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bstract

There is a wide range of potential applications of inorganic compounds, and metal coordination complexes in particular, in medicine but
rogress is hampered by a lack of methods to study their speciation. The biological activity of metal complexes is determined by the metal itself,
ts oxidation state, the types and number of coordinated ligands and their strength of binding, the geometry of the complex, redox potential and
igand exchange rates. For organic drugs a variety of readily observed spin I = 1/2 nuclei can be used (1H, 13C, 15N, 19F, 31P), but only a few metals
all into this category. Most are quadrupolar nuclei giving rise to broad lines with low detection sensitivity (for biological systems). However we
how that, in some cases, heteronuclear NMR studies can provide new insights into the biological and medicinal chemistry of a range of elements
nd these data will stimulate further advances in this area.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Bioinorganic chemistry is an interdisciplinary field that draws
n disciplines such as biochemistry, inorganic and theoretical
hemistry, molecular biology, biophysics and spectroscopy to
ddress the key questions of how metals complement and medi-
te key biological processes [1]. About 24 elements are currently
hought to be essential for mammalian life: H, C, N, O, F,
a, Mg, Si, P, S, Cl, K, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Se,
o, Sn, I [2], and 14 of them are metals or metalloids. How-
ver, this list may not be complete. For example, boron [3]
nd chromium may turn out to be essential, and it has been
uggested that silicon is essential only to prevent aluminum
rom being toxic [4]. The biological roles of Cr are surrounded

a
a
l
f

s; Bioinorganic chemistry; Medicinal inorganic chemistry; Metallopharmaceu-

y controversy [5]. Currently, Cr(VI) compounds are among
8 recognized (class I) human carcinogens. By contrast, many
utritionists regard Cr(III) as an essential micronutrient, acting
s an insulin-mimetic, although this opinion has been disputed.
o Cr(III)-dependent biomolecules, such as enzymes or cofac-

ors, have yet been unambiguously described.
Inorganic elements play crucial roles in biological processes,

nd amongst them, metal ions are essential components in all
spects of the chemistry of living organisms. In biological sys-
ems, metal ions exist as electron-deficient cations and, hence,

re attracted by electron-rich biomolecules, such as proteins
nd DNA, thus providing innumerable examples of “natural
igands” that bind metal ions to perform important biological
unctions. Metals play diverse roles in almost all biological
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Table 1
Some metal compounds in clinical use

Compound example (brand name) Function Comment

Active complexes
cis-[PtIICl2(NH3)2] (Cisplatin) Anticancer trans-Isomer is inactive
[GdIII(DTPA)(H2O)]2− (Magnevist) Extracellular contrast agent for MRI Low toxicity
[99mTcI(CNCH2C(CH3)2OCH3)6]+ (Cardiolite) Myocardial imaging Positively charged complex taken up by the heart
CoIII compound-vitamin B12 Coenzyme Deficiency causes pernicious anemia

Active metals
Li2CO3 Prophylaxis for bipolar disorders Li forms weak complexes, labile
[AuI(thiomalate)] (Myocrisin) Antirheumatoid arthritis Facile thiol exchange on AuI

Colloidal BiIII subcitrate (De-Nol) Antibacterial, antiulcer Strong binding of Bi to thiols, facile exchange
Na2[FeII(CN)5(NO)]·2H2O (Nipride) Hypotensive Releases NO, relaxes vascular muscles
(Bleomycin) Anticancer Requires Fe for DNA attack
p-Xylyl-bicyclam·8HCl (Mozobil) Stem cell mobilizer May bind metals in vivo
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CaCO3 Antacid
La2

III(CO3)3 (Foznol, Fosrenol) Chronic renal f

dapted from Ref. [160].

rocesses: as catalytic groups at the active sites of enzymes, sta-
ilizing the tertiary structures of proteins and polynucleotides,
nd as second messengers interacting with a variety of different
mall molecules and receptors [6]. Although our understand-
ng of the functions and mechanisms of action of metals has
ncreased in the last decades, the mammalian biochemistry of
everal essential elements is poorly understood. For example,
hromium, nickel and tin seem to be essential for life, but
e do not know whether there are human genomic codes for

hem, or how to use them effectively in medicine, yet. For some
lements the genetic code involves proteins which recognize
pecific metal complexes. For example, only one specific cobalt
ompound, the coenzyme vitamin B12, appears to be essential
7], and in Escherichia coli the molybdate-dependent transcrip-
ional regulator ModE acts as a sensor of intracellular molybdate
[MoO4]2−) concentration and as a regulator for the transcrip-
ion of several operons that control the uptake and utilization of

olybdenum [8]. Zinc is essential for life, and is the second most
bundant d-block metal ion in living organisms after iron. It has
ssentially two possible roles: catalytic or structural. Zinc may

lso modulate signaling events, as it occurs in processes main-
aining zinc homeostasis. An attempt to compile a catalogue of
roteins encoded by the human genome, which may require zinc

i

s

Fig. 1. Some of the areas of medicinal inorgan
Slow release of alkali
Reduces phosphate absorption

or their physiological functions has been recently reported [9].
ome 10% of the proteins coded by the human genome (the
roteome) potentially have zinc-binding sequences. Selenium
rovides a good example of the importance of speciation: it is
n essential element and, yet, some of its compounds are highly
oxic (e.g. H2Se). Genes which code for selenium incorporation
nto amino acids have been characterized [10].

Another important aspect concerning metal ions is that both
ssential and non-essential metals can be used in therapy and
iagnosis, and examples of compounds in current clinical use
re listed in Table 1. As indicated in Fig. 1, key areas in the
esign of active compounds are the control of toxicity (side-
ffects) and targeting of the metal to specific tissues, organs, or
ells where activity is needed. Metal ions can be introduced into
biological system either for therapeutic effect or as diagnostic
ids. Alternatively, metal ions can be removed from a biological
ystem by judicious use of metal-binding molecules (ligands)
11]. Thus, biomedical inorganic chemistry offers the potential
or the design of novel therapeutic and diagnostic agents and for
he treatment and understanding of diseases which are currently

ntractable [12].

The field of bioinorganic chemistry continues to mature, con-
tantly presenting novel and unexpected coordination spheres

ic chemistry (adapted from Ref. [160]).
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ith metals in unusual oxidation states that often have no prece-
ent in coordination chemistry. Therefore, the growing interest
n understanding the coordination chemistry of biometals, and
he development of structure-based drug design of inorganic
harmaceuticals, requires suitable and reliable analytical tools
o study the speciation of metal ions in biological systems. In this
ontext, NMR spectroscopy is a powerful and versatile technique
hat can provide site-specific information about chemical bond-
ng, structure and dynamics in molecular systems. Moreover,
MR spectroscopy is one of the two techniques, the other being
-ray crystallography, that can provide atomic level descriptions
f the intermolecular receptor–metal ion interactions responsi-
le for molecular recognition [13]. NMR spectroscopy is being
pplied to the study of an ever-increasing diversity of bio-
ogical macromolecules. Advances in the field are allowing
etailed structural investigations of proteins, nucleic acids and
arbohydrates, including investigations of cells and perfused
rgans under living conditions, which allows quantification of
he dynamic properties of metabolites as well as kinetics of enzy-

atic reactions at steady state or through real time monitoring
14].

To date, most successful applications of NMR to biological
ystems have been typically carried out in aqueous solutions,
nd have utilized spin I = 1/2 nuclei, such as 1H, 13C, 15N and
1P, whereas NMR spectroscopy has proved less powerful when
pplied to nuclei with spin quantum number I greater than 1/2,
.e. those having a non-spherical charge distribution and an elec-
ric quadrupole moment. Unfortunately, for a large number of
iologically relevant elements, the only NMR-active isotopes
re those with nuclear spins greater than one half. As a result,
MR spectroscopy of quadrupolar nuclei, such as 6Li, 14N

I = 1), 7Li, 11B, 23Na, 33S, 35Cl, 39K, 71Ga, 87Rb (I = 3/2), 17O,
5Mg, 27Al, 67Zn (I = 5/2), 43Ca, 45Sc, 51V, 59Co, 133Cs, 139La
I = 7/2), and 93Nb (I = 9/2), became viewed as the “poor rela-
ion” of spin I = 1/2 nuclei. It must be emphasized, however, that
his was solely on grounds of sensitivity and resolution (broad
esonances).

The following points are pertinent here: (i) quadrupolar
uclides account for nearly 75% of the stable magnetic nuclides
n the periodic table; (ii) for chemists and biologists there is
othing inherently more interesting about spin I = 1/2 nuclei than
here is about quadrupolar nuclei (if they were of equal practical
ifficulty, 17O NMR would be at least as widely used as 1H or 13C
MR); (iii) although many useful empirical correlations exist
etween structure and spin I = 1/2 NMR parameters, such corre-
ations are not so widely explored for quadrupolar nuclei; (iv) the
nherent sensitivities of spin I = 1/2 and some quadrupolar nuclei
re not similar (for example, 45Sc, 59Co, 51V and 93Nb possess
agnetic dipole moments that are larger than that of 1H and are

ll >99.5% abundant in their natural elements). If the problem
f line-broadening of resonances from quadrupolar nuclei could
e solved then there would be enormously increased research
ctivity in this area.
The aim of this review is to survey the use of heteronuclear
MR spectroscopy for investigations of the behavior of metal

ons in biological systems. In particular, it will focus on some
ey results and successful applications of NMR spectroscopy

d
r
i
q
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nvolving direct detection of metals, and will mainly cover work
ublished during the last two decades. This review will be lim-
ted to NMR studies in solution. Solid-state NMR is a branch of
MR spectroscopy that deals with solid or solid-like systems,

nd is presently undergoing rapid expansion as a result of the
ignificant advances in both NMR methodology and instrumen-
ation that have occurred recently. Although there is growing
nterest in the applications of this technique to biological sys-
ems, this subject lies outside the scope of this work and review
rticles on this topic have been recently published [15].

This review is organized as follows: the first section pro-
ides an overview of metal NMR spectroscopy emphasizing the
ractical limitations related to quadrupolar nuclei. The second
ection describes illustrative NMR data for biologically relevant
etallic and semi-metallic elements belonging to s-, p-, d-block

nd lanthanide elements. The last section deals with some signif-
cant biological data on non-metallic NMR-active nuclei other
han 1H, 13C, 15N and 31P, whose detection to probe, indirectly,
he coordination chemistry of biometals has been extensively
eviewed [16].

. Practical limitations to metal NMR spectroscopy

The development of metal (in particular transition metal)
MR spectroscopy has been very uneven because of the very

mall number of nuclei with favorable nuclear properties for
igh-resolution NMR. But as the technology evolves, more
uclei and bond types, and also the solid state, are being brought
nto the spectroscopist’s net. The NMR properties of the nuclei
ith biological and/or medicinal interest are collected in Table 2 .
avorable properties for high-resolution NMR spectroscopy are
pin quantum number I = 1/2 or, for I > 1/2, a relatively small
alue of the nuclear electric quadrupole moment (eQ) and a large
alue of I, to minimize quadrupolar broadening. Also necessary
re a sufficiently large natural abundance (A) and magnetogyric
atio (γ , effectively the ratio of the magnetic moment to the spin
uantum number), to which the NMR frequency is proportional.
he intrinsic NMR receptivity, which is a measure of the inten-
ity of signal, increases as |γ3|AI(I + 1). Thus, larger values of I
re more favorable, by a factor of 33 from I = 1/2 to 9/2. Tran-
ition metal nuclei with natural abundance below 5% that may
e usefully studied with enrichment are 57Fe, 61Ni, 67Zn and
87Os.

Spin I = 1/2 nuclei with low γ values have a further problem
f too slow relaxation, since the rate depends on γ , and long
ccumulation times or sensitivity enhancement techniques may
e needed for adequate sensitivity; examples are 89Y, 183W, 57Fe,
87Os, 103Rh and 109Ag.

For the majority of metal nuclei, the spin quantum number I
s greater than 1/2 and, therefore, they possess a nuclear electric
uadrupole moment eQ (in addition to their magnetic moment),
s the nuclear electric charge distribution is not spherically sym-
etric. The electric quadrupole is coupled to the spin (magnetic
ipole), since transitions in the one change the magnetic envi-
onment of the other. Whereas the orientation of the spin dipole
s quantized relative to the magnetic field, that of the electric
uadrupole is quantized relative to the electric field gradient
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Table 2
NMR properties of some elements of biological and/or medicinal interest

Isotope Natural abundance (%) Nuclear spin (I) Magnetogyric ratio (γ)
(×107 rad T−1 s−1)

Quadrupole moment
(eQ) (×1028 C m−2)

Relative receptivity
(to 13C)a

Non-metals
1H 99.98 1/2 26.7519 – 5666
13C 1.108 1/2 6.7283 – 1
14N 99.635 1 1.9338 1.99 × 10−2 5.69
15N 0.365 1/2 −2.712 − 0.022
17O 3.7 × 10−2 5/2 −3.6279 −2.6 × 10−2 0.06
19F 100 1/2 25.181 – 4761.5
31P 100 1/2 10.841 – 377
33S 0.76 3/2 2.055 −5.5 × 10−2 0.097
35Cl 75.53 3/2 2.624 −0.1 20.2
37Cl 24.47 3/2 2.1842 −7.9 × 10−2 3.8
77Se 7.58 1/2 5.12 – 2.98
79Br 50.54 3/2 6.7228 0.37 226
81Br 49.46 3/2 7.2468 0.31 277
127I 100 5/2 5.3817 −0.79 530

Metalloids
10B 19.58 3 2.875 8.5 × 10−2 22.1
11B 80.42 3/2 8.584 4.1 × 10−2 754
29Si 4.7 1/2 −5.3188 – 2.09
73Ge 7.76 9/2 −0.9357 −0.18 0.617
75As 100 3/2 4.595 0.29 143
121Sb 57.25 5/2 6.4355 −0.28 520
123Sb 42.75 7/2 3.4848 −0.36 111
123Te 0.87 1/2 −7.049 – 0.89
125Te 6.99 1/2 −8.498 – 12.5

Metals
6Li 7.42 1 3.9371 −8 × 10−4 3.58
7Li 92.58 3/2 10.3976 −4 × 10−2 1540
23Na 100 3/2 7.0801 0.1 525
25Mg 10.13 5/2 −1.639 0.22 1.54
27Al 100 5/2 6.976 0.15 1170
39K 93.12 3/2 1.2498 4.9 × 10−2 2.69
41K 6.88 3/2 0.686 6 × 10−2 0.033
43Ca 0.145 7/2 −1.8025 0.2 0.053
45Sc 100 7/2 6.5081 −0.22 1710
47Ti 7.28 5/2 −1.5105 0.29 0.864
49Ti 5.51 7/2 −1.5109 0.24 1.118
50Vb 0.24 6 2.6717 6 × 10−2 0.755
51V 99.76 7/2 7.0453 −5 × 10−2 2150
53Cr 9.55 3/2 −1.512 3 × 10−2 0.49
55Mn 100 5/2 6.608 0.4 994
57Fe 2.19 1/2 0.8661 – 0.004
59Co 100 7/2 6.317 0.38 1570
61Ni 1.19 3/2 −2.394 0.16 0.24
63Cu 69.09 3/2 7.0974 −0.211 365
65Cu 30.91 3/2 7.6031 −0.195 201
67Zn 4.11 5/2 1.6768 0.16 0.67
69Ga 60.4 3/2 6.4323 0.19 237
71Ga 39.6 3/2 8.1731 0.12 319
85Rb 72.15 5/2 2.5909 0.26 43
87Rb 27.85 3/2 8.7807 0.13 277
89Y 100 1/2 −1.3155 – 0.668
95Mo 15.72 5/2 1.75 0.12 2.88
97Mo 9.46 5/2 −1.787 1.1 1.84
99Tc 100 9/2 6.0211 0.3 2134
99Ru 12.72 3/2 −1.234 7.6 × 10−2 0.83
101Ru 17.07 5/2 −1.383 0.44 1.56
103Rh 100 1/2 −0.846 – 0.177
105Pd 22.23 5/2 −0.756 0.8 1.41
107Ag 51.82 1/2 −1.087 – 0.195
109Ag 48.18 1/2 −1.25 – 0.276
111Cd 12.75 1/2 −5.6926 – 6.93
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Table 2 (Continued )

Isotope Natural abundance (%) Nuclear spin (I) Magnetogyric ratio (γ)
(×107 rad T−1 s−1)

Quadrupole moment
(eQ) (×1028 C m−2)

Relative receptivity
(to 13C)a

113Cd 12.26 1/2 −5.955 – 7.6
113In 4.28 9/2 5.8782 0.83 83.8
115In 95.72 9/2 5.8908 0.83 1890
115Sn 0.35 1/2 −8.801 – 0.70
117Sn 7.61 1/2 −9.589 – 19.54
119Sn 8.58 1/2 −10.0138 – 25.2
133Cs 100 7/2 3.5277 −3 × 10−3 269
183W 14.4 1/2 1.12 – 0.059
187Os 1.64 1/2 0.616 – 0.001
189Os 16.1 3/2 0.8475 0.8 2.13
195Pt 33.7 1/2 5.768 – 19.1
197Au 100 3/2 0.4625 0.59 0.06
199Hg 16.84 1/2 4.8154 – 5.42
201Hg 13.22 3/2 −1.7776 0.44 1.08
203Tl 29.5 1/2 15.436 – 289
205Tl 70.5 1/2 15.589 – 769
207Pb 22.6 1/2 5.54 – 11.8
209Bi 100 9/2 4.342 −0.38 777
138La 0.089 5 3.5295 −0.47 0.43
139La 99.91 7/2 3.801 0.22 336
155Gd 14.73 3/2 −1.0152 n.a. 0.23
157Gd 15.68 3/2 −1.2566 n.a. 0.46

Source: http://www.bruker-nmr.de/guide/eNMR/chem/NMRnuclei.html.
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a The absolute receptivity of a nucleus (R) depends on its sensitivity (S) and n
relative to 13C is defined as the ratio R(X)/R(13C), where R(13C) is the absolu

b Radioactive.

EFG) eQ at the nucleus due to the electrons and the other
uclei.

As the nuclear quadrupole moment interacts with the EFG
t the nuclear site, it is convenient to define a nuclear elec-
ric quadrupolar coupling constant χ = e2Qq/h (in Hz), which
escribes the strength of this interaction. Therefore, the nuclear
nergy levels depend on both the EFG and the magnetic field. In
he liquid phase, rapid and isotropic molecular tumbling aver-
ges the quadrupolar (as well as the dipolar) interactions; but the
elaxation of the electric quadrupole with fluctuations of the EFG
e.g. in molecular collisions) relaxes the nuclear spin as well, and
ast relaxation leads to uncertainty over the line position, i.e.
uadrupolar broadening. The quadrupolar relaxation rate and
he line-width are proportional to χ2(1 + η2/3)(2I + 3)/I2(2I − 1)
where η is the asymmetry parameter of the EFG, maximally
qual to 1, and 0 for axial symmetry) and also to the rota-
ional correlation time for isotropic tumbling (τc = 4πη0r3/3kBT,
here η0 is the viscosity of the medium and r is the molecu-

ar radius). Thus, the quadrupolar broadening increases sharply
ith increase in Q and in the EFG q. Again, higher values of
are advantageous because of the line-width dependence on

2I + 3)/I2(2I − l), which decreases by a factor of 67.5 from I = 1
o 9/2 [17].

