- C  base pairs by CD and UV measurements  [  27  ] . The fact that 
 TT  mismatches bind Hg(II) but no Ag(I) and  CC  mismatches show an opposite behav-
ior was exploited recently by Willner et al. to create logic AND as well as OR gates 
based on metal-binding oligonucleotides which are attached to quantum dots  [  28  ] . 

 Noteworthy is furthermore the observation of an Au(III) ion bound inside a  GC  
base pair (with guanosine deprotonated at the N(1) position) that was found in a 
crystallographic study aimed at screening the interaction of an RNA duplex with 
various metal ions  [  29  ] . Some data on the potential for electron conductance through 
metal-containing oligonucleotides based on natural nucleobases have already been 
gathered in a small number of experiments. Joseph and Schuster studied the effect of 
a  T -Hg- T  base pair on the long-distance radical cation (“hole”) hopping properties 
but found no signifi cant effect of this metal-base pair on the charge transport  [  30  ] . 
Voityuk however, proposes that a stack of  T -Hg- T  base pairs might be benefi cial for 
excess electron transfer  [  31  ] . Electrical transport through cation-stabilized 
G-quadruplex DNA was recently reported by Erbe et al.  [  32  ] . 

 In an alternative approach, DNA strands bound to surfaces were used as tem-
plates for the spatially controlled deposition of metal ions, and subsequent reductive 
formation of nanoscale wires by thermal soldering or photographic development 
 [  33  ] . Concerning the various roles of metal ions in naturally occurring nucleic acids, 
the reader may refer to  [  34  ]  (see also Chapter12 of this book). 

 Since binding of metal ions to the natural nucleobases was found to be limited to 
only a small number of metals and Watson-Crick base pairing might interfere with 
metal binding, a new approach of metal-base pairing starting from designed, artifi cial 
nucleobases with metal binding potential was developed. 

 In these so-called “metal-base pairs”, the natural nucleobase attached to the sugar 
is replaced by a ligand capable of coordinating a (transition) metal ion in a linear or 
square-planar fashion  [  19  ] . Such a metal-base pair is ideally represented by a fl at 
coordination complex that is integrated into DNA as part of the base pair stack without 
distorting the shape of the duplex.  

    1.4   Artifi cial Metal-Base Pairs 

 The fi eld of metal-base pairing based on artifi cial nucleosides was pioneered by 
Tanaka and Shionoya who studied the coordination chemistry of monomeric ligand-
modifi ed nucleosides ( 1  –  4 , Figure  2 ) in aqueous solutions. Although only serving 
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1: X = Y = NH2, M = Pd2+

2: X = O-, Y = NH2, M = Pd2+

3: X = Y = O-, M = Cu2+

4: X = Y = O-, M = B3+

  Figure 2    The phenylenediamine, aminophenol, and catechol metal-base pairs. Reprinted from 
[19a] with permission from Wiley-VCH; copyright 2007.       
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as model compounds, this fi rst work established the foundation of the concept of 
metal-base pairing  [  35  ] .  

 However, it proved diffi cult to incorporate the oxidation-sensitive  ortho -
pheny lene diamine, aminophenol, and catechol compounds  1  -  4  into oligonucleotides. 
Consequently, metal-base pairing inside DNA double strands could not yet be 
realized in these early experiments. Shortly following this fi rst work, the groups of 
Schultz and Shionoya both succeeded in using the known pyridine nucleoside  P  for 
metal-mediated base pairing inside the DNA double helix. The Shionoya group 
showed that Ag(I) ions can be coordinated between two (or even three) pyridine 
nucleosides inside a DNA duplex resulting in the formation of not only double- but 
also triple-stranded systems ( 8  in Figure  3 , see also Section  2.1 )  [  36  ] . Schultz et al. 
developed an unsymmetrical metal-base pair consisting of one pyridine base  P  and 
one pyridine ligand equipped with two extra coordinating groups resulting in a 
family of metal-base pairs denoted as  10  in Figure  3   [  37  ] . Two of the  Dipic -Cu- P  
base pairs ( 10  with X = O) were successfully incorporated into the dodecamer 
sequence [d(5’-CGCG Dipic AT P CGCG) 

2
 ]. The structure was elucidated by X-ray 

crystallography showing the Jahn-Teller distorted octahedral coordination of the 
Cu(II) ions between the  P  and  Dipic  ligands forming the metal-base pair and two 
oxygen atoms of the neighboring nucleotides  [  38  ] .  

 Since then, a variety of further metal-base pairs was developed (Figure  3 ). Only 
selected examples will be discussed here and the reader may refer to preceding 
review articles  [  19,  39,  40  ]  and the respective original publications mentioned in the 
caption to Figure  3 . 

 A schematic overview of synthesis and incorporation of ligand-modifi ed nucleo-
sides is given in Figure  4   [  46  ] . Following automated synthesis, deprotection and 
purifi cation, double strands are obtained by mixing equimolar amounts of matching 
single strands in an aqueous solution containing an electrolyte such as NaCl of high 
ionic strength and a buffer to adjust the required pH. Experience has shown that the 
choice of an appropriate buffer system is crucial for successful formation of the 
DNA metal-base pairs since a number of buffer components (e.g., tris(hydroxymethyl)-
aminomethane, TRIS, and ethylenediamine tetraactetate, EDTA) is known to interfere 
with metal coordination by forming strong complexes with transition metal ions 
themselves. The metal-base pairs are fi nally assembled by adding the required amount 
of metal ions, which can be monitored by thermal denaturation experiments, UV- or 
CD-based titrations and mass spectrometry.  

 In a thermal denaturation experiment, also termed a “melting curve” experiment, 
the extinction at the absorption maximum of the nucleobases at 260 nm (which is 
higher for single strands than for the double strand, an effect called hyperchromicity) 
is plotted against the sample temperature (see Figure  6  below for an example). 
The transition point of the curve is defi ned as the melting point  T  

M
  of the DNA duplex. 

It is dependent on the length, sequence, and concentration of the DNA as well as the 
nature and concentration of the additives (salt, buffer). Typical parameters used are: 
DNA concentration of 1–10 μM, buffer concentration 10 mM (pH around 7, but 
may depend on the requirements imposed by the kinds of ligand and metal ion), 
NaCl concentration 50–150 mM (NaClO 

4
  was successfully employed instead in 

studies using Ag(I) as metal ion under investigation).  
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  Figure 3    The structure of a Watson-Crick GC base pair compared with a selection of the reported 
metal-base pairs. Only one kind of metal ion is shown in each case and some derivatives are 
omitted. Since in most cases no or only limited structural data were reported, the real coordination 
geometries might differ from the structures drawn here. References not mentioned in the text: 
 5  (X = Br, F, CN)  [  41  ] ,  11   [  42  ] ,  12  (also reported with a simplifi ed propanediol backbone)  [  43  ] , 
 13   [  44  ] , and  14   [  45  ] . Reprinted from [19b] with permission from Elsevier; copyright 2010.       
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 For the ease of interpretation, the stabilizing effect of the used transition metal 
ions on the DNA strands containing the ligands in oppositely arranged positions can 
be expressed as the difference  D  T  

M
  between the melting points of the duplex before 

and after addition of the respective metal ions. When duplex stabilizing effects in 
terms of  D  T  

M
  are compared for the different metal-base pairing systems described 

in the literature, care has to be taken because the melting temperature  T  
M

  is not a 
thermodynamic value. Nevertheless, the fact that a  T  

M
  value is relatively easy to 

determine and its descriptive character have made it a key parameter employed for 
discussing thermal duplex stability. 

 Deduction of the thermodynamic parameters  D H and  D S for describing the base 
pairing situation upon addition of metal ions requires a thoroughly conducted series 
of melting point experiments carried out with a number of samples of different DNA 
concentration and subsequent van’t Hoff analysis. Isothermal titration calorimetry 
(ITC)  [  47  ]  may be used as a direct method to determine the thermodynamic para-
meters associated with metal complexation, however, to the best of our knowledge 
this method has never been used by the respective community.   
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  Figure 4    Synthesis of ligand-modifi ed nucleosides and incorporation of artifi cial nucleosides into 
oligonucleotides by automated solid-phase synthesis using phosphoramidite chemistry. The key step 
in the synthesis of artifi cial nucleosides is the coupling of the nucleobase (or the artifi cial ligand) 
with the deoxyribose sugar moiety. The examples in Figure  3  show that either a C-N bond or a C-C 
bond has to be formed and several methods for either case have been reported in the respective 
publications. The choice of a suitable protecting group strategy for the ligand which is compatible 
with DNA synthesis but allows for a smooth deprotection of the artifi cial nucleobases after DNA 
synthesis in aqueous solution is mandatory. After DNA synthesis, the single strands are cleaved from 
the solid support, fully deprotected and dissolved in an aqueous buffer. The oligonucleotides may 
be purifi ed by HPLC, gel electrophoresis, or other techniques, characterized by mass spectrometry 
and their concentration is estimated by UV spectroscopy (requiring knowledge of the molar extinc-
tion coeffi cient of the modifi ed nucleosides). Reprinted from [19b] with permission from Elsevier; 
copyright 2010.       
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  Figure 5    The hydro xy-
pyridone metal base pair 
 H -Cu- H.  Reprinted from 
[19b] with permission from 
Elsevier; copyright 2010.       

  Figure 6    Melting curves of the duplexes  16  (a and c) and  17  (b and d). [ 16 ] = [ 17 ] = 2.0  m M in 
10 mM sodium phosphate buffer, 50 mM NaCl (pH 7.0). (a) and (b): no Cu 2+ ; (c) and (d): [Cu 2+ ] = 
2.0  m M. Reprinted from Ref.  [  48  ]  with permission from ACS Publications; copyright 2002.       

    2   Selected Examples 

    2.1   The Hydroxypyridone Metal-Base Pair 

 3-Hydroxy-4-pyridone is a heterocyclic, bidentate chelate ligand capable of 
forming square-planar 2:1 complexes with metal ions such as Cu(II) and octahe-
dral 3:1 complexes with metal ions such as Fe(III). A hydroxypyridone nucleoside 
 H  ( 9  in Figure  3 ; carrying a methyl group at the 2-position) was synthesized by 
attachment to the C1’ position of deoxyribose via its nitrogen atom. The synthesis 
and incorporation into oligonucleotides were reported by Tanaka and Shionoya 
et al.  [  48  ] . Subsequently, addition of Cu(II) to a duplex containing two oppositely 
arranged hydroxypyridone bases was shown to result in the formation of an  H -Cu- H  
base pair inside the double helix (Figure  5 )  [  68  ] .  

 It was found that the hydroxypyridones lead to a destabilization compared to  AT  
or  GC  base pairs at the same position in the absence of transition metal ions. Upon 
addition of Cu(II) ions, however, the duplex underwent a stabilization of  D  T  

M
  = 13 

K (in the given sequence context, see Figure  6 ) which was interpreted as formation 
of one metal base pair inside the DNA double strand  [  48  ] . Addition of the same 
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amount of Cu(II) to a similar sequence containing an  AT  base pair instead of the 
hydroxypyridones did not result in any change of  T  

M
 . 

 The same system was further characterized by UV-based titration studies, 
CD spectroscopy, and ESI mass spectrometry, all indicating the complexation 
of one Cu(II) ion inside the double strand. An X-ray structure of the monomeric 
 H -Cu- H  base pair  9  confi rmed the square-planar coordination of the Cu(II) ion by 
two hydroxypyridone ligands via their four oxygen atoms  [  48  ] . Since this model 
complex is not embedded within the surrounding DNA structure, the ligands, however, 
were found to be coordinated in an  anti  confi guration as opposed to the  syn  con-
fi guration that was anticipated for the  H -Cu- H  metal-base pair inside the DNA 
double helix by molecular modeling. Recently, the expected  syn  confi guration of the 
hydroxypyridone ligands around the Cu(II) ion was confi rmed by a crystal structure 
containing two  H -Cu- H  metal-base pairs  9  inside a modifi ed duplex based on an 
acyclic three-carbon propylene glycol phosphodiester backbone  [  49  ] . 

 In a related study by the Shionoya group aiming at the coordination of soft metal 
ions such as Pd(II) by ligand-modifi ed nucleobases, two sulfur containing ligands 
based on hydroxypyridone  H  in which the two coordinating oxygen atoms were 
exchanged one by one for a sulfur atom were synthesized and tested for their metal 
coordinating abilities  [  50  ] . Although the formation of Pd(II) and Pt(II) metal-base 
pairs was successfully achieved using the monomeric nucleosides, the incorporation 
of these sulfur-containing nucleosides into DNA duplexes has not been reported yet. 
Section  3  will focus on the incorporation of up to fi ve  H -Cu- H  metal-base pairs  9  in 
a way that Cu(II) ions are stacked on top of each other inside the double strands. 

 Depending on the offered kind of metal ion, the hydroxypyridone ligand is also 
able to form 3:1 octahedral complexes. The use of Fe(III) was recently shown to result 
in the formation of triple helical constructs (Figure  7 )  [  51  ] . Mixing three equivalents 
of a tetrameric  H  

4
  sequence with four equivalents of Fe(III) ions resulted in the forma-

tion of a triple helical complex ( H  
4
 ) 

3
 Fe 

4
  after two days at 85°C as shown by UV-based 

titration studies, CD measurements, and ESI mass spectrometric data.  
 Noteworthy in the context of triple helix formation is also the earlier work of 

the Shionoya group using a pyridine ligand  P  inside the duplex [d(3’-T 
10

  P T 
10

 -5’)•d
(3’-A 

10
  P A 

10
 -5’)] which was shown to bind another single strand d(3’-T 

10
  P T 

10
 -5’) 

upon addition of Ag(I) in fashion of a heterotriplex ( P  = pyridine in base pair  8 , 
Figures  3  and  7 b)  [  36  ] . Recently, an observation of parallel triplex stabilization by 
Ag(I) ions was reported by Jyo et al.  [  52  ] .  

    2.2   The Salen Metal-Base Pair 

 The assembly of most metal-base pairs can be interpreted as a two-component 
process comprising the DNA duplex containing the preorganized ligands as one 
reaction partner and the metal ion as the second component. 

 The situation is different for the salen metal-base pair  15  ( S ) introduced by Clever, 
Colborn, and Carell  [  53  ] . In contrast to the hydroxypyridone system, the assembly 
of the salen metal-base pair inside the DNA double helix requires the addition of 
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two components to the duplex containing a pair of salicylic aldehydes at positions 
facing each other. The fi rst additive is ethylenediamine which reacts with both 
aldehyde groups of the ligand precursors (salicylic aldehyde) under elimination of two 
molecules of water to the well known salen ligand (Figure  8 ). Since the formation 
of such aromatic imines is reversible in water, an excess of ethylenediamine is added in 
order to drive the equilibrium to the side of the salen ligand. Subsequently a transition 
metal ion such as Cu(II), Mn(II) (oxidized to Mn(III) upon complexation), Fe(III), 
or vanadyl (VO 2+ ) is added and the metal-base pair  15  is formed [53b].  

 The structure of the metal-base pairing system was elucidated by X-ray analysis 
of a monomeric Cu(II) complex of the salen ligand that was formed from the free 
salicylic acid nucleoside and ethylenediamine [53b, 69 ]. The structure confi rms the 
square-planar coordination of the metal ion (going along with a slight propeller 
twist between the planes of the two aromatic rings). A superposition of the molecu-
lar structure of a natural, hydrogen-bonded Watson–Crick base pair with the salen 
Cu(II)-base pair is depicted in Figure  8 b. The excellent structural agreement between 
the natural  AT  base pair and the salen metal-base pair indicated that the chosen 
molecular design should result in a very good fi t of the salen metal-base pair inside 
the DNA double helix. This assumption could be supported by further experimental 
results such as CD measurements of salen metal-containing DNA strands [53a]. 

 A comparative study was conducted comparing the ligand depicted in Figure  8  
(glycosidic bond  para  to the carbonyl group) with an isomeric salicylic aldehyde pre-
cursor (glycosidic bond  para  to the hydroxyl group) inside the same sequence context 
[53b]. In full accordance with the results obtained from the X-ray crystallographic 
investigations, it was found that the former isomer indeed fi ts much better inside the 

  Figure 7    Formation of triple helices. (a) From three  H  
4
  strands (consisting of hydroxypridone 

nucleotides exclusively) and four Fe(III) ions; (b) A metal-containing triple helix can also be formed 
upon addition of Ag(I) ions to a mixture of duplex [d(3’-T 

10
  P T 

10
 -5’)•d(3’-A 

10
  P A 

10
 -5’)] and single 

strand d(3’-T 
10

  P T 
10

 -5’). Reprinted from [19b] with permission from Elsevier; copyright 2010.       
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DNA duplex compared with the metal-base pair based on the latter isomer. Metal-base 
pair formation using ethylenediamine and Cu(II) is such a favorable process, however, 
that even the second isomer is undergoing the reaction inside the DNA, presumably 
under distortion of the duplex structure. 

 The mechanistic difference of the metal-base pair formation with the salen system 
compared to the hydroxypyridone system (and other comparable ligands) could be 
deduced from the results of thermal denaturation experiments. The same sequence 
as in the work of Shionoya et al.  [  48  ]  was used: [d(5’-CACATTA S TGTTGTA-3’) · 
d(3’-GTGTAAT S ACAACAT-5’)]). Whereas the duplex containing the two salicylic 
aldehydes  S  has a melting temperature  T  

M
  of 40°C (about 10 K destabilization com-

pared to AT), the addition of ethylenediamine and Cu(II) resulted in the formation of 
the salen Cu(II)-base pair ( 15  in Figure  3 ) accompanied by an increase in  T  

M
  to 82°C. 

This very large value for  D  T  
M

  of +42 K is the highest ever reported increase in 
melting temperature for a metal-base pairing system (Figure  9 ) [53a].  

 The reason for this large duplex stabilization value was elucidated by a series of melt-
ing point experiments using different combinations of the single components added to 
the DNA duplex. If only ethylenediamine was added, the melting point  T  

M
  was raised by 

only 5 K, attributed to the formation of the imine cross-link which is reversible in the 
aqueous environment. If only Cu(II) was added to the duplex,  T  

M
  was raised by 15 K, a 

value comparable to the examples of duplex stabilization reported for the other metal-
base pairs. The high stabilization of  D  T  

M
  = +42 K was achieved only in case, both, 

 ethylenediamine and Cu(II) ions, were added to the duplex [53a]. A reasonable explana-

  Figure 8    ( a ) Formation of the salen ligand from perfectly preorganized salicylic aldehyde precursors 
inside the DNA double helix and subsequent coordination of the metal ion giving the salen-
metal-base pair; ( b ) X-ray structure of the monomeric salen-Cu(II)-base pair and superposition with 
a Watson-Crick AT base pair. Reprinted from [19b] with permission from Elsevier; copyright 2010.       
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tion is that the formation of the salen system from the salicylic aldehydes and ethylene-
diamine provides an excellent coordination environment for the metal and the binding 
of the Cu(II) ion to the tetradentate chelate ligand results in a stabilization of the imine 
bonds towards hydrolytic cleavage. Both the action of the cross-linking agent ethylene-
diamine and the coordinated metal ion are responsible for the remarkable duplex stabi-
lization because a metal-stabilized cross-link is formed that is of far higher strength than 
metal coordination alone (Figure  10 ). Supporting this hypothesis is further the observa-
tion that the addition of Cu(II) and methylamine (instead of ethylenediamine) resulted 
in a stabilization  D  T  

M
  of only 12 K. This value is comparable to the melting temperature 

obtained for the DNA sample containing Cu(II) alone [53a].  
 In the case of the Cu(II)-containing system, the thermal de- and renaturing pro-

fi les (heating, cooling curves) are superimposable. The measurements of the same 
sequence containing ethylenediamine and Mn(III), however, reproducibly showed a 
strong hysteresis between the de- and renaturing profi les. 

 This behavior was explained with the thermal instability of the salen-Mn(III) 
complex when exposed to temperatures above  T  

M
  for elongated times. In these experi-

ments, the transition in the heating curve can be assigned to the metal-containing 
and thus higher melting duplex, whereas the cooling curve shows that the duplex 
re-hybridizes before reincorporation of the metal (expressed by a lower  T  

M
 ). 

 After the sample is allowed to spend some time at a temperature below  T  
M

 , 
however, the metal is again fully incorporated giving rise to a denaturing profi le 
superimposable with the preceding denaturing curve. This observation allowed the 
conclusion that the salen Cu(II)-base pair  15  is more stable than the corresponding 
salen Mn(III)-base pair even at high temperatures. This fact was supported also 

  Figure 9    Comparison of the melting curves of the sequence d(5’-CACATTA S TGTTGTA-3’) · 
d(3’-GTGTAAT S ACAACAT-5’) (1) without any additives (39.9°C, solid line); (2) with only 
ethylenediamine (45.5°C, dashed line); (3) with methylamine and Cu(II) (52.3°C, fi lled boxes); 
(4) with only Cu(II) (54.9°C, open boxes); and (5) with ethylenediamine and Cu(II) (82.4°C, crosses) 
(3  m M DNA, 150 mM NaCl, 10 mM CHES buffer). Reprinted from [19b] with permission from 
Elsevier; copyright 2010.       
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by the higher  D  T  
M

  caused by the addition of Cu(II) (+42 K) in comparison to the 
addition of Mn(III) (+28 K). 