The interaction of the nuclear quadrupole moment with the
lectric field gradients arising from the local electronic environ-
ent provides a strong relaxation mechanism for the spin states,
ften resulting in short-lived states with broad resonance lines.
his is particularly true in environments where ionic motion is

estricted, such as in biological systems. In general, quadrupo-
ar nuclei display broad resonances in NMR spectra, unless

m
t
N

l abundance (A) according to the equation R = A S. The receptivity of a nucleus
eptivity of 13C at natural abundance.

hey are in highly symmetric electrical environments, which
educe the magnitude of the electric field gradients at the nuclei
extreme narrowing conditions). Biological macromolecules
hich introduce high electric field gradients, in conjunction with
on-averaging motional characteristics, can make quadrupolar
nteraction effective. However, the binding of quadrupolar metal
ons can be studied by NMR spectroscopy, potentially even in
ells. This is possible because the binding of metal ions to a
iomolecule can cause a substantial increase in the effective
orrelation time (τc), thus leading to a measurable change in
elaxation behavior of the ions.

For a given nucleus, line-widths are minimized for small
olecules in low-viscosity samples (τc small), with highly sym-
etrical environments of the metal nucleus (q small). Examples

re tetraoxo [MO4] or fully fluorinated [MF6] species, or per-
aps [M(CO)6], and for some quadrupolar metal nuclei, these
re the only types of compounds for which an NMR signal has
een reported.

Another severe hindrance to the development of transition
etal NMR spectroscopy is caused by the fact that some nuclei in

pecific oxidation states, such as high spin Fe(II), Fe(III), Co(II),
i(II), Cu(II) and Ru(III), are paramagnetic. Paramagnetic com-
ounds contain unpaired electrons, and the unpaired electron
ensity has a drastic effect on both the chemical shift and the line-
idths of signals in the NMR spectra of metallobiomolecules

ontaining one or more paramagnetic transition metals.

Line-broadening of NMR signals corresponding to the para-

agnetic metal itself and to the nuclei in the neighborhood of
he paramagnetic center is a severe limitation for high-resolution
MR spectroscopy. Relaxation of the unpaired electron(s) gives

http://www.bruker-nmr.de/guide/eNMR/chem/NMRnuclei.html
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ise to the major source of line-broadening of resonances for
aramagnetic compounds in solution spectra, as the relative
lectron relaxation is sensed by the resonating nucleus through
ipolar coupling. In addition, the delocalization of the unpaired
lectron(s) throughout the molecule is another factor that causes
xtreme line-broadening [18]. In some cases, extreme line-
roadening prevents the detection of any NMR signal.

The hyperfine shift is another factor to take into account
hen NMR studies are carried out on paramagnetic systems.
he hyperfine shift is defined as the difference in chemical shift
etween that of a paramagnetic molecule and that of an anal-
gous diamagnetic system. Both contact (through-bond) and
seudo-contact (through-space) shifts are important contribu-
ors to the hyperfine shift. In particular, the hyperfine shifts of
uclei in paramagnetic molecules can be well outside (even hun-
reds of ppm) the window of signals for diamagnetic analogues.
he wide range of chemical shift values observed for paramag-
etic compounds (large high frequency and low frequency shifts)
s often attributed to the different resulting spin delocalization

echanisms [18,19].
On the other hand, in some circumstances the effects pro-

uced by a paramagnetic metal ion can be used to probe the active
ites of metallobiomolecules and analyzed to give additional
onstraints for structural calculations on paramagnetic proteins,
eading to NMR structures with greater precision. In fact, many
MR structures of a variety of paramagnetic metalloproteins
ave been reported to date. For example, the quantification of
he shortening of both T1 and T2 (line-broadening), and para-

agnetic shifts can be exploited to obtain information on the
istance from a paramagnetic center to an NMR-active nucleus
20].

In conclusion, the development of NMR techniques for the
irect detection of metal ions in biological systems has been
ampered by the quadrupolar and paramagnetic properties of
ome of the biometals of interest. Nevertheless, several success-
ul studies have been carried out in the field, and are summarized
n the following sections.

. NMR spectroscopy of biologically relevant metals
nd metalloids

.1. s-Block: alkali metals (Li, Na, K, Rb, Cs)

.1.1. Lithium
Lithium is normally present only at trace levels within the

uman body, and no natural biological or nutritional roles have
een established [21]. In the ionic form, Li(I) is absorbed read-
ly into blood following subcutaneous, intraperitoneal or oral
dministration, and binds very weakly to plasma proteins [22].
here are several medical uses for Li(I) compounds, but the
ajor application is in psychiatry. Li, usually administered

rally as Li2CO3, is the treatment of choice for acute mania
nd for prophylaxis in bipolar disorders [23].
Interest in Li NMR spectroscopy and imaging in biology and
xperimental medicine arises primarily from the clinical use of
i salts to treat mania and manic-depressive illness. Naturally
ccurring Li consists of the 6Li (I = 1) and 7Li (I = 3/2) iso-

1
c
T
∼
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opes with 7.42% and 92.58% abundances, respectively. Both
i isotopes are weakly quadrupolar relative to other alkali met-
ls, which derives from their small quadrupole moments and
he small Sternheimer antishielding factor of Li+ [24], reflect-
ng its small size and simple electronic structure. Both isotopes
ield narrow spectral lines and long spin–lattice relaxation times
T1), typically 2–8 s. 7Li is the isotope of choice for most studies
ecause of its higher natural isotopic abundance and magnetic
oment, and more favorable relaxation properties than 6Li.
Because of the simple electronic structure and aqueous chem-

stry of the Li+ ion, the chemical shift range is small, and spectra
sually have a single (averaged) resonance from all environ-
ents. This complicates interpretation of 7Li NMR signals from

iological systems, which are usually heterogeneous. It is often
dvantageous to resolve signals from the different compart-
ents, either based on differences in relaxation properties, or

y adding a shift reagent to separate the intra- and extracellular
esonances [25]. Each local Li environment and compartment
ay potentially have a characteristic concentration and spin

elaxation behavior.
One area of investigation is ionic transport across the cellular

embrane and compartmentation to elucidate the mechanism(s)
f therapeutic action and toxicity in clinical practice. Another
s the development of non-invasive, in vivo analytical tools to

easure brain lithium concentration and speciation in humans,
s both an adjunct to treatment and a mechanistic probe. The
vailable literature related to the use of 7Li NMR spectroscopy
n vitro and in vivo has been recently reviewed [26]. In particular,
Li NMR investigations of the human brain have been carried
ut at a high magnetic field (3 T), and the relationship between
rain and serum lithium measurements in lithium-treated bipolar
atients has been determined, demonstrating the feasibility of
Li NMR human studies [27].

The beneficial effect of Li in mania and depression results
rom its action on the brain, and, hence, the amount of Li present
n the brain may be important with regard to patient response.
s brain Li cannot be monitored readily at present, it is a com-
on practice to measure the concentration of the ions in the

erum where repeated measurements can be made inexpensively.
oreover, because of the sedative and possible neurotoxic side-

ffects of lithium, it is important to monitor and maintain the
ithium concentration within the safe therapeutic range by mea-
uring Li+ concentrations in serum or plasma. Although plasma
ithium values are used to monitor the therapy, the lithium in
ed blood cells may be a better predictor of Li+ concentrations
n the brain than serum levels [28]. 7Li NMR spectroscopy
s a valuable analytical tool to quantify Li in whole blood,
lasma, or RBCs. In a recent study [29], male Sprague–Dawley
ats were treated with different amounts of Li2CO3; 24 h after
rug administration, blood was drawn from the rats via cardiac
uncture, and aliquots, mixed with a known amount of antico-
gulant (citrate phosphate dextrose) and 20 mg of a shift reagent
[Tm(DOTP)]5−, thulium(III)-1,4,7,10-tetraazacyclododecane-

,4,7,10-tetrakis(methylenephosphonate)), 7Li NMR provided a
lear discrimination between plasma and RBC lithium signals.
he 7Li spectrum (obtained in 30 min) in Fig. 2 shows two peaks
13 ppm apart corresponding to plasma (extracellular) and RBC
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Fig. 2. 7Li NMR spectrum of a blood sample treated with Li2CO3 recorded in
30 min using a home-built solenoid coil at 7 T field strength. The chemical shift
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23 +
f lithium accumulated in RBCs has been set to 0 ppm. The RBC and plasma 7Li
esonances are separated by 13 ppm by the addition of 20 mg of [Tm(DOTP)]5−
s shift reagent (adapted from Ref. [29]).

intracellular) lithium. Quantification of lithium was achieved by
omparing peak intensities with standards prepared using blood
rom untreated rats, and the results showed excellent agree-
ent (less than 0.1% average difference) with other commonly

mployed techniques, confirming that 7Li NMR spectroscopy
as the potential to become routine for lithium analysis. More-
ver, this technique has the advantage of reduced pre-analytical
reparation time and small blood samples with lithium concen-
ration in the neighborhood of 0.08 mequiv. L−1 can be measured
ith high accuracy and reproducibility needed for clinical pur-
oses.

.1.2. Sodium
The major functions of sodium ions relate to concentra-

ion gradients across membranes, the cotransport of solutes,
nd the preservation of pH (Na+/H+ transport). Na+ is also
nvolved in several pathological processes. Cell death, edema
ormation, tumor growth, electrophysiologic processes and ion
ransport all involve alteration in intracellular and extracellular
odium levels [6b]. The detected role of Na+ in the regulation of
etabolism in cells is poorly understood, largely as a result of

he paucity of methods for studying its interactions with cellu-
ar constituents. NMR spectroscopy provides a non-destructive

ethod to observe sodium, offering new potential for specific
easurements on intact living tissues.
Among the observable nuclei in biological tissues, 23Na is

avored because of its high natural abundance (100%), relatively
igh sensitivity to NMR detection, and high concentrations
n tissues (5–150 mM). All these advantages are shadowed
y the quadrupolar properties of 23Na (I = 3/2). Nevertheless,
ine-shape analysis of 23Na NMR resonances can provide infor-
ation on Na+ binding [30]. In a standard NaCl solution at 25 ◦C,

oth the T1 and T2 relaxation times of 23Na are about 60 ms,

hen extreme narrowing conditions are met. Outside extreme
arrowing conditions, i.e. the bound state, relaxation times are
hortened indicating different mobility conditions than in a free
olution [31]. The study of relaxation processes can describe in

o
m
f
N
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his way, the dynamics of sodium ions in a living system, and
orrelate the dynamics with the pathological or normal state of
he system itself.

In most living cells, the transmembrane gradients of sodium
ons are essential for proper cell function; thus, changes in ion
oncentrations on each side of the membrane result in profound
unctional disorders of the cell. In several diseases or patholog-
cal states (hypertension, cystic fibrosis, oncogenesis, infected
ells) a change in this equilibrium occurs due to abnormali-
ies in ion-binding sites or in transport processes across the

embrane. Sodium relaxation studies can provide qualitative
nformation on the interaction of Na+ ions with molecules [32].
MR relaxation techniques are able to discriminate between
ifferent adjacent sodium ion compartments, whether or not
hey are physically separated, as long as they display differ-
nt molecular motions and, thus, induce different relaxation
haracteristics. The use of multiple echoes to provide relax-
tion information has greatly increased the usefulness of 23Na
MR spectroscopy, and the use of paramagnetic shift reagents
r contrast reagents allows the differentiation of intra- and extra-
ellular sodium pools, but toxicity of the currently available shift
eagents may be problematic. In instances where toxicity is not
severe problem, shift reagents have been used to monitor fluid
ynamics as well as to distinguish different sodium pools, and
his method has been mostly applied to cell suspensions, kid-
ey tubules, glands and small organs [33]. For example, the
hift reagent dysprosium(III)-tripolyphosphate ([Dy(PPP)2]7−)
as used in experiments with sequential frequency-selective

adiofrequency pulses to excite selectively the well-resolved res-
nances of shifted and unshifted sodium and produce separate
mages of the different sodium pools. This technique depends on
he complete resolution of the sodium resonances and requires
eparate experiments for each sodium species. The less toxic
hift reagents dysprosium(III)-triethylenetetraminehexaacetate
[Dy(TTHA)]3−) and [Tm(DOTP)]5− have also been employed,
ut they do not produce fully resolved intracellular and extra-
ellular sodium resonances. Nonetheless, these experiments
llowed the simultaneous generation of separate images of the
ntracellular and extracellular sodium pools, and, therefore, the
irect monitoring of the movement of sodium on a regional basis.

Multiple-quantum and multiple-quantum filtered pulse
equences have proved to be useful to define the interactions
f quadrupolar nuclei with biomolecules. The relaxation profile
f a specific magnetization or coherence of a quadrupolar ion can
e readily monitored against a background of NMR signal from
nbound ions. These methods yield estimates of the relaxation
ate constants, the fraction of bound ions, the binding constants,
he rotational correlation time (τc), and the quadrupolar coupling
onstant of the nucleus in its bound state. For example, Torres
t al. have determined the apparent binding constants (Kf) for
a+ and a protein, bovine serum albumin (BSA), a nucleic acid
east RNA, and a self-associating macroassembly, the deter-
ent sodium dodecyl sulfate (SDS) using the relaxation behavior

f selected Na magnetization coherences [34]. These three
acromolecular systems were chosen as representatives of dif-

erent classes of biomolecules that are likely to have diverse
a+-binding environments. The relaxation analysis provided
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Fig. 3. (a) Variable-temperature 23Na NMR spectra of 0.80 M Na2(5′-GMP)
obtained on a Bruker Avance-500 spectrometer (B0 = 11.75 T) operating at
132.26 MHz for 23Na. (b) 23Na NMR spectra of d(TG4T) obtained on a Bruker
Avance-600 spectrometer (B0 = 14.1 T). An inversion-recovery sequence was
used to partially suppress the large signal from the free Na+ ions. A recovery
delay of 13 ms (close to the null point) was used. Typically, 250k scans were
accumulated with a recycle time of 50 ms. The d(TG4T) DNA sample was pre-
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ared at 8 mM strand concentration in 10 mM sodium phosphate buffer (pH
.1) and 100 mM NaCl. All 23Na chemical shifts are referenced to Na+(aq) at
.0 ppm (adapted from Ref. [36]).

ingle estimates of the apparent binding constants for 23Na+ to
NA (Kf = ∼40 M−1, strong binding) and BSA (Kf = ∼0.3 M−1,
eak binding), whereas two binding sites were identified in the
resence of SDS, with Kf values of ∼26 M−1 (strong binding)
nd ∼8 M−1 (weak binding), respectively.

Detection of alkali metal cations in DNA G-quadruplexes
as usually relied on either direct solid-state techniques, such as
-ray crystallography and solid-state NMR, or indirect meth-
ds using surrogate spin I = 1/2 probes, such as 15NH4

+ and
05Tl+, in solution NMR experiments [35]. On the basis of these
tudies, two types of alkali metal-binding sites are generally
ound in G-quadruplex structures, one type being loosely coor-
inated to phosphate groups, and the other residing inside the
-quadruplex channel. The latter type of alkali metal cations is

ightly bound to the G-quadruplex structure and has long been
onsidered to be “invisible” to NMR spectroscopy in solution. In
his context, Won et al. [36] have reported the first direct solution
MR detection of the Na+ residing inside G-quadruplex channel

tructures formed by 5′-GMP and the DNA oligomer, d(TG4T).
ig. 3a shows 23Na NMR spectra for 0.80 M Na2(5′-GMP) in an
queous solution at pH 8. The signal centered at 0 ppm exhibits
bi-Lorentzian line-shape, which is due to a slow exchange of
a+ cations between phosphate-bound and free states. The small
eak at −17 ppm is due to the Na+ cations residing inside the 5′-
MP channel. The signal intensity for the channel Na+ cations
ecreases as the sample temperature is increased from 278 to

08 K, an indication of “melting” of the 5′-GMP aggregates.
nalogously (b), 23Na NMR spectra of d(TG4T) show the chan-
el Na+ signal at −17 ppm but, in this case, the total integrated
rea for this signal remains approximately unchanged between

[
t

t
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78 and 293 K, indicating that the G-quadruplex structure of
(TG4T) does not melt at 293 K. These findings open up many
ew possibilities in the study of cation binding and transport
ynamics in G-quadruplex DNA. For example, it might now
e possible not only to monitor cation transport through a G-
uadruplex channel, but also to measure cation-binding affinity
or the channel site in a direct and site-specific manner.

.1.3. Potassium
Potassium salts are essential for both animals and plants. The

otassium cation (K+) is the major ion in intracellular fluids (typ-
cally 140 mM), whereas Na+ is found in higher concentrations
han K+ outside of the cell (145 mM vs. 5 mM). K+ is involved in
he control of transmembrane potentials and regulates the equi-
ibrium of cellular electrolytes and osmotic pressure. In contrast
o divalent ions, it interacts weakly with most biological ligands,
o it is unlikely to be involved in the triggering of biological
ctivity by direct bonding. Although serving principally as a
ounter-ion for negatively charged solutes and nucleic acids,
otassium is also required for the activation of a large number
f enzymes [37].

Conventional methods of analysis for intracellular ions, such
s flame photometry and radioisotope tracer techniques, have
he disadvantage of requiring time-consuming destructive meth-
ds to achieve physical separation of intra- and extracellular
ompartments. Furthermore, there are uncertainties associated
ith the possibility of non-specific binding of ions to the cell
embrane and of ion fluxes occurring during the separation

rocedure. Clearly, a non-destructive and non-invasive method
ould be welcome. NMR spectroscopy might offer such an

pproach. Naturally occurring K consists of the 39K and 41K iso-
opes with 93.12% and 6.82% abundances, respectively. Like the
ther alkali metals, both K isotopes are quadrupolar. 39K is the
sotope of choice for most NMR studies because of its higher
atural isotopic abundance, but the low sensitivity (compared
o 7Li and 23Na NMR experiments) has proved to be a major
rawback, as confirmed by the few data reported in the literature.

Most intracellular K+ is bound to ribosomes. It stabilizes
he negatively charged ribose-phosphate backbone and spe-
ific structural motifs. Examples include RNA tertiary structure,
NA backbone conformation, and telomeric DNA in chromo-

omes. The first direct solution NMR detection of K+ residing
nside G-quadruplex channel structures formed by 5′-GMP and
DNA oligomer, d(TG4T) has been achieved [36]. As shown

n Fig. 4, two 39K NMR signals are clearly observed at 278 K.
he peak at 0 ppm is due to surface/free K+ cations, whereas the
ignal at ∼18 ppm can be assigned to the channel K+ cations.
he signal intensity for the channel K+ cations decreases as the
ample temperature is increased from 278 to 298 K, an indica-
ion of “melting” of the 5′-GMP aggregates. It was also found
hat K+ ions move through the G-quadruplex channel at a much
lower rate than that for Na+. 39K NMR studies have also been
arried out to investigate the interaction of K+ with ribosomes

38] and quadruplex DNA [39], and attempts have been made
o quantify intracellular K+ in vitro [40,41].

More satisfactory results have been achieved for inves-
igations of K+ transport in human erythrocytes by 39K
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Fig. 4. Variable-temperature 39K NMR spectra of 0.53 M Na2(5′-GMP) in pres-
ence of 0.10 M K+ obtained on a Bruker Avance-500 spectrometer (B0 = 11.75 T)
operating at 23.33 MHz for 39K nucleus. Typically, 500k scans were accumu-
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ated with a recycle time of 10 ms. All 39K chemical shifts are referenced to
+(aq) at 0.0 ppm (adapted from Ref. [36]).

MR spectroscopy with an anionic paramagnetic shift reagent,
Dy(PPP)2]7− [42]. The intra- and extracellular 39K NMR
ignals are well separated (over 10 ppm, Fig. 5) at 5 mM concen-
ration of the shift reagent. The NMR visibility of intracellular

+ was determined to be 100% in human erythrocytes. The mea-
ured intracellular concentration of K+ was 110 ± 12 mM, thus

stablishing, at least in principle, the suitability of NMR spec-
roscopy for measuring K+ fluxes as well as ion concentrations
n human RBCs.

ig. 5. 39K NMR spectrum of human RBCs resuspended in the NMR buffer at
7 ◦C. Ki

+ and Ko
+ represent the intra- and extracellular 39K peaks, respectively.

ematocrit was 61.2%. One division in the spectrum is equal to 50 ppm (adapted
rom Ref. [42]).
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.1.4. Rubidium
Rubidium appears to have no natural biological role. It has

wo NMR-active isotopes, and despite the higher natural abun-
ance of 85Rb (72.15%), 87Rb (27.85%) is the isotope of choice
or NMR studies because of its more favorable spectroscopic
roperties. 87Rb is a spin I = 3/2 quadrupolar nucleus and, as
uch, relaxes very rapidly, giving rise to broad resonance lines.
he T1 and T2 relaxation times of 87Rb in free solution at 25 ◦C
re 2.5 ms, corresponding to a resonance of a natural line-width
f 128 Hz.

Rb+ is an established biological probe for K+ [43]. The rates
f influx and efflux of Rb+ in living tissues and isolated cells
ave been measured by 87Rb NMR spectroscopy [44]. The rel-
tively high natural abundance, low biological abundance, and
igh NMR sensitivity of 87Rb (about an order of magnitude
reater than that of 39K) make it a good tracer for K+ influx
nd efflux studies by NMR in cells and perfused organs [45].
oreover, imaging the distribution of 87Rb, which mimics K+

s a substrate for the Na+/K+-ATPase pump in myocardial cells,
y MRI has potential for distinguishing necrotic and reversibly
amaged tissue [46].

Rb+ uptake data can be used to approximate K+ influx if
here are no significant differences in ion selectivity of the dif-
erent K+-transporting systems. In addition to the Na+ pump,

+ and Rb+ are transported through the Na+/K+/2Cl− cotrans-
orter [47]. It is known that the kinetic properties of K+ and
b+ with respect to Na+/K+-ATPase are similar for cardiac and

keletal muscles, nerves, RBCs, human erythrocytes, cardiomy-
cytes and other tissues, and the equilibrium transmembrane
b+ gradient is similar to that of K+ [45]. This implies similar
on selectivity of the systems transferring these ions inside and
utside cells, thus supporting the role of Rb+ as a mimic for K+.
b+ uptake rates determined by 87Rb NMR spectroscopy (Fig. 6)
re similar to those measured with atomic emission spectroscopy

ig. 6. 87Rb NMR spectra (referenced to internal Rb+(aq) at 0.0 ppm) of per-
used rat heart during Rb+ load and washout. The hearts were perfused with
hosphate-free Krebs–Henseleit buffer. The perfusate was equilibrated with 95%

2/5% CO2, with the pH maintained at 7.4. The buffer used for Rb+ loading
ontained 0.94 mM Rb+ and 3.76 mM K+ (adapted from Ref. [45]).
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AES), allowing estimates of K+ influx rates, which are com-
arable to those obtained with radioisotope tracers. The method
oes not require shift reagents because of the 8.5 times faster
inetics of Rb+ equilibration in the extracellular space compared
ith the intracellular space and the much higher concentration
f Rb+ in the latter. Under normal physiological conditions, Rb+

nflux occurs mainly through Na+/K+-ATPase, whereas the con-
ribution of the Na+/K+/2Cl− cotransporter and K+ channels to
b+ influx is small. In addition, the rate of Rb+ accumulation
easured non-invasively by 87Rb NMR spectroscopy can be

sed as an index of the Na+ influx rate.
Cardiac sarcolemmal KATP channels are crucial in adaptation

o stress caused by metabolic inhibition and moderate exercise,
hich requires not only down-regulation of energy spending, but

lso up-regulation of mitochondrial ATP synthesis. To inves-
igate sarcolemmal and mitochondrial effects of a Kir6.2 (K+

on-selective subunit of the channel) knockout, 87Rb NMR has
een used, showing that Kir6.2 knockout results in a lack of
timulation of the unidirectional potassium efflux from the heart
hich creates a primary defect leading to the development of
on-insulin-dependent (type 2) diabetes [48].

.1.5. Cesium
Interest in the biochemistry and physiology of cesium ions

erives primarily from three areas: (i) applications related to
lkali metal ion transport and enzyme activation; (ii) toxicolog-
cal problems related to the uptake and passage through food
hains of radioactive Cs+ produced in fission reactions; and (iii)
pplications of Cs+ as a pharmacologic agent in the treatment
f behavioral depression [49]. The development of 133Cs NMR
pectroscopy as a tool for Cs+ analysis has triggered the recent
nterest in the biochemistry and physiology of Cs+ in biological
ystems. As a congener of K+, it accumulates in the intracel-
ular space, primarily through the action of Na+/K+-ATPase.

unique observation on the NMR behavior of Cs+ is the res-
lution of intra- and extracellular 133Cs NMR resonances in
s+-loaded cell suspensions in the absence of shift reagents.
he NMR chemical shift range of 133Cs is much larger than

hat of other alkali metal nuclei, and it is extremely sensitive
o changes in chemical environment, solvents, temperature, and
ounter-ions present [50]. 133Cs has a nuclear spin I = 7/2, a small
uadrupole moment (giving rise to narrow NMR lines), and a
elaxation rate approximately 200 times smaller than those of
he other NMR detectable alkali metal nuclei. Cs+ is 100% visi-
le by 133Cs NMR spectroscopy and its biomedical applications
ave been recently reviewed [51].

Intra- and extracellular resonances are readily resolved for
uspended human erythrocytes and for perfused rat hearts treated
ith CsCl without the addition of paramagnetic shift reagents,

equired to resolve resonances of the other alkali metal ions, and
he resulting spectra exhibit two resonances separated in chem-
cal shift by 1.0–1.4 ppm (Fig. 7) [49]. In addition, it is possible
o resolve the NMR signals of 133Cs in different tissue compart-
ents on the basis of chemical shift or relaxation properties. This
ompartmental resolution applies not only to the intra- and extra-
ellular spaces, but to subcellular compartments as well. For
xample, the interaction of the Cs+ with the anionic intracellular

a
i
a
(

ig. 7. 133Cs NMR spectra of human erythrocytes suspended in a buffer con-
aining 140 mM NaCl and 10 mM CsCl. The origin of the chemical shift scale
s arbitrary (adapted from Ref. [49]).

omponents of human RBCs has been investigated [52]. Inves-
igations of Cs+ binding for RBCs using spin–lattice (T1) and
pin–spin (T2) 133Cs NMR relaxation measurements have shown
hat Cs+ binds more strongly to 2,3-bisphosphoglycerate (BPG)
nd RBC membranes than to any other intracellular component
n RBCs at physiological concentrations.

133Cs NMR spectroscopy has also been used to evaluate the
on transport across membranes and the kinetic/chemical envi-
onment of the intracellular space in systems ranging from RBCs
o rat brain [51,53]. It was demonstrated that, as a congener of

+, Cs+ accumulates in the intracellular space, primarily through
he action of Na+/K+-ATPase and, thus, cesium is a valuable tool
or non-invasively probing biological systems.

.2. s-Block: alkaline earth metals (Mg, Ca)

.2.1. Magnesium
Together with K+, Mg2+ is one of the major intracellular ions

typically 30 mM), and is 90% bound to ribosomes (complexes
f RNA and proteins that mediate protein synthesis). Magne-
ium is vital to the regulation of the structures of tRNA and
RNA [54] and is an essential cofactor for many RNA and DNA
rocessing enzymes [55] and for those enzymes using ATP, ADP,
r AMP as substrates [56]. As metallotherapeutic drugs, mag-
esium salts are frequently prescribed to treat diseases such as
estational hypertension, preeclampsia and eclampsia, asthma,
trokes, acute myocardial infarction, and arrhythmias [57]. Mag-
esium readily forms complexes with biological substrates and
ay serve to either define a particular conformation or catalyti-

ally activate chemical functionality toward reaction. The role of
he metal ion is critically dependent on the coordination environ-

ent that it adopts, and so it is useful to understand the binding
hemistry of Mg2+ in a biological context.

25Mg is a spin I = 5/2 nucleus, and the interaction of its
uadrupole moment with electric field gradients provides a very
ffective relaxation mechanism [58]. The observed line-shapes

re sensitive to the motional and exchange dynamics of the Mg2+

ons, and thus provide insights into the interaction between Mg2+

nd the various biomolecules. Given its low natural abundance
10.13%) and low receptivity (relative to 13C), the use of iso-
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Table 3
Determination of kinetic and thermodynamic parameters for Mg2+ binding to phosphate-containing ligands by 25Mg NMR spectroscopy

Ligand Ka (M−1) �G* (kcal mol−1) koff (×10−3 s−1) kon (×10−3 s−1) Kos (M−1)

tRNA (native) 220 12.8 2.5 5.5 × 105 220
tRNA (non-native) 250 13.1 1.6 4.0 × 105 250
[Glucose-1-P]2− 15 12.7 2.9 4.3 × 104 0.43
[Glucose-6-P]2− 8 12.7 3.1 2.5 × 104 0.25
CH3CO2PO3

2− 9 13.1 1.5 1.4 × 104 0.14
AMP2− 18 12.7 3.4 6.2 × 104 0.62
ADP3− 2.2 × 103 12.8 2.5 5.5 × 106 55
ADPH2− 13 12.1 7.7 8.5 × 104 0.85
ATP4− 3.0 × 103 12.4 5.0 1.5 × 107 150
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TPH3− 6 12.5

dapted from Ref. [59].

opically enriched 25Mg2+ allowed a total line-shape analysis of
5Mg NMR spectra to determine the association constant (Ka),
he free energy of activation (�G*), outer-sphere association
onstants (Kos), and off-rate (koff) and on-rate (kon) for magne-
ium binding to several biologically relevant macromolecules,
s summarized in Table 3 [59]. This work has provided a
etailed knowledge of the coordination chemistry of Mg2+ with
olyphosphate anions, supporting the outer-sphere coordination
f [Mg(H2O)6]2+ to RNA, and suggesting that magnesium bind-
ng to a terminal phosphate leads to facile protonation of an inner
hosphate that results in a reactive pyrophosphate-type center.

25Mg NMR has also been used to investigate the interaction
etween Mg2+ and calmodulin (a calcium-binding protein that
an bind to and regulate a multitude of different protein targets,
hereby affecting many different cellular functions) [60]. Tsai
t al. demonstrated that Mg2+ shows opposite site preference
elative to Ca2+ and binds to sites I and II of calmodulin with
binding constant of ∼2000 M−1, whereas it binds weakly to

ites III and IV. Since the intracellular concentration of Mg2+ is
igher than that of Ca2+, they hypothesized that sites I and II are
onstantly occupied by Mg2+ at the resting state. Analogously,
he interactions between Mg2+ and other biomolecules, such as
denylate kinase (a phosphotransferase enzyme requiring Mg2+

o catalyze the production of ATP from ADP) [61] and sev-
ral biological polyelectrolytes [62], have been studied by 25Mg
MR spectroscopy. In both cases, it was demonstrated that mag-
esium ions bind loosely to the investigated actin filaments, and
hus show a behavior typical of counter-ions.

.2.2. Calcium
Calcium is an important element in the human body and is

ocated principally in the bones and teeth as apatite, a calcium
hosphate mineral. Blood is also a huge reservoir of calcium
n animals. Calcium is distributed throughout all tissues where
t has special roles in controlling blood pressure, nerve impulse
ransmission, muscle action, blood clotting and cell permeability
6b]. Calcium supplements (usually carbonate, citrate, gluconate

r lactate salts) are taken to protect against osteopenia, osteo-
orosis, and hypertension, and calcium-based drugs play a role
n preventing high blood cholesterol, diabetes, and major preg-
ancy complications. CaCO3 is also marketed as an antacid

t
h
T
t

4.2 5.1 × 104 0.51

elieving the pain and discomfort of indigestion, heartburn and
ther symptoms related to excess stomach acid [63].

Together with Na+, Ca2+ is one of the major extracellular ions
typically 4 mM). A combination of rapid exchange kinetics and
trong ligand binding allows Ca2+ to be an effective trigger ion
or the activation of biological reactions. Many processes of sig-
al transduction involve the release of calcium ions as one part
f an interconnected set of pathways. Increases in intracellular
a2+ are sensed by a family of calcium-binding proteins. A pro-

otypical member of this family is calmodulin, which couples
hanges in the intracellular calcium concentration to the state of
ctivation of a variety of enzymes, such as protein kinases, NAD
inase, and phosphodiesterases, as well as some Ca2+-ATPases
64].

43Ca is a spin I = 7/2 nucleus and is the only spectroscopi-
ally observable isotope of this biologically important element.
he NMR properties of 43Ca are unfavorable due to its low

esonance frequency, low natural abundance (0.145%), and the
act that magnetic relaxation is dominated by the quadrupole
elaxation, thus explaining the paucity of data available. Never-
heless, 43Ca NMR has provided a few insights into the structural
nd motional characteristics of calcium-binding sites in a num-
er of calcium-binding proteins [65]. In general it is extremely
ifficult to observe directly NMR signals from quadrupolar ions
ound to proteins. If there is a reasonably fast chemical exchange
f ions between the bulk solution and the protein-binding sites
aluable information about the ion binding can be obtained. For
xample, the 43Ca NMR signals from Ca2+ ions bound to the Ca-
inding proteins parvalbumin, troponin-c and calmodulin have
een observed [66]. The observation was made possible through
he use of isotopically enriched 43Ca2+. The chemical shift of
3Ca2+ ion bound to the three proteins is ca. +60 ppm (relative to
ree Ca2+ ions in aqueous solution), and all have a similar mag-
itude of the quadrupole coupling constant. This observation
upports the argument that the Ca2+-binding sites in these pro-
eins have the same arrangements of oxygen ligands coordinated
o the Ca2+ ion. A similar study has been carried out to evaluate

he exchange rates and the binding constants of Ca2+ ions to the
igh-affinity and low-affinity binding sites on calmodulin [67].
he temperature dependence of the 43Ca NMR signals showed

hat the two classes of sites have exchange rates differing by a
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Fig. 8. 43Ca NMR spectra of the titration of 0.33 mM equine apolysozyme with
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3Ca2+ at pH 6.0. 200k scans were collected in each experiment: (a) 0.23 equiv.
f 43Ca2+; (b) 0.46 equiv. of 43Ca2+; (c) 0.69 equiv. of 43Ca2+; (d) 0.92 equiv. of
3Ca2+; (e) 1.15 equiv. of 43Ca2+ (adapted from Ref. [68]).

actor of about 40 at room temperature. At temperatures ≤30 ◦C,
nly the two sites with fast exchange (i.e. the low-affinity sites)
ere probed by 43Ca NMR.
The calcium-binding properties of equine and pigeon

ysozyme as well as those of bovine and human �-lactalbumin
ave been investigated by 43Ca NMR spectroscopy [68].
n example is given in Fig. 8. Upon addition of the iso-

opically enriched 43Ca to equine lysozyme, a broad peak
�ν1/2 = 253 Hz) appears at −5.3 ppm, and the signal increases
inearly in intensity up to 1 equiv. of metal ion. This reso-
ance corresponds to calcium bound to the single high-affinity
alcium site in this protein. In the presence of excess metal
on, a sharp signal (�ν1/2 = 10 Hz) is also observed at l ppm,
n the vicinity of free calcium. All proteins were found to
ontain one high-affinity calcium-binding site. The chemical
hifts, line-widths, relaxation times, and quadrupolar coupling
onstants for the respective 43Ca NMR signals were quite sim-
lar; this is indicative of a high degree of homology between
he strong calcium-binding sites of these four proteins. The

easured chemical shifts (δ = −3 to −7 ppm) and quadrupo-
ar coupling constants (χ = 0.7–0.8 MHz) are quite distinct from
hose observed for typical EF-hand calcium-binding proteins,
uggesting a different geometry for the calcium-binding loops.
he correlation times for bound calcium ions in these proteins
re in the range of 4–8 ns, indicating that the flexibilities of
hese binding sites are limited. Evidence for the existence of

second weak calcium-binding site was obtained for bovine
-lactalbumin, but not for the other investigated proteins.

.3. p-Block: Group 13 (B, Al, Ga, In, Tl)
.3.1. Boron
Boron is regarded as a non-essential element for mammalian

ife, even if it may turn out to be a necessary “ultratrace”

o
t
b
s
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lement [3]. The main medicinal application of boron is the
umor-targeted delivery of boron derivatives for boron neutron
apture therapy (BNCT) [69]. This therapy is based on the
uclear reaction that occurs when 10B, a stable isotope, is irra-
iated with neutrons of the appropriate energy to produce 11B in
n unstable form, which then undergoes instantaneous nuclear
ssion to produce high-energy alpha particles and recoiling
Li nuclei (10B + nth → [11B] → � + 7Li). These heavy charged
articles have pathlengths of approximately one cell diameter
10–14 �m) and deposit most of their energy within the boron-
ontaining cells. If enough low-energy thermal neutrons (nth)
each the treatment volume, and 10B is selectively delivered to
umor cells in amounts higher than in the surrounding normal
issues, then they can be destroyed as a result of the 10B(n,�)7Li
apture reaction that causes local tumor cell necrosis. In theory,
NCT provides a means for the specific molecular and cellu-

ar targeting of high linear energy transfer radiation to tumor
ells with the concomitant sparing of normal cells. BNCT has
een used clinically to treat patients with brain cancers, such
s glioblastoma multiforme, with high-grade gliomas, and a
uch smaller number with primary and metastatic melanoma.
elivery vehicles synthesized for this application include

odium borocaptate (BSH, Na2B12H11SH), boranophospho-
ates and boranobis(phosphonates), and boranophosphate-
ligodeoxynucleotides, in which BH3 is linked to the phosphate
ackbone of antisense oligodeoxynucleotides [70].