 Another form of cooperative binding of Cu(II) ions was observed in the case 
of duplex d(5’-CACATT SS TGTT GTA-3’) · d(3’-GTGTAA SS ACAACAT-5’) con-
taining two neighboring salen ligands [53c]. The addition of 0.5 equivalents of 
Cu(II) results in a 1:1 mixture of metal-free duplexes and duplexes containing two 
Cu(II) ions as observed by a thermal denaturation study (Figure  11 ). The binding 
of the fi rst Cu(II) ion to the duplex was shown to enhance the affi nity for binding of 
the second Cu(II) ion so that all available Cu(II) ions in the solution end up being 
incorporated pairwise. At any given ratio of Cu(II) ions to DNA duplexes (<2) the 
reaction mixture thus contains only two species: metal-free duplexes and duplexes 
containing two metal ions. This model also explains the observation of isosbestic 
points in the titration curves of all examined double strands containing two or more 
adjacent metal binding sites such as  HH  or  SS  (see Section  3 ).   

    2.3   The Triazole Metal-Base Pair 

 The use of 5-membered nitrogen-containing heterocycles as artifi cial nucleobases 
with metal coordinating abilities such as imidazole, triazole, and tetrazole was 
systematically studied by Müller and coworkers  [  40,  54  ] . In their systematic studies, 
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  Figure 10    Cooperative assembly of the salen-metal-base pairs in DNA. Reprinted from [19b] with 
permission from Elsevier; copyright 2010.       
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the ability to coordinate metal ions such as Ag(I) and Hg(II) (in terms of stability 
constant and ligand-to-metal ratio) was examined prior to the incorporation of ligands 
such as  7  into DNA sequences and the results were taken as indicators for predicting 
the behavior of the same ligand-metal systems inside the DNA context  [  55  ] . In addition, 
DFT calculation and experimental determination of the p K  

a
  values of the monomeric 

nucleosides was applied to estimate the proper pH range that is suitable for the forma-
tion of metal-base pairs inside the oligonucleotide environment. Out of the examined 
5-membered heterocycles, the incorporation of 1,2,4-triazole  Z  into DNA was chosen 
because of its ability to differentiate between Ag(I) and Hg(II) (Figure  12 ).  

 A highly interesting observation was made when the hybridization behavior of the 
palindromic sequence d(5’-A 

7
  Z  

3
 T 

7
 -3’) containing three neighboring 1,2,4-triazole 

ligands  Z  was examined in thermal de-/renaturation experiments (Figure  13 )  [  54  ] . 
In the absence of metal ions, the strand forms a hairpin due to the destabilizing effect 
of the  Z  bases lacking any ability to engage in mutual hydrogen bonding. The loop 
region of this hairpin is formed by the central stretch of three  Z  ligands. Upon addi-
tion of Ag(I) ions, however, the oligonucleotides undergo a structural transition and 
metal binding between pairs of 1,2,4-triazole ligands  Z  leads to dimerization of the 

  Figure 11    Cooperative uptake of metal ions inside duplexes containing two neighboring salen 
ligands. Addition of 0.5 equivalents of Cu(II) results in a 1:1 mixture of metal-free duplexes and 
duplexes containing two Cu(II) ions. The observed hysteresis effect is characteristic for the melting 
of the duplex containing ethylenediamine but no Cu(II) ions [53c]. Reprinted from [19b] with 
permission from Elsevier; copyright 2010.       
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palindromic sequences resulting in a double strand containing three stacked Ag(I) ions. 
The evidence was brought by UV spectroscopic and MALDI-TOF mass spectrometric 
experiments. Furthermore it was found that the hairpin exhibits a concentration-
independent melting temperature owing to its unimolecular melting behavior. 
In contrast, the melting curves of the sample containing Ag(I) ions showed a depen-
dence on the oligonucleotide concentration which verifi es the existence of a double 
strand. Subsequently, the proposed structural switching process was supported by 
fl uorescence resonance energy transfer (FRET) experiments with dye-labeled 
strands of the same sequence and by the observation of an increase in molecular size 
in dynamic light scattering (DLS) experiments  [  54  ] . Recently, the groups around 
Müller and Sigel have determined the structure of a related palindromic sequence 
containing three consecutive imidazole-Ag(I)-base pairs  7  by NMR spectroscopy 
 [  63  ] . The results are discussed in the next Section.    

  Figure 12    Assembly of the 
Ag(I)-mediated base pair of 
Müller et al.  [  54  ] . Reprinted 
from [19b] with permission 
from Elsevier; copyright 
2010.       

  Figure 13    Control of hairpin 
to duplex transition by metal 
addition  [  54  ] . Reprinted from 
[19b] with permission from 
Elsevier; copyright 2010.       
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    3   Stacking and Mixing of Metals Inside DNA 

 After the fundamentals for the formation of metal-base pairs inside the DNA double 
helix using the discussed set of ligands and metal ions were elucidated, the focus in 
the fi eld of metal-base pairing has shifted towards the realization of longer metal 
stacks inside DNA double strands  [  56  ] . Whereas the thorough examination of 
oligonucleotides containing only one metal-base pair is of great importance for 
determining basic parameters like binding constant and thermal duplex stabilization 
(as expressed by a  D  T  

M
  value), the study of duplexes containing a number of directly 

stacked metal ions is supposed to contribute to the goal of realizing new DNA-based 
materials with single molecule electrical conductivity. The fi rst report on consecu-
tive metal stacking inside DNA double strands was given by Kuklenyik and Marzilli 
who examined the stacking of three Hg(II) ions between consecutive  TT  mis-
matches inside the middle of a short oligonucleotide [d(5’-GCGC TTT GCGC-3’)] 

2
  

(Figure  14 ) [23b].  
 The extension to longer stretches of stacked metal ions, however, was not 

successful any more when using the higher homologous sequence [d(5’-GCGC -
TTTT GCGC-3’)] 

2
 . Instead of duplex formation, the addition of Hg(II) ions to this 

  Figure 14    Examples of 
reported metal stacks inside 
DNA double helices. The 
sequences of stretches of 
natural Watson-Crick base 
pairs adjacent to the metal-
base pair regions have been 
omitted for clarity. Reprinted 
from [19b] with permission 
from Elsevier; copyright 2010.       
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strand resulted in the arrangement of a hairpin due to metal-mediated intrastrand 
crosslinking of the terminal  T  residues of the  T  

4
  stretch. In contrast to this, Müller 

and Sigel et al. recently presented conclusive evidence for the formation of RNA 
duplexes containing up to six consecutive  U -Hg- U  base pairs ( 5 , X = H) inside 
RNA duplexes by performing NOESY-NMR experiments with  15 N and  13 C labeled 
oligonucleotides  [  57  ] . 

 Using the hydroxypyridone base pair  H , Tanaka, Shionoya et al. achieved the 
stacking of up to fi ve Cu(II) ions inside a duplex formed from the artifi cial oligo-
nucleotides [d(5’-G H  

 n 
 C-3’)] 

2
  ( n  = 1 – 5)  [  58  ] . The exclusive formation of the double 

strand [d(5’-G H  
 5 
 C-3’)] 

2
  containing fi ve Cu(II) ions was indicated by UV spectro-

scopic titration experiments and mass spectrometry. Most interestingly, EPR 
experiments showed a ferromagnetic interaction between the stacked paramagnetic 
Cu(II) ions. The EPR experiment also allowed a rough determination of the distance 
between the metal-base pairs to be 3.7 ± 0.1 Å which is comparable to the distance 
between the base pairs in natural DNA  [  58  ] . A subsequent theoretical DFT study 
by Mallajosyula and Pati supported the ferromagnetic coupling in this system 
of stacked  H -Cu- H  units (albeit assuming a Cu-Cu distance of 3.2 Å with the 
neighboring metals bridged by two oxygen atoms of the ligands in a {Cu 

2
 O 

2
 } 

convex quadrangle structure)  [  59  ] . The same theoretical work proposed an antiferro-
magnetic coupling for two neighboring Cu(II)-salen-base pairs  S -Cu- S . Indeed this 
was found to be true by a recent EPR study conducted by Schiemann et al. using a 
DNA double strand containing two adjacent Cu(II)-salen-metal-base pairs  [  60  ] . 
Nakanishi et al. also contributed theoretical studies for both above-mentioned base 
pairing systems  [  61  ] . 

 Use of the salen ligand  S  introduced in Section  2.2  allowed the incorporation of 
ten metal ions in a row inside a double strand [53c]. The sequences were designed to 
consist of non-palindromic  GC  stretches at their ends in order to achieve preorgani-
zation of the ten adjacent pairs of salicylic aldehydes [(5’-CGGCC S  

10
 CGCGC -3’)·

(3’-GCCGG S  
10

 GCGCG-5’)]. The aforementioned differences in duplex stabilization 
of Cu(II) versus Mn(III) were found to play an important role in the selective and 
well-controlled formation of double strands containing more than one metal-base 
pair. Whereas the higher stability of the salen-Cu(II)-base pair with respect to 
the salen-Mn(III)-base pair is benefi cial in systems containing only a single salen 
ligand, the situation in case of the longer stacks inside DNA follows an opposite 
trend. Due to the high stability of the salen-Cu(II)-base pair, misfolded, undefi ned 
cross-linked or overlapping sequences are anticipated to be formed as kinetic 
products short after addition of the metal salt to the salen-containing DNA strands. 
The result was the observation of a large distribution of signals in the ESI mass 
spectra around the expected value for the duplex containing ten neatly stacked 
salen-Cu(II) complexes. In contrast, the addition of Mn(III) resulted in the formation 
of a much cleaner metalated DNA product after the reaction mixture was allowed to 
equilibrate at room temperature for several days as observed from the high resolution 
ESI-FTICR mass spectra [53c]. This result was ascribed to the “self-healing” 
capabilities of the salen-Mn(III)-containing duplexes allowing initially formed 
kinetic products to transform into one thermodynamic product after some time. 
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Besides mass spectrometry, UV-based titration experiments and CD spectroscopy 
were employed as analytical methods for the characterization of the multinuclear 
metal arrangements inside the DNA systems. 

 By combining both Ag(I) coordination and hydrogen bonding within one base 
pair consisting of one thymine  T  and one artifi cial 1-deazaadenine  D , Polonius and 
Müller succeeded in the stacking of 19 Ag(I) ions inside a 20-mer sequence  [  62  ] . 
The  D  and  A  bases are thought to form a doubly hydrogen-bonded Hoogsteen base 
pair and the addition of Ag(I) ions leads to substitution of one of these hydrogen 
bonds as illustrated in Figure  14 . Likewise to the considerations concerning the effect 
of the relative stabilities of the salen-Cu(II)- and Mn(III)-base pairs on the formation 
of neatly metalated duplexes, the rather low duplex stabilization observed for the 
 D -Ag- T  base pair was seen as an advantage here as well. Again, the error-free 
formation of long metal-containing double strands was thought to require structural 
equilibration to reach the thermodynamically most favored structure. In a joint 
work, Müller and Sigel et al. recently reported the solution structure determination 
of a DNA double strand containing three consecutive imidazole-Ag(I)-base pairs  7  
by a detailed NMR spectroscopic study involving the direct measurement of the 
 1  J ( 15 N, 107/109 Ag) coupling constants between the ligands and the metal ions. According 
to these measurements, the duplex adopts a B-type conformation with only minor 
deviations in the region of the metal-base pairs  [  63  ] . 

 Since stacking of several metal ions of the same kind inside the DNA duplex has 
now been realized in practice, next steps in the direction of using artifi cial DNA 
strands as molecular wires such as single molecule conductivity measurements have 
to be undertaken. From the viewpoint of information storage and processing with 
DNA-based systems, the expansion of the genetic code with artifi cial base pairs is 
another highly interesting fi eld of research. Also here, metal-base pairing has 
contributed new ideas since most metal-base pairs offer a binding mode orthogonal 
to the natural Watson–Crick binding motifs. 

 Going further in this direction, even the mixing of two different metal ions inside 
DNA was shown to be possible. Therefore, two ligand-modifi ed nucleosides with 
orthogonal coordination capabilities for two different kinds of metal ions were chosen 
and incorporated into artifi cial oligonucleotides in the form of mixed arrays  [  64  ] . 

 The groups around Shionoya and Carell succeeded in combining two different 
types of ligands which were shown to be able to bind Cu(II) and Hg(II) ions 
sequence-specifi cally in the same duplex  [  65  ] . The system presented by Shionoya 
et al. comprised the hydroxypyridone ligand  H  known for its ability to coordinate 
Cu(II) and the pyridine ligand  P  capable of coordinating Hg(II) (Figure  15 ). 
The formation of a duplex containing one Hg(II) and two Cu(II) ions was shown by 
UV- and CD-spectroscopic titration experiments with consecutive addition of both 
metal ions to the oligonucleotide d(5’-G HPH C-3’) and subsequent characterization 
of the reaction products by ESI mass spectrometry  [  65  ] .  

 Carell et al. synthesized strands containing a predetermined sequence of fi ve 
salen ligands  S  with the propensity to bind Cu(II) and fi ve  TT  mismatches capable 
of binding Hg(II) (Figure  16 ). Also in this case, the incorporation of the antici-
pated number of Cu(II) and Hg(II) ions according to the programmed sequence was 
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  Figure 15    A mixed 
metal array based on the 
hydroxypyridone  H  
and pyridine  P  ligands. 
Reprinted from [19b] with 
permission from Elsevier; 
copyright 2010.       

  Figure 16    A mixed 
metal array based on the salen 
 S  and thymine  T  ligands. 
Reprinted from [19b] with 
permission from Elsevier; 
copyright 2010.       
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indicated by CD-spectroscopic titration studies and the products were indentifi ed by 
ESI mass spectrometry  [  65  ] .  

 Several different sequences of Cu(II) and Hg(II) ions could be aligned inside 
the DNA strands following a rational design and thus the binary pattern that was 
encoded into the oligonucleotide by the automated solid-phase synthesis could be 
translated into a determined array of metal ions  [  65  ] . In a similar manner, Ono et al. 
were recently able to incorporate  T -Hg- T  and  C -Ag- C  base pairs into the same 
double strand  [  66  ] .  

    4   Conclusion and Future Prospects 

 The research fi eld of metal-base pairing inside DNA has developed within 10 years 
from the fi rst attempts to coordinate single metal ions by simple ligand-modifi ed 
nucleosides to complex oligonucleotide systems such as metal-mediated triple helices 
and programmable multi-metal stacks  [  19  ] . From a structural point of view, the 
achieved duplex stabilization compared to unmodifi ed oligonucleotides might fi nd 
interesting applications in the fi eld of DNA nanotechnology, for example by intro-
ducing metal-base pairs into DNA origami constructs. Furthermore, the switching of 
hybridization in the absence or presence of the required metal ions (or a change in 
their redox states) and the presented possibility to control structural interconversions 
(i.e., hairpin to duplex transitions) might add switchable and dynamic functions to 
DNA nanoscale architectures. 

 From another perspective, the precise positioning of transition metal ions in a 
three-dimensional space made up by a surrounding oligonucleotide framework could 
also be a new approach to mimic metalloenzymes with functions such as catalysis, 
charge separation, or selective guest recognition. The spin-spin interactions between 
neighboring paramagnetic metal ions such as Cu(II) inside DNA duplexes have 
already been shown to result in interesting magnetic phenomena. Combined with 
the potential charge transport capabilities, the newly discovered magnetic properties 
of the metal-containing oligonucleotides may become of great importance for 
the emerging fi eld of spintronics. Also an application in future quantum computing 
devices is imaginable. Furthermore, the substitution of some or all natural base pairs 
by metal-base pairs may present great potential for the overall enhancement of charge 
conductivity through oligonucleotide-based materials and so contribute to the area 
of DNA-based molecular electronics. Further synthetic modifi cation of the ligands 
and a broader choice of metal ions might be necessary to fi ne-tune the prospect 
electronic functions. 

 Upcoming work has to unambiguously establish the conductive properties of 
metal-containing DNA strands, e.g., by single molecule measurements in break 
junctions [16a], single electron transfer studies with charge injectors and traps 
attached to model duplexes  [  17  ]  or spectroscopic methods that yield information 
about charge carrier availability  [  67  ] . 
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 Keeping in mind the various switching processes, even more sophisticated 
electronic functions beyond pure charge transport such as processing of logical 
inputs may be achieved using metal-modifi ed DNA. The fi rst examples going into 
this direction were introduced by Willner et al. by the application of orthogonal 
metal-base pairing ( T -Hg- T  vs.  C -Ag- C ) in combination with the optical properties 
of quantum dots as sensors for Hg(II) and Ag(I) ions and as logical AND as well as 
OR gates  [  28  ] . The obtained mixed-metal arrays serve as striking examples for the 
possibility to incorporate new base pairing principles orthogonal to and alongside 
with the natural Watson-Crick base pairs into DNA strands. All the discussed and 
many other works have by now generated a good insight into the factors leading to 
stable metal-base pairing (complex stability, geometrical prerequisites, compatibility 
with the natural base pairs) thereby paving the way for future application of artifi -
cial metal-base pairs in even more complex nanoscopic constructs.

 Notes added in proof 

 Recently, Shionoya et al.  [  68  ]  were able to prove the direct conductance of electrons 
through metal-containing DNA double strands in single-molecule experiments 
based on the attachment of DNA strands between the ends of single-walled carbon 
nanotubes. It was found that the conductivity along hydroxypyridone ligand- 
containing DNA duplexes can be switched on and off in the presence or absence of 
metal ions such as Cu(II), respectively. Longer stretches of stacked metal base pairs 
resulted in enhanced conductivities. 

 Carell et al.  [  69  ]  demonstrated recently that metal-salen base pairs can be formed 
inside DNA double strands by enzymatic DNA polymerization using salicylic 
 aldehyde triphosphates, ethylenediamine as reversible cross-linker. A single-crystal 
X-ray structure of the salen-Cu(II)-containing DNA strand in complex with a frag-
ment of DNA polymerase I from  Bacillus stearothermophilus  showed that the metal 
base pair fi ts perfectly inside the B-DNA-like helical structure.  

 Abbreviations 

  AFM    atomic force microscopy   
  CD    circular dichroism   
  CHES    2-(cyclohexylamino)ethanesulfonic acid   
  DFT    density functional theory   
  Dipic    pyridine-2,6-dicarboxylate   
  DLS    dynamic light scattering   
  dNTP    2’-deoxyribonucleoside 5’-triphosphate   
  EDTA    ethylenediamine-N,N,N’,N’-tetraacetate   
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  EPR    electron paramagnetic resonance   
  ESI    electro spray ionization   
  FRET    fl uorescence resonance energy transfer   
  FTICR    Fourier-transform ion cyclotron resonance   
  HPLC    high performance liquid chromatography   
  ITC    isothermal titration calorimetry   
  MALDI-TOF    matrix-assisted laser desorption/ionization time-of-fl ight   
  NOESY    nuclear Overhauser effect spectroscopy   
  PCR    polymerase chain reaction   
  salen    N,N’-ethylenebis(salicylimine)   
  SNPs    single nucleotide polymorphisms   
  T 

M
     melting temperature   

  TRIS    tris(hydroxymethyl)-aminomethane          
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  Abstract   Metal-mediated base pairs are transition metal complexes formed from 
complementary nucleosides within nucleic acid double helices. Instead of relying 
on hydrogen bonds, they are stabilized by coordinative bonds. The nucleosides 
acting as ligands do not necessarily have to be artifi cial. In fact, several examples 
are known of naturally occurring nucleobases (e.g., thymine, cytosine) capable of 
forming stable metal-mediated base pairs that are highly selective towards certain 
metal ions. This chapter provides a comprehensive overview of metal-mediated 
base pairs formed from natural nucleosides or from closely related artifi cial nucleo-
sides that are pyrimidine or purine derivatives. It addresses the different strategies 
that lead to the development of these base pairs. The article focuses on structural 
models for metal-mediated base pairs, their experimental characterization within a 
nucleic acid, and on their possible applications.  