Boron NMR is typically suitable to study the binding of
oron agents. Both 10B and 11B have NMR activity, but 11B
as higher sensitivity (16.5% vs. 2% relative to 1H) and higher
atural abundance (80.42% vs. 19.58%). Even though 10B is
he active nucleus for neutron capture in BNCT, the more sen-
itive 11B is more appropriate in NMR studies, and the isotopic
ifference does not alter either the structure and binding or the
harmacokinetic effects of the agent. Both 10B (I = 3) and 11B
I = 3/2) are quadrupolar nuclei and their relaxation times in
ommon BNCT agents in biological environments are rather
hort. NMR research efforts have primarily been applied in two
irections: first, to investigate the metabolism and pharmacoki-
etics of BNCT agents in vivo, and, second, to use localized
MR spectroscopy and/or MRI for non-invasive mapping of the

dministered molecules in treated animals or patients. While the
rst goal can be pursued using 11B NMR for natural abundance
amples, molecules used in BNCT are >95% enriched in 10B,
nd must be therefore detected by 10B NMR. In particular, the in
ivo distribution of these agents can be imaged using 10B MRI
71].

The first attempts to investigate the interaction between boron
erivatives and biomolecules by 11B NMR spectroscopy were
onducted over a decade ago. Peptide boronic acids are excep-
ionally potent inhibitors of serine proteases. Owing to the large
umber of serine proteases that have been demonstrated to play
rucial roles in biological systems, the high affinity and speci-
city achievable with boronic acid-based inhibitors make them

f considerable interest both as research tools and as potential
herapeutic agents. A number of boronic acid inhibitors form
oron–histidine adducts with �-lytic protease. An 11B NMR
tudy on this MeOSuc-Ala-Ala-Pro-boroPhe-histidine adduct
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ig. 9. Schematic illustration of the BSH anion. There is a net negative charge
f 2 in the boron-hydride cage. δ(11B) of free BSH are referenced to saturated

3BO3 at 0.0 ppm (adapted from Ref. [73]).

omplex and on two other complexes known to be serine adducts
namely �-lytic protease with MeOSuc-Ala-Ala-Pro-boroVal
nd chymotrypsin with MeOSucAla-Ala-Pro-boroPh) showed,
n all cases, resonances at ca. −16.6 ppm, demonstrating that the
oron atom is tetrahedral in both the histidine and serine adduct
trigonal boron species are reported to resonate at around 0 ppm)
72].

The interaction between the BNCT agent sodium borocaptate
BSH) and serum albumin is of interest since it is related to the
harmacokinetics of BSH. 11B NMR was used to achieve quan-
itative analysis of this interaction via both chemical shifts and
elaxation rates of 11B nuclei in BSH [73]. The 12 boron nuclei
f BSH can be classified into four groups, each showing a well-
efined chemical shift (Fig. 9). Covalent binding of BSH to a
arge protein changes the chemical environment around the 11B
uclei causing changes in both the chemical shifts (the formation
f a disulfide bridge between BSH and serum albumin moves
he 11B chemical shift of the S-attached boron atom, labeled as

1 in Fig. 9, ca. 3 ppm downfield) and the relaxation rates of the
uadrupolar nuclei. However, the observation of no chemical
hift change under the employed experimental conditions, the
easured values of relaxation rates, and the calculated binding

arameters indicated a non-covalent binding between BSH and
erum albumin (bovine, human or dog). The nature of this inter-
ction may, in part, be electrostatic. Bound and free BSH are in
ast exchange at temperatures between 295 and 310 K, and the
umber of BSH-binding sites on these proteins is about 3–5.

Cytochrome-c is a globular, 12 kDa, heme protein with a
ositively charged surface that serves as an electron carrier in
ell mitochondria. Ionic interactions with the surface of the
ytochrome are believed to play a significant role in the direction
f the interaction between the cytochrome and the enzymatic
ggregates, cytochrome reductase and oxidase, thus influencing
he efficiency of electron transfer [74]. Cytochrome-c is known
o bind small anions, including metabolites such as phosphate
ons and ATP. This interaction affects the mobility of the elec-
ron carrier protein and has been interpreted as an extra role
or the protein as an ion carrier. The binding of borate ion
o cytochrome’s surface has been studied by 11B NMR [75].

ig. 10a shows the 11B spectrum at 11.4 T of a 100 mM borate
olution with 4 mM ferricytochrome-c at pH 9.7 and 5 ◦C. The
arge peak at 7.1 ppm (peak z) has the same shift as that of the
eighted average of 70% B(OH)4

− exchanging with 30% of

w
t
o
w

ig. 10. The 11B (a) single quantum and (b) MQF (τ = 1.4 ms) NMR spectra of
00 mM borate solution with 4 mM ferricytochrome-c at 5 ◦C, 11.4 T, and pH
.7 (adapted from Ref. [75]).

(OH)3. The peaks at 2.1 (peak y) and 1.8 (peak x) ppm are
ssigned to B(OH)4

− specifically bound to two conformations
f ferricytochrome-c that are present at pH 9.7 [76]. The assign-
ent is based on the chemical shift which is similar to that

f free B(OH)4
− (2.0 ppm), and the narrow line-width of 14 Hz

hich is consistent with the tetrahedral symmetry of this species
76]. The peak at around 6 ppm (peak w) in Fig. 10a is presently
nassigned. A multiple quantum filtered (MQF) NMR experi-
ent yields a spectrum with three peaks (b), two at the specific

inding site at around 2 ppm and one at the chemical shift of the
orate/boric acid bulk peak at 7.1 ppm, suggesting two different
ypes of binding sites designated as I (for slowly exchanging
orate ion) and II (for fast exchanging borate ion and boric
cid), respectively. Thus, detection of binding by MQF NMR
xperiments proved to be sensitive to fast exchanging ligands as
ell as to very weak binding that could not be detected using

onventional single-quantum methods.

.3.2. Aluminum
Aluminum is the third most abundant metal in the Earth’s

rust, which comprises approximately 8 wt.% Al, and the natural
lement consists entirely of the 27Al isotope. It is a non-essential
lement that during the last three decades has been recognized
s a potentially toxic element linked to neurological problems,
specially dialysis encephalopathy, and possibly Alzheimer’s
isease, and also to some bone disorders and problems in the
ematopoietic system, muscles and joints [77]. The normal
lood plasma aluminum concentration is about 0.005 mg L−1.
lood contains less than 1% of the aluminum body burden, of

hich about 80% is bound to proteins. It accumulates mainly in

he liver, bones and spleen of humans and animals. Because
f its low solubility in solution under neutral conditions, Al
as regarded as a non-toxic element and its environmental and
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iological effects were not investigated until recently. But due
o the increasing acidity of the environment and concomitant
issolution of aluminum minerals, the concentration of this ele-
ent in fresh waters can increase considerably. On the other

and, aluminum-based drugs are sold as antacids ([Al(OH)3],
Al2(CO3)3]) and in the treatment of malaria ([Al(OH)3]). Three
luminum salts (alum, [Al(OH)3], [Al(PO4)]) have been also
dded to many vaccines, including widely used formulations
or diphtheria, hepatitis B and tetanus, as adjuvant (“vaccine
oosters”) [78]. Moreover, the magnetic resonance characteris-
ics of this nuclide also make it suitable for medical applications
27Al-based MRI is feasible) [79].

27Al is more amenable to NMR studies than its congeners
ue to a higher receptivity and the existence of only one iso-
ope. Another attractive feature of this nucleus is the relatively
mall quadrupole moment associated with its high nuclear spin
I = 5/2). These two favorable factors result in a much higher
elative peak height (by one order of magnitude or more com-
ared to the other elements of Group 13). This means that
ufficient signal-to-noise ratios can be obtained even with dilute
∼0.01 M) solutions of aluminum compounds. 27Al line-widths
ay vary from 3 Hz to several kHz, and the signal may even

ompletely vanish into the baseline noise in some instances. This
egative aspect of quadrupolar relaxation is counterbalanced by
he additional information obtained concerning molecular sym-

etries from the magnitude of quadrupolar line-broadenings.
he range of 27Al NMR chemical shifts is about 450 ppm.

The major metal transport protein in blood plasma is the
ilobal glycoprotein transferrin. Transferrin is too big for
omplete structural determination in solution by current multi-
imensional NMR techniques (1H NMR signals are intrinsically
road due to slow molecular tumbling), but 27Al NMR can be
sed to investigate directly the metals in their specific bind-
ng sites and to reveal subtle inter-site differences [80]. Human
erum transferrin (Fig. 11) is the protein that transports Fe3+
ons and it is a member of a small group of monomeric non-
eme proteins (MW ∼76–81 kDa), which includes lactoferrin,
votransferrin and melanotransferrin. It has two binding sites
or ferric ions (these are found in a six-coordinate, distorted

s

i
t

Fig. 11. Backbone structure of human serum transferrin (coordinates supplied by
istry Reviews 252 (2008) 2239–2277 2253

ctahedral coordination geometry) which are identified as C-
erminal and N-terminal sites. Two tyrosines, one histidine
nd one aspartate constitute four protein ligands for the metal
on, which requires a synergistic anion for the formation of
table transferrin complexes. In vivo bidentate CO3

2− serves
his purpose by coordinating directly to the metal in the fifth
nd sixth coordination positions. Since serum transferrin is
ormally only about 30% saturated with iron, it retains a rel-
tively high capacity for binding to other metal ions. Vogel
nd Aramini demonstrated the feasibility of using 27Al NMR
o probe the binding of Al3+ to ovotransferrin and its half-
olecules in the presence of carbonate or oxalate as synergistic

nions [81]. The ovotransferrin-bound 27Al NMR signals have
ome rather unusual properties characteristic of quadrupolar
uclei bound in slow exchange to large macromolecules far from
xtreme narrowing conditions. First, the maximum intensity of
he protein-bound 27Al signal is substantially lower than that
bserved for equimolar solutions of the free metal ion. Sec-
nd, the signals exhibit a unique pulse angle dependence where
maximum in peak intensity is attained at pulse lengths that

re less than half the 90◦ pulse for an aqueous Al3+ solution.
hird, 27Al signals for Al3+ bound to the half-molecules of ovo-

ransferrin are much broader than those for the intact protein,
eflecting the importance of molecular motion on the detectabil-
ty of quadrupolar nuclei. Fourth, an increase in the external

agnetic field strength causes line narrowing and a 2–4 ppm
ownfield dynamic frequency shift (Fig. 12) [82]. These data are
ll consistent with the idea that only the central (1/2 → −1/2)
ransition of the 27Al nucleus is observed. The chemical shifts of
he 27Al signals from Al2-ovotransferrin were found to be within
he range +40 to −46 ppm, which is in accordance with a six-
oordinate (octahedral) Al complex. From these assignments
nd titration experiments it was found that in the presence of
arbonate the N-terminal site of ovotransferrin binds Al3+ with
higher affinity than does the C-site. However, changing the
ynergistic anion to oxalate alters the specificity (Fig. 13) [81].
The interaction of Al3+ with biologically relevant phosphates

s important [6b]. In membrane systems, Al3+ ion binds strongly
o the phosphate head groups of the membrane lipids. The neuro-

Zuccola [245]); only the C-lobe site is occupied by iron in this structure.
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Fig. 12. 27Al NMR spectra (referenced to external 1.0 M [Al(NO3)3] in D2O
at 0.0 ppm) of ovotransferrin (oTf, 1.13 mM, pH 7.5), serotransferrin (sTr,
1.09 mM, pH 7.3), and lactoferrin (lTf, 0.73 mM, pH 7.5) in the presence of
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0 mM Na2
13CO3 and 2.0 equiv. of Al3+ (75% H2O/25% D2O, 150 mM KCl,

5 ◦C) at four magnetic fields: 7.0 T (νo = 78.2 MHz), 9.4 T (νo = 104.3 MHz),
1.7 T (νo = 130.3 MHz), and 14.1 T (νo = 156.4 MHz) (adapted from Ref. [82]).

oxicity of Al3+ is also manifested by inhibiting certain enzymes,
uch as ATPase. It is possible that the Al3+ ion, once bound
o ATP, interferes with Mg2+ so that any consequent reactions
equiring Mg2+–ATP complex participation are inhibited. This
as prompted the study of the binding of Al3+ to ATP by 27Al
MR. The line-widths of these complexes typically fall within

he range 150–500 Hz. Detellier and co-workers [83] studied
hese interactions at pH 7.4 using multinuclear NMR spec-

roscopy. The 27Al NMR study allowed them to identify two
omplexes coexisting in equilibrium: 2:1 [Al(ATP)2] and 1:1
Al(ATP)] complexes.

ig. 13. 27Al NMR spectra (referenced to external 1.0 M [Al(NO3)3] in D2O
t 0.0 ppm) of (a) 1.20 mM ovotransferrin in the presence of 5 mM Na2

13C2O4

nd 2.0 equiv. of Al3+ (75% H2O/25% D2O, 150 mM KCl, pH 7.4, 25 ◦C), and
b) 1.13 mM ovotransferrin in the presence of 20 mM Na2

13CO3 and 2.0 equiv.
f Al3+ (75% H2O/25% D2O, 150 mM KCI, pH 7.6, 25 ◦C) at a magnetic field
trength of 11.7 T (130.3 MHz) (adapted from Ref. [81a]).
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27Al NMR spectroscopy has also been employed to study
luminum-containing complexes present in natural waters [77].
or example, Casey and co-workers studied the rates of solvent
xchange in aqueous Al3+–maltolate complexes [84]. Malto-
ate is a natural product that can be isolated from larch trees
ut is now widely used as a food additive. It is soluble in
ater, and tris complexes of Al3+ with this ligand are toxic

nd cause brain disease. With the help of a multi-temperature
7Al NMR study, it was shown that the maltolate labilizes the
nner-sphere water molecules of Al3+ complexes to an extent
imilar to other bidentate ligands, such as methylmalonate, dicar-
oxylate and carboxylate plus phenolic ligands. Coordination
f a single maltolate ligand into the inner-coordination sphere
f [Al(H2O)6]3+ increases the exchange rate of the remaining
ound water molecules with bulk solution by a factor of ∼102.
ddition of a second ligand, to form the bis-bidentate complex,

Al(maltolate)2(H2O)2]+, increases the rate by an additional fac-
or of 6–7.

.3.3. Gallium, indium and thallium
Although none of the Group 13 elements is considered

ssential to life, their trivalent ions are, nonetheless, of much
iological interest. Gallium is present in human tissues at
level of only 10−4 to 10−3 ppm [85]. It has two natu-

ally occurring isotopes (69Ga, 60.4%; 71Ga, 39.6%) and 13
adioactive nuclides. 67Ga (�, t1/2 = 3.25 days) and 68Ga (�+,
1/2 = 68 min) are two radioisotopes with appropriate energies
nd half-lives for �-scintigraphy and positron emission tomog-
aphy (PET), respectively. As well as imaging applications,
he Auger electrons emitted by 67Ga possess potent cytotoxi-
ity pointing towards potential therapeutic applications of the
adionuclide, while the positrons emitted by 68Ga may also
ave therapeutic applications in the prevention of resteno-
is by intracoronary radiation therapy [86]. Although most
eports of gallium pharmaceutical chemistry concern applica-
ions of its radioisotopes, the tumor-seeking and antineoplastic
roperties of Ga3+ were recognized 30 years ago. The safety
nd activity of simple gallium salts, mainly intravenous gal-
ium nitrate, have been extensively studied in clinical trials
ince 1975 [87]. Development of anticancer gallium complexes
as been pursued as a strategy to circumvent the limita-
ions faced with simple gallium salts. In particular, efforts
o improve the bioavailability of gallium via the oral route
ave recently led to the selection of the complexes tris(8-
uinolinolato)gallium(III) (KP46) [88] and tris(3-hydroxy-2-
ethyl-4H-pyran-4-onato)gallium(III) (gallium maltolate) [89]

or clinical studies.
Despite the non-ideal imaging characteristics of its gamma

missions, 111In (�, t1/2 = 2.82 days) is also a popular radiolabel
or targeting biomolecules which is widely employed in nuclear
edicine for �-imaging, probably because of the simplicity of

ts bioconjugate chemistry. Its radioisotopes are administered to
he patients in the form of stable chelates [86].
69/71Ga (I = 3/2) and 113/115In (I = 9/2) are NMR-active iso-
opes. They are characterized by a high sensitivity to detection by
MR and large chemical shift ranges, two factors that make their

tudy relatively easy. 71Ga has higher receptivity and narrower



L. Ronconi, P.J. Sadler / Coordination Chem

Table 4
71Ga and 115In NMR chemical shifts and line-widths (W1/2) of some com-
plexes of Group 13 metal ions with potential applications in imaging and
radioimmunotherapy

Ligand 71Ga 115In

δ (ppm) W1/2 (Hz) δ (ppm) W1/2 (Hz)

H2O 0 53 0 375–18,000
NOTA +171 210 – –
NODASA +165 1000 – –
NOTP +110 434 – –
H3ppma −62.3 50 −14.7 1,630
TAMS +34 3400 – 26,000
TAPS +57 1230 – 22,00

Adapted from Ref. [77]. Ligands: NOTA, 1,4,7-triazacyclononane-1,4,7-
triacetate; NODASA, 1,4,7-triazacyclononane-1-succinic acid-4,7-diacetate;
NOTP, 1,4,7-triazacyclononane-1,4,7-tris-(methylenephosphonate); H3ppma,
tris(4-(phenylphosphinato)-3-methyl-3-azabutyl)amine; TAMS, 1,1,1-tris(((2-
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alterations introduced at the active site of yeast pyruvate kinase
ydroxy-5-sulfobenzyl)-amino)methyl)ethane; TAPS, 1,2,3-tris((2-hydroxy-5-
ulfobenzyl)-amino)propane.

ine-widths than 69Ga, which means that 71Ga is usually the
ore favorable isotope for direct NMR observations despite its

ower natural abundance. The chemical shift range of the gallium
ucleus is approximately 1400 ppm [90]. 113In and 115In have
arge quadrupole moments which make their line-widths very
ensitive to the environmental symmetry of the indium nucleus.
he low receptivity of 113In accounts for the lack of NMR stud-

es based on this nuclide. The chemical shift range of the indium
ucleus is approximately 1100 ppm [91].

Gallium- and indium-based radiopharmaceuticals are gen-
rally chelated with suitable ligands that form kinetically and
hermodynamically stable complexes in vivo. Triazamacrocyclic
igands with different types of pendant arms often prove to be
uitable. The thermodynamic stability of gallium and indium
omplexes with potential applications in imaging and radioim-
unotherapy has been widely investigated in vitro and in vivo

y NMR. Examples are summarized in Table 4 [77].
The redox chemistry of thallium is considerably different

rom that of the other elements of the group; under standard
onditions the most stable oxidation state is Tl+, although Tl3+

ay also exist under biological conditions [77]. Thallium salts
re poisonous due to the ability of the thallous ion to mimic
lkali metal ions, especially K+ [92].

203Tl and 205Tl are the only non-quadrupolar NMR-active
uclei in the Group 13 family, and have high receptivities, 203Tl
eing only slightly less receptive than 31P, while 205Tl, the
hird most receptive spin I = 1/2 nuclide, is twice as receptive
s 31P. Because of its similarity to the alkali metal ions, Tl+ has
otential as a probe for Na+ and K+ in biological systems. Like
7Al, 205Tl NMR can be used to investigate directly the specific
inding sites of transferrins. Due to its high receptivity, 205Tl
MR signals of protein-bound Tl ions can be observed even

t mM concentrations. The first 205Tl NMR study of human
erum transferrin was reported over 20 years ago by Bertini

t al. [93]. These authors showed that 205Tl NMR is a con-
enient probe to monitor the occupancy of the two available
ransferrins and characterized the dithallium(III)-transferrin and

b
a
t
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he monothallium derivatives with bicarbonate as synergistic
on. The high affinity of the protein for trivalent metal ions
as thought to be responsible for the stabilization of the 3+
xidation state of the metal. Two distinct 205Tl NMR signals
at +2075 and +2055 ppm downfield from an aqueous solution
f Tl+ at infinite dilution) of similar shape were found for the
Tl(III))2-transferrin derivative at physiological pH. The two
ignals are relatively broad (�ν1/2 ≈ 100 Hz) and show a dif-
erent pH dependence (the signal at +2055 ppm was shown to
e more resistant to acidification). At physiological pH the Tl3+

on was shown to bind sequentially to the two sites; the signal
t +2055 ppm appeared first and was assigned to Tl3+ bound to
he acid-resistant C-terminal site. The signal at +2075 ppm was
ssigned to Tl3+ bound to the N-terminal site. Using 13C NMR
pectroscopy to study the 205Tl–transferrin–13CO3 derivative,
he same group showed that the 13C nucleus of the synergis-
ic anion is strongly magnetically coupled to the 205Tl nucleus
o that its 13C signal is split into a doublet. So, the 13C NMR
pectrum of 205Tl2–transferrin–(13CO3)2 would originate from
he superposition of two doublets, the extent of the coupling
onstants (290 and 265 Hz) being typical of a 2J(205Tl–13C)
oupling. This result constituted evidence of carbonate coordi-
ation to the metal [94]. Similar experiments were carried out by
ramini and Vogel to investigate the binding of 205Tl to chicken
votransferrin in the presence of carbonate as the synergistic
nion [95]. Two 205Tl NMR signals due to the bound metal ion
n the two high-affinity iron-binding sites of the protein where
etected, and, from titration studies, it was demonstrated that
l3+ shows no site preference in ovotransferrin. Again, when

3C-labelled carbonate was used, two closely spaced doublets
n the carbonyl region of the 13C NMR spectrum of ovotransfer-
in were recorded due to spin–spin coupling between the bound
etal ion and carbonate (ranging from 2J(205Tl–13C) = 270 to

90 Hz).
The interaction of monovalent thallium with yeast pyruvate

inase has been investigated by 205Tl+ NMR [96]. Pyruvate
inase from almost all sources requires monovalent and diva-
ent metal ions. Potassium is the physiologically important
ation, but numerous 1+ cations, including Tl+, can activate this
nzyme. TlNO3 activates pyruvate kinase to 80–90% activity
ompared to KCl in the presence of Mn(NO3)2 as the activating
+ cation. At higher concentrations of Tl+, enzyme inhibition
s observed, and the extent of this inhibition is dependent on
he nature and concentration of the divalent cation. The effect
f Mn2+ on the 1/T1 and 1/T2 values of 205Tl+ in the presence
f yeast pyruvate kinase was determined by 205Tl NMR spec-
roscopy. The temperature dependence of the relaxation rates
ndicates that fast exchange conditions prevail for 205Tl+ lon-
itudinal relaxation rates. The distance between Tl+ and Mn2+

t the active site of yeast pyruvate kinase was calculated from
he paramagnetic contribution of Mn2+ to the longitudinal relax-
tion rates of Tl+ bound to yeast pyruvate kinase. 205Tl+ NMR
pectroscopy has been also used to monitor possible structural
y mutation of Thr298 [97]. The Tl+–Mn2+ distances at the
ctive site of yeast pyruvate kinase have been calculated from
he paramagnetic contribution of Mn2+ to the longitudinal relax-
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tion rates of 205Tl+ bound to several complexes of the Thr298
utants and to wild type yeast pyruvate kinase. The primary

esults of these studies demonstrated that mutations of Thr298
n yeast pyruvate kinase result in changes in the interactions
etween the monovalent cation and the divalent cation. These
ations interact with the phosphoryl group of the substrate at the
ctive site of the enzyme.

.4. p-Block: Group 14 (Si, Ge, Sn, Pb)

.4.1. Silicon and germanium
Silicon is a highly abundant element in minerals and soils,

ut its role in living systems, if any, is poorly understood. It is
urrently debatable whether silicon is essential for human life.
ilicon is not particularly toxic but finely divided silicates or
ilica can cause major damage to lungs.

29Si is a spin I = 1/2 nucleus (4.7% natural abundance) and the
nly spectroscopically observable isotope of silicon. 29Si MRI
as potential for imaging silicone prostheses in humans [98].
9Si relaxation times of silicone gels average T1 = 21.2 ± 1.5 s
nd T2 = 207 ± 40 ms, with no significant difference between
irgin and explanted gels. Three volunteers with silicone gel-
lled breast implants and one subject with an intraocular silicone
il injection were thus examined with a total acquisition time of
0–15 min per image. In all 29Si images, the shape of the silicone
bject is well depicted. Although at present conventional proton
mages are superior in resolution and signal-to-noise ratio, 29Si
maging has the advantage of optimal specificity, since only the
ilicone itself is visible.

29Si NMR can be employed to study the biological and medic-
nal chemistry of silicon, but low natural abundance and low
eceptivity have hindered the development of this technique so
ar.

Germanium has no biological role but it is said to stimulate the
etabolism. Nevertheless, organogermanium compounds may

xert some biological activity [99]. For example, spirogerma-
ium, a germanium-containing azaspirane derivative, is reported
o have in vitro and in vivo cytotoxicity in a number of
re-clinical tumor models, and to exhibit antiarthritic and
mmunoregulatory activities [100]. It underwent phases I–II
linical trials, but turned out to be too inactive for further clinical
se.

Though the natural abundance of 73Ge is higher than 29Si,
ecording of 73Ge resonances is very difficult because of
he low value of γ , along with its nuclear spin of 9/2 and
arge quadrupole moment. Electric field gradients around 73Ge
ead to excessive broadening of the signals. In solution 73Ge
MR, symmetrical germanium complexes give sharp signals,
hereas the signal broadens as the symmetry is lowered. For

nstance, the half-width of the 73Ge peak for tetramethylger-
ane, a compound with high geometrical symmetry, is only

.4 Hz while corresponding values of germacyclohexane, 1-

ethylgermacyclohexane and 1,1-dimethylgermacyclohexane

re 15.4, 22.3 and 15.6 Hz, respectively. When either halogen
r oxygen atoms are asymmetrically substituted, as in 1-bromo-
-methylgermacyclohexane, excessive broadening takes place

[

o
s
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o such an extent that observation of signals is impossible [101].
s far as we know, no 73Ge NMR studies on biologically relevant

ystems have been reported to date.

.4.2. Tin
Tin may be an essential element for man. The chemistry

f organotins has attracted much attention during the last fifty
ears, owing to potential biological and industrial applications.
in has been evaluated as the third most important pollutant in

he ecosystem, which has raised the concern that tin may enter
nto the human food chain, be accumulated in the environment,
nd finally in other biological systems [102]. Organotin(IV)
erivatives are potential metallopharmaceuticals, exhibiting in
itro antitumor activity against a number of human tumor
ell lines [103]. Organotin(IV) derivatives also have potential
nterest as antimicrobial, antiinflammatory, cardiovascular, try-
anocidal, antiherpes and antituberculosis agents [104].

The merits of tin NMR in assessing structural characteris-
ics of organotin compounds (e.g. substitution pattern on tin,
oordination number, influence of solvent) were recognized in
he early 1970s. This is because of the reasonably favorable

agnetic properties of tin nuclei. Tin has no less than 10 natu-
al isotopes, among which three have non-zero spin, all I = 1/2.
mong these, 115Sn is the least NMR favorable isotope, because
f its extremely low natural abundance (0.35%). As a result,
t has only rarely been studied, e.g. to overcome difficulties
n unraveling strongly coupled homonuclear nJ(119Sn–119Sn)
calar coupling satellites in ditin compounds [105]. The “twins”
17Sn and 119Sn nuclei have rather similar properties, but 119Sn
MR spectroscopy is, nevertheless, by far the most widely used

n tin chemistry because of both its slightly higher magnetic
oment and natural abundance. Thus, not surprisingly, the use

f NMR in tin chemistry has been abundantly reviewed (e.g.
106]). The use of 117/119Sn NMR spectroscopy to investigate
he interaction between organotin complexes and biomolecules
uch as amino acids, peptides, carbohydrates, nucleic acids, and
NA, has been recently and extensively reviewed, including

quilibrium, structural and biological studies [107], and will not
e further discussed in this paper.

.4.3. Lead
Although lead is probably not essential for man, its toxi-

ology is of great interest. Lead is a ubiquitous environmental
ontaminant. Although the use of lead (as [PbEt4]) in gasoline
nd paint has now been banned in most developed countries,
ead is still one of the ten most common contaminants [108].

On the other hand, lead has been investigated for its potential
pplications in medicine. The potentially therapeutic radioiso-
ope 212Pb has a number of theoretical attractions including
-emission by short-lived daughter radionuclides, and its appli-
ation is encouraged by the development of a new generator
ystem [109] and the observation that when 212Pb-conjugated
ntibodies are internalized, radioactivity is retained inside cells

110].

Although the thermodynamics of lead complexation in aque-
us solution has been studied extensively [111], relatively few
pectroscopic studies on the aqueous coordination chemistry



Chemistry Reviews 252 (2008) 2239–2277 2257

o
n
I
g
l
N
P
d
r

i
p
e
M
e
a
d
l
a
a
p
C
b
2

t
i
C
w
c
t
h
p
u

F
a
K
2

Fig. 15. 2D [1H,207Pb] HMQC NMR spectrum of [207Pb(EDTA-N4)]2+ (Pb-
ethylenediaminetetraacetamide), 99.9% D2O, pH 6.1, 25 ◦C). Coupling is
o
r
R

o
t
o
i
d
2

[
t
c

L. Ronconi, P.J. Sadler / Coordination

f Pb(II) have been reported. There is one lead isotope with a
uclear spin that can be exploited for NMR spectroscopy, 207Pb,
= 1/2. This isotope has an excellent receptivity (11.8 times
reater than that of 13C), high natural abundance (22.6%), and
arge chemical shift range (over 16000 ppm). Although 207Pb
MR spectroscopy has been used extensively to characterize
b(IV)-alkyl derivatives, relatively few studies have been con-
ucted on soluble Pb(II) coordination compounds ([112] and
eferences therein).

The toxicological properties of lead have spurred a number of
nvestigations into the interactions of this metal ion with various
roteins [113]. For example, Pb2+ can bind very tightly to, and
ven displace Ca2+ from, calmodulin, calbindin and troponin-c.
oreover, Pb2+ can substitute Ca2+ in the activation of sev-

ral enzymes, including protein kinase-c, phosphodiesterase,
nd myosin light chain kinase, the latter two in a calmodulin-
ependent manner. Therefore, model systems are needed for
ead bound to Ca-binding sites in proteins, as these interactions
re thought to account for lead’s toxicity. For example, the high-
ffinity Ca2+-binding sites of carp (pI 4.25) and pike (pI 5.0)
arvalbumins, as well as those of mammalian calmodulin and its
-terminal tryptic half-molecule (TR2C), have been investigated
y 207Pb NMR spectroscopy [114]. For the parvalbumins, two
07Pb signals are observed ranging in chemical shift from +750
o +1260 ppm downfield of aqueous [Pb(NO3)2], correspond-
ng to 207Pb2+ bound to the two high-affinity helix–loop–helix
a2+-binding sites in each of these proteins. Four 207Pb signals,
hich fall in the same chemical shift window, can be dis-

erned for calmodulin (Fig. 14). Experiments on TR2C allowed
he assignment of each signal as due to 207Pb2+ occupying a

elix–loop–helix site in either the N- or the C-lobe of the intact
rotein (Fig. 14). 207Pb and 1H NMR titration studies on calmod-
lin have provided evidence that Pb2+ binding to all four sites

ig. 14. 207Pb (104.435 MHz) NMR spectra of the 207Pb2+ forms of bacteri-
lly expressed mammalian calmodulin (1.47 mM, 4.0 equiv. 207Pb2+, 100 mM
Cl, pH 7.1, 85k scans) and its C-terminal domain fragment TR2C (1.11 mM,
.0 equiv. 207Pb2+, 100 mM KCl, pH 7.0, 80k scans) (adapted from Ref. [114]).
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bserved from 207Pb to 1H through three bonds. The lead chemical shift was
eferenced to external 1 M [Pb(NO3)2] in 99.9% D2O at pH 3.3 (adapted from
ef. [112]).

ccurs simultaneously, in contrast to the behavior of this pro-
ein in the presence of Ca2+. The large chemical shift dispersion
bserved for the 207Pb signals of the three investigated proteins
llustrates the remarkable sensitivity of this parameter to subtle
ifferences in the chemical environment of the protein-bound
07Pb nucleus.

Recently, Claudio et al. [112] have reported the first 2D
1H,207Pb] HMQC spectrum (Fig. 15), and demonstrated that
his experiment can provide useful information about the lead
oordination environment in aqueous Pb(II) complexes. This
echnique allows 207Pb–1H couplings through up to three bonds
o be identified and should prove useful for the investigation of
b(II) in more complex systems (e.g. biological and environ-
ental samples).
A new N2S(alkylthiolate)-coordinated Pb(II) compound

2-methyl-1-[methyl(2-pyridin-2-ylethyl)amino]propane-2-
hiolatolead perchlorate, [PATH–Pb]ClO4) has been synthesized
nd characterized by X-ray diffraction and 207Pb NMR [115].
PATH–Pb]+ is the first reported three-coordinate Pb complex
ith an alkanethiolate ligand and, hence, is a model for
b-cysteine interactions in proteins. The Pb center displays
istorted trigonal-planar geometry. 207Pb NMR spectroscopy
evealed a resonance at +5318 ppm, much further downfield
han Pb complexes with N- or O-donor ligands. Given recent
vidence of three-coordinate Pb binding in proteins with
ysteine-rich metal-binding sites, [PATH–Pb]+ is a useful
odel for Pb sites in biological systems.

.5. p-Block: Group 15 (As, Sb, Bi) and Group 16 (Te)

.5.1. Arsenic, antimony and bismuth
Despite arsenic’s reputation as a highly toxic substance, this

lement may actually be necessary for good health. Studies on

nimals such as chickens, rats, goats and pigs show that it is
ecessary for proper growth, development and reproduction. In
hese studies, the main symptoms of arsenic deficiency were
etarded growth and development. Arsenic compounds occur
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aturally in marine organisms (such as arsenobetaines in flat
sh) and are used as growth promoters for farm animals. It is
uspected, but not yet proven, that arsenic may be an essential
lement necessary for the functioning of the nervous system
nd for growth. Arsenic trioxide (As2O3, Trisenox) has been
pproved by the Food and Drug Administration to treat a rare and
eadly form of leukemia called acute promyelocytic leukemia
116].

Antimony appears to have no known role in the body. Sb(III)
ompounds cause damage to the liver and are used in some
ases to induce vomiting and sweating. Some Sb(V) derivatives
re used to treat the parasitic disease leishmaniasis [117].

Bismuth has no known natural biological role, and is rela-
ively non-toxic. However it has been used for some time as a

edicine (e.g. as tripotassium dicitratobismuthate) for treatment
f gastrointestinal disorders. It is now used for treatment of some
tomach ulcers since it is effective against the bacterium Heli-
obacter pylori. It is also to be found in antihemorrhoid creams
uch as Anusol cream and Hemocaneas as bismuth oxide and
n Anusol ointment as bismuth subgallate [118]. It has been
ecently found that bismuth complexes may inhibit the severe
cute respiratory syndrome (SARS) coronavirus [119].

75As, 121/123Sb, and 209Bi are magnetically active isotopes.
hey are characterized by a high sensitivity to detection by NMR
nd large quadrupole moments which make their line-widths
ery sensitive to the environmental symmetry of the nuclei.
5As is the only NMR-active isotope of arsenic, 100% natu-
al abundance, nuclear spin I = 3/2 and a chemical shift range
f approximately 800 ppm. Despite the different spin quantum
umbers, 121Sb (I = 5/2) and 123Sb (I = 7/2) nuclei have rather
imilar properties, but 121Sb NMR is, nevertheless, by far the
ost widely used in antimony chemistry because of both its

igher natural abundance and higher receptivity. The chemical
hift range of the antimony nuclei is approximately 5000 ppm.
09Bi is the only NMR-active isotope of bismuth, 100% natu-
al abundance, nuclear spin I = 9/2, and a chemical shift range of
pproximately 5000 ppm. Although both the natural abundances
nd their receptivities are favorable, recording of NMR spectra
f these nuclei is known to be very difficult as they give rise to
ather broad signals (in particular for 209Bi). As far as we know,
o NMR studies concerning the involvement of As, Sb or Bi in
iologically relevant systems have been reported to date.

.5.2. Tellurium
Tellurium is a noble metalloid which may act as a Lewis acid

s well as a Lewis base. It has no known biological role and most
ellurium compounds are highly toxic. Organotellurium com-
ounds are potent immunomodulators (both in vitro and in vivo)
ith a variety of potential therapeutic applications. For example,

mmonium trichloro(dioxoethylene-O,O’)tellurate (AS101) is
aid to be effective in treatment of AIDS and cancer. It con-
ers protection against side-effects of both radiotherapy and
hemotherapy, such as protection of the bone marrow and pre-

ention of alopecia. It also exhibits synergistic effects with a
ariety of other drugs such as Taxol, a well-recognized advan-
age in chemotherapy. AS101 is also effective against systemic
upus erythematosus and psoriasis [120].

c
s
p
i
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Tellurium has two naturally occurring NMR-active isotopes,
23Te (0.87%) and 125Te (6.99%), with nuclear spin I = 1/2. 125Te
as higher receptivity and natural abundance than the former iso-
ope, which makes it the more favorable isotope for direct NMR
bservations. The use of 125Te NMR spectroscopy to probe the
igand chemistry of tellurium has been widely reviewed [121].

Tellurium coordination chemistry is dominated by sulfur lig-
nds. In light of the unique Te(IV)-thiol chemistry, it has been
nvestigated as a selective cysteine protease inhibitor. Although
o inhibitory activity of serine, metallo, or aspartic proteases was
bserved, AS101 exhibited time- and concentration-dependent
nactivation of cysteine proteases. 125Te NMR has been used
o follow the interaction between the thiol cysteine and Te(IV)
r Te(VI) compounds [122]. Although 125Te NMR reso-
ances are highly sensitive to the environment (e.g. solvent,
oncentration, temperature, etc.), they can be divided into
requency ranges corresponding to the tellurium oxidation
tate. Most [TeX4] compounds (X = different heteroatoms or
trong electron-withdrawing groups such as CF3) resonate at
100–2000 ppm, whereas the corresponding Te(II) compounds
esonate at δ < 1000 ppm. The data reported in this study demon-
trated a clear distinction in reactivity toward thiol nucleophiles
f Te(IV) and Te(VI) compounds. While the latter do not inter-
ct with the thiols, as it is evident from the lack of any shift in
heir 125Te NMR spectra, all the investigated Te(IV) compounds
xhibited a significant shifts upon interaction with cysteine.
or example, AS101 exhibited a downfield shift from +1700

o +1807 ppm, respectively, attributable to the formation of
Te(cys)4], showing that Te(IV) compounds are selective cys-
eine protease inhibitors, while exhibiting no inhibitory activity
oward other families of proteases.