  Keywords   cytosine  •  deazaadenine  •  M-DNA  •  metal-mediated base pairs  
•  polymerase  •  sensor  •  thymine      

    1   Introduction to Metal-Mediated Base Pairs 

 The interaction of metal salts with nucleic acids has long been investigated (see refs 
in  [  1  ] ). Early experiments focused on the reaction of DNA from natural sources or of 
polynucleotides with transition metal ions such as Co 2+ , Ni 2+ , Mn 2+ , Zn 2+ , Cd 2+ , Cu 2+ , 
Hg 2+ , or Ag +   [  2  ] . It became clear that the metal ions are extremely diverse in their reac-
tion with nucleic acids  [  3,  4  ] , and that in particular Hg 2+  and Ag +  were able to bind 
strongly to the nucleobases without unwinding the double helices and without binding 
to the phosphate groups  [  4  ] . Replacement of protons from the nucleobases was sug-
gested as one possible binding mode, termed “type II binding” in the case of Ag +   [  5  ] . 
The fact that one Ag +  was included per two nucleotide residues, accompanied by pro-
ton displacement, was attributed to the conversion of a N–H···N hydrogen bond within 
a complementary base pair to two coordinative bonds in N-Ag-N  [  5  ] . In the case of 
Hg 2+ , experimental data pointed towards the preferential incorporation of the metal 
ion between the deprotonated N3 atoms of two (mismatched) thymidine residues  [  6  ] . 

 The advent of automated solid-phase synthesis of oligonucleotides enabled a much 
more detailed picture of the metal-binding properties to be obtained by allowing 
sequence-specifi c studies. Numerous metal-mediated base pairs, i.e., base pairs in 
which hydrogen bonds are formally replaced by coordinative bonds to metal ions, 
have been generated site-specifi cally within nucleic acid double helices  [  7–  9  ] . 
Hence, it became possible to investigate in more detail the above mentioned metal-
mediated base pairs comprising natural nucleotides. In addition, artifi cial nucleotides 
have been developed with a larger affi nity towards metal ions, increasing signifi cantly 
the scope of this type of functionalized nucleic acid. Using artifi cial nucleosides the 
structures of metal-modifi ed DNA double helices could be determined  [  10,  11  ] . 
In this chapter, metal-mediated base pairs with natural nucleosides as well as artifi cial 
purine- or pyrimidine-derived nucleosides will be discussed. Selected examples 
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for metal-mediated base pairs formed from artifi cial nucleosides without close 
structural resemblance to their natural counterparts are dealt with in   Chapter 10     of 
this book  [  12  ] .  

    2   M-DNA: A Metal Ion Complex of DNA 

    2.1   Formation of M-DNA 

 So-called M-DNA has been reported to form from regular B-DNA, both bacterial 
and synthetic, upon treatment with divalent cations such as Zn 2+ , Ni 2+ , or Co 2+  
at elevated pH values (pH > 8)  [  13,  14  ] . Reaction with EDTA converts M-DNA back 
to B-DNA. The properties of this metal complex of DNA are quite distinct from 
those of B-DNA. For example, the well-established intercalator ethidium does not 
intercalate into M-DNA  [  13  ] . In fact, this observation has led to the development of 
a convenient assay for M-DNA formation based on the decrease in fl uorescence that 
accompanies M-DNA formation. NMR studies suggest that the imino protons of 
thymine and guanine are absent in M-DNA  [  13  ] , even though according to their 
p K  

a
  values of 10.5 and 10.0 (values given for the respective 5’-phosphates)  [  15  ]  

they should still be protonated under slightly alkaline conditions. A detailed study 
revealed that each metal ion displaces one proton from the original B-DNA  [  14  ] . 
Interestingly, the UV and CD spectra of M-DNA almost resemble those of B-DNA, 
suggesting similar structures  [  13  ] . Based on these observations, base pairing schemes 
were suggested for M-DNA, in which one imino (or amino) proton of a base pair is 
replaced by a metal ion, leading to metal-mediated base pairs.  

    2.2   Structural Models 

 In addition to the originally proposed models for the metal-mediated base pairs 
(Scheme  1a, b )  [  14  ] , combined computational and experimental modelling stu-
dies have identifi ed other potential geometries  [  16  ] . Two of these are shown in 
Schemes  (1c)  and  (1d) .  

 According to the base pairing scheme shown in Scheme  (1a) , the metal ion 
replaces an imino proton of either thymine (A:T base pair) or guanine (G:C base 
pair). It is additionally coordinated to one aqua ligand residing in the minor groove 
 [  14  ] . Alternatively, the metal ion was suggested to displace an amino proton of either 
adenine (A:T base pair) or cytosine (G:C base pair) as shown in Scheme  (1b) . No 
aqua ligand is necessary to achieve a four-fold coordination of the metal ion in this 
model. However, the complementary nucleobase is required to be present in its rare 
enol form  [  14  ] . Taking into account the slightly alkaline conditions, a different model 
has been put forward for a metal-mediated G:C base pair in which the Zn 2+  ion is 
coordinated by hydroxido ligands rather than an aqua ligand (Scheme  1 c)  [  17  ] . Based 
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on the single-crystal X-ray diffraction analysis of a Zn 2+  complex of 1-methylcytosine, 
a model for metal cross-links occurring during DNA melting in the presence of Zn 2+  
ions had been suggested  [  18  ]  that was later proposed as a feasible base pairing 
scheme for M-DNA  [  16  ] . However, in this model, no proton displacement by Zn 2+ 

 takes place (Scheme  1d ). All of these models contain a divalent cation coordinated 
by four donor atoms. In the case of Zn 2+ , this typically translates into a tetrahedral 
coordination environment. According to a computational study, only the base pair 
shown in Scheme  (1d)  can adopt a planar geometry after full geometrical optimiza-
tion  [  16  ] , which is usually considered important for the formation of a stable DNA 
double helix with stacking neighboring base pairs. However, this base pair still con-
tains the imino proton, and the resulting duplex would need to be parallel-stranded 
 [  16  ] . Both of these requirements are not in agreement with the experimental results. 

 Interestingly, the energy required to “fl atten” the Zn 2+ -mediated G:C base pair shown 
in Scheme  1(a)  is relatively low (<8 kcal/mol), suggesting that it indeed represents a 
plausible model for building an antiparallel double helix  [  16  ] . Unfortunately, no struc-
tural information has yet been obtained for M-DNA. Single-crystal X-ray diffraction 

  Scheme 1    Base pairing schemes suggested for M-DNA (R, R’ = DNA backbone). (a) Replacement 
of the thymine and guanine imino protons by Zn 2+   [  14  ] . (b) Replacement of an adenine and cyto-
sine amino proton by Zn 2+   [  14  ] . (c) Replacement of the guanine imino proton by Zn 2+   [  17  ] . (d) Loss 
of two hydrogen bonds without proton displacement by Zn 2+   [  18  ] .       
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analyses of oligonucleotides crystallized in the presence of Zn 2+ , Co 2+ , or Ni 2+  under 
slightly alkaline conditions show a coordination of the metal ions to the N7 positions of 
the terminal guanine residues rather than an incorporation along the helical axis  [  19  ] .  

    2.3   Physical Properties 

 M-DNA has gained a lot of attention because of reports that it supports metallic-like 
conduction  [  20  ] . Based on such electronic properties, the creation of DNA-based 
devices for nanoelectronic applications was suggested to be feasible. Evidence to 
support molecular wire behavior of M-DNA was collected using a variety of methods. 
For example, current-voltage curves of bundles of M-DNA duplexes placed between 
two electrodes separated by a gap of at least 1  m m have been measured directly  [  20  ] . 
Moreover, electrochemical investigations of self-assembled DNA monolayers on 
gold electrodes showed an increased electron transfer rate between different solute 
redox probes and the gold surface for M-DNA in comparison with B-DNA  [  21,  22  ] . 
In particular, a differential behavior towards base mismatches was observed for 
B-DNA and M-DNA that was exploited for mismatch detection  [  23  ] . Finally, the 
attachment of donor and acceptor fl uorophores at opposite ends of an M-DNA duplex 
enabled the investigation of charge transfer through the double helix. The observed 
fl uorescence quenching was interpreted in terms of an electron hopping mechanism 
for electron transfer  [  24  ] . 

 However, it needs to be stated that the enhanced electrical conductivity of 
M-DNA is heavily disputed. A magnetic study of the electronic states showed no 
substantial differences between B-DNA and M-DNA except for Mn 2+ -doped DNA. 
Nonetheless, even in the latter case a charge transport through the metalated DNA 
was not observed  [  25  ] . Instead, it was suggested that the divalent cations replace 
the Na +  ions shielding the negative charge of the phosphate backbone. A topo-
graphic characterization by atomic force microscopy showed that M-DNA is about 
fi ve times shorter and ten times higher than regular B-DNA  [  26  ] . Electrostatic 
experiments performed with M-DNA adsorbed on mica surface showed an insulat-
ing behavior. The results of the electrochemical characterization have also been 
interpreted differently: The apparent enhancement of electrical conductivity of 
M-DNA could be attributed to the mere presence of divalent cations. Increased 
charge neutralization by these cations facilitates a penetration of the DNA mono-
layer by the negatively charged redox mediator, hence leading to the observed 
increase in conductivity  [  27  ] . The release of ethidium from B-DNA upon formation 
of M-DNA might be a result of the relatively low solubility of M-DNA: Upon pre-
cipitation under the conditions of M-DNA formation, ethidium could actually just 
dissociate from the precipitating B-DNA  [  28  ] . The displacement of the protons usually 
involved in hydrogen bonding could at least in part be explained by a (transient) 
coordination of the divalent cations to the nucleobases. From model chemistry it is 
well-known that the attachment of a metal ion to a nucleobase results in an acidifi cation 
of both endocyclic imino and exocyclic amino groups  [  15  ] . Finally, the fl uorescence 
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quenching observed upon M-DNA formation could be attributed to its more compact 
size, resulting in either intermolecular FRET between aggregated double helices or 
intramolecular FRET as a result of metal-mediated fraying of the helix ends  [  28  ] . 

 The prospect of self-assembling nanoscale electronic architectures based on DNA is 
certainly a fascinating one  [  29  ] . At present, it is not clear whether this goal can be 
achieved with M-DNA. Nonetheless, the studies of M-DNA have aroused interest in an 
investigation of metal-mediated base pairs with both natural and artifi cial nucleobases.   

    3   Metal-Mediated Base Pairs with Pyrimidine-Derived 
Nucleobases 

    3.1   Hg 2+ -Mediated T:T Base Pairs 

    3.1.1   History of the T–Hg–T Base Pair 

 In the early 1950s, a decrease in DNA viscosity was observed upon the addition of 
HgCl 

2
   [  30  ] . First attempts of an explanation involved a decrease in the overall size 

of the nucleic acid caused by a diminishing electrostatic repulsion between the 
phosphate groups due to the positively charged Hg 2+ , potentially accompanied by 
intramolecular cross-links of the type P–O–Hg–O–P  [  30  ] . After it became clear that 
the nucleobases act as the binding sites for Hg 2+  rather than the phosphate groups 
 [  31  ] , the formation of a 2:1 complex was proposed, containing two deprotonated 
thymine residues and a central mercuric ion  [  6  ] . It was suggested that these base 
pairs (Scheme  2 ) were formed between two proximate thyminate residues of oppo-
site strands by means of a chain shift mechanism  [  32  ] .  

  Scheme 2    Chemical structure of a T–Hg–T base pair (R, R’ = DNA backbone).       

 The molecular structure of the complex between deprotonated 1-methylthymine 
and Hg 2+  strongly supports the proposed metal-mediated base pair (Figure  1 ). 
However, the structure obtained by single crystal X-ray diffraction analysis contains 
the nucleobases in a transoid orientation whereas a cisoid arrangement of the glyco-
sidic bonds is required for an incorporation into a B-type duplex  [  33  ] .   
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    3.1.2   Characterization of the T–Hg–T Base Pair within a DNA Duplex 

 As mentioned above, the advent of solid phase oligonucleotide synthesis enabled 
sequence-specifi c studies of the metal-binding behavior of the various nucleobases. 
Accordingly, the selective formation of T–Hg–T base pairs inside a DNA duplex could 
be investigated. Using hairpin structures comprising a loop of two or three neigh-
boring thymine residues, a rearrangement towards a regular duplex was observed upon 
the addition of Hg 2+ . This rearrangement was accompanied by the formation of 
T–Hg–T base pairs, as could be shown by  1 H NMR spectroscopy  [  34  ] . Interestingly, 
a hairpin containing four thymine residues in the loop did not rearrange towards a 
regular duplex upon the addition of Hg 2+ . Instead, one intramolecular T–Hg–T cross-link 
between the fi rst and the last thymine residues was observed  [  34  ] , indicating a 
complex relationship between oligonucleotide sequence and conformation. 

 A quantitative study regarding the thermal stabilization of a T–Hg–T base pair indi-
cated that the addition of Hg 2+  to a DNA duplex containing one T:T mismatch results 
in an increase of the melting temperature  T  

m
  of 10°C (from 37 to 47°C)  [  35  ] . Control 

experiments using a regular A:T base pair instead of the mismatch showed a  T  
m
  of 44°C, 

indicating that the metal-mediated base pair is more stable than the naturally occurring 
A:T pair  [  35  ] . An isothermal titration calorimetry study revealed that the binding con-
stant for specifi c binding of Hg 2+  to a T:T mismatch amounts to almost 10 6   M –1  [  36  ] . 

  1 H NMR spectroscopy was applied to investigate in more detail the formation of 
this metal-mediated base pair. By using a duplex containing two T:T mismatches, 
the formation of T–Hg–T base pairs could be followed by observing the resonances 
of the thymine imino protons. In the absence of Hg 2+ , four imino proton resonances 
were detected in the corresponding chemical shift region (Figure  2 a, 10.4–11.1 
ppm)  [  35  ] . Addition of Hg 2+  led to a decrease in signal intensity, indicating a substi-
tution of the imino protons by Hg 2+  and hence the formation of a metal-mediated 
base pair (Figure  2 c). In experiments using approximately half the amount of metal 
ions required for base pair formation, three independent species were observed in 
the  1 H NMR spectrum, i.e., the Hg 2+ -free state and two partially Hg 2+ -bound states 
(Figure  2 b)  [  35  ] . This clearly indicates that the metal ions are tightly bound and that 
the dissociation and association processes occur slowly on the NMR timescale. 
Hence, T–Hg–T base pairs are formed in an equilibrium process (Figure  2 d)  [  35  ] . 

  Figure 1    Molecular structure of [Hg(1-methylthyminate) 
2
 ]  [  33  ] .       
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Moreover, the two metal-mediated base pairs within the duplex are not formed 
cooperatively but independently from each other.  

 The fi rst direct proof for the formation of a T–Hg–T base pair within a double helix 
was obtained by  15 N NMR spectroscopy. By incorporating  15 N-labelled thymine residues 
at different positions within oligonucleotide strands, metal ion binding to these residues 
could be unequivocally confi rmed  [  37  ] : In the presence of Hg 2+ , a signifi cant downfi eld 
shift of the  15 N resonances of the endocyclic N3 atoms of thymine by ~30 ppm was 
observed. Such a signifi cant shift can only be explained by the substitution of the imino 
proton by Hg 2+ . Most interestingly, when both thymine residues within the metal-
mediated base pair were  15 N-labelled a splitting of the  15 N resonance (2.4 Hz) was 

  Figure 2    Imino proton region of the  1 H NMR spectra of an oligonucleotide double helix. (a) In the 
absence of Hg 2+ ; (b) in the presence of Hg 2+  (0.8 equivalents with respect to the duplex); (c) in 
the presence of Hg 2+  (2.0 equivalents with respect to the duplex); (d) equilibrium system between the 
duplex and Hg 2+ . Reprinted with permission from  [  35  ] ; copyright 2006 American Chemical Society.       
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observed (Figure  3 ). This splitting was attributed to a     15 15

2

N, N
J    coupling across the 

central metal ion, providing direct proof for the formation of the T–Hg–T base pair  [  37  ] .   

    3.1.3   Application in Hg 2+  Sensors 

 With Hg 2+   being a toxic environmental pollutant, its reliable detection from aqueous 
solution is highly desirable. Accordingly, the formation of T–Hg–T base pairs has 
been exploited for the development of DNA-based Hg 2+ -sensor systems. In the fi rst 
example of this type, a thymine-rich oligonucleotide functionalized with a fl uoro-
phore at its 3’-end and a quencher at its 5’-end was applied  [  38  ] . In the absence of 
Hg 2+  the oligonucleotide adopts a randomly coiled single-stranded conformation. 
However, in the presence of Hg 2+  a hairpin structure comprising several T–Hg–T base 
pairs is adopted. In this conformation, the fl uorescence is quenched with increasing 
concentration of Hg 2+  because fl uorophore and quencher are located close to each 
other  [  38  ] . To ensure a high specifi city of the sensor, control experiments with other 
metal ions were performed, such as Ca 2+ , Mg 2+ , Cu 2+ , Fe 2+ , Cd 2+ , Pb 2+ , Zn 2+ , Ni 2+ , 
Mn 2+ , Co 2+ . None of these infl uence signifi cantly the fl uorescence spectra. Hence, this 
Hg 2+  sensor is sensitive enough to detect small amounts of Hg 2+  in solutions containing 
an excess of other metal ions  [  38  ] . By combining the T–Hg–T base pairs with Au 
nanoparticle-functionalized reporter DNA  [  39  ]  or electrochemiluminescent tags 
 [  40  ] , the detection limit can be lowered down to the picomolar concentration range. 

 As mercury cations can exist in two oxidation states, the T–Hg–T base pairs have 
also been applied as sensors for the redox environment  [  41  ] . Here, an oligonucleotide 
containing only thymine residues was labelled with fl uorophore and quencher as 
described above. In the presence of Hg 2+  a hairpin structure with metal-mediated 
base pairs is adopted, leading to a quenched fl uorescence. Upon introduction of a 

  Figure 3    Detail of the  15 N NMR spectrum of the partially  15 N-labelled oligonucleotide duplex 
(R, R’ = DNA backbone). The     15 15

2

N, N
J   coupling of 2.4 Hz is highlighted by arrows. Adapted with 

permission from  [  37  ] ; copyright 2007 American Chemical Society.       
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reductive environment (via the addition of Na 
2
 SO 

3
 ), Hg 2+  is reduced to Hg    +2

2   . As the 
formation of Hg 2+ -mediated base pairs is no longer possible, the folded structure is 
converted back to the randomly coiled conformation, leading again to a recovering 
fl uorescence  [  41  ] .  

    3.1.4   U–Hg–U, an RNA Analogue 

 Apart from a gold-mediated G:C base pair accidentally formed during the crystal-
lization of a nucleic acid  [  42  ] , only one metal-mediated base pair has been reported 
as yet for RNA  [  43  ] : In analogy to the well-established T–Hg–T base pair, RNA 
duplexes containing uracilate–Hg 2+ –uracilate (U–Hg–U) base pairs have been 
synthesized. As the presence or absence of a methyl group at the C5 position rep-
resents the only difference between thymine and uracil, a similar complexation 
behavior towards Hg 2+  was expected. 

 So far, fi ve RNA duplexes have been described, comprising stretches of up to 20 
consecutive uracil residues, thereby being able to potentially form up to 20 Hg 2+ -
mediated base pairs  [  43  ] . A combination of different spectroscopic techniques and 
dynamic light scattering (DLS) were applied to demonstrate that the N3 imino pro-
ton of uracil is substituted by Hg 2+   [  43  ] , in analogy to the situation described above 
for thymine. The RNA oligonucleotides under investigation were either regular 
duplexes with U:U mismatches (most likely in the form of a wobble pair) or hairpins 
with the uracil residues located in the loop. The latter case resembles the situation 
described in Section  3.1.2 , where the formation of T–Hg–T base pairs leads to a 
hairpin-to-duplex transition  [  34  ] . For the RNA hairpins, this conformational change 
was followed by DLS and DOSY NMR spectroscopy, as double helix and hairpin 
show signifi cantly different hydrodynamic radii  r  

H
 : Upon the addition of Hg 2+ ,  r  

H 

 increases by about 30%, indicating that a conformational change takes place from 
hairpin to a regular duplex with U–Hg–U base pairs  [  43  ] . 

 This conformational change was further monitored by NMR spectroscopic tech-
niques other than DOSY. In particular, the  1 H, 1 H-NOESY spectrum of the hairpin 
r(GGAGCGCGUUUUUUCGCGCUCC) comprising six uracil residues in the loop 
displays well-resolved and dispersed peaks in the absence of Hg 2+   [  43  ] . The fact 
that a sequential walk could be followed through the entire sequence indicates the 
formation of a well-structured loop. The A-type conformation of the stem region 
was confi rmed by characteristic cross-peaks  [  43  ] . Upon the addition of Hg 2+ , the  1 H 
NMR spectra changed in the same manner as previously observed for DNA duplexes 
comprising T–Hg–T base pairs: The signal intensity of the N3 imino proton reso-
nances of the uracil residues involved in metal-mediated base pairing decreased  [  43  ] . 
Moreover, a study applying a  13 C-labelled oligonucleotide confi rmed that only those 
uracil residues not involved in Watson-Crick base pairing (i.e., all uracil residues 
except of U20) bind to Hg 2+ . As can be seen from the  1 H, 13 C-HSQC spectrum 
(Figure  4 ), the resonances of the central uracil residues shift signifi cantly after 
the addition of Hg 2+ , indicating the formation of U–Hg–U base pairs, whereas the 
resonance of U20 is least affected  [  43  ] .  
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 In analogy to the T–Hg–T base pairs, the formation of U–Hg–U base pairs is accom-
panied by an increase in thermal stability  [  43  ] . CD spectroscopy was used to confi rm 
the A-type helical conformation (Figure  5 ). This study showed that U–Hg–U base pairs 
are formed in an equilibrium process, as indicated by the appearance of isosbestic 
points upon the stepwise addition of Hg 2+ . Once all U–Hg–U base pairs are formed, 
excess Hg 2+  binds unspecifi cally to other coordination sites of the duplex  [  43  ] .  