.6. d-Block: Group 3 (Sc, Y) and Group 4 (Ti)

.6.1. Scandium and yttrium
Scandium has no known biological role. It is relatively

on-toxic, although there have been suggestions that some
f its compounds might be carcinogenic and can cause lung
mbolisms, especially during long-term exposure [6b].

Yttrium is not normally found in human tissues, and plays no
nown biological role. Targeted radionuclide therapy of cancer
sing the high-energy �-emitting isotope 90Y is now in advanced
linical trials (using the conjugates of somatostatin receptor-
inding peptides), with promising results, at least at a palliative
evel [123].

The monoisotopic species 45Sc (I = 7/2) has high resonance
requency, high receptivity, and a relatively small quadrupole
oment [124]. Despite these desirable qualities, 45Sc NMR

pectroscopy has scarcely been employed in biological studies
f scandium complexes to date. As already shown for 27Al (see
ection 3.3.2), 45Sc NMR can be used to probe the metal-binding
ites in large proteins. The solution chemistry of scandium is
ased entirely on Sc3+, which almost exclusively forms six-

oordinate complexes. This makes Sc3+, whose ionic radius is
lightly larger than that of Fe3+ (0.75 Å vs. 0.65 Å), a suitable
robe for the Fe3+-binding sites of transferrins in which the metal
on is coordinated by six donor atoms, four from the side-chains
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Fig. 16. 13C and 45Sc NMR spectra (referenced to external neat TMS and 1.0 M
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cCl3 in D2O, respectively, at 0.0 ppm) of 1.05 mM ovotransferrin in the pres-
nce of 10 mM Na2

13CO3 and 1.9 equiv. of Sc3+ (75% H2O/25% D2O, 150 mM
CI, pH 7.6, 25 ◦C) (adapted from Ref. [82c]).

f four protein residues and two from the synergistic anion (i.e.
arbonate), in a distorted octahedral geometry. For example, the
inding of Sc3+ to chicken ovotransferrin has been investigated
y 45Sc and 13C NMR spectroscopy [82c]. In the presence of
arbonate, two 45Sc and 13C signals were detected which were
ssigned using the proteolytic half-molecules of ovotransferrin
o bound Sc3+ and 13CO3

2− in both metal ion-binding sites of
he protein (Fig. 16). Several properties of the transferrin-bound
5Sc signals, such as their dependence on pulse length, mag-
etic field, protein size, and temperature, are consistent with
he detection of only the central (m = 1/2 → −1/2) transition of
he quadrupolar nucleus under far from extreme narrowing con-
itions. From 45Sc chemical shift and line-width data for the
c3+/carbonate form of ovotransferrin at four magnetic fields,

he values of the quadrupolar coupling constant (χ) and rota-
ional correlation time (τc) have been calculated for the bound

etal ion in each site of the protein. This work represented the
rst 45Sc NMR study of a metalloprotein and is another example
f the feasibility of quadrupolar metal ion NMR spectroscopy
o investigate metal ion-binding sites in large proteins.

As a monoisotopic species with I = 1/2 and a wide chem-
cal shift range (∼1300 ppm) [125], the 89Y nucleus should
e attractive for NMR study. That it has not been routinely
sed in the characterization of yttrium complexes is a con-
equence of several factors, including its low receptivity and
esonance frequency. In addition, its relaxation time is long,
eading to problems with detection and to the necessity for
engthy experiments. So far, no 89Y NMR experiments of any
iological interest have been carried out, whereas its use in
he characterization of organometallic and coordination com-
ounds containing yttrium has been recently reported ([126] and
eferences therein).

.6.2. Titanium
Titanium is believed to be a non-essential element, although

ecent observations indicate that Ti4+ might have a variety of
iological roles [127]. In medicine titanium is used to make hip
nd knee replacements, pace-makers, bone-plates and screws
nd cranial plates for skull fractures. It has also been used
o attach false teeth. Two Ti(IV) derivatives (budotitane and

itanocene dichloride) have been investigated as potential met-
llotherapeutic drugs [128]. In particular, titanocene dichloride,
TiCl2Cp2], entered phase I clinical trials in 1993. In contrast
o the pre-clinical studies, where hepatic or liver toxicity was

e
o
n

istry Reviews 252 (2008) 2239–2277 2259

he dose-limiting side-effect, nephrotoxicity was identified as
he dose-limiting side-effect along with hypoglycemia, nausea,
eversible metallic taste immediately after administration and
ain during infusion. However, the absence of any effect on
roliferative activity of the bone marrow, which is the usual
ose-limiting side-effect of organic drugs, was a very promising
esult that suggested titanocene dichloride may have significant
otential for possible use in combination therapy. Two phase II
linical trials involving patients with advanced renal cell car-
inoma and breast metastatic carcinoma have been reported.
owever, the results using titanocene dichloride as a single agent

n chemotherapy were not sufficiently promising against other
reatment regimes to warrant further studies, and titanocene
ichloride has been discontinued from further clinical trials
129].

Titanium has two naturally occurring NMR-active isotopes,
7Ti (I = 5/2) and 49Ti (I = 1/2). 49Ti has slightly higher recep-
ivity and narrower line-width than the former isotope, which

eans that 49Ti is usually the more favorable isotope for direct
MR observations in spite of the lower natural abundance.
hese properties restrict detection of NMR signals to neat liq-
ids or very soluble compounds [130]. The 47/49Ti chemical
hifts of titanocene dichloride were determined over 20 years
go (δ(47/49Ti) ≈ −772 ppm referenced to external neat liquid
TiCl4]) [131], but no further biological investigations have been
erformed by means of Ti NMR spectroscopy.

.7. d-Block: Group 5 (V) and Group 6 (Cr, Mo, W)

.7.1. Vanadium
Vanadium exists in a variety of oxidation states, from −3

o +5. In vivo, given the constraints of standard physiological
onditions (pH 3–7, aerobic aqueous solution, room tempera-
ure) oxidation states 4+ and 5+ prevail, with thermodynamically
lausible species including vanadate, a mixture of [HVVO4]2−
nd [H2VVO4]−, and vanadyl, VIVO2+. Vanadium is normally
resent at very low concentrations (<10−8 M) in virtually all
ells in plants and animals. Vanadium in oxidation states 3+,
+ and 5+ readily forms V–O bonds and binds N and S
s well, forming chemically robust, coordination compounds.
rom a coordination chemistry point of view, vanadium is
emarkably flexible. V(V) has particularly non-rigid stereo-
hemical requirements and can form coordination complexes in
eometries ranging from tetrahedral and octahedral to trigonal-
nd pentagonal-bipyramidal. V(IV) is much less flexible, with
quare–pyramidal or, if a sixth position is occupied, distorted
ctahedral geometries. Vanadium complexes readily undergo
edox reactions under physiological conditions, and forms both
ationic and anionic complexes in the pH range likely to be
ncountered physiologically (pH 2–8). In vivo, the key redox
nterplay is between V(V) and V(IV), with the two oxidation
tates coexisting in equilibrium both intra- and extracellularly
132].
Vanadium is widely recognized as a biologically important
lement, as confirmed by the discovery of the two naturally
ccurring vanadium proteins, a V-bromoperoxidase and a V-
itrogenase [133]. In addition, it has received much attention in
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ecent years due to the discovery of many therapeutic properties.
everal vanadium salts and their complexes have shown insulin-
imetic pharmacological properties, including stimulation of

lucose transport into cells and its oxidation via glycolysis,
lycogen synthesis and lipogenesis, as well as inhibition of glu-
oneogenesis and glycogenolysis. These antidiabetic properties
f vanadium compounds, which have been demonstrated by in
itro, in vivo and clinical studies, have attracted much interest as
otential therapeutic agents for diabetes mellitus. They can be
dministered orally and promote glucose uptake in animal mod-
ls of type 1 and type 2 diabetes. However, toxicity, although
ower in vanadium complexes than for their salts, is still a major
rawback, in particular for V(IV) compounds [134]. Moreover,
he anticancer potential of, for example, vanadocene derivatives
nd a vanadium(IV) aspirin complex are being investigated [86].
oordination complexes of vanadium which may have phar-
acological relevance, include not only vanadate [VVOxLy]

nd vanadyl [VIVOLz] complexes, but also the peroxovanadates
VVO(O2)(H2O)(L–L′)]n− (n = 0, 1) and [VVO(O2)2(L–L′)]n−
n = 1, 2, 3) [134a].

51V NMR is a powerful and selective probe of vanadium
n biological systems. Unlike many other biologically relevant
sotopes, the NMR receptivity of the 51V nucleus (I = 7/2) is
xceptionally high due to a large magnetic moment, an unusu-
lly small quadrupole moment, relatively large gyromagnetic
atio, high natural abundance (99.76%), and rapid quadrupolar
elaxation in solution. The 51V NMR chemical shifts are very
ensitive to changes in the nature of the ligands, thereby pro-
iding an excellent diagnostic tool for detailed investigations of
anadium bound to macromolecules [133].

Inorganic vanadium salts were the first compounds for which
nsulin-enhancing behavior was detected in vivo. Several vana-
ium complexes with organic ligands were found to be more
otent and less toxic than vanadium salts, likely owing to an
ncrease in selectivity. Peroxovanadium compounds were found
o increase effectiveness, possibly because these compounds
an inhibit PTPases irreversibly by oxidation. Additionally, the
xidative ability of peroxovanadate complexes strongly depends
n the ligand. Most peroxovanadates are hydrolytically unstable;
hus, an appropriate ligand should minimize hydrogen peroxide
ecomposition in aqueous solution while improving selectivity,
uch that potency is high and toxicity is low. Speciation studies
f vanadium with hydrogen peroxide and a variety of ligands are
equired to gain information about the insulin-enhancing char-
cter of vanadium and to find the most suitable ligand for the
reatment of diabetes [135]. Recent results in vitro indicate that
he insulin-enhancing vanadate–citrate agents may hydrolyze
ompletely under physiological conditions. Thus, the specia-
ion of both the ternary H+/H2VVO4

−/citrate3− and quaternary
+/H2VVO4

−/H2O2/citrate3− systems have been investigated
y 51V NMR under physiological conditions [135].

51V NMR spectroscopy has been successfully employed
o probe the solution chemistry and stability under phys-

ologically relevant conditions of several vanadium-based
nsulin-mimetic agents, such as the leading compound
is(maltolato)oxovanadium(IV) (which entered phase II clin-
cal trials late in 2007) [136], its kojato analogue [137],

d
m
w
o

ig. 17. Variable pH 51V NMR spectra (referenced to external neat [VOCl3] at
.0 ppm) of a 0.15 M NaCl aqueous solution of (a) [VIVO(maltolato)2] (10 mM)
nd (b) NH4[VVO2(maltolato)2] (10 mM) at 25 ◦C (adapted from Ref. [136]).

nd a pro-drug of peroxovanadate insulin-mimetic hex-
kis(benzylammonium)decavanadate(V)dehydrate [138]. An
xample of the suitability of this technique is illustrated
n Fig. 17, in which the variable pH 51V NMR spec-
ra of a solution of [VIVO(maltolato)2] and of genuine
VVO2(maltolate)2]− are reported. As shown in Fig. 17a,
n basic solution only one peak (V1, −537 ppm) assigned
o mixed protonation states of vanadate was recorded. As
he pH was lowered, peaks V2 ([VVO2(maltolate)2]−) and

3 ([VVO2(maltolate)(OH)(H2O)]−) appeared at −496 and
510 ppm, respectively. As the acidity of the solution was

ncreased, peak V1 shifted to −560 ppm and disappeared
elow pH 5.5. No spectra could be observed below pH 2.
y comparison with the variable pH 51V NMR spectra of
H4[VVO2(maltolate)2] (Fig. 17b), these results proved that

ome V(V) complexes form in a solution of [VIVO(maltolato)2],
ven under relatively acidic conditions. The mechanism for
he formation of these vanadate complexes is by oxidation of
VIVO(maltolato)2] with O2 to form ([VVO2(maltolate)2]− and
ubsequently vanadate oligomers [136].

Other applications of the favorable NMR properties of 51V
nclude the use of 51V NMR to probe vanadium(V)-protein
nteractions (in particular transferrins) [82a,133,139], and, more
ecently, the study of the uptake, intracellular reduction and
inding of the aerobic oxidation products of oxovanadium(IV)
ompounds in human erythrocytes [140], and the interactions of
anadium(V)-citrate complexes with the sarcoplasmic reticulum
alcium pump [141].

.7.2. Chromium, molybdenum and tungsten
Chromium may be an essential trace element for mammals

nd may be involved in the maintenance of proper carbohy-

rate and lipid metabolism, although this is uncertain. Even
ild dietary deficiency of chromium is sometimes associated
ith a medical condition known as Syndrome X, a constellation
f symptoms, including hyperinsulinemia, high blood pressure,
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igh triglyceride levels, high blood sugar levels, and low HDL
holesterol levels, that increase the risk of heart disease. Recent
esearch has revealed that the chromium-binding oligopeptide
hromodulin may play a role in the autoamplification of insulin
ignaling. Attempts to develop chromium-containing nutritional
upplements and therapeutics have been made [142]. In any-
hing other than trace amounts, chromium compounds should
e regarded as highly toxic. The health effects of chromium are
t least partially related to the oxidation state of the metal at
he time of exposure. Cr(III) and Cr(VI) compounds are thought
o be the most biologically significant. Cr(VI) is generally con-
idered much more toxic than Cr(III), and prolonged exposure
o Cr(VI) has been associated with increased incidence of lung
ancer.

Molybdenum is an essential trace element for virtually all
ife forms. In humans, molybdenum is known to function as a
ofactor for three enzymes (molybdoenzymes): sulfite oxidase,
anthine oxidase, and aldehyde oxidase. Among these three
nzymes, only sulfite oxidase is known to be crucial for human
ealth [143]. As a metallopharmaceutical, molybdocene dichlo-
ide, an analogue of titanocene dichloride (see Section 3.6.2),
nd its derivatives are still under investigation as anticancer
gents, and tetrathiomolybdate ([MoS4]−) has been developed
s an effective anti-copper therapy for the initial treatment of
ilson’s disease, an autosomal recessive disorder that leads to

bnormal copper accumulation [129].
Opinions are mixed about the need for tungsten in plant and

nimal life processes. It is not known if humans need tungsten
or good health although it has been shown to be necessary for
ertain bacteria [144]. The known insulin-mimetic effects of
ungstate led to polyoxotungstate clusters being evaluated as
nsulin-mimetics in animal models [145].

There are several technical problems involved in the routine
easurement of 53Cr resonances. 53Cr, the only NMR-active

sotope of chromium, has a small magnetic moment which
esults in a low Larmor frequency and low sensitivity. It has
spin I = 3/2 and a relatively large quadrupole moment which

eads to short nuclear relaxation times T1 and T2 (particularly
f the local symmetry of the complex is low), the latter result-
ng in large experimental line-widths. The low natural isotope
bundance (9.55%) combined with the small overall receptivity
esults in extremely low sensitivity to detection by NMR spec-
roscopy. To date, only a few 53Cr solution NMR measurements
ave been achieved, and none of them has any biological interest
146].

Molybdenum has two naturally occurring NMR-active iso-
opes, 95Mo and 97Mo, with nuclear spin I = 5/2. These
uadrupolar nuclei are characterized by a low sensitivity to
etection by NMR and low natural abundance (15.72% and
.46%, respectively), two factors that make their study rather
omplicated. 183W is the only non-quadrupolar NMR-active
ucleus in the Group 6 family, but it is also characterized
y low natural abundance (14.4%) and extremely low recep-

ivity. Thus, despite the interesting biological properties of

olybdenum and tungsten, both 95/97Mo and 183W NMR spec-
roscopy have not often been used to investigate the biological
hemistry of these two metals. 183W NMR has been used

t
v

c
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o characterize some heteropolytungstates tested as anti-HIV
gents [147].

.8. d-Block: Group 7 (Mn, Tc)

.8.1. Manganese
Manganese has many roles in biological systems. Manganese

an exist in 11 oxidation states (from +7 to −3), more than
ny other element, but the aqueous chemistry of manganese
s dominated by Mn(II) complexes. Both Mn(II) and Mn(III)
re found in enzymes. The ionic radius of 0.9 Å places Mn2+

n between that of Mg2+ and Ca2+, so it is not surprising that
here is overlap in function with these two ions in providing
tructural charge stabilization of enzymes and, in some cases,
ubstrates such as Mn-ATP. In this regard, manganese has been
seful in substitutions of Mg2+ and Ca2+ as a handle for NMR
nd EPR spectroscopic probes of active site architecture and
atalysis [148]. Manganese also acts as a superacid catalyst
n several hydrolytic enzyme-catalyzed reactions [149]. The
lasses of enzymes that have manganese cofactors are very broad
nd include oxidoreductases, transferases, hydrolases, lyases,
somerases, ligases, lectins, and integrins. The Mn-superoxide
ismutase enzyme is probably one of the most ancient, as nearly
ll organisms living in the presence of oxygen use it to deal
ith the toxic effects of superoxide, formed by the one-electron

eduction of dioxygen [150]. In addition to its important biologi-
al role, manganese may have several therapeutic uses, including
he treatment of arthritis, cancer, cardiovascular diseases, and
IV [151].
Given the biological relevance of manganese, NMR spec-

roscopy is a potential analytical tool to investigate its behavior.
5Mn has spin I = 5/2, a natural abundance of 100%, a Lar-
or frequency close to that of 13C, and a chemical shift

ange of approximately 3500 ppm. 55Mn NMR spectroscopy has
ound limited applications due to the relatively large quadrupole
oment of 55Mn which can result in large 55Mn quadrupolar

ouplings [125]. Unfortunately, both Mn(II) and Mn(III) cen-
ers are paramagnetic, thus preventing the direct detection of
hese nuclei in solution. On the other hand, the presence of a
aramagnetic center can be used to probe the active sites of
etallobiomolecules via the analysis of paramagnetic shifts and

ine-broadenings [152].

.8.2. Technetium
Technetium does not occur naturally on Earth and it was the

rst element to be produced artificially. 99Tc is a �-emitting
adionuclide with a long half-life (2.13 × 105 years) and is
enerated as a by-product of nuclear power plants and atomic
eapons tests. Interest in technetium chemistry is due to its

xtensive use in nuclear medicine. Radiopharmaceuticals con-
aining 99mTc linked to a variety of carrier biomolecules are
n clinical use [153]. Such extensive use of this radionuclide
n medicine requires more detailed structural information about

hese radiopharmaceuticals to facilitate the prediction of the in
ivo stability and target-organ distribution.