 Interestingly, Hg 2+  can be removed from the U–Hg–U base pairs by treating 
the RNA duplexes with a chelating resin, restoring the previous nucleic acid 

  Figure 4    Section of the  1 H, 13 C-HSQC spectra of r(GGAGCGCGUUUUUUCGCGCUCC) in the 
absence (left) and presence (right) of Hg 2+ , showing the  1  J  correlation between H6 and C6 of all 
uracil residues. Reprinted with permission from  [  43  ] , copyright 2008 Elsevier.       

  Figure 5    CD spectra of r(GGAGCGCGUUUUUUCGCGCUCC), confi rming an A-type duplex 
conformation in the absence and presence of up to one equivalent of Hg 2+ . Here, one equivalent is 
defi ned as the amount of metal ion required to saturate every possible metal-mediated base pair. 
The isosbestic points observed up to the addition of 1 equivalent of Hg 2+  are highlighted by circles. 
Reprinted with permission from  [  43  ] , copyright 2008 Elsevier.       

 

 



306 Megger, Megger, and Müller

conformation  [  43  ] . This behavior is unlike that found for T–Hg–T base pairs  [  37  ]  
(and also for the artifi cial imidazole–Ag + –imidazole base pairs)  [  11  ] , where the 
metal ions cannot be removed by using chelating agents. Hence, this different 
reactivity might be attributed to the A-type conformation of the RNA duplex, in 
which the metal ions are not aligned along the helical axis but twisted around it. 

 The incorporation of U–Hg–U base pairs into RNA duplexes demonstrates that 
this nucleic acid should not be disregarded in the context of metal-mediated base pairs. 
As a result of the different helical conformation compared with DNA, the scope of this 
type of nucleic acid functionalization can be signifi cantly broadened by including RNA.   

    3.2   Ag + -Mediated C:C Base Pairs 

 Apart from thymine and uracil, the third naturally occurring pyrimidine nucleobase 
cytosine has also been utilized in the construction of metal-mediated base pairs. 
In contrast to the previously discussed examples, metal-mediated self-pairs of cyto-
sine are specifi cally formed in the presence of Ag + . 

 The reversible binding of Ag +  to oligonucleotides containing cytosine-rich regions 
has been known for about 50 years  [  44  ] . In the course of some of the fi rst studies, the 
interaction of Ag +  with poly-d(C) was investigated by potentiometric and photometric 
methods  [  3,  5  ] . Even though the metal-binding sites were not clear at that point, the 
formation of Ag + -mediated base pairs in the so-called “type II binding” was suggested 
as a result of the substitution of a proton involved in hydrogen bonding by a metal ion. 
In contrast to the molecular structure of [Hg(1-methylthyminate) 

2
 ] (Figure  1 ), 

the complex [Ag(1-MeC)](NO 
3
 ) synthesized from 1-methylcytosine (1-MeC) and 

AgNO 
3
  shows a 1:1 stoichiometry between ligand and metal ion  [  45,  46  ] . In this 

dinuclear complex, Ag +  is bound by two cytosine residues in an N3–Ag–O2 fashion 
and, due to the coordination of the nitrate counter ions, displays a distorted trigonal 
coordination sphere. Based on this structure, models were suggested for Ag + -mediated 
base pairs, e.g., in nucleic acid regions of high G:C content  [  45  ] . 

 The Ag + -mediated cytosine self-pair C–Ag–C was recently discovered as another 
example for a metal-meditated self-pair of naturally occurring nucleobases  [  47  ] . 
By using an oligonucleotide double helix comprising a single C:C mismatch within 
otherwise regular Watson-Crick base pairs, Ag +  was shown to be the only metal ion 
signifi cantly stabilizing the duplex, with an increase of the melting temperature 
 T  

m
  of 8°C  [  47  ] . Other metal ions such as Hg 2+ , Cu 2+ , Ni 2+ , Pd 2+ , Co 2+ , Mn 2+ , Zn 2+ , 

Pb 2+ , Cd 2+ , Mg 2+ , Ca 2+ , Fe 2+ , Fe 3+ , or Ru 3+  had no notable effects on  T  
m
 , making the 

C:C mismatch highly selective for the binding of Ag + . An investigation by means of 
 1 H NMR spectroscopy confi rmed the formation of C–Ag–C base pairs, as is obvious 
by signifi cant changes in the imino proton region of the spectra. In analogy to what 
had been observed for T–Hg–T base pairs  [  35  ] , a spectrum recorded at a lower Ag +  
concentration revealed the existence of two independent species, namely the metalated 
and non-metalated duplex  [  47  ] . The binding constant for specifi c binding of Ag +  to 
a C:C mismatch within a regular DNA duplex lies in the range of 10 5  M –1   [  48  ] . 
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 In these examples, the formation of a Watson-Crick duplex containing a single 
C:C mismatch enforces a cisoid orientation of the nucleobases inside the C–Ag–C 
base pair (Scheme  3a ). However, the corresponding transoid base pair is expected to 
be of higher stability, due to diminished electrostatic repulsion and the possibility to 
form an additional hydrogen bond (Scheme  3b ). In fact, CD and UV spectroscopic 
investigations of d(C 

8
 ) containing only cytosine moieties suggest the preferred 

formation of transoid C–Ag–C base pairs if the strand orientation is not predetermined 
by surrounding nucleobases  [  49  ] . Importantly, a comparison of the CD spectra in 
the presence of Ag +  and under slightly acidic conditions, respectively, rules out that 
the addition of Ag +  leads to an i-motif-like structure.  

 The preferred orientation of a C–Ag–C base pair was probed by a series of 
experimental and theoretical investigations. For instance, various Watson-Crick 
duplexes differing only in a single base mismatch comprising cytosine and/or 
5-methylisocytosine ( 5M  i C) (Scheme  3c ) were synthesized and their melting tem-
perature determined  [  50  ] . The formation of the C–Ag– 5M  i C base pair ( D  T  

m
  = 

+18.9°C) results in a signifi cantly larger increase in  T  
m
  than that of the cisoid 

C–Ag–C base pair ( D  T  
m
  = +4.8°C). As the C–Ag– 5M  i C base pair geometry closely 

resembles that of the transoid C–Ag–C one, these data strongly suggest that the lat-
ter is the thermodynamically more stable one. Moreover, experiments with DNA 
duplexes covalently locked in either a parallel or an antiparallel orientation proved 
the stabilization of parallel-stranded duplexes by transoid C–Ag–C base pairs 
 [  51  ] . Very recently, dispersion-corrected DFT calculations have been carried out 
revealing that the transoid C–Ag–C is indeed stabilized by one hydrogen bond and 
therefore about 7 kcal mol –1  more stable than the corresponding cisoid one  [  52  ] . 

 Applications of the Ag + - mediated cytosine self-pair include the oligonucleotide-
based detection of this metal ion. In analogy to the Hg 2+  sensor mentioned in Section 
 3.1.3 , a turn-off fl uorescent sensor utilizing the quenching of fl uorescence as a result 
of a conformational change of an oligonucleotide upon the formation of C–Ag–C base 
pairs has been reported  [  47  ] . A similar turn-on sensor based on a fl uorescein-labelled 
single-stranded oligonucleotide has also been reported, taking advantage of the fact 
that graphene oxide selectively adsorbs and quenches the labelled single-stranded 
DNA probe but not the duplex comprising C–Ag–C base pairs  [  53  ] . Both sensors are 
highly selective towards Ag +  with detection limits in the nanomolar range.  

  Scheme 3    Postulated structures of the Ag + -mediated base pairs C–Ag–C (cisoid and transoid) and 
C–Ag– 5M  i C (R, R’ = DNA backbone)  [  47,  49,  50  ] . The latter base pair probably also contains one 
hydrogen bond. Coordinative bonds are drawn as arrows and hydrogen bonds as broken lines.       
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    3.3   Chemically Modifi ed Pyrimidines 

    3.3.1   5-Substituted Uracil Derivatives 

 As the naturally occurring pyrimidine nucleobases have been found to be excellent 
ligands for the formation of metal-mediated base pairs, several chemically modifi ed 
pyrimidine derivatives have been investigated in an attempt to control the stability 
and selectivity towards different metal ions. A promising approach for such a fi ne-
tuning is based on the use of 5-substituted uracil derivatives  [  54  ] . The p K  

a
  value of 

the amide proton of these pyrimidine derivatives varies from 6.5 to 9.8, depending 
on the electron-withdrawing effect of the substituent in the 5-position (Scheme  4 ). 
As the formation of a metal-mediated base pair requires the deprotonation of 
this site, a change in p K  

a
  should directly infl uence the stability of such a base pair. 

Moreover, the affi nity towards metal ions depends on the nucleophilic character of 
the ligand which often goes along with its basicity.  

  Scheme 4    5-Substituted uracil derivatives used for metal-mediated base pairs ( 5M U: 5-methyl-
uracil = thymine;  5Br U: 5-bromouracil;  5F U: 5-fl uorouracil;  5CN U: 5-cyanouracil; R = DNA 
backbone)  [  54  ] . The p K  

a 
 values of the amide protons are shown as well (for R = CH 

3
 ).       

 The investigation of oligonucleotide duplexes containing one base mismatch 
each of the 5-substituted uracil derivatives revealed signifi cant differences in the 
reactivity towards Hg 2+  and Ag +  in the pH range of 5.5–9. For example, in the case 
of a T:T mismatch the addition of Ag +  does not lead to a change of  T  

m
  (within 

error limits), whereas the addition of Hg 2+  results in a duplex stabilization of  D  T  
m 

  »  
7°C almost irrespective of the pH  [  54  ] . In contrast, 5-fl uorouracil ( 5F U) shows a 
completely different reactivity. Under slightly acidic conditions, the presence of 
Hg 2+  results in a signifi cant stabilization of the duplex ( D  T  

m
  = 7°C) whereas the addi-

tion of Ag +  does not affect  T  
m
  at all. By changing the pH to slightly basic conditions, 

the reactivity is reversed: Now Ag +  stabilizes the duplex more signifi cantly than 
Hg 2+  ( D  T  

m
  = 14°C vs. 6°C)  [  54  ] . 

 The differential binding of these metal ions was corroborated by a mass spectro-
metric study from a solution containing both metal ions, directly proving the specifi c 
binding of Hg 2+  at pH 7 and of Ag +  at pH 9, respectively  [  54  ] . Interestingly, a UV titration 
suggested that the base pair stabilized by Ag +  contains two metal ions (Scheme  5 ). 
This fi nding did not come as a total surprise, as it had previously been predicted based 
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on the single crystal X-ray diffraction analysis of the complex [Ag(1-methyluracilate)] 
 [  55  ] . In summary, a carefully designed manipulation of a nucleobase at a position that 
is not involved in metal-ion binding can affect the stability of the resulting metal-
mediated base pairs and concomitantly the affi nity towards different metal ions.   

    3.3.2   4-Substituted Pyrimidinone Derivatives 

 All base pairs discussed so far in Section  3  contain a metal ion with linear coordina-
tion geometry (Hg 2+  or Ag + ). Even though metal complexes are known that reveal the 
ability of thymine and cytosine to act as chelating ligands  [  56,  57  ] , no proof exists of 
comparable metal-mediated self-pairs of pyrimidines within a nucleic acid duplex. 
Hence, to extend the concept of pyrimidine self-pairs to metal ions preferring a more 
sophisticated coordination geometry, a functionalization of the metal-binding site of 
the nucleobase is necessary. In this context, the synthesis and metal-binding properties 
of oligonucleotides containing the artifi cial nucleobase 4-(2’-pyridyl)-pyrimidinone 
(Pyr Py ) have been reported  [  58  ] . This nucleobase is a cytosine derivative containing 
a pyridyl substituent attached to C4 instead of the amino group. Oligonucleotide 
duplexes containing the Pyr Py :Pyr Py  mismatch as well as combinations of Pyr Py  with 
naturally occurring nucleobases have been investigated. In the absence of metal 
ions, Pyr Py  has a destabilizing effect on the duplex ( D  T  

m
  = –15.1°C compared to a regular 

G:C base pair). However, in the presence of Ni 2+  the formation of a Pyr Py –Ni–Pyr Py  
base pair (Figure  6a ) was delineated from a signifi cant increase in  T  

m
 . The artifi cial 

Pyr Py –Ni–Pyr Py  base pair is formed in a highly selective manner, as neither the pres-
ence of other divalent metal ions (Co 2+ , Cu 2+ , Zn 2+ , Fe 2+ , Mn 2+ ) nor a replacement of 
one of the Pyr Py  residues by a natural nucleobase results in a signifi cant increase of  T  

m
 . 

As a result, the artifi cial Pyr Py –Ni–Pyr Py  base pair has a stability and a mismatch 
discrimination comparable to those of natural Watson-Crick pairs  [  58  ] .  

 Following the strategy of increasing the number of metal-binding sites on a 
 cytosine derivative to modify its metal-binding properties, a 2,2’-bipyridine residue 
was attached at C4 instead of a pyridine ring, leading to a nucleobase with a terpyri-
dine-derived binding motif (Pyr Bipy ) (Figure  6b )  [  59  ] . As Pyr Bipy  is a tridentate ligand, 
the formation of a planar base pair requires a monodentate ligand in the comple-
mentary position, e.g., a pyridyl moiety glycosylated at C3 (3Py) or C4 (4Py), 
respectively. Interestingly, only the combination of Pyr Bipy  with 4Py leads to the 
formation of a stable Ag + - mediated base pair ( D  T  

m
  = +12.9°C)  [  59  ] . The addition of 

other metal ions or the choice of a different nucleobase complementary to Pyr Bipy  
(e.g., Pyr Bipy , 3Py, G, A, C, T) does not result in a remarkable duplex stabilization  [  59  ] . 

  Scheme 5    Proposed formation of  5F U–Ag 
2
 – 5F U (R = DNA backbone)  [  54  ] .       
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The different stability of 3Py and 4Py is a prime example for the importance of base 
pair dimension and geometry. As shown by the geometry-optimized structure of a 
Pyr Bipy –Ag–Py base pair, the distance between the glycosidic bonds is larger for 
Pyr Bipy –Ag–4Py and therefore resembles more closely the distance found in natural 
DNA double helices (Figure  6c )  [  59  ] .    

    4   Metal-Mediated Base Pairs with Purine-Derived 
Nucleobases 

    4.1   1-Deazaadenine and 1,3-Dideazaadenine 

 Metal-mediated base pairs containing 1-deazaadenine (c 1 A) or 1,3-dideazaadenine 
(c 1,3 A) are special inasmuch as they adopt a Hoogsteen geometry. As the purine 
bases are defunctionalized at their Watson-Crick edge, the base pairs cannot be 

  Figure 6    Schematic representations of (a) the Pyr Py –Ni–Pyr Py  base pair  [  58  ]  and (b) the Pyr Bipy –
Ag–4Py base pair  [  59  ] ; (c) superposition of the geometry-optimized structure of Pyr Bipy –Ag–Py on 
a natural A:T base pair (R, R’ = DNA backbone). The distances between the glycosidic bonds are 
indicated by arrows. This fi gure has been adapted from  [  59  ]  with permission of The Royal Society 
of Chemistry; copyright 2005.       
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incorporated into a Watson-Crick duplex. What makes them special is that they have 
a thermal stability comparable to that of natural base pairs  [  60  ] , contrary to most 
other metal-mediated base pairs. This provides the opportunity to create DNA 
duplexes containing a large number of metal-mediated base pairs without losing the 
reversibility of the hybridization process. In principle, metal-mediated Hoogsteen 
base pairs can also be formed from unmodifi ed purine bases, but at current examples 
for such base pairs are limited to triple-helical systems  [  61  ]  or unusual left-handed 
DNA duplexes  [  62  ] . Hence, 1-deaza- and 1,3-dideazapurine derivatives are required 
for the exclusive formation of a metal-modifi ed Hoogsteen double helix. 

 Hoogsteen duplexes from 1-deazaadenine and thymine adopt an established 
structural conformation in the absence of transition metal ions (Scheme  6a )  [  63  ] . 
In agreement with other metal-mediated base pairs formally derived by the substitution 
of an imino proton by a metal ion, Ag + - mediated T–Ag–c 1 A base pairs could be devised 
(Scheme  6b )  [  60  ] . For this, different oligonucleotides containing 1-deazaadenine 
were synthesized and investigated in the presence of complementary thymine-rich 
sequences and Ag + . For an equimolar mixture of d(T 

20
 ) and d(c 1 A 

19
 A) the specifi c 

binding of one metal ion per artifi cial base pair was observed, accompanied by an 
increase in melting temperature of  D  T  

m
  > 36°C (approx. 2°C per base pair)  [  60  ] . As 

a result,  T  
m
  is still low enough to ensure a completely reversible duplex formation in 

aqueous solution. CD spectroscopic experiments revealed only marginal differences 
in the absence and presence of Ag + , indicating that the insertion of a metal ion into 
the Hoogsteen base pair does not affect the overall duplex structure  [  60  ] .  

  Scheme 6    Artifi cial Hoogsteen base pairs formed from (a) thymine and 1-deazaadenine (c 1 A)  [  63  ] ; 
(b) thyminate, Ag + , and 1-deazaadenine  [  60  ] ; (c) thyminate, Ag + , and 1,3-dideazaadenine (c 1,3 A) 
(R, R’ = DNA backbone)  [  64  ] .       

 The use of 1,3-dideazaadenine as an artifi cial nucleobase was investigated as 
well  [  64  ] . At fi rst glance a reactivity similar to that of 1-deazaadenine could be 
expected, as both nucleobases comprise an identical Hoogsteen edge. However, the 
nucleobases show different base-pairing properties in the absence of transition metal 
ions, as 1,3-dideazaadenine does not form stable Hoogsteen base pairs with 
thymine  [  65  ] . A differential reactivity was also established in the presence of Ag + . 
The self-complementary oligonucleotide sequences d(c 1,3 AT) 

9
  and d(c 1,3 A 

9
 T 

9
 ) 
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 comprising 1,3-dideazaadenine (c 1,3 A) form duplexes consisting of doubly Ag + -
mediated T–Ag 

2
 –c 1,3 A base pairs (Scheme  6c ). This can be explained by the 

more basic exocyclic amino group of 1,3-dideazaadenine as compared to 
1-deazaadenine  [  66  ] , enabling it to bind an additional metal ion. The sequence 
d(c 1,3 AT) 

9
  with alternating purine and pyrimidine nucleosides ( T  

m
  = 82°C) was found 

to adopt a more stable duplex structure than d(c 1,3 A 
9
 T 

9
 ) ( T  

m
  = 62°C) in the presence 

of Ag +   [  64  ] . The formation of stable metalated duplexes was further proven by 
dynamic light scattering revealing an increase in the hydrodynamic radius after the 
addition of Ag +  and by mass spectrometric experiments. The doubly metalated base 
pair was investigated by dispersion-corrected DFT calculations, confi rming that it is 
energetically favored over the corresponding non- and singly-metalated base pairs 
 [  64  ] . In the geometry-optimized structure of T–Ag 

2
 –c 1,3 A, the two Ag +  ions are in 

close vicinity (2.88 Å), suggesting an argentophilic interaction  [  64  ] . This interaction 
contributes some 16 kcal mol –1  to the overall stability of the base pair. Its presence is 
supported by the fact that, upon excitation at 270 nm, the oligonucleotide duplexes 
exhibit fl uorescence at ~465 nm in the presence of Ag +   [  64  ] . 

 The base pairs formed from 1-deazaadenine and 1,3-dideazaadenine, respectively, 
represent another example for the potential that lies in the modifi cation of the base 
pairing properties by subtly changing the nucleobases.  