Measurement of the main parameters of 99Tc NMR spectra,
hemical shifts and line-widths, allows monitoring of the oxida-
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ion state of the element and establishment of the composition
nd structure of various complexes, and observation of the varia-
ion of these parameters with time allows study of the kinetics of
hemical processes involving technetium compounds. The 99Tc
uclide is extremely convenient for NMR spectroscopy due to
ts high receptivity and natural abundance. Although 99Tc has a
ignificant quadrupole moment, the effect of line-broadening in
olution is attenuated by a large spin I = 9/2; in fact, for 99Tc the
esonances are amongst the narrowest for quadrupolar nuclei.
owever, due to the presence of unpaired electrons, Tc(II),
c(IV) and Tc(VI) compounds cannot be studied by 99Tc NMR
pectroscopy. A review on 99Tc NMR spectroscopy has been
ublished recently [154], and even if this technique has not been
sed yet to investigate specifically the behavior of technetium in
iological systems, the reported examples show that 99Tc NMR
an be successfully used in studying not only complex formation
n solutions but also kinetics of reactions.

.9. d-Block: Group 8 (Fe, Ru, Os)

.9.1. Iron
Iron is the fourth most abundant element in the Earth’s crust,

ut only a trace element in biological systems, making up only
.004% of the body’s mass. Yet, it is an essential component
r cofactor of numerous metabolic reactions. Every living cell
n both plants and animals contains iron. Approximately two
hirds of this iron (70%) in man is contained in hemoglobin; the
ther third is stored in the bone marrow, spleen, liver and mus-
les. Myoglobin and enzymes contain about 15% of the iron,
nd ferritin almost as much (14%). Only about 1% is in transit
n serum. In animals, plants and fungi, iron is often incorpo-
ated into heme. Heme is an essential component of cytochrome
roteins, which mediate redox reactions, and of oxygen car-
ier proteins such as hemoglobin (carries oxygen in the blood
rom the lungs to tissues throughout the body) and myoglobin
stores oxygen for the muscles to use when they contract). Iron
lso contributes to redox reactions in the iron–sulfur clusters of
any enzymes, such as nitrogenase (involved in the synthesis of

mmonia from nitrogen) and hydrogenase. Non-heme iron pro-
eins include the enzymes methane monooxygenase (oxidizes

ethane to methanol), ribonucleotide reductase (reduces ribose
o deoxyribose), hemerythrins (oxygen transport and fixation in
arine invertebrates) and purple acid phosphatase (hydrolysis

f phosphate esters). Iron distribution is heavily regulated in
ammals, and in cells iron is generally stored in the centre of
etalloproteins (ferritins), partly because iron has a high poten-

ial for biological toxicity; in fact, free Fe2+ ions are efficient
atalysts that can rapidly generate toxic oxygen free radicals
ithin cells. Iron distribution is regulated, so restricting its avail-

bility to bacteria can help to prevent or limit infections. A major
omponent of this regulation is the protein transferrin, which
inds iron absorbed from the duodenum and carries it in the
lood to cells. If an individual has an iron deficiency, the iron

tores are depleted first, followed by a reduction in hemoglobin.
s a result, red blood cells are small in size and diminished in
umber and the direct consequence is the occurrence of anemia.
n the other hand, excessive iron can be toxic, because free fer-

m
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ous iron reacts with peroxides to produce free radicals, which
re highly reactive and can damage DNA, proteins, lipids and
ther cellular components. Thus, iron toxicity occurs when iron
evels exceed the capacity of transferrin to bind the iron [6b].
iologically relevant iron typically exists in Fe(II) and Fe(III)
xidation states. Both exist in low- and high-spin configurations
nd the facile interconversion between the low- and high-spin
orms has important biochemical implications, as discussed in
etail by Brady et al. [155]. The energy difference between low-
nd high-spin configurations for given oxidation state can be
ery small. Thus the modulation of spin state by ligand charges
nd differences in geometry can be important in catalytic mecha-
isms. A variety of Fe(III) salts are marketed as iron supplements
nd prescribed to treat iron-deficiency anemia, and iron mediates
he anticancer activity (attack on DNA) of bleomycin [156].

Despite the importance of iron in biological chemistry, only
imited studies of Fe NMR have been reported. 57Fe, the only
sotope of iron suitable for NMR study, has spin I = 1/2 but also

very low sensitivity when investigated at natural abundance
2.19%). High spin Fe(II) and Fe(III) centers are paramagnetic,
o the diamagnetic, low-spin ferrous ion 57Fe2+ is the only NMR-
bservable iron isotope. However, use of 57Fe-enriched material
nd high fields combined with the very large chemical shift
ange (>11000 ppm) has yielded useful information especially
bout heme proteins. Ferrocenes and porphyrins have been used
s model compounds to obtain chemical shift data and to gain
nsight on the relaxation mechanisms [157]. 57Fe NMR spectra
re available for myoglobins and cytochrome-c (Fig. 18) [158],
nd it has been established that this technique is a powerful
robe for iron–ligand interactions in these proteins, particularly
or porphyrin geometry [157a,159].

.9.2. Ruthenium and osmium
Both ruthenium and osmium have no known natural bio-

ogical function. However, in the last 15 years ruthenium and
smium complexes have aroused great interest for their poten-
ial use as therapeutic anticancer agents [160]. Two Ru(III)
omplexes, namely trans-[RuCl4(Im)(DMSO)]ImH (NAMI-A)
161] and trans-[RuCl4(Ind)2]IndH (KP1019) [162] are under-
oing clinical trials. Whilst KP1019 is cytotoxic to cancer cells,
AMI-A is relatively non-toxic but has antimetastatic activity.

t has been proposed that the activity of Ru(III) complexes,
hich are usually relatively inert towards ligand substitution,

s dependent on in vivo reduction to more labile Ru(II) ana-
ogues. Thus, the activity of Ru(II) complexes is currently being
xplored. In particular, since arenes are known to stabilize
uthenium in its 2+ oxidation state, the potential of Ru(II)–(�6-
rene) complexes as anticancer agents is under investigation
163]. In addition, a variety of ruthenium derivatives have been
eported with activity against bacteria, HIV, and parasitic infec-
ion. Radical scavenging properties have been identified for
u(II) complexes that might offer therapeutic benefits in inflam-

atory diseases involving reactive oxygen species or NO [86].
iven the strict similarity with Ru(II), the possible design of
s(II)-(�6-arene) anticancer complexes has been recently taken

nto account [164].
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Fig. 18. 57Fe NMR spectra (referenced to external [Fe(CO)5] at 0.0 ppm) of 57Fe-cytochrome-c (57Fe-Cyt-c, 3 mM in 50 mM phosphate buffer, pH 7, 298 K),
5 ffer, p
[

I
q
N
(
i
t
a
t
s
t
b
i
N
R
t

n
s
h
i
i
fi
w
t
n
o
l
2
s

3

3

u
[
t

f
a
p
a
a
m
b
d
fi
C
u
[172].

59Co is a nucleus whose NMR observation should be, at least
in principle, easy. It is 100% naturally abundant, possesses a rel-
atively high magnetogyric ratio, and by virtue of the magnetic
7Fe-carbonmonoxymyoglobin (57Fe-MbCO, 15 mM in 50 mM phosphate bu
158c,158d]).

Both ruthenium NMR-active isotopes (99Ru, I = 3/2; 101Ru,
= 5/2) are quadrupolar nuclei, the latter having a larger
uadrupole moment. Therefore, the 99Ru nucleus is favored for
MR spectroscopy, despite the slightly lower natural abundance

12.72% vs. 17.07% for 101Ru). Another problem encountered
n 99Ru NMR is the low resonance frequency, resulting in acous-
ic ringing that causes distorted baselines. Very little is known
bout the dependence of δ(99Ru) on structure and temperature,
hus it is not surprising that relatively few 99Ru NMR spectro-
copic studies have been performed [165]. In addition, due to
he presence of unpaired electrons, Ru(III) compounds cannot
e directly detected by 99Ru NMR spectroscopy, so 99Ru(II)
s the only NMR-observable ruthenium isotope. To date, 99Ru
MR spectroscopy has been successfully employed mainly for
u(II) complexes with highly symmetrical environments around

he metal nucleus [166].
Like ruthenium, osmium has two magnetically receptive

uclei, although the 189Os isotope is not useful because of its
pin I = 5/2 and large quadrupole moment. The 187Os isotope
as spin I = 1/2 but has a natural abundance of only 1.64% and
s the most insensitive nucleus in the periodic table, making
ts observation by conventional NMR techniques extremely dif-
cult. In fact, for many years, the only known chemical shift
as that of the reference compound [OsO4] [167]. However,

he advent of polarization transfer techniques, which require a
on-zero scalar nJ(M–X) coupling, has improved the detection
f low-� spin I = 1/2 nuclei. 187Os NMR data have been col-
ected for several Os(II)–(�6-arene) complexes, using inverse
D [31P,187Os]–{1H} and [1H,187Os] NMR spectroscopy [168],
howing the potential of this technique.

.10. d-Block: Group 9 (Co, Rh)

.10.1. Cobalt and rhodium

Despite a very low biological abundance, cobalt plays a

nique role in the metabolism of several living organisms
169]. Cobalt compounds contain the metal ion in the oxida-
ion states 1+, 2+, and 3+. The importance of cobalt comes
H 7.1, 296 K), and ferrocene (Cp2Fe, 0.8 M in C6H6) (adapted from Refs.

rom its participation in the B12 family of compounds, whose
ctive forms are responsible for catalyzing a wide variety of
rocesses related to nucleic acid, protein, and lipid syntheses,
s well as for maintaining the normal function of epithelial
nd nervous cells [170]. Cobalamins also stand out as nature’s
ost complex non-polymeric structures, and the first discovered

iomolecule containing a metal-carbon bond. However, several
ifferent types of cobalt-containing enzymes have been identi-
ed other then vitamin B12 (Fig. 19) and its derivatives [171].
obalt complexes are also being investigated for their potential
se in medicine as enzyme inhibitors and drug delivery devices
Fig. 19. Structure of vitamin B12.
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Fig. 20. 59Co NMR spectra of natural B12 derivatives in solution (externally
referenced to 1 M aqueous [Co(NH3)6]Cl3, and subsequently converted to ppm
downfield from 1 M aqueous K3[Co(CN)6] for the sake of literature consistency).
Superimposed on the experimental traces are best Lorentzian fits characterized
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The resonances for square-planar Pt(II) complexes span some
y the isotropic shift δ and full-width-at-half-height (FWHH) values indicated
n the right (adapted from Ref. [174]).

ixing of its occupied and excited d orbitals it may experi-
nce substantial paramagnetic deshieldings (>15000 ppm) that
an reveal even subtle changes in chemical environments. Com-
licating these measurements is the nuclear spin I = 7/2 of
he isotope, associated with a quadrupole moment that pro-
ides an efficient relaxation mechanism and, consequently, leads
o broadened resonances in solution [173]. 59Co NMR spec-
roscopy has been used to study naturally occurring cobalamins.
argets of these investigations included vitamin B12, the B12
oenzyme, methylcobalamin, and dicyanocobyrinic acid hep-
amethylester [174]. Illustrative 59Co NMR spectra are shown
n Fig. 20. Similar studies have been carried out using solid-
tate 59Co NMR spectroscopy, showing that powder spectra
ith good signal-to-noise ratios can be recorded even at low
agnetic field strengths. In fact, a number of circumstances

ombine to endow these solid-state spectra with a much higher
uality than their solution counter-parts [174]. Solid-state 59Co
MR spectroscopy has been successfully employed also to

tudy a single-crystal of vitamin B12 [175] as well as in the
nalysis of vitamin B12 in its different polymorphic forms
176].

In contrast to cobalt, rhodium has no known biological func-
ion. Recently, rhodium complexes have been investigated for
heir possible applications in medicine as antitumor, antibacte-
ial and antiparasitic agents [177]. As a monoisotopic species
ith I = 1/2 and a wide chemical shift range (∼8000 ppm), the

03Rh nucleus is attractive for NMR studies. Unfortunately, low
eceptivity, negative magnetogyric ratio and very long relaxation

imes (>50 s) are major drawbacks. A recent survey of 103Rh
MR spectroscopy has been published [178], but no studies of
iological relevance appear to have been reported.
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.11. d-Block: Group 10 (Ni, Pd, Pt)

.11.1. Nickel and palladium
Nickel is often found in biological compounds as Ni(II).

he role of nickel in biological systems has been appreci-
ted only since 1975, when urease was shown to be a nickel
nzyme [179]. Since then, six more nickel-containing enzymes
ave been discovered in bacteria and/or archaea: hydrogenase,
ethyl-S-coenzyme M reductase, carbon monoxide dehydroge-

ase, nickel superoxide dismutase, glyoxylase I, and a putative
ickel cis–trans isomerase [180].

Nickel has one naturally occurring NMR-active isotope, 61Ni,
ith nuclear spin I = 3/2. It is a quadrupolar nucleus character-

zed by low sensitivity to detection by NMR and low natural
bundance. In addition, octahedral and tetrahedral Ni(II) deriva-
ives are paramagnetic, so it cannot be studied directly by 61Ni
MR spectroscopy.
Palladium is a non-essential element for life. Pharmaceutical

nterest in Pd(II) compounds is driven by analogy to antitu-
or Pt(II) complexes (see Section 3.11.2), as well as antiviral,

ntifungal and antimicrobial metallotherapeutics [181].
Palladium has one naturally occurring NMR-active isotope,

05Pd, with nuclear spin I = 5/2. Although it has high natural
bundance (22.23%), this quadrupolar nucleus is characterized
y a low sensitivity to detection by NMR, low resonance fre-
uency and extremely fast relaxation times (<10−5 s). As far as
e know, no 105Pd NMR studies in solution have been reported.

.11.2. Platinum
Platinum is a relatively inert metal and has no natural biolog-

cal role. Nevertheless, platinum complexes are now amongst
he most widely used drugs for the treatment of cancer. The first
nd second generation compounds cisplatin and carboplatin are
n widespread use to treat a variety of cancers, either as single
gents or in combination with other drugs. Oxaliplatin, intro-
uced into the clinic in 2002 has become an important option
or the treatment of colorectal cancer and its possible use in the
reatment of other cancers is a focus of intense investigation.
he search for improved platinum-based drugs continues with

he goals of reducing toxic side-effects and broadening the spec-
rum of activity to tumors resistant to cisplatin. A major focus of
urrent research is in the investigation of “non-classical” plat-
num antitumor compounds, including trans- and polynuclear
t(II) derivatives as well as Pt(IV) complexes, that act by a dif-
erent mechanism to that of cisplatin to achieve a different profile
f activity [2].

195Pt (I = 1/2) is a reasonably sensitive nucleus for NMR
etection having a natural abundance of 33.7% and receptiv-
ty relative to 13C of 19.1. An attractive feature of 195Pt NMR
or studies of platinum anticancer drugs is the very large chemi-
al shift range (>15000 ppm), which allows ready differentiation
etween Pt(II) and Pt(IV), which tend to have chemical shifts
t the high-field and low-field ends of the range, respectively.
000 ppm and ligand substitutions produce predictable chemical
hift ranges. NMR methods have proved useful in the investi-
ation of platinum drugs from the time that cisplatin was first
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ntroduced into the clinic more than 30 years ago. Both 1D 195Pt
nd 2D [1H,15N] NMR techniques were used and made a major
ontribution in the understanding of the molecular mechanism of
ction of platinum-based anticancer drugs. This topic has been
ecently reviewed by several authors [16g,182], and will not be
urther discussed in this paper.

.12. d-Block: Group 11 (Cu, Ag, Au)

.12.1. Copper
Copper is the third most abundant transition metal element

n biological systems after iron and zinc. The bioinorganic
hemistry of copper is dominated by 1+ and 2+ oxidation
tates. Almost all of the copper in humans is bound to either
ransport proteins (ceruloplasmin and copper-albumin), stor-
ge proteins (metallothioneins), or copper-containing enzymes,
hereas unbound, free copper is not found in large quan-

ities in the human body. A substantial number of copper
etalloenzymes are found in the human body. Copper is

ssential for the proper functioning of these copper-dependent
nzymes, including cytochrome-c oxidase (energy production),
uperoxide dismutase (antioxidant protection), tyrosinase (pig-
entation), dopamine hydroxylase (catecholamine production),

ysyl oxidase (collagen and elastin formation), clotting factor
(blood clotting), and ceruloplasmin (antioxidant protection,

ron metabolism and copper transport). In addition to its enzy-
atic roles, copper is used for biological electron transport.
he “blue copper” proteins (named after their intense blue
olor arising from a ligand-to-metal charge-transfer absorp-
ion band at ∼600 nm) that participate in electron transport
nclude azurin and plastocyanin [6]. Most features of severe
opper deficiency can be explained by a failure of one or
ore of these copper-dependent enzymes. For instance, depig-
entation can be explained by a tyrosinase deficiency, and

he defects of collagen and elastin causing abnormalities in
he connective tissue and vascular system can be explained
y a lysyl oxidase deficiency. Copper complexes are cur-
ently being investigated for their potential anticancer activity.

oreover, coordination with copper, either prior to admin-
stration or in vivo, often enhances the activity of various
ypes of drugs such as antitumor and antiinflammatory agents
86].

The copper isotopes 63Cu and 65Cu have natural abundances
f 69.09% and 30.91%, respectively, and nuclear spin I = 3/2.
hereby they couple strongly to local electric field gradients,
nd the quadrupole moments cause significant line-broadening
hen the charge is unevenly distributed. Consequently, only

omplexes with regular tetrahedral or cubic symmetry are NMR-
ctive [183]. 63Cu NMR spectroscopy is by far most used in
opper chemistry because of both its higher receptivity and
atural abundance compared to 65Cu.

For the past decades, the structures, electronic states, and
eactivity of copper complexes have been widely investigated by

arious spectroscopic methods. UV–vis absorption, resonance
aman, and electron paramagnetic resonance spectroscopy are
owerful tools for studying the structures and electronic states
f Cu(II) complexes because of their characteristic absorptions
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esulting from d–d transitions, ligand-to-metal charge-transfers,
nd unpaired electron on the copper(II) ion. On the other hand,
hese spectroscopic methods have not been applied extensively
o studies of Cu(I) complexes because of featureless spectro-
copic properties resulting from the closed shell d10 electron
onfiguration. For diamagnetic Cu(I) complexes, 63Cu NMR
pectroscopy appears to have the greatest potential for charac-
erizing their structures and electronic states (also because most
u(I) complexes prefer a tetrahedral configuration, which gives

ise to a relatively sharp resonance line) [184], whereas the para-
agnetism of Cu(II) center prevents its detection by 63Cu NMR

pectroscopy.