    4.2   6-Substituted Purine Derivatives 

 In analogy to the pyrimidinone-derived nucleobases (Section  3.3.2 ), the affi nity 
of purine bases towards metal ions can be enhanced by the functionalization 
with a heterocyclic aryl moiety, too. For example, a modifi ed adenine derivative 
Pur Py  (6-(2’-pyridyl)-purine) containing a 2-pyridyl residue instead of an amino 
group at the C6 position has been reported (Scheme  7a )  [  67  ] . In oligonucleotides 
containing one self-pair of this artifi cial nucleoside, only Ni 2+  was shown to form a 
stable metal-mediated base pair (Pur Py –Ni–Pur Py ), whereas the addition of other 
metal ions (Co 2+ , Cu 2+ , Zn 2+ , Ag + , Fe 2+ , Mn 2+ , Eu 3+ , Pd 2+ ) does not result in a stabili-
zation of the duplex. Moreover, the choice of a different nucleobase complementary 
to Pur Py  (e.g., G, A, C, T) does not result in a remarkable duplex stabilization  [  67  ] . 
Quantum chemical calculations revealed an almost perfect overlap of the glycosidic 
bond positions of the artifi cial Pur Py –Ni–Pur Py  and the natural A:T base pair within 
an antiparallel Watson-Crick duplex  [  67  ] .  

 The attachment of one bipyridyl residue or two pyridyl moieties to a purine 
ring leads to terpyridine-like binding motifs. Accordingly, oligonucleotides con-
taining the purine-derived nucleobases Pur 2,6Py  and Pur Bipy  (Scheme  7b, c ) have 
been investigated  [  68  ] . In analogy to the bipyridine-functionalized pyrimidinone 
Pyr Bipy  (Figure  6b ), these nucleobases form stable Ag + -mediated base pairs with 
pyridine. Because of the different geometrical orientation of the terpyridine-like 
motif, Pur 2,6Py  preferentially forms metal-mediated base pairs with 3Py, whereas 
Pur Bipy  prefers 4Py  [  68  ] .   
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    5   Processing of Metal-Mediated Base Pairs by Polymerases 

 As it is known that polymerases can recognize modifi ed substrates and catalyze a 
replication reaction involving the formation of artifi cial base pairs, attempts have 
been made to directly incorporate metal-mediated base pairs into DNA duplexes by 
 in vitro  transcription in the presence of the appropriate metal ion. In the case of the 
T–Hg–T base pair, a primer-extension reaction using various DNA polymerases has 
been reported to take place, incorporating thymidine 5’-triphosphate (TTP) opposite 
to a thymine residue in the template strand in the presence of Hg 2+    [  69  ] . It has been 
proposed that this fi nding suggests a potential mechanism for the mutagenicity of 
Hg 2+   [  69  ] . As a result of the highly specifi c incorporation of Hg 2+  into the T–Hg–T 
base pair, the addition of other metal ions like Mn 2+ , Fe 2+ , Fe 3+ , Co 2+ , Cu 2+ , Zn 2+ , 
Pb 2+ , Ni 2+ , or Au +  does not lead to the incorporation of TTP  [  69  ] . In another example, 
Taq polymerase has been shown to be capable of bypassing T–Hg–T and C–Ag–C 
base pairs in the primer region  [  70  ] . Hence, the amplifi cation products are formed 
only in the presence of the appropriate metal ion. By applying this strategy, molecular 
logic gates have been devised that are triggered by Ag +  and Hg 2+ , respectively  [  70  ] . 
Both studies indicate that metal-mediated base pairs with a geometry similar to that 
of the natural base pairs can be processed by polymerases, suggesting that an expan-
sion of the genetic alphabet might be possible via a metal-mediated enzymatic 
incorporation of artifi cial nucleobases into nucleic acids  [  69  ] .  

  Scheme 7    Schematic representation of (a) the Pur Py –Ni–Pur Py  base pair  [  67  ] , (b) the Pur Bipy –Ag–
4Py base pair  [  68  ] , and (c) the Pur 2,6Py –Ag–3Py base pair  [  68  ]  (R, R’ = DNA backbone).       
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    6   Concluding Remarks and Outlook 

 Metal-mediated base pairs from natural nucleosides (or close derivatives thereof) 
have come a long way. Originally proposed to explain changes in the physical 
properties of natural DNA that was observed in the presence of certain transition 
metal ions, they are nowadays discussed and utilized in the context of sophisticated 
DNA-based applications such as metal ion sensors  [  71,  72  ] , sensors for the redox 
environment  [  41  ] , molecular logic gates  [  70  ] , the detection of single nucleotide 
polymorphisms  [  73  ] , long-distance charge transfer  [  74  ] , and DNA-based machines 
like bipedal walkers and steppers  [  75  ] . This wealth of possible applications will 
undoubtedly increase even further with the development of new metal-mediated 
base pairs including entirely artifi cial nucleosides  [  12  ] . 

 Several studies have underlined the potential that lies in fi ne-tuning the metal-
binding properties of nucleosides by replacing single atoms or entire groups of atoms 
not directly involved in the binding of the metal ions  [  54,  64,  76  ] . This approach 
will certainly play a major role in diversifying the range of nucleosides available for 
metal binding. Factors contributing to the stabilization of nucleic acid duplexes 
with metal-mediated base pairs, many of which display an increased positive charge 
along the helical axis, are only about to emerge. In this context, a non-covalent 
metallophilic attraction might play a signifi cant role in stabilizing consecutive 
metal-mediated base pairs comprising metal ions with a closed-shell electronic 
structure  [  77  ] . The argentophilic interaction has already been shown to be a main 
contributor to the stability of doubly Ag + -mediated base pairs  [  64  ] . 

 Finally, the formation of metal-mediated base pairs is not limited to DNA but has 
also been found for RNA  [  43  ]  and the nucleic acid analogues GNA (glycol nucleic 
acid)  [  78  ]  and PNA (peptide nucleic acid)  [  79  ] . Hence, the possibility to combine 
particular properties of a nucleic acid with the functionality introduced by a metal-
mediated base pair will enable the access to supramolecules that are structurally 
similar yet display chemically and physically distinct properties. 

 Abbreviations 

  C    cytosine, (deoxy)cytidine   
  c 1 A    1-deazaadenine   
  c 1,3 A    1,3-dideazaadenine   
  C–Ag–C    cytosine–Ag + –cytosine   
  C–Ag– 5M  i C    cytosine–Ag + –5-methylisocytosine   
  CD    circular dichroism   
  DLS    dynamic light scattering   
  DOSY    diffusion-ordered spectroscopy   
  DFT    density functional theory   
  EDTA    ethylenediamine- N,N,N’,N’ -tetraacetate   
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  FRET    fl uorescence resonance energy transfer   
  G    guanine, (deoxy)guanosine   
  GNA    glycol nucleic acid   
  HSQC    heteronuclear single quantum coherence   
   5M  i C    5-methylisocytosine   
  1-MeC    1-methylcytosine   
  NOESY    nuclear Overhauser enhancement spectroscopy   
  PNA    peptide nucleic acid   
  Pur 2,6Py     2,6-di-(2’-pyridyl)-purine   
  Pur Bipy     6-[6-(2,2’-bipyridyl)]-purine   
  Pur Py     6-(2’-pyridyl)-purine   
  3Py    3-pyridyl   
  4Py    4-pyridyl   
  Pyr Bipy     4-[6-(2,2’-bipyridyl)]-pyrimidinone   
  Pyr Py     4-(2’-pyridyl)-pyrimidinone   
   r  

H
     hydrodynamic radius   

  T    thymine, thymidine   
  T–Hg–T    thyminate–Hg 2+ –thyminate   
  TTP    thymidine 5’-triphosphate   
  U    uracil, uridine   
   5Br U    5-bromouracil   
   5CN U    5-cyanouracil   
   5F U    5-fl uorouracil   
  U–Hg–U    uracilate–Hg 2+ –uracilate   
  UV    ultraviolet          
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  Abstract   Peptide nucleic acid (PNA) is a non-cyclic pseudopeptide-nucleic acid 
structural mimic with promising applications within diagnostics and drug discovery. 
This review focuses on metal complex derivatives of PNA. Metal ions and their 
complexes display unique physical and chemical properties and offer the opportunity 
to introduce new labels and probes for bioanalytical and diagnostic applications of 
PNA, but also to modulate or to introduce new (for example catalytic) functions and 
biological activities.  

    R.   Krämer   (*) •     A.   Mokhir  
     Inorganic Chemistry Institute ,  University of Heidelberg ,   Im Neuenheimer Feld 270 , 
 D-69120   Heidelberg ,  Germany    
e-mail:  roland.kraemer@urz.uni-heidelberg.de;   Andriy.Mokhir@urz.uni-heidelberg.de   

    Chapter 12   
 Metal Complex Derivatives of Peptide 
Nucleic Acids (PNA)       

       Roland   Krämer        and    Andriy   Mokhir      

Contents

ABSTRACT .............................................................................................................................  319
1 INTRODUCTION .............................................................................................................  320
2 METAL ION BINDING TO UNMODIFIED PEPTIDE NUCLEIC ACID .....................  322
3 EFFECT OF METAL IONS ON HYBRIDIZATION OF MODIFIED DNA ...................  322
 3.1 Terminally Modifi ed Peptide Nucleic Acids .............................................................  322
 3.2 Internally Modifi ed Peptide Nucleic Acids ..............................................................  326
 3.3 Quadruplex Structures ..............................................................................................  329
4 LABELING OF PEPTIDE NUCLEIC ACIDS WITH METAL COMPLEXES...............  330
 4.1 Organometallic Labels ..............................................................................................  330
 4.2 Radioactive Labels ....................................................................................................  332
 4.3 Paramagnetic Labels .................................................................................................  333
5 CATALYST-MODIFIED PEPTIDE NUCLEIC ACIDS FOR AMPLIFIED 

DETECTION OF NUCLEIC ACIDS ................................................................................  333
6 METAL ION-TRIGGERED CELLULAR UPTAKE OF PEPTIDE NUCLEIC 

ACIDS ................................................................................................................................  335
ABBREVIATIONS ..................................................................................................................  339
REFERENCES ........................................................................................................................  339



320 Krämer and Mokhir
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    1   Introduction 

 Since their introduction about 20 years ago  [  1  ] , peptide nucleic acids (PNAs) have 
caught the interest in many fi elds of science from pure chemistry, over (molecular) 
biology, drug discovery, and (genetic) diagnostics, to nanotechnology and prebiotic 
chemistry  [  2  ] . A very wide variety of PNA derivatives and PNA-type molecules 
have been synthesized, but most applications focus on the original aminoethylglycine 
PNA (Figure  1 ).  

 The latter is a non-cyclic pseudopeptide-nucleic acid structural mimic (Figure  1 ). 
PNA binds stronger to sequence complementary oligonucleotides than does 
natural DNA or RNA because there is no electrostatic repulsion between strands. 
Consequently, PNA effectively targets nucleic acids at variable ionic strength  [  3  ] . 

 Beside the formation of duplexes with complementary single-stranded nucleic 
acids, an invasive binding mode with double stranded nucleic acids is observed for 
PNA. In particular, homopyrimidine PNA oligomers bind to sequence complementary 
homopurine targets in duplex DNA such that one PNA oligomer hybridizes the 
complementary DNA strand by Watson–Crick base pairing, while a second PNA 
strand associates in a Hoogsteen triplex mode to this newly formed PNA–DNA 
duplex, thus leaving the homopyrimidine DNA strand of the original DNA duplex as 
a single-stranded loop  [  4,  5  ]  (Figure  2 ). In addition, other PNA binding modes have 
been discovered and exploited for various applications.  

 In living cells, PNA displays antisense activity since it can bind to complementary 
sequences of mRNA and can modulate its function. PNA can also act as antigene 
agent because it can break up a DNA duplex. In contrast to unmodifi ed oligo-RNA 

  Figure 1    Structures of aminoethylglycine peptide nucleic acid (PNA) and desoxyribonucleic acid 
(DNA).       
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(and DNA), which are degraded by nucleases in living cells, PNA is not a substrate 
of nucleases nor peptidases and is thus resistant to hydrolytic degradation and rather 
stable within cells and organisms. Alternative splicing correction is a particular 
attractive RNA-interference approach of PNA, an exciting demonstration being 
the treatment of Duchenne muscular dystrophy by mRNA splicing correction in a 
mouse model  [  6  ] . 

 There is little doubt that one of the biggest hurdles still to be solved in terms of 
PNA drug discovery is delivery and thus,  in vivo  bioavailability. PNA oligomers are not 
taken up by eukaryotic or bacterial cells in culture and show only very limited if any 
antisense-derived activity in animal experiments  [  7  ] . A large variety of methods have 
been introduced and applied to improve cellular bioavailability of PNAs, ranging 
from chemical modifi cation, conjugation to cell-penetrating peptides, or complexation 
to physical or electrical temporal disruption of the cell membrane. However, the 
design of effective, robust and simple delivery methods remains a challenge  [  8  ] . 

 PNA technology is still a very active area of research with promising applications 
within diagnostics and drug discovery. This review will focus on the metal complex 
derivatives of peptide nucleic acids. Metal ions and their complexes display a variety 
of unique physical and chemical properties. This offers the opportunity to introduce 
new labels and probes for bioanalytical and diagnostic applications of PNA, but 
also to modulate or to introduce new (for example catalytic) functions and bio-
logical activities. Exchange-inert metal complexes are typically coupled to PNA 
directly via a covalent linker. Alternatively, for more labile complexes, a ligand 
might be coupled to PNA and the metal ion added  in situ  to form the metal complex 
derivative  [  9,  10  ] .  

  Figure 2    Duplex invasion of homopurine ds-DNA sequence by homopyrimidine PNA.       
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    2   Metal Ion Binding to Unmodifi ed Peptide Nucleic Acid 

 It is well-known that the stability of DNA duplexes is critically dependent on high 
concentrations of Na +  or K +  ions which contribute to a shielding of the negative 
charges of the two strands from each other. In sharp contrast to the behavior of 
negatively charged DNA and RNA, PNA complexes show almost unaltered stability 
even at very low ionic strength; in fact, PNA-DNA duplexes are slightly stabilized 
with decreasing ionic strength  [  3  ] . 

 Since  in situ  prepared PNA-metal complexes may contain excess free metal ions, 
we have examined the effect of selected transition metal ions Zn 2+ , Cu 2+ , and Ni 2+  
on unmodifi ed PNA-DNA duplexes. At low micromolar concentration, these metal 
ions have little infl uence on the stability of PNA-DNA duplexes: At best a slight, up 
to 2°C, decrease of the melting point has been observed at 4  m M metal ions. 

 Kraatz and coworkers  [  11,  12  ]  have investigated the interaction of PNA 
and of PNA-DNA hybrids with selected metal ions at higher concentrations by 
electrochemical impedance spectroscopy. Interaction of Co, Ni, Zn or Mg at 400 
 m M concentration was observed with thin nucleic acid fi lms on gold electrodes. 
Data for the PNA-DNA duplex are interpreted in terms of metal ion binding to both 
the polyanionic backbone and – in particular for Ni 2+ – to the nucleobases  [  11  ] . 
Surprisingly, there is also evidence for interactions of the metal ions with the neutral 
polyamide backbone of PNA  [  12  ] .  

    3   Effect of Metal Ions on Hybridization of Modifi ed DNA 

 Hybridization of carefully designed chemically modifi ed peptide nucleic acids 
can be both facilitated and inhibited by metal ions. Such metal-dependent PNAs can 
potentially fi nd applications in analysis of, e.g., metal ions, nucleic acids, and 
proteins, in nanotechnology and medicine. 

    3.1   Terminally Modifi ed Peptide Nucleic Acids 

 Duplexes of nucleic acids with peptide nucleic acids, which carry organic ligands on 
one of the termini, are stabilized in the presence of metal ions in accordance with three 
possible mechanisms (Figure  3 ). In all cases the role of the metal ion is to link the 
PNA strand to the nucleic acid via either coordinative or electrostatic interactions.  

 In particular, the groups of Spiccia and Graham have attempted to make use of a 
strong interaction of the Zn-cyclen complex (cyclen is 1,4,7,10-tetraazacyclododecane) 
with thymidine (dT) or uracil (U) to achieve Zn 2+ -dependent binding of PNAs to 
ribonucleic acids via mode I (Figures  3  and  4 )  [  13  ] . The major goal of the authors in 
this project was to develop PNAs, which bind more strongly to their complementary 



32312 Metal Complex Derivatives of PNA

  Figure 3    Possible modes of interaction of (metal complex)~PNA conjugates with nucleic acids 
(DNAs or RNAs).       

  Figure 4    ( a ): Natural A-T base pair and its artifi cial counterpart, a cyclen-Zn–T complex; 
( b ): conjugates of peptide nucleic acids with cyclen and a cyclen-Zn 2+  complex, which were 
applied as binders of HIV-1 TAR mRNA.       
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RNA targets. Both dT–Zn-cyclen and U–Zn-cyclen complexes are strongly stabilized 
by the coordinative interaction of Zn 2+  with the deprotonated amide of dT(U) and 
additionally by two hydrogen bonds between the secondary amino groups of 
the cyclen ligand and the carbonyl groups of dT (U) (Figure  4A ). Therefore, these 
complexes are stable in aqueous solution and at physiological pH: log  K  

a
 = 5.6 

(dT complex) and 5.2 (U complex)  [  14,  15  ] .  
 Spiccia, Graham, and their coworkers have prepared a series of N-cyclen~PNA 

conjugates having fl exible linkers between the ligand and the PNA fragment and stud-
ied their binding to the stem-loop part of the HIV-1 TAR messenger RNA both in the 
absence and presence of Zn 2+  by using UV melting temperature measurements and 
native gel-shift assays  [  13  ] . They have observed that, though cyclen~PNA conjugates 
were effi cient binders of the mRNA, Zn 2+  did not exhibit any signifi cant effect on the 
stability of the corresponding cyclen~PNA/mRNA structures. Based on these data the 
authors have concluded that either the cyclen-Zn–U(RNA) complex was not formed 
due to the unfavorable orientation of the cyclen-Zn unit and the opposite U-nucleobase 
in the PNA/RNA structure or that the cyclen-Zn–U complex was formed, but could 
not be well accommodated within the PNA/RNA structure. The latter destabilizing 
effect would cancel out the stabilization due to the linking of the PNA and RNA via 
the coordinative cyclen-Zn–U interaction. 

 Mokhir and Krämer prepared a series of N-modifi ed ligand~PNA conjugates and 
studied their hybridization to complementary DNA targets in the presence of kineti-
cally labile metal ions: Ni 2+ , Cu 2+  and Zn 2+  (Figure  5 )  [  9  ] . They observed that bind-
ing of some of these PNA conjugates to their DNA targets was enhanced in the presence 
of Zn 2+  and Ni 2+ , whereas the effect of Cu 2+  was substantially smaller. Cu 2+  is gener-
ally a stronger binder than Ni 2+  and Zn 2+ . For example, it can bind to nucleobases of 
the PNA. Therefore, the weak duplex stabilizing effect of Cu 2+  could be explained 
by formation of alternative structures, e.g., complexes in which the PNA itself satu-
rates all coordination sites at the copper ion via coordination of the ligand and donor 
atoms of the nucleobases. These interactions would stabilize the PNA in its single-
stranded form and therefore, destabilize the duplex.  

 It was observed that the change of the PNA charge upon complexation of 
the metal ion is an important factor, which determines the degree of the metal-
induced stabilization of the PNA/DNA duplexes. In particular, hybridization of 
the ligand~PNA conjugates containing neutral ligands (e.g., bis(picolyl)amine) was 
found to be especially strongly affected by Ni 2+  and Zn 2+ . In this case the change of 
the charge was maximal: +2  [  9  ] . 

 Mokhir and Krämer have found that the metal-induced stabilization of the 
PNA/DNA duplexes is independent from the overhang sequence of the DNA 
target. Therefore, they have concluded that the metal ions do not interact directly 
with the nucleobases of the DNA as in mode I, but rather as in mode II, they bind 
to the phosphodiester group of the DNA backbone via electrostatic interactions 
(see Figures  3  and  6 ). This binding mode was confi rmed by studies of the duplex 
stabilities at different salt concentrations. In particular, at high salt conditions, which 
are expected to reduce the electrostatic interactions, the metal-induced stabilization 
was substantially reduced.  
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 The same authors have also prepared a conjugate containing a bis(picolyl)amine 
ligand attached to the N-terminus of the PNA fragment via an aromatic linker naph-
thalenediimide derivative (NADI), which can intercalate within PNA/DNA duplexes 
(L~NADI~PNA)  [  16,  17  ] . In the absence of Zn 2+  the conjugate L~NADI~PNA is a 
poor binder of its DNA targets, whereas in the presence of the metal ions the stable 
PNA/DNA duplex is formed. This duplex is stabilized due to the intercalation of 

  Figure 5    Peptide nucleic acids N-terminally modifi ed with a series of ligands for kinetically 
labile metal ions: Ni 2+ , Cu 2+  and Zn 2+   [  9  ] .       

  Figure 6    Zn 2+ -mediated 
stabilization of PNA/DNA 
duplexes via electrostatic 
interaction between the metal 
ion and the phosphodiester 
group of the DNA target: 
mode II of Figure  3 .       
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NADI and the additional electrostatic interaction of the L-Zn 2+  complex with the 
phosphodiester group of the DNA: mode III (see Figures  3  and  7 ).  

 The Zn 2+ -dependent peptide nucleic acids described above can be potentially 
used for the design of antisense agents specifi c for the specialized cells, which 
contain elevated amounts of chelatable Zn 2+   [  10,  17  ] . For example, Zn 2+ is present at 
high concentrations in the brain  [  42  ] , pancreas  [  43  ] , and spermatozoa  [  44  ] . In breast 
cancer tissues zinc levels are increased by 72%  [  45  ] . It has been also found that the 
malaria parasite ( Plasmodium falciparum ), infecting red blood cells, accumulates 
Zn 2+   [  46  ] . In particular, concentration of free (chelatable) Zn 2+  in these parasites is 
increased up to 50-fold in comparison with the host erythrocyte. 

 Hybridization of DNAs with PNAs, which contain metal-binding ligands on 
both termini, is expected to be inhibited in the presence of metal ions. This has been 
already demonstrated by Krämer and coworkers by the example of DNA/DNA 
hybridization (Figure  8 )  [  18  ] .  

 We can also envision that hybridization of PNAs containing poly-T stretches 
on their termini will be inhibited in the presence of Hg 2+  ions. In this case, hairpin 
structures will be formed, which are stabilized by artifi cial T—Hg—T base pairs. 
An analogous mechanism was demonstrated for DNAs (Figure  9 )  [  19  ] .   

    3.2   Internally Modifi ed Peptide Nucleic Acids 

 Internally modifi ed peptide nucleic acids are mostly applied for the preparation of 
metal-containing DNA-based nanostructures and in the analysis of nucleic acids 
and metal ions. 

  Figure 7    Zn 2+ -mediated stabilization of PNA/DNA duplexes via combined electrostatic interaction 
between the metal ion and the phosphodiester group of the DNA target and intercalation of the 
naphthalenediimide fragment within the PNA/DNA duplex  [  16,  17  ] . Reproduced from  [  10  ]  with 
permission of Elsevier; copyright 2006.       
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  Figure 8    Metal ion-induced inhibition of DNA hybridization; analogous mechanism can potentially 
be applicable also for PNA hybridization  [  18  ] .       

  Figure 9    Hg 2+ -induced decomposition of DNA/DNA duplexes (F = fl uorophore; Q = quencher). 
In the initial duplex the fl uorescence of the fl uorophore is quenched; upon duplex decomposition 
F becomes fl uorescent, which allows monitoring the Hg 2+ -induced decomposition of the duplex by 
using fl uorescence spectroscopy  [  19  ] .       
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 Achim and coworkers have prepared PNAs containing either 2,2’-bipyridine 
(Bpy) or 8-hydroxyquinoline (HQ) ligands in their interior (Figure  10 )  [  20,  21  ] .  

 Binding of complementary Bpy-containing PNAs to each other is strongly facili-
tated in the presence of equimolar concentrations of Ni 2+ : the melting point (Tm) 
of the duplex is 48°C in the absence of the metal ion and 59°C in its presence. 
The formation of the metal-containing duplex has been also confi rmed by UV-visible 
and CD spectroscopy. 

 In contrast, HQ~PNAs have been found to form preferably homoduplexes in the 
presence of Cu 2+  ions. These structures exhibited high degree of mismatch tolera-
tion, i.e., even the duplexes with many mismatches were obtained due to formation 
of highly stable CuQ 

2
  complexes. 

 Diederichsen et al. have prepared self-complementary alanyl-PNAs with two 
internal histidine residues (Figure  11 )  [  22  ] . These conjugates form stable duplexes 

  Figure 10    Formation of metal-containing PNA duplexes from PNA strands, which are internally 
modifi ed with bidentate ligands.       

  Figure 11    Self-assembly of histidine-modifi ed, self-complementary alanyl-PNAs in the presence 
of Zn 2+  ions; Cu 2+  ions do not induce such a process  [  22  ] .       
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only in the presence of Zn 2+  ions. It has been suggested that the duplex in this case 
is stabilized by formation of a ZnN4(His) complex in the interior of alanyl-PNA 
duplexes. In contrast, Cu 2+  ions do not support the duplex formation. In accord with 
EXAFS data copper is coordinated via 2 N-containing ligands and 3 O-containing 
ligands in the alanyl-PNA/Cu 2+  complex rather then via N-ligands from His. Thus, 
the 1:1 Cu/PNA complex is stabilized over the desired 1:2 Cu/PNA complex.  

 Mokhir and coworkers have reported on another type of metal-dependent, 
internally modifi ed peptide nucleic acids: cyclic PNAs, c-PNA (Figure  12 )  [  23–  25  ] . 
Such c-PNAs contain an ester group in their backbone. This group is cleaved in the 
presence of Cu 2+  ions. The cycle size in these PNAs has been optimized to obtain 
compounds, which are not able to hybridize to complementary nucleic acid targets. 
In the presence of Cu 2+ , the ester group is cleaved and linear PNA is released. 
This compound binds nucleic acids effi ciently. Thus, Cu 2+  controls hybridization 
of c-PNAs. It has been demonstrated that c-PNAs can be applied for detection of 
Cu 2+  ions  [  23  ]  and nucleic acids  [  25  ] .   

    3.3   Quadruplex Structures 

 G-quadruplex structures are self-assembled in solutions of G-rich DNAs in the 
presence of K +  or Na +  ions due to formation of hydrogen bonded, metal ion stabi-
lized G-tetrads (Figure  13 ). Armitage and co-workers have applied CD spectros-
copy and fl uorescence resonance energy transfer (FRET) to demonstrate that 
hybrid PNA/DNA G-quandruplexes can be also obtained by simply mixing and 
annealing DNA and PNA strands with the sequence of  Oxytricha nova telomeres: 
G4T4G4  [  26  ] . They have observed that Na +  ions were required for the formation 
of these poly-stranded structures, whereas Li +  did not support their self-assembly.    

  Figure 12    Cu 2+ -controlled cyclic peptide nucleic acids: c-PNAs  [  23–  25  ] .       
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    4   Labeling of Peptide Nucleic Acids 
with Metal Complexes 

 Labeling of peptide nucleic acids with metal complexes allows introducing new 
functionalities within PNA. These modifi ed PNAs can be applied for the detection of 
nucleic acids by using electrochemical approaches, optical or vibrational microscopy 
and radioactivity-based imaging. 

    4.1   Organometallic Labels 

 A number of PNA monomers containing organometallic labels have been reported. 
These compounds will not be described here in detail. We will concentrate only 
on the conjugates containing metal complexes bound to PNA oligomers (longer 
than 5-mers). 

 The groups of Metzler-Nolte and Gasser have attached a variety of ferrocene resi-
dues to termini and interior of PNAs by using either amide bond-forming  [  27,   28  ]  
or Cu + -catalyzed “click” reactions  [  29,  30  ] . These mono- and poly-modifi ed PNAs can 
be potentially applied for the electrochemical detection of nucleic acids. The same group 
has described the approach for the conjugation of four different ferrocene deriva-
tives to PNAs  [  31  ] . Each of these complexes exhibits a unique, well distinguishable 
electrochemical potential that makes them potentially suitable for the simultaneous 
detection of four different DNA sequences by using electrochemical methods. Two 
of these electrochemical probes have recently been applied to develop an assay for 
the parallel electrochemical detection of two DNA sequences (Figure  14 )  [  32  ] .  

  Figure 13    Structure of a 
G-tetrad, which is found in 
G-quadruplex structures made 
of DNA or hybrid structures 
made of DNA and PNA.       
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 The groups of D’Alfonso and Licandro have prepared conjugates of PNAs 
with luminescent, metallorganic, dinuclear complexes of Re +  containing 1,2-diazine, 
chloride and carbon monoxide ligands (Figure  15 )  [  33  ] . Interestingly, conjugation 
of the complex Re1 to the T10-PNA fragment leads to almost complete quenching 

  Figure 14    A principle of the electrochemical assay for the parallel detection of two different 
DNA sequences  [  32  ] .       

  Figure 15    Structures of two luminescent Re +  complexes: Re1 and Re2, which have been conjugated 
to T10-PNA sequences; the Re2~T10 conjugate was successfully used for labeling the cytoplasm 
and nucleus of HEK293 cells  [  33  ] .       
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of its luminescence, whereas the luminescence of the closely related complex Re2 
is practically not affected by the conjugation. The Re2~T10 conjugate is taken up 
by HEK293 cells and is accumulated both in the nucleus and in the cytoplasm. 
The emission of the dye in the nucleus is blue-shifted with respect to that one in the 
cytoplasm. Thus, both cellular compartments can be imaged simultaneously with a 
single probe.   

    4.2   Radioactive Labels 

 Peptide nucleic acids labeled with radioactive probes, e.g., metal complexes, are 
ideally suitable for non-invasive imaging of PNA distribution and localization 
 in vivo . The information obtained from these data can be used to conclude about 
expression of specifi c genes. Mostly popular labels are complexes of  99m Tc due to 
their favorable properties and availability. A number of  99m Tc-labeled PNAs have 
been prepared and tested. 

 Synthetic work on the development of new radioactive complexes is usually 
conducted on Re analogues, since the chemical properties of Re and Tc are similar. 
After all optimizations are conducted, the  99m Tc-complex is prepared in the minimal 
number of steps (ideally in 1 step). The complex formation is confi rmed by using 
HPLC equipped with a highly sensitive radioactivity detector on the basis of com-
parison of retention factors of the Tc complex and the analogous Re complex. 
Structures of two recently developed  99m Tc-complexes suitable for PNA labeling are 
presented in Figure  16   [  34,  35  ] .   

  Figure 16    Structures of  99m Tc-complexes, which are suitable for labeling peptide nucleic acids.       
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    4.3   Paramagnetic Labels 

 Magnetic resonance imaging (MRI) is another highly effi cient method for studying 
the distribution of biomolecules  in vivo . To visualize peptide nucleic acids in experi-
mental animals and in humans by MRI, PNAs have to be linked to metal complexes, 
which act as paramagnetic contrast agents. 

 One report on the preparation and characterization of such a conjugate has been 
published by the group of Lehmann  [  36  ] . In particular, they have synthesized a 
multifunctional probe containing a PNA fragment as a recognition element of the 
c- myc gene, a gadolinium 3+  complex with diethylenetriamine pentacetic acid (DTPA) 
as a paramagnetic contrast agent, and a membrane transport protein as a transporting 
unit (Figure  17 ). The resulting construct has been thoroughly characterized by using 
electrospray ionization (ESI) mass spectrometry and size exclusion chromatography 
(SEC) coupled to high resolution inductively coupled plasma mass spectrometry 
(ICP-MS). Application of this conjugate for MRI of PNAs  in vivo  has not been 
demonstrated yet.    

    5   Catalyst-Modifi ed Peptide Nucleic Acids for Amplifi ed 
Detection of Nucleic Acids 

 Sequence-specifi c detection of nucleic acids is a crucial research aspect in biological 
sciences and it is becoming increasingly important in diagnostics and genomics. 
Since the amount of nucleic acids in biological samples is limited, a hybridization 
event is usually used as a trigger of some catalytic reaction to amplify a nucleic 
acid target. 

 Mokhir, Krämer, and coworkers have developed a DNA-templated catalytic reac-
tion in which a metal complex~peptide nucleic acid conjugate is the catalytic 
component (PNA-L-Cu 2+ ) (Figure  18 )  [  37,  38  ] . Another component of the reaction 
is an ester substrate attached to a short PNA (S-linker-PNA). S-linker-PNA and 

  Figure 17    A conjugate of a peptide nucleic acid with a paramagnetic contrast agent, which is 
potentially suitable for the study of the PNA distribution  in vivo  by magnetic resonance imaging 
(MRI)  [  36  ] .       
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PNA-L-Cu 2+  bind neighboring sites on a template nucleic acid, which brings the 
reacting groups (S and L-Cu 2+ ) in proximity to each other and accelerates the hydro-
lysis of the substrate ester (S). Structures of substrates (S-linker-PNA) prepared 
are shown in Figure  18 . Among all studied S-linker-PNAs the best selectivity 
(    cat uncat

0 0V / V   ) in the templated hydrolysis reaction was observed for the PNA, which 
contains the N-methyl-2-imidazolyl fragment (shown in the red box in Figure  18 ). 

  Figure 18    Structure 
of a complex S:M-L formed 
upon mixing S-linker-PNA, 
PNA-L-M, and a template 
DNA (M = Cu 2+ ). 
DNA-templated ester 
hydrolysis catalyzed by the 
metal complex is shown in 
insert A  [  37,  38  ] . Reproduced 
from  [  38  ]  with permission 
from the American Chemical 
Society; copyright 2005.       
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This reaction was applied for the amplifi ed detection of single-stranded (Figure  18 ) 
and double-stranded nucleic acids by using MALDI-TOF mass spectrometry  [  38,  39  ] , 
which is a highly sensitive and mild method of analysis of short DNA and PNA probes. 
The time-of-fl ight (TOF) detector provides excellent resolution. Monocharged ions 
are usually detected, while peaks corresponding to doubly charged species as well 
as gas phase monocharged dimers have very low intensity.  

 The lowest DNA amount which could be detected by using the nucleic acid 
templated catalytic reaction was found to be 10 fmol.  

    6   Metal Ion-Triggered Cellular Uptake of Peptide Nucleic Acids 

 Fast progress in the application of PNA is still hampered by its poor bioavailability. 
Chemical modifi cation of PNA may effectively enhance cellular uptake, but the 
main uptake route is often endosomal. Reagents thus have to escape the endosomal 
compartment, in order to enter the cellular compartments of action: the cytoplasm 
and/or the nucleus. Adding yet another level of complexity to the problem of cellular 
delivery is the fact that the real challenge in view of a pharmaceutical application is 
to deliver the compounds to cells in an organ. 

 Krämer and coworkers have observed that the biometal zinc(II) enhances cellular 
uptake of PNA when the latter is modifi ed with the chelator 2,2’:6’,6’’-terpyridine 
(tpy)  [  40  ] . Zinc(II) is a metal ion with highly tissue-specifi c biodistribution. Zinc-rich 
tissues include pancreas, testis, certain cancer types, and in particular the central 
nervous system  [  42  ] . 

 Figure  19  compares the uptake by Hela cells of PNA of varying length, sequence 
and modifi cation in the absence and presence of Zn 2+  ions. Coordination of Zn 2+  to 
the terpyridine moiety  in vitro  is confi rmed by spectrophotometry. Cellular uptake 
was monitored by fl ow cytometry, using PNA samples labeled with a rhodamine 
(and other) fl uorophores.  

 Obviously, attachment of terpyridine modifi cation alone signifi cantly enhances 
cellular uptake. Another up to 5,5-fold enhancement is found in the presence of 
Zn 2+ . Confocal microscopy indicates – independently of the presence or absence of 
Zn 2+ – strong enrichment of PNA in the nucleus (Figure  20 )  [  40  ] . The lack of cellular 
import at 4°C may indicate an active transport process. The reason for enhanced 
uptake of the Zn-bound probe is not clear. Possibly, Zn coordination alters the con-
formation of the probe, making it a more potent trigger of receptor-mediated 
processes.  

 In a related series of experiments, terpyridine-PNA was further modifi ed by dian-
ionic (and potentially chelating) iminodiacetate (IDA) moiety. To reduce synthetic 
complexity in the preparation of the triply (tpy, IDA, fl uorophore) functionalized 
molecule, an IDA-substituted coumarin fl uorophore was introduced. IDA-PNA-tpy 
displayed very low cellular uptake, possibly due to increased hydrophilicity and 
charge repulsion with anionic cell surface components. IDA-PNA-tpy is a strong 
Zn 2+  binder  in vitro  that potentially forms a tpy-IDA bis-chelate with the metal ion. 
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  Figure 19    Effect of extracellular Zn 2+  on the uptake of various PNAs by Hela cells, quantifi ed by 
fl ow cytometry. 
  PNA 1a  (N) tpy-TCACAACTAkkk-F 

1
 (C); 

  PNA 1b  (N) TCACAACTAkkk-F 
1
 (C) 

  PNA 1c  (N) F 
1
 -TCACAACTAkkkk (C) 

  PNA 1d-e  (N) tpy-TCACAACTAkkk-F 
2-3

 (C); 
  PNA 2a  (N) tpy-TACACAACTkkk-F 

1
 (C); 

  PNA 2b  (N) TACACAACTkkk-F 
1
 (C) 

  PNA 3a  (N) tpy-TCCTCGCCCTTGCTCACCATkkk-F 
1
 (C) 

  PNA 3b  (N) TCCTCGCCCTTGCTCACCATkkk-F 
1
 (C) 

 F 
1
 = tetratmethylrhodamine, F 

2
 = Nile red, F 

3
 = coumarin 343, k = lysine. Reproduced from  [  40  ]  

with permission from the American Chemical Society; copyright 2006.       
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Remarkably, extracellular Zn 2+  (2,5  m M) increases cell uptake of IDA-PNA-tpy up 
to 36-fold (Figure  21 )  [  41  ] . Again, the probe enriches in the nucleus.  

 The effect is dependent on both IDA and terpyridine modifi cation. The control 
substances IDA-PNA that lack the terpyridine moiety show very little cellular 
accumulation both in the absence and presence of Zn 2+ . The antisense effect of inter-
nalized IDA-PNA-tpy was explored in a standard luciferase assay. Hela cells were 
transfected with recombinant plasmids carrying the luciferase gene, and intracellular 
PNA binding to a complementary mRNA sequence triggered a splicing correction 
that led to the biosynthesis of the enzyme luciferase. The latter was quantifi ed by 
a chemoluminescence assay. Again, IDA-PNA-tpy probes were compared in the 
absence and presence of extracellular Zn 2+ , and a 2,5-fold enhancement of luciferase 
expression by Zn 2+  was found for the same PNA sequence that is internalized 
36-times more effectively by Zn 2+   [  41  ] . 

 Clearly, extracellular Zn 2+  triggers control of gene expression by modifi ed PNA, 
but relative to Zn-enhanced uptake only with poor effi ciency.  In vitro  experiments 
indicate slow release of IDA-tpy-PNA bound Zn even by strong chelators, combined 
with slow hybridization to complementary nucleic acids. This prototype of a 
zinc-responsive antisense reagent might be a too strong zinc binder so that anti-
sense activity is not effectively restored, even in the zinc-sequestering intracellular 
medium. 

  Figure 20    Confocal microscopy of living Hela cells after incubation with PNA 2a in the presence 
of Zn (overlay of DIC and rhodamine images). PNA 2a strongly accumulates in the nucleus. 
Reproduced from  [  40  ]  with permission from the American Chemical Society; copyright 2006.       

 



338 Krämer and Mokhir

 Zinc-enhanced cellular delivery and gene expression is a fi rst step toward a 
stimulus-controlled, tissue-selective uptake activity and of PNA reagents. While the 
level of free zinc in the extracellular space of tissues is generally very low, local 
concentrations in the micromolar range have been detected after stimulated effl ux 
from specialized cells in, for example, brain and pancreas. 

  Figure 21    Effect of extracellular Zn 2+  on the uptake of IDA-PNA-tpy (PNA 1a/b) and IDA-PNA 
(PNA 3) by Hela cells, quantifi ed by fl ow cytometry. PNA 1a and 1b are both 18-mers but have 
different sequences. The sequence of PNA 3 is identical to that of PNA 1a.       
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 Abbreviations 

  Bpy    2,2’-bipyridine   
  CD    circular dichroism   
  c-PNA    cyclic peptide nucleic acid   
  cyclen    1,4,7,10-tetraazacyclododecane   
  DIC    differential interference contrast   
  dT    thymidine   
  DTPA    diethylenetriamine pentaacetic acid   
  ESI    electrospray ionization   
  EXAFS    extended X-ray absorption fi ne structure   
  FRET    fl uorescence resonance energy transfer   
  HIV    human immunodefi ciency virus   
  HPLC    high performance liquid chromatography   
  HQ    8-hydroxyquinoline   
  ICP-MS    inductively coupled plasma mass spectrometry   
  IDA    iminodiacetate   
  L    ligand   
  MALDI-TOF    matrix-assisted laser desorption/ionization-time-of-fl ight mass 

spectrometry   
  MRI    magnetic resonance imaging   
  NADI    naphthalenediimide   
  PNA    peptide nucleic acid   
  SEC    size exclusion chromatography   
  TAR    trans activation responsive element   
  Tm    melting point   
  TOF    time-of-fl ight   
  tpy    2,2’:6’,6”-terpyridine   
  U    uracil          

   References 

    1.    P. E. Nielsen, M. Egholm, R. H. Berg, O. Buchardt,  Science   1991 ,  254 , 1497–1499.  
    2.   (a) P. E. Nielsen,  Chem. Biodiv.   2010 ,  7 , 786–804; (b) P. E. Nielsen,  Acc. Chem. Res.  1999 , 

 32 , 624.  
    3.    M. Egholm, O. Buchardt, L. Christensen, S. Behrens, M. C. Freier, D. A. Driver, R. H. Berg, 

S. K. Kim, B. Norden, P. E. Nielsen,  Nature   1993 ,  365 , 566–567.  
    4.    P. E. Nielsen, M. Egholm, O. Buchardt,  J. Mol. Recognit .  1994 ,  7 , 165.  
    5.    D. Y. Cherny, B. P. Belotserkovskii, M. D. Frank-Kamenetskii, M. Egholm, O. Buchardt, 

R. H. Berg, P. E. Nielsen,  Proc. Natl. Acad. Sci. USA   1993 ,  90 , 1667.  
    6.    H. Yin, Q. Lu, M. Wood,  Mol. Ther .  2008 ,  16 , 38.  
    7.    P. Sazani, F. Gemignani, S.-H. Kang, M. A. Maier, M. Manoharan, M. Persmark, D. Bortner, 

R. Kole,  Nat. Biotechnol .  2002 ,  20 , 1228–1231.  
    8.    P. E. Nielsen,  Gene Therapy ,  2005 ,  12 , 956–957.  



340 Krämer and Mokhir

    9.    A. Mokhir, R. Stiebing, R. Krämer,  Bioorg. Med. Chem. Lett .  2003 ,  13 , 1399–1401.  
    10.    I. Boll, L. Kovbasyuk, R. Krämer, T. Oeser, A. Mokhir,  Bioorg. Med. Chem. Lett .  2006 ,  16 , 

2781–2785.  
    11.    C. Li, X. Li, X. Liu, H.-B. Kraatz,  Anal. Chem .  2010 ,  82 , 1166–1169.  
    12.    L. Gao, C. Li, X. Li, H.-B. Kraatz,  Chem. Commun .  2010 ,  46 , 6344–6346.  
    13.    M. J. Belousoff, G. Gasser, B. Graham, Y. Tor, L. Spiccia,  J. Biol. Inorg. Chem .  2009 ,  14 , 

287–300.  
    14.    M. Shionoya, E. Kimura, M. Shiro,  J. Am. Chem. Soc .  1993 ,  115 , 6730–6737.  
    15.    S. Aoki, E. Kimura,  Chem. Rev .  2004 ,  104 , 769–787.  
    16.    A. Mokhir, R. Krämer,  Bioconj. Chem .  2003 ,  14 , 877–883  
    17.    A. Mokhir, R. Krämer, H. Wolf,  J. Am. Chem. Soc .  2004 ,  126 , 6208–6209.  
    18.    N. Graf, M. Göritz, R. Krämer,  Angew. Chem .  2006 ,  45 , 4013–4015.  
    19.   Z. Wang, J. H. Lee, Y. Lu,  Chem. Comm.   2008 , 6005–6007.  
    20.    D.-L. Popescu, T. J. Parolin, C. Achim,  J. Am. Chem. Soc .  2003 ,  125 , 6345–6355.  
    21.    R. M. Watson, Y. A. Skorik, G. K. Patra, C. Achim,  J. Am. Chem. Soc .  2005 ,  127 , 14628–14639.  
    22.   A. Küsel, J. Zhang, M. A. Gil, A. C. Stückl, W. Meyer-Klaucke, F. Meyer, U. Diederichsen, 

 Eur. J. Inorg. Chem.   2005 , 4317–4324.  
    23.    J. Kovács, T. Rödler, A. Mokhir,  Angew. Chem., Int. Ed .  2006 ,  45 , 7815–7817.  
    24.    J. Kovács, E. Jentzsch, A. Mokhir,  Inorg. Chem .  2008 ,  47 , 11965–11971.  
    25.    J. Kovács, A. Mokhir,  Bioorg. Med. Chem. Lett .  2008 ,  18 , 5722–5724.  
    26.    B. Datta, C. Schmitt, B. A. Armitage,  J. Am. Chem. Soc .  2003 ,  123 , 4111–4118.  
    27.    J. C. Verheijen, G. A. van der Marel, J. H. van Boom, N. Metzler-Nolte,  Bioconj. Chem .  2000 , 

 11 , 741–743.  
    28.   A. Maurer, H.-B. Kraatz, N. Metzler-Nolte,  Eur. J. Inorg. Chem.   2005 , 3207–3210.  
    29.   G. Gasser, N. Hüsken, S. D. Köster, N. Metzler-Nolte,  Chem. Comm.   2008 , 3675–3677.  
    30.    A. M. Sosniak, G. Gasser, N. Metzler-Nolte,  Org. Biomol. Chem .  2009 ,  7 , 4992–5000.  
    31.    N. Hüsken, G. Gasser, S. D. Köster, N. Metzler-Nolte,  Bioconj. Chem .  2009 ,  20 , 1578–1586.  
    32.    N. Hüsken, M. Gebala, W. Schuhmann, N. Metzler-Nolte,  ChemBioChem ,  2010 ,  11 , 1754.  
    33.    E. Ferri, D. Donghi, M. Panigati, G. Prencipe, L. D’Alfonso, I. Zanoni, C. Baldoli, S. Maiorana, 

G. D’Alfonso, E. Licandro,  Chem. Comm .  2010 ,  46 , 6255–6257.  
    34.    G. Gasser, K. Jäger, M. Zenker, R. Bergmann, J. Steinbach, H. Stephan, N. Metzler-Nolte, 

 J. Inorg. Biochem .  2010 ,  104 , 1133–1140.  
    35.    C. Xavier, C. Giannini, L. Gano, S. Maiorana, R. Alberto, I. Santos,  J. Biol. Inorg. Chem . 

 2008 ,  13 , 1335–1344.  
    36.    R. Krüger, K. Braun, R. Pipkorn, W. D. Lehmann,  J. Anal. Atom. Spectr .  2004 ,  19 , 852–857.  
    37.    J. Brunner, A. Mokhir, R. Krämer,  J. Am. Chem. Soc .  2003 ,  125 , 12410–12411.  
    38.    I. Boll, R. Krämer, J. Brunner, A. Mokhir,  J. Am. Chem. Soc .  2005 ,  127 , 7849–7856.  
    39.   I. Boll, E. Jentzsch, R. Krämer, A. Mokhir,  Chem. Comm.   2006 , 3447–3449.  
    40.    A. Fuessl, A. Schleifenbaum, M. Goeritz, A. Riddell, C. Schultz, R. Krämer,  J. Am. Chem. 

Soc .  2006 ,  128 , 5986–5987.  
    41.   A. Fuessl, Ph.D. Dissertation, Universität Heidelberg,  2007   
    42.   (a) C. J. Frederickson,  Int. Rev. Neurobiol.   1989 , 31, 145–238; (b) M. P. Cuajungco, G. J. Lees, 

 Neurobiol. Dis .  1997 , 4, 137–169. (c) C. J. Frederickson, S. W. Suh, D. Silva, C. J. Frederickson, 
R. B. Thompson,  J. Nutr.   2000 ,  130 , 1471S–1483S.  

    43.    P. D. Zalewski, S. H. Millard, I. J. Forbes, O. Kapaniris, A. Slavotinek, W. H. Betts, 
A. D. Ward, S. F. Lincoln, I. J. Mahadevan,  Histochem. Cytochem .  1994 ,  42 , 877–884.  

    44.   (a) P. D. Zalewski, X. Jian, L. L. Soon, W. G. Breed, R. F. Seamark, S. F. Lincoln, A. D. Ward, 
F. Z. Sun,  Reprod. Fertil. Dev .  1996 ,  8 , 1097–1105.  

    45.    E. F. Margalioth, J. G. Schenker, M. Chevion,  Cancer   1983 ,  52 , 868–872.  
    46.   J. Wolford, M. Kidd, J. E. Penner-Hahn, T. V. O’Halloran, ICBIC-12, 2005,   http://www.u-mich.

edu/~icbic/Program/All_Presentations.htm          



341

  A 
  Ace 1 , 164   
   Acidithiobacillus ferrooxidans  , 146   
  Acidity constants , 9, 10, 225, 229, 284, 308  

 shifting , 3   
  Adenine , 4, 50, 55, 57, 59–62, 64, 70, 81, 

91–93, 114, 208, 209, 218, 297, 
298, 312  

 1-deaza- , 310–312  
 1,3-dideaza- , 310–312   

  Adenine nucleotides , 50, 55.     See also  
individual names  

  Adenosine 5’-diphosphate (ADP) , 46, 48, 56, 
59, 94   

  Adenosine 5’-monophosphate (AMP) , 45, 46, 
48, 50–52, 55, 56, 59, 94   

  Adenosine 5’-triphosphate (ATP) , 44, 46, 48, 
50, 55, 56, 59, 94, 161, 165   

  A-DNA , 67, 68, 70, 71, 88, 90, 104, 107, 114   
  A-DNA fragments , 67–88  

 crystalline , 88  
 right-handed double-stranded , 67, 68   

  ADP.    See  Adenosine 5’-diphosphate  
  AES.    See  Atomic emission spectroscopy  
  Affi nity constants , 23, 26–28, 30, 208, 324   
  Aft1 , 163   
  Aft2 , 163   
   Alcaligenes eutrophus  , 149   
  Alkali metal ion complexes , 23, 45–54. 

    See also  individual elements  
  Alkaline earth metal ion complexes , 23, 44–54   
  9-Amino acridine , 251   
  Aminoethylglycine , 320   
  2-Amino-2-hydroxymethylpropane-1,3-diol 

(tris).    See  Buffer  
  Ammonia , 25   

  AMP.    See  Adenosine 5’-monophosphate  
  Anion , 29, 183, 203, 205   
  Antimony(III), Sb 3+  , 140, 146   
  Antisense agents , 326, 337   
  Argentophilic interaction , 312, 314   
  A-RNA 

 metal binding patterns , 88  
 right-handed double-stranded , 62, 64, 67   

  Arsenic(III), As 3+  , 140, 146, 147   
  ArsR , 140, 146   
  ArsR/SmtB , 140, 142, 145–149   
  Artifi cial , 11, 12, 104, 194, 202, 214, 

270–274, 277, 283, 287, 288, 296, 297, 
300, 306, 309, 311–314, 323, 326  

 base-pairing , 270, 274–277, 291, 311, 313  
 nucleobases , 271, 274, 277, 283, 300, 313  
 nucleosides , 296  
 nucleotides , 11, 12, 296  
 oligonucleotides , 287, 288   

  Ascorbate , 14, 222, 223   
  AsO    2    , 137   
  AsO    34

-    , 137   
  Atomic emission spectroscopy (AES) , 

26, 27, 33   
  Atomic force microscopy (AFM) , 272, 291, 

299   
  ATP.    See  Adenosine 5’-triphosphate  
  Azachalcone , 253, 254, 260, 261   
  AztR , 140, 146    

  B 
   Bacillus subtilis  ( Bs ) , 141, 142, 151, 160, 165   
  Bacteria , 137, 139, 144, 154, 157, 161, 163  

 gram negative , 154   
  Bacterioferritins , 137   
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  Barium(II), Ba 2+  , 6, 8, 46, 67, 71, 88, 91, 93, 
122, 225   

  Base mismatches , 192–193, 299, 301   
  Base pairs 

 artifi cial , 270, 274–277, 291, 311, 313  
 Hoogsteen , 64, 288, 310–312, 320  
 metal   ( see  Metal-base pairs)   
non-Watson–Crick , 62, 63, 65  
 Watson−Crick , 4, 19, 92, 120, 222, 235, 

250, 270, 271, 274, 276, 280, 281, 286, 
288, 291, 304, 306, 307, 309–312, 320  

 wobble , 4, 10, 192, 222, 223, 226–228, 304   
  B-DNA , 174  

 crystalline , 90  
 fragments, 44, 88–91   ( see also  DNA 

fragments) 
 metal binding patterns , 90  
 right-handed double-stranded , 72, 88, 93, 

233, 270   
  Beryllium(II), Be 2+  , 6, 8   
  Binding constants , 28, 175, 193, 194, 206, 

209, 256, 260, 286, 301, 306.     See also  
Affi nity constants  

  Binding kinetics , 4, 23–25, 27   
  Bioavailability of PNAs , 321, 335   
  Biosensor , 11, 217–242    See also  Metal sensors 

 and  Sensors  
  Biotin , 220, 221, 231, 239   
  2,2’-Bipyridine (Bpy) , 56, 60, 87, 251, 

254–257, 260, 262, 263, 266, 309, 
328, 339   

  Bismuth(III),Bi 3+  , 140, 146   
  Bleomycin 

 cobalt(III) , 206, 208  
 iron , 206, 207, 209   

  BmxR , 140, 146   
   Bradyrhizobium japonicum  , 157, 165   
  5-Bromouracil , 308   
   Brucella abortus  , 137   
  B-to A-DNA transition , 104, 107   
  B-to Z-DNA transition , 110–112, 234   
  Buffer 

 bistris (= bis-(2-hydroxy-ethyl)-amino-
tris(hydroxymethyl)-methane) , 30, 31  

 CHES (= 2-(cyclohexylamino)ethane 
sulfonic acid) , 282  

 citrate , 104  
 Hepes (= N-(2-hydroxyethyl)-piperazine-

N’-2-ethanesulfonic acid) , 30, 31  
 MES (= 2-morpholinoethanesulfonic 

acid) , 178–180, 183, 184, 188–190, 
196, 257  

 MOPS (= 3-(N-morpholino)propane 
sulfonic acid) , 30, 253, 256, 258, 261  

 phosphate , 30, 31, 104  
 tris (= 2-amino-2-hydroxymethylpropane-

1,3-diol) , 30, 31, 104, 275    

  C 
  Cacodylate , 105   
  CadC , 146–148   
  Cadmium(II), Cd 2+  , 6, 9, 10, 14, 15, 17, 21, 

22, 29, 30, 48, 137, 140, 141, 146, 147, 
149, 152, 154, 187, 296, 303, 306  

  113 Cd , 175   
  CadR , 149   
  Calcium(II), Ca 2+  , 6–8, 10, 11, 18, 25, 46, 

50, 63, 65, 66, 73, 79, 80, 89, 90, 
122, 154, 174, 177, 219, 225, 226, 
233, 303, 306   

  Calprotectin , 137   
  Calorimetric titration , 158   
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309, 312, 313, 322, 324, 325, 328, 
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  DNA 
 A-(   see  A-DNA)  
 adducts of metal complexes , 210–214  
 aggregation , 106, 237  
 as intelligent material , 270–272  
 base mismatches , 192, 193, 301  
 B- (   see  B-DNA) 
 biosensors , 11, 217–242  
 calf thymus , 106, 114  
 capping , 219  
 cleavage   ( see  Cleavage) 
 conformational classes , 105  
 covalent linkage , 251  
 degradation , 202, 210  
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 folding , 230, 233  
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 hybridization , 250, 271, 290, 322–330  
 as intelligent material , 270–272  
 interaction , 136, 138, 145, 158, 160, 163  
 ligation , 219, 223, 224  
 Ln(III) binding , 187, 191–195  
 M-   ( See  M-DNA) 
 macrocyclic ligands , 194, 212  
 mechanism of damage , 202, 207, 209, 210  
 melting point , 275, 277, 322  
 metal coordination , 273, 274  
 metal stacking , 286–290  
 Mn 2+ -doped , 299  
 non-covalent interactions , 206–210, 251  
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 oxidative damage , 201–214  
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 protein interaction , 135–165, 230  
 salmon testes , 253, 255–258, 260–265  
 sequence dependence , 260–263  
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 synthesis , 270–272, 277  
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 triplex , 279, 280  
 Z-  ( see  Z-DNA)  
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  DNA fragments , 44, 61, 67–91  
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 numbering system , 62, 66, 87   
  DNA-protein interactions 
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 DNA-ligating , 224  
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 resistance , 151   
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279, 287, 288, 290, 333   



345Index
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  ENDOR.    See  Electron nuclear double 
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constants  and  Equilibrium constants  
  Erbium(III), Er 3+  , 177   
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303, 338   
  Fluorophores , 230, 303, 327, 335   
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  Folding , 5, 25, 26, 31, 115, 186, 205, 218, 
229–234  

 DNAzyme , 229–234  
 hammerhead ribozyme , 186  
 nucleic acid , 205  
 RNA , 5, 25, 26, 31, 115   

  Förster (fl uorescence) resonance energy 
transfer (FRET) , 227, 230–233, 285, 
300, 315, 329, 339  

 alternating laser excitation , 232  
 single molecule , 230–232   

  Fourier-transform infrared spectroscopy 
(FT-IR) , 18, 33   

  Fourier-transform ion cyclotron resonance 
(FTICR) , 287, 291   

  FRET.    See  Förster (fl uorescence) resonance 
energy transfer  
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  FTICR.    See  Fourier-transform ion cyclotron 
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  FT-IR.    See  Fourier-transform infrared 
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  Fur , 142, 143, 154–157   
  Furfural , 209, 210, 215    
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  Gadolinium(III), Gd 3+  , 177, 192, 333   
  Gallium(III), Ga 3+  , 11   
  GDP.    See  Guanosine diphosphate  
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 PAGE , 220, 225, 227   
  Gene expression , 3, 108, 115, 144, 163, 164, 

337, 338   
   glmS  ribozyme , 5, 10, 32   
  Glutathione , 114   
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 mediated base pairs , 11, 303, 313  
 nanoparticles , 236–240, 303   

  Gold(I), Au +  , 141, 149, 151, 303, 313   
  Gold(III), Au 3+  , 6, 10, 11, 274   
  GolS , 149   
  G-quadruplexes , 3, 7, 18, 22, 24, 25, 
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  Guanine nucleotides , 50, 59, 120.     See also  
individual names  
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 folding , 186  
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See also  individual elements  
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  Homeostasis , 3  
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  HPLC.    See  High performance liquid 
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  HSQC.    See  Heteronuclear single quantum 
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 metal ion-induced , 12, 13   
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223, 229, 233   
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  Hydroxyl radical.    See  Radicals  
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  ICP-MS.    See  Inductively coupled-plasma 
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  IR.    See  Infrared spectroscopy  
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  ITC.    See  Isothermal titration calorimetry  
  ITP.    See  Inosine triphosphate   
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  Kinetic isotope effect , 16   
  KmtR , 146    
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  Label-free fl uorescence sensors , 237, 

239–240   
   Lactococcus lactis  , 161   
  Lactoferrin , 137   
  Lanthanide(III) ions, Ln 3+  , 2, 13, 17, 27, 

172–173, 175, 182–184, 187, 189, 
191–193.     See also  individual elements 

 aggregation , 184  
 aqueous complexes , 173, 179, 

181, 182  
 as luminescent probes , 172–173, 

177, 232  
 as metal ion-binding probes , 12  
 binding to RNA , 184–190  
 dimerization , 181, 184  
 emission spectroscopy , 179–180  
 excitation spectroscopy , 177–179  
 hydrolysis , 182  
 luminescence , 2, 17, 26, 27, 173, 175–177  
 macrocyclic complexes , 194  
 solution chemistry , 182–184  
 luminescence spectroscopy , 180–182, 
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  Lock-and-key , 232   
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transfer  
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 direct excitation , 175–181, 186  
 lifetimes , 177, 183, 184, 187, 190, 191  
 time-resolved spectroscopy , 180–181   
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(LRET) , 172, 181   
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  LysR , 161    
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  Mac1 , 164   
  Macrochelates , 4, 10, 65   
  Macrocycles , 194   
  Magnesium(II), Occurs throughout the book  
  Magnetic relaxation dispersion (MRD) , 23   
  Magnetic resonance imaging (MRI) , 333   
  MALDI-TOF.    See  Matrix-assisted laser 

desorption/ionization time-of-fl ight 
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  MALDI-TOF mass spectrometry.    See  Matrix-
assisted laser desorption/ionization 
time-of-fl ight mass spectrometry  
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27–29, 48, 62–65, 81, 89, 90, 93, 114, 
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  MBD.    See  Metal binding domain  
  MD.    See  Molecular dynamics simulation  
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 formation , 297, 299, 300  
 physical properties , 299, 300   

  Melting curve experiments , 275, 278, 282   
  Melting temperature , 106, 235, 273, 277, 

281–283, 285, 286, 301, 306, 307, 311, 
324, 328   
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 stacking in DNA , 286, 287   
  Mercury-mediated base pair.    See  Metal-base 

pairs  
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porphyrin (TMPyP4) , 207–210   
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  Metal based drugs , 11   
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  Metal-base pairs , 270, 273–275, 277, 280, 
281, 286, 288, 290, 291  

 Ag + -mediated , 7, 11, 284, 285, 306, 307, 
309, 311, 312, 314  
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 artifi cial , 12, 274–277  
 Au + -mediated , 149, 151, 304, 313  
 C-Ag-C , 273, 274, 290, 291, 306, 307, 313  
 catechol , 274  
 Cu 2+ -hydroxypyridone , 12, 278, 279  
 D-Ag-T , 288  
 H-Cu-H , 278, 279, 287  
 Hg 2+ -mediated , 11, 21, 300–306  
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 Pd(II) , 279  
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 salen-metal , 12, 279–284, 287–289  
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 T-Ag2-c 1,3 A , 312  
 tetrazole , 283  
 T-Hg-T , 273, 274, 290, 291  
 triazole , 283–285  
 U-Hg-U , 273, 287, 304–306   
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  Metal ions.    See also  individual elements 
 acquisition , 137, 152  
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 concentration in ocean , 6  
 hard/soft , 4, 12, 61, 146, 279  
 homeostasis , 138  
 NMR-active isotopes , 22  
 physicochemical properties , 2, 9, 11  
 protein interactions , 135–165  
 selectivity , 144–145, 218, 219  
 sensors   ( see  Metal sensors) 
 site-specifi c binding , 19  
 stacking in DNA , 286, 287  
 switch experiments , 14–16  
 traffi cking , 145   

  Metalloenzyme , 138   
  Metallome , 137, 144   
  Metallothionein 

 copper , 164   
  Metal-mediated base pairs , 44, 295–314   
  Metal sensing , 136–139   
  Metal sensors , 136–139, 164, 234, 314  
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  5-Methylisocytosine , 307   
  1-Methylthymine , 300, 301, 306   
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256, 263   
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  Mitochondria , 7   
  MntR , 141, 152, 154   
  ModE , 161, 162   
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  Molecular electronics , 271, 290   
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  Molybdenum(IV), Mo 4+  , 48   
  Molybdenum(VI) , 77, 78, 161   
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 alkali metal ions , 45–54, 60  
 alkaline earth metal ions , 45–54, 60  
 coordination properties , 51, 56, 185  
 heavy metal ions , 45, 48, 56, 60  
 structural characteristics , 55  
 transition metal ions , 46, 55–61   

  MoO    24
-    , 161   
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(MOPS).    See  Buffer  

  MRD.    See  Magnetic relaxation dispersion  
  MRI.    See  Magnetic resonance imaging  
  mRNA.    See  Messenger RNA  
  MTF1 , 164   
  Mur , 142, 155   
  Mutational studies , 225–227   
   Mycobacterium tuberculosis  , 140, 141, 146, 

152, 158    
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  N 
  N7 , 21, 22, 50, 56–86, 88–93, 174, 210–214, 

226, 299   
  NAIM.    See  Nucleotide analogue interference 

mapping  
  Nanotechnology , 11–12, 250, 271, 272, 290, 

299, 300, 320, 322   
  Neodymium(III) , 181, 183–185, 188  

 quenching of Eu(III) , 183–185   
  Nickel(II), Ni 2+  , 6, 10–12, 21, 48, 55, 81, 82, 

89, 90, 92, 112, 137, 140, 142, 143, 
146, 152, 154, 155, 157, 158, 160, 163, 
211, 212, 296, 297, 299, 303, 306, 309, 
312, 313, 322, 324, 325, 327   

  Nickel(III) , 211, 212   
  [Ni,Fe]-hydrogenase , 137   
  NikR , 139, 142, 157–159   
  Nitroxide spin label , 32   
  NLPB.    See  Non-linear Poisson−Boltzmann  
  NMR.    See  Nuclear magnetic resonance  
  NmtR , 140, 146   
  N,N’-Ethylenebis(salicylimine).    See  Salen  
  NOE.    See  Nuclear Overhauser effect  
  NOESY.    See  Nuclear Overhauser effect 

spectroscopy  
  N7 of purines , 59   
  Non-linear Poisson−Boltzmann (NLPB) 

equation , 3, 174   
  Nuclear magnetic resonance (NMR) , 23–25  

 active metal isotopes , 22  
  107,109 Ag , 288  
  1 H , 19–21, 107, 114, 175, 189, 190, 193, 

232, 301, 302, 304, 306  
  15 N , 19–22, 175, 287, 288, 302, 303  
  31 P , 19–21, 175, 187, 189   

  Nuclear Overhauser effect (NOE) , 19, 24  
 crosspeaks , 20–22, 304   

  Nuclear Overhauser effect spectroscopy 
(NOESY) , 24, 175, 287, 304  

  1 H, 1 H , 304   
  Nucleic Acid Data Bank (NDB) , 61   
  Nucleic acids.    See also  individual names 

 conformational changes , 
3, 18, 19  

 detection , 18, 21, 22, 27, 67, 173, 177, 
329, 330, 333–335  

 folding , 205  
 for nanotechnology , 11, 12  
 lanthanide binding , 13, 171–196  
 locked , 63, 66  
 metal ion interactions , 2–32  
 metal ion interactions in the solid state , 

43–94  
 modifi ed , 194–195  

 structural characterization of metal binding 
sites , 7, 12–22   

  Nucleobases.    See also  individual names 
 artifi cial , 271, 274, 277, 283, 300, 313  
  15 N-labeled , 17, 22, 175   

  Nucleosides 
 artifi cial , 11, 12, 296  
 purine , 55, 60, 295–314  
 pyrimidine , 55, 295–314   

  Nucleoside triphosphates.    See  Nucleotides 
 and  individual names  

  Nucleotide analogue interference mapping 
(NAIM) , 14, 15   

  Nucleotides.    See also  individual names  
and  Mononucleotide complexes 

 artifi cial , 11, 12, 296  
 oligo- (   see  Oligonucleotides) 
 poly- (   see  Polynucleotides) 
 preferred metal binding sites , 60, 61   

  Nur , 142, 155    

  O 
  Ocean 

 metal concentration , 6   
  Oligonucleotides 

 artifi cial , 287, 288  
  13 C-labeled , 287, 304  
 condensation , 104, 114  
 conformational changes , 103–115  
 denaturation , 104–107, 114, 275  
 double-stranded , 106–108, 262  
 metal ion complexes , 44, 61–93  
  15 N-labeled , 17, 22, 175, 287   

   Oscillatoria brevis  , 147   
  Outersphere metal coordination , 5, 15, 

18, 21, 25, 62–69, 71, 72, 74–77, 
79–81, 84–86, 89–93, 174, 175, 
180–184, 191, 202, 204, 210, 212   

  Oxaliplatin , 67, 71, 88, 114   
  Oxidative stress , 138, 151, 152, 155, 202, 214   
   Oxytricha nova  , 122–124, 126–130, 329  

 telomeric quadruplexes , 120, 122, 123, 
126–130, 329    

  P 
  PAGE.    See  Polyacrylamide gel electrophoresis  
  Palladium(II), Pd 2+  , 6, 9, 48, 57, 59, 106, 259, 

279, 306, 312   
  Paramagnetic line broadening , 21   
  PbrR , 141, 149   
  PCR.    See  Polymerase chain reaction  
  Pearson hardness , 8, 9, 14, 18   
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  Peptide nucleic acid (PNA) 
 alanyl , 328, 329  
 applications , 321, 333  
 cellular uptake , 335–338  
 cyclic , 329  
 DNA duplex , 320, 322, 324–327  
 hybridization , 322, 324, 326, 327, 329, 337  
 IDA-tpy , 335, 337, 338  
 labeled , 330–333, 335  
 metal ion binding , 3, 7, 322  
 modifi ed , 326–329, 333–335  
 Zn-cyclen complexes , 322–324   

  PerR , 142, 155–157   
  Phosphine , 259   
  Phosphodiester , 187, 194, 324–326  

 bond , 12, 219, 220, 222–224, 229  
 bond cleavage , 12, 219–223, 229   

  Phosphoramidite , 272, 277   
  Phosphorothioate , 10, 14, 15, 20, 175, 187   
   Plasmodium falciparum  , 326   
  Platinum complexes , 111, 112, 114, 212–214  

 cis- (   see  Cisplatin) 
 carbo- (   se e Carboplatin) 
 oxali- (   see  Oxaliplatin)  

  Platinum(II), Pt 2+  , 6, 48, 70–72, 74, 279  
 dien complex , 111, 259, 264  
 dinuclear complexes , 331   

  Platinum(IV), Pt 4+  , 11, 211–214   
  PNA.    See  Peptide nucleic acid  
  Poisson−Boltzmann equation 

 non-linear , 3, 174   
  Polyacrylamide gel electrophoresis (PAGE) , 

220, 225, 227   
  Polymerases , 14, 106, 108, 139, 146, 220, 

271, 313   
  Polymerase chain reaction (PCR) , 106, 220, 

221, 271   
  Polynucleotides , 120, 296   
  Porphyrins , 207–210  

 Fe(III)-protoporphyrin IX   ( see  Hemin) 
 manganese-oxo , 205, 207–209  
 metallation , 219, 222, 224, 241  
 N-methyl-meso- , 224, 241   

  Potassium(I), K +  , 6–8, 10, 18, 22, 24, 25, 46, 
50, 67, 68, 74, 75, 88, 106, 122, 123, 
126, 174   

  Potentiometric pH titrations , 182   
  3-(N-Morpholino)propanesulfonic acid 

(MOPS).    See  Buffer  
  Protein Data Bank entries , 7, 30, 122, 

127–130, 140–143, 148–150, 153, 156, 
159, 160, 162, 208   

  Proteins.    See  individual names  
  Pseudo-contact shift , 175, 189   

   Pseudomonas aeruginosa  , 147, 149   
  Purine , 21, 55, 59, 60, 62, 70, 81, 88, 104, 

107, 109, 223, 226, 295–314  
 6-substituted derivatives , 312, 313   

  Purine nucleosides , 107, 295–314  
 modifi ed , 194–195   

  Pyridine , 251, 257, 275, 279, 288, 289, 309, 312   
  Pyrimidine nucleosides , 55, 295–314  

 modifi ed , 194–195   
  Pyrimidinone 

 4-substituted derivatives , 309, 310, 312   
   Pyrococcus horikoshii  , 142    

  Q 
  Quadruplexes 

 DNA , 120, 128  
 G- (   see  G-quadruplexes) 
 RNA , 128  
 structure , 44, 120, 121, 123–128, 329–330  
 telomeric , 120, 122–132   

  Quantum dots (QDs) , 236, 274, 291    

  R 
  Radical cleavage , 202–214  

 metal ion-induced , 14   
  Radicals 

 hydroxyl , 14, 202–205  
 superoxide , 203, 205  
 trap , 203–205   

  Raman crystallography , 18, 174   
  Raman spectroscopy , 18, 104, 106, 174   
  Rate constants , 16, 25, 26, 180, 225, 226, 

260, 262, 263   
  RcnR , 143, 158–160   
  Redox potentials , 203, 204, 212   
  Rhenium(I), Re +  , 331, 332   
   Rhizobium  , 137, 154, 155  

  leguminosarum  , 155   
  Rhodamine , 335, 337   
  Rhodium(III), Rh 3+  , 83, 90   
  Rhodium(III) hexammine, [Rh(NH 

3
 ) 

6
 ] 3+  , 

63, 66   
  Ribonucleic acid.    See  RNA  
  Riboswitch , 3, 115  

 Mg 2+ -sensing , 3   
  Ribozymes. 3    See also  individual names 

 cleavage inhibition , 7  
 group I , 16, 107, 187  
 group II , 7, 29, 187  
 hairpin , 11, 20, 31, 175, 186, 230  
 hammerhead , 5, 8, 16, 17, 20–22, 26, 31, 

32, 186, 192, 230  
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 hepatitis delta virus , 10, 18  
 RzB , 10  
  Tetrahymena  , 14   

  Right-to left-handed helical transitions , 
107–113   

  RNA 
 A- (   see  A-RNA) 
 cleavage , 13, 194, 219, 223  
 conformational changes , 3, 104, 114, 115  
 containing gold(III), Au 3+  , 6, 9, 11, 274  
 folding , 5, 25, 26, 31, 115, 230  
 GAAA tetraloop , 186–190  
 hairpin , 20, 31, 189, 287, 304  
 lanthanide(III) binding , 13, 184–190  
 ligation , 219, 223, 224  
 Ln(III) binding sequences , 187  
 m-(   see  Messenger RNA) 
 NMR structure , 114, 189  
 t-(   see  Transfer RNA) 
 Z- (   see  Z-RNA)  

  RNA adenosine deaminase , 108, 109   
  RNA fragments , 61–66  

 crystal structures of metal compounds , 
62–66  

 numbering system , 62, 66, 87   
  RNA polymerase , 14, 109, 139, 146, 149, 151, 

155, 163   
  RNase P , 16, 18   
  RNAzymes , 253   
  ROESY.    See  Rotating frame Overhauser effect 

spectroscopy  
  Rotating frame Overhauser effect spectroscopy 

(ROESY) , 24   
  rRNA , 7, 44, 65   
  Rubidium(I), Rb +  , 6, 9, 46, 67, 68, 75, 84, 88, 

91, 122, 232, 233   
  Ruthenium(III), Ru 3+  114 , 241   
  Ruthenium(III) hexammine, [Ru(NH 

3
 ) 

6
 ] 3+  , 86, 

91, 241    

  S 
   Saccharomyces cerevisiae  , 163   
  Salen , 12, 279–284, 287–289  

 metal-base pairs   ( see  Metal-base pairs)  
   Salmonella enterica  , 149   
  Samarium(III), Sm 3+  177 , 178, 180   
  ScaR , 141, 153, 154   
  Scatchard plot , 26   
  Sensors 

 bio , 11, 217–242  
 colorimetric , 237–240  
 electrochemical , 219, 240–241  
 fl uorometric , 234  

 Hg 2+  , 147, 149, 303–304, 307  
 labeled , 235  
 label-free , 237, 239–240  
 metal   ( see  Metal sensors)  

  Siderophores , 137   
  Silver(I), Ag +  , 6, 7, 9, 12, 20–22, 137, 140, 

141, 146, 147, 149, 151, 273–275, 279, 
280, 284, 285, 288, 291, 296, 306–309, 
311–314  

 mediated base pair   ( see  Metal-base pairs) 
 stacking , 288   

  Single nucleotide polymorphisms , 271, 314   
  Site-directed mutagenesis , 146   
  Size exclusion chromatography , 333   
  SmtB , 140, 142, 143, 145–149   
  Sodium(I), Na +  , 5–8, 18, 22, 25, 46, 49–51, 

53, 54, 61, 62, 64, 67, 68, 72–74, 84, 
88, 90, 91, 106, 121, 125–128, 131, 
174, 232, 299   

  Solvent permittivity , 31   
  Speciation , 178, 182–183   
  SPL7 , 164   
  Spliceosomes , 186   
  Stability constants.    See  Affi nity constants  and  

Binding constants  
  Stability Ruler , 10   
  Stacking , 57, 59, 60, 123, 124, 127, 

128, 131, 237, 253, 270, 271, 
286–290, 298   

   Staphylococcus aureus  , 140, 146   
  Stern−Volmer constants , 184   
  Streptavidin , 220, 221, 231, 240   
   Streptococcus gordonii  , 141, 154   
   Streptomyces coelicolor  , 142, 155   
  Strontium(II), Sr 2+  , 6, 8, 46, 70, 81, 122–124, 

126, 225   
   Synechococcus  , 146  

  elongatus  , 140  
 PCC7942 , 140, 146, 149   

   Synechocystis  , 147, 149, 162  
 synthesis , 149, 162    

  T 
  T7 , 14, 72–77, 80, 81, 88–90   
  TDP.    See  Thymidine diphosphate  
  Technetium , 332  

  99m Tc , 332   
  TeO    23

-    , 137   
  Terbium(III), Tb 3+  , 9, 172, 177, 232  

 cleavage , 27  
 luminescence , 173, 186, 191–193, 

232, 233   
  Ternary complexes , 30, 55, 59, 104   
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  Terpyridine (Tpy) , 56, 59, 309, 312, 335, 337   
  1,4,7,10-Tetraazacyclododecane.    See  Cyclen  
   Tetrahymena  , 14, 16, 107, 122–128  

 group I intron , 16  
 telomeric quadruplexes , 123–127  
 ribozyme , 14   

  Tetrazole metal base pair , 283   
  Thallium(I), Tl +  , 6, 9, 10, 14, 75, 88, 122, 

130, 137   
  Thermal denaturation experiments , 275, 281   
   Thermus thermophilus  , 158   
  Thiophilicity , 10   
  Thiorescue experiments , 15, 16   
  4-Thiouridine, 185  
  Thorium(IV) , 236   
  Thulium(III) , 177   
  Thymidine diphosphate (TDP) , 47, 49, 76   
  Thymidine monophosphate (TMP) , 45, 47, 

49, 209   
  Thymidine 5’-triphosphate (TTP) , 47, 49, 313   
  Thymine , 4, 21, 45, 55, 60, 75, 93, 193, 208, 

209, 218, 231, 273, 288, 289, 296–298, 
300–304, 306, 308, 309, 311, 313  

  15 N-labeled , 17, 22, 175  
 1-methyl- , 300, 301, 306   

  Titanium(IV), Ti 4+  , 11   
  TMP.    See  Thymidine monophosphate  
  Tpy.    See  Terpyridine  
  Transcription regulators 

 bacterial , 137, 145, 158, 163  
 Fe 2+ -dependent , 18, 145–163, 217–243  
 metal-responsive , 138–140, 144, 145, 151, 

152, 154, 163, 164  
 Mn 2+ -responsive , 152, 154  
 prokaryotic , 137, 145–163  
 structure-function relationships , 145–163   

  Transfer RNA (tRNA) , 25, 44, 185  
 luminescence studies , 185   

  Triazole metal base pair , 283–285   
  Triple helix formation , 279   
  Tris(hydroxymethyl)aminomethane (tris).   

See  Buffer  
  TTP.    See  Thymidine 5’-triphosphate   

  U 
  UDP.    See  Uridine diphosphate  
  Ultraviolet absorption spectroscopy studies , 23, 

26, 212, 277, 279, 287, 297, 307, 324   
  UMP.    See  Uridine monophosphate  
  5’ Untranslated region (5’ UTR) , 3   
  Uracil , 4, 50, 60–61, 304–306, 322  

 5-substituted derivatives , 308, 309  

 nucleotides, 60   ( see also  individual names) 
 zinc-cyclen complex , 322   

  Uracil nucleotides , 60.     See also  individual 
names  

  Uranium , 236   
  Uranium(VI), U 6+  , 50, 186   
  Uranyl, UO    22

+    , 55, 56, 59   
  Urease , 137, 138, 157   
  Uridine diphosphate (UDP) , 174, 259   
  Uridine monophosphate (UMP) , 47, 49, 50, 

54, 55, 58–60   
  Uridine triphosphate (UTP) , 47, 49   
  UTP.    See  Uridine triphosphate  
  5’UTR.    See  5’ Untranslated region  
  UV spectroscopy.    See  Ultraviolet absorption 

spectroscopy studies  
  UV–vis spectroscopy , 105    

  V 
  Vanadyl (VO 2+ ) , 12, 280   
  Vibrational spectroscopies , 18   
   Vibrio colerae  , 142, 155   
  Viscometry , 114.    

  W 
  Watson−Crick base pair , 4, 19, 92, 120, 222, 

235, 250, 270, 274, 276, 280, 281, 286, 
288, 291, 304, 306, 307, 309–312, 320  

 non- , 62, 63, 65   
  Wobble base pair , 4, 10, 192, 222, 223, 

226–228, 304   
  Wybutine , 185   
  Wyosine , 25    

  X 
  XANES.    See  X-ray absorption near edge 

structure  
  XAS.    See  X-ray absorption 

spectroscopy  
  X-ray absorption near edge structure 

(XANES) , 18   
  X-ray absorption spectroscopy (XAS) , 17–18, 

146, 160   
  X-ray crystal structures , 12, 14, 19, 44–93, 

106, 110, 112, 122, 123, 133, 146, 152, 
154, 155, 158, 161, 163, 174, 185, 275, 
279, 281   

  X-ray diffraction analysis 
 single crystal , 298, 300, 309   

  X-ray scattering , 182    
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  Yeast 

 metal sensors in , 163–164  
 tRNA , 185   

  Ytterbium(III), Yb 3+  , 177, 189    

  Z 
  Zap1 , 164   
  Z-DNA , 107–112  

 Cu 2+  binding , 7, 12, 112, 282, 
283, 296  

 fragments , 44, 89, 91  
 left-handed double-stranded , 84, 233   

  ZiaR , 140, 146, 147   
  Zinc(II), Zn 2+  , 6–11, 13, 14, 18, 21, 48, 81–83, 

89, 90, 111, 112, 137, 140–143, 146, 
147, 149, 152, 155, 160, 161, 163, 164, 
192, 194, 219, 223, 225, 226, 230–234, 
296–299, 303, 306, 309, 312, 313, 
322–326, 328, 329, 335–338   

  ZntR , 141, 149–151   
  Z-RNA , 107, 109, 110   
  Zur , 142, 155, 156      
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