.12.2. Silver and gold
Both silver and gold have no known natural biological role

n humans, but interest in the biological and/or medicinal activ-
ties of Ag(I) and Au(I/III) compounds has increased in recent
ears. The antibacterial effects of silver compounds have long
een known. Silver and silver compounds are widely used as
ntibacterial agents [185]. Chrysotherapy (therapeutic use of
old compounds) is established in modern medicine. In par-
icular, some gold(I)-based drugs, such as myocrisin, solganol
nd auranofin, are currently being employed for the treatment of
heumatoid arthritis [186]. In addition, both Au(I) and Au(III)
erivatives are emerging as a new class of metal-based anticancer
gents [187].

All naturally occurring silver is found in two NMR-active
sotopic forms, 107Ag and 109Ag, both having nuclear spin
= 1/2. Although 107Ag has a slightly higher natural abundance
51.82% vs. 48.18% for 109Ag), the preferred isotope for NMR
pectroscopic observation is 109Ag, due to its slightly higher
eceptivity. The two most serious difficulties encountered when
erforming silver NMR experiments are poor sensitivity and
xtremely long spin–lattice relaxation times. These properties
tem from the very low gyromagnetic ratios for both 107Ag
nd 109Ag. NMR spectroscopy occupies a position of preem-
nence in probing metal-binding sites where the native metal
ons, e.g. Zn(II), Ca(II), Fe(II), Mg(II), Cu(II) and Cu(I), can
e substituted with spin I = 1/2 metal isotopes. In spite of the
ttractiveness of Ag(I) as a redox stable analogue for Cu(I),
09Ag NMR has so far found limited applications in biological
ystems, owing mostly to the insensitivity of the investigated
ucleus, making direct detection impractical for most biologi-
al systems [188]. Relatively few examples of Ag(I) complexes
ave been characterized by 109Ag NMR [189], and the only
nown metalloprotein studied by 2D [1H,109Ag] HMQC spec-
roscopy to date is the 109Ag-substituted yeast metallothionein
Fig. 21) [190].

The solution behavior of the anticancer agent
Ag(d2pype)2]NO3 (d2pype = 1,2-bis(di-2-pyridylphosphino)
thane) has been investigated by 2D [31P,109Ag] HMQC
pectroscopy [191]. It was shown that the complex forms
quilibrium mixtures of monomeric [Ag(d2pype)2]+, dimeric

{Ag(d2pype)2}2]2+ and trimeric [{Ag(d2pype)2}3]3+ species
n which the d2pype ligands coordinate in both bridging and
helated modes with the relative percentages of the species
resent depend on temperature and solvent.
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Fig. 21. 2D [1H,109Ag] HMQC spectrum (referenced to external 1 M AgNO3 at
0.0 ppm) of yeast 109Ag-metallothionein (6 mM in 18 mM phosphate buffer in
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2O, pD 6.5, 298 K). The spectrum shows the connectivities of all seven silver
toms with the cysteine H� protons of the yeast Ag-metallothionein (adapted
rom Ref. [190]).

Gold has a single isotope, 197Au, which has a nuclear spin
= 3/2 and a large quadrupole moment. As a result of fast
uadrupole relaxation, the resonances are extremely broad and
eak. Due to the low NMR receptivity of 197Au combined with

he fast relaxation, no NMR studies of gold have been described
n the literature [192].

.13. d-Block: Group 12 (Zn, Cd, Hg)

.13.1. Zinc
Zinc is an essential element in human and animal nutrition

ith a wide range of biological roles. Zinc plays catalytic, struc-
ural or regulatory roles in more than 200 zinc metalloenzymes
hat have been identified in biological systems. Among other
hings, these enzymes are involved in nucleic acid and protein

etabolism and the production of energy. It is estimated that
round 3000 proteins in the human body contain zinc prosthetic
roups; in particular, zinc plays a structural role in the forma-
ion of the so-called zinc fingers. Zinc fingers are exploited by
ranscription factors for interacting with DNA and regulating the
ctivity of genes. Another structural role of zinc is in the mainte-
ance of the integrity of biological membranes resulting in their
rotection against oxidative injury. In addition, there are over a
ozen types of cells in the human body that secrete zinc ions, and
he roles of these secreted zinc signals in medicine and health are
ow being actively studied. Intriguingly, brain cells in the mam-
alian forebrain are one type of cell that secretes zinc, along with

ts other neuronal messenger substances [193]. Zinc exists under
hysiological conditions in the 2+ oxidation state. Over 95% of

otal body zinc is bound to proteins within cells and cell mem-
ranes. Plasma contains only 0.1% of total body zinc. Most of the
inc (75–88%) in blood is found in the red blood cell zinc met-
lloenzyme carbonic anhydrase. In the plasma, approximately

1

c
a
t
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8% of zinc is bound to �2-macroglobulin, 80% to albumin
nd 2% to such proteins as transferrin and ceruloplasmin. As
metallotherapeutic agent, zinc has putative antiviral, fertility-

nhancing and retino-protective activities. It is also used in the
reatment of Wilson’s disease, and it may exhibit immunomod-
latory as well as antioxidant activity [194].

67Zn, the only naturally occurring NMR-active isotope of
inc (4.11%), has nuclear spin I = 5/2 and a large quadrupole
oment which is responsible for high relaxation rates. This

uadrupolar nucleus is characterized by a low sensitivity to
etection by NMR and low resonance frequency. Despite these
nfavorable spectroscopic properties, 67Zn NMR experiments
n solution have been performed. The required concentration
f Zn2+ is typically high, >0.1 M, but lower concentrations
an be utilized with isotopic enrichment. Also, due to the
uadrupolar nature of the nuclide, even if solution NMR meth-
ds afforded observable zinc resonances in a metalloprotein,
he resulting line-widths can obscure the determination of site-
pecific isotropic chemical shifts. With these nuclear properties,
t is no wonder that the literature of 67Zn NMR is sparse, and
f those reports only a few are relevant to biology. 67Zn NMR
as been successfully applied to Zn2+–enzyme or Zn2+–protein
ystems, such as concanavalin, calmodulin, thermolysin, for
tudying the environment or behavior of Zn2+ interacting with
he investigated biomolecule ([195] and references therein).

Historically, solid-state 67Zn NMR spectroscopy has been
ndesirable due to broad quadrupolar line-shapes and low sen-
itivity. In recent years, however, dramatic improvements in
he solid-state NMR of quadrupolar nuclides have ocurred.

general strategy for the observation of low � half-integer
uadrupolar nuclides has been developed. The methodol-
gy combines low-temperature (4–100 K) techniques with
ross-polarization experiments while employing a Carr-Purcell-
eiboom-Gill spin–echo sequence, a strategy that affords

ufficient sensitivity to examine Zn2+-binding sites in metal-
oproteins by solid-state 67Zn NMR spectroscopy [196].

.13.2. Cadmium
Cadmium belongs to a category of heavy metal ions (cad-

ium, mercury, lead) that have increasingly attracted research
ttention over the years, due to their toxic manifestations in
he environment and towards the various organisms living in
t, including man [197]. Albeit non-essential in the human phys-
ology, Cd(II) is largely associated with Zn(II), in competition
ith which a number of its toxic effects are believed to arise. As
toxic metal, Cd(II) is absorbed by the liver, ultimately finding

ts way to the kidney, the critical organ from the toxicity point
f view [198].

In spite of the similar magnetic properties and natural occur-
ence of the two I = 1/2 cadmium isotopes, 111Cd (12.75%) and
13Cd (12.26%), the majority of the biological NMR studies
ave used 113Cd due to its slightly higher relative sensitivity. At
atural abundance, the sensitivity of 113Cd is 7.6 times that of

3C, putting it on the fringe of accessibility for biological appli-
ations using modern high-field spectrometers. However, an
pproximate eightfold enhancement can be obtained by substitu-
ion with 96% isotopically enriched 113Cd, allowing reasonable
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uality spectra to be acquired on as little as 0.5 mL of 0.5 mM
f a 113Cd-substituted protein sample in a few hours of data
ccumulation.

Since the mid-1970s, 113Cd NMR spectroscopy has been
mployed by a large number of investigators in the study of
variety of metalloproteins and biological events in which the
ative Zn(II), Ca(II), Mg(II), Mn(II), Fe(II) or Cu(II) ions have
een replaced by 113Cd(II). The adaptable ligand coordination
umber and geometry of Cd(II), which is quite similar to Zn(II),
nd factors such as its similar ionic radius (0.97 Å) to that of
a(II) (0.99 Å) are the most commonly cited reasons why cad-
ium substitutes for such an extensive range of metal ions. Of

ven greater importance is the fact that, in a variety of cases
here Zn(II) has been replaced by Cd(II) in native Zn(II) met-

lloenzymes and DNA-binding proteins, the wild-type activity
as, at least to some extent, been retained, albeit at an altered
H maximum [199].

Mammalian metallothioneins (MTs) are considered unique
mall proteins because about one-third of their amino acids are
ysteines. These supply sulfhydryl ligands that in vivo bind with
igh affinity to a number of metal ions of differing size and chem-

cal properties, such as the essential metal ions Zn2+ and Cu+,
nd the toxic metal ion Cd2+. The 20 cysteines bind seven Cd2+

r Zn2+ ions or combinations of them in two metal-thiolate clus-
ers. Cu+ forms substantially different complexes with MTs, the

o

e
c

ig. 22. Observed 113Cd chemical shifts for structurally characterized 113Cd-substit
re reported relative to external 0.1 M [Cd(ClO4)2]. The chemical shift position is c
epresents sulfur from methionine, O represents oxygen from carboxylate or water, a
istry Reviews 252 (2008) 2239–2277 2267

tructures of which are not yet well characterized [200]. 113Cd,
as frequently been used to probe the ligand environment of
etal-binding sites. 113Cd chemical shifts are very sensitive to

he nature, number, and geometric arrangement of the coordi-
ating ligands. This is reflected by the almost 900 ppm range of
hemical shifts observed in 113Cd-substituted metalloproteins
Fig. 22) [201]. The broad chemical shift dispersion of 113Cd
esonances is useful not only in providing information about the
igand type(s) at a particular metal site, but also because systems
ontaining multiple metal sites with identical ligand coordina-
ion environments have a high probability of yielding resolved
13Cd resonances (Fig. 23). The consistent correlation that exists
etween the 113Cd chemical shift in solution and the identity of
he coordinating metal ligands (Fig. 22) is derived solely from
d-substituted, structurally-defined metalloproteins.

Transferrins are known to bind the Cd(II) ion as tightly as
n(II), Co(II) and Mn(II), and such a binding was investigated
y 113Cd NMR spectroscopy. A sharp 113Cd signal due to the
ound Cd(II) ion was observed at +21.6 and +11.7 ppm for ovo-
ransferrin and human serum transferrin, respectively, and these
hemical shift values are consistent with the involvement of only

ne histidine in each metal-binding set of the protein [202].

There is current interest in the antiviral activity of metal,
specially zinc, cyclam (1,4,8,11-tetraazacyclotetradecane)
omplexes. Interest in cyclams arises from their anti-HIV

uted metalloproteins: mononuclear (top) and polynuclear (bottom). All shifts
orrelated to ligand composition, where S represents sulfur from cysteine, S*

nd N represents nitrogen from histidine (adapted from Ref. [201a]).
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ig. 23. 113Cd NMR spectra of mammalian MTs (mouse MT-1, human MT-3,
abbit MT-2) acquired at the indicated frequencies. Schematic structures of the
wo metal clusters are reported (adapted from Ref. [201a]).

ctivity. Their biological activity appears to be dependent on
ecognition of membrane proteins (viral coreceptors) and, there-
ore, on their configurations. In a recent study, Cd(II) has been
sed as a probe for Zn(II) on account of its useful NMR
roperties. Insights into the various configurations Cd–cyclam
omplexes were provided by 113Cd NMR spectroscopy [203].

.13.3. Mercury
Mercury has no known natural biological role. Hg(0) is

olatile and relatively non-toxic, whereas Hg(II) is toxic to
ost living organisms because of its avid coordination to thiol

roups within biological systems. Hg(II) is known to undergo
iological methylation to methylmercury and dimethylmer-
ury, both of which are extremely toxic to humans [204].
g(II) is a virulent cumulative poison, readily absorbed through

he respiratory tract, the gastrointestinal tract or through the
kin.

Mercury has two NMR-active isotopes, 199Hg and 201Hg,
he latter being quadrupolar (I = 3/2). The I = 1/2 isotope, 199Hg,
ith a natural abundance of 16.84%, has a chemical shift range
f 2500 ppm and a relative sensitivity 5.4 times that of 13C and 8
imes that of 113Cd for an equal number of nuclei. 199Hg NMR
pectroscopy is in principle an excellent probe of organomercury
dducts [205], but the inherent insensitivity of 199Hg makes the

tudy of biological materials difficult. With conventional NMR
irect detection techniques, including large (10–15 mm) sample
ubes and long accumulation times, concentrations exceeding
he solubility limits of most proteins and nucleic acids would

w
(
b
e
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e necessary to obtain 199Hg NMR spectra [206]. A variety of
ndirect detection techniques have been devised to improve the
bservation of this insensitive nucleus [205,207].

Like Cd(II) (see Section 3.13.2), 199Hg NMR spectroscopy
an be used to probe metal-binding sites where the native metal
ons can be substituted by Hg(II) itself. 199Hg NMR spectra
f 199Hg-substituted metalloproteins, e.g. carbonic anhydrase,
zurin, plastocyanin, rusticyanin, rubredoxin, Gal4, MerR and
erP, and a number of mercury model complexes have been

eported [208]. Much of these data are a result of the recent
fforts of O’Halloran and co-workers aimed at defining the
etal coordination environments in proteins involved in bacte-

ial mercury resistance, and have revealed 199Hg chemical shifts
ndicative of certain coordination environments [208b]. {HgS3}
enters have chemical shifts of ca. −100 ppm and {HgS4}
enters at approximately −250 ppm, with {HgN4} sites at the
ther extreme of chemical shift at about −1200 ppm (relative
o [Hg(CH3)2]). In addition, 199Hg exhibits scalar couplings to
H, 13C and 15N that are slightly larger than those observed with
13Cd, permitting heteronuclear correlation experiments to be
arried out, which are often able to confirm the ligand type(s) and
toichiometry. The 199Hg nucleus exhibits T1 values in 119Hg-
ubstituted plastocyanin and 199Hg-substituted azurin of 10 and
3 ms, respectively, which are approximately 10 times smaller
han values obtained for 113Cd in the identical 113Cd-substituted
roteins [208b]. Although the number of applications where the
99Hg(II) ion can substitute isostructurally for the native metal
ons in metalloproteins is limited owing to the 1.10 Å ionic
adius and preference for either digonal or trigonal coordina-
ion geometry of the Hg(II) ion, it is clear that 199Hg NMR will
ontinue to make important contributions in studies of selected
etalloproteins.

.14. f-Block: lanthanides

The main applications of lanthanides are as MRI param-
gnetic contrast agents, while interest in the radioisotopes of
anthanides for radionuclide therapy is becoming more evident.
he ability of lanthanide complexes to catalyze DNA hydrolysis

artificial nucleases) has been reviewed [209]. Further devel-
pment of MRI contrast agents focuses mainly on gadolinium
helated by polydentate aminocarboxylate and related ligands.
adolinium also has potential for use in neutron capture ther-

py with the advantage that its uptake can be monitored by MRI
210]. There are two main goals for future development. One
s to control biological behavior (cellular uptake and retention,
issue targeting, in vivo stability) by incorporating Gd into bio-
onjugates, such as lipids with acid labile bonds (dota-palmitic
cid micelles, hydroxymethyl dota derivatives, enhanced stabil-
ty dtpa derivatives, and polymers/dendrimers). The other is to
mprove the efficiency with which the complexes induce spin
elaxation in protons of water molecules, by designing chelators
o control exchange rates of coordinated, or hydrogen-bonded

ater molecules, and by controlling the mobility and rotation

e.g. through molecular size) of complexes. These two goals can
e combined by designing agents whose spin relaxation prop-
rties are dependent on the physiological environment, so that
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RI scans can provide biochemical/physiological as well as
tructural information. �-Emitting radionuclides of lanthanide
lements, and bifunctional chelators for attaching them to car-
ier molecules have been also reviewed. Lanthanide complexes
re also being evaluated for their antitumor cytotoxic effects and
heir ability to catalyse DNA hydrolysis [86].

The paramagnetic properties of trivalent lanthanide cations
Ln(III)) have been exploited in NMR spectroscopy for a long
ime. Applications have been both qualitative, to bring about
implification of the spectrum, and quantitative, by comparison
f the lanthanide-induced shift and relaxation rate enhancements
ith values calculated for a proposed structure. Currently the
ain application of Ln(III) complexes in this field is as chi-

al shift reagents for the NMR separation of enantiomers, as
ell as for the separation of NMR signals from intracellular and

xtracellular alkali metal ions [211]. At the same time there has
een an increasing interest in Ln(III) complexes for application
s contrast agents [212]. Since lanthanides have several NMR-
ctive isotopes they are important tools in structural analysis.
his topic has been widely reviewed and will not be further
iscussed in this paper [213].

. NMR spectroscopy of biologically relevant
on-metals

.1. p-Block: Group 16 (O, S, Se)

.1.1. Oxygen
One of the main reasons for studying oxygen is its ubiq-

ity in biology. Indeed, oxygen controls or participates in nearly
very biological process, especially those involving aerobic
etabolism. Oxygen occupies a key position both at struc-

ural and physiological levels. In all macromolecules, including
eptides, proteins, DNA and RNA (especially ribosomes) and
arbohydrates, oxygen has a major role in the molecular confor-
ation observed, such as the secondary, tertiary and quaternary

tructure. In proteins that are stabilized through multiple hydro-
en bonds, changes which occur between ground and transition
tates can also induce an important effect on enzyme catal-
sis [214]. It is therefore not surprising that oxygen atoms
re involved in triggering, signaling and activation mecha-
isms.

17O is the only NMR-active oxygen isotope (I = 5/2) and its
pplication in NMR has been hindered by several of its intrin-
ic nuclear properties resulting in low sensitivity and complex
pectra. Amongst these are (i) the small gyromagnetic ratio,
o that the resonance frequency is about one-seventh that of
rotons; (ii) a low natural abundance of 0.037% leading to an
xtremely low absolute sensitivity so that isotopic enrichment is
sually necessary; (iii) a nuclear quadrupole moment; and (iv) in
number of cases a large electric field gradient is experienced.

7O exhibits a large NMR chemical shift range depending on
he chemical function and the local environment, with the shift

eing distributed on ca. 1000 ppm [215].

17O solution NMR spectroscopy is a useful technique to
olve structural problems for small organic molecules. The fast
eorientation of the molecules in solution results in narrow spec-

B
r
a
f
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ral lines due to the averaging of the quadrupolar interaction.
apid quadrupolar relaxation of 17O has, however, prevented

uccessful applications of solution 17O NMR spectroscopy to
iological macromolecules [216]. The large quadrupolar inter-
ction of oxygen-containing functional groups can cause highly
ffective relaxation, which leads to strong broadening of the
MR signals, which can be severe for large molecules. Amongst

he few reported studies, 17O NMR spectroscopy has been suc-
essfully used to study synthetic oxygen carriers related to
iological systems, such as a synthetic single-face hindered iron
orphyrin–dioxygen complex [217], metal–nucleotide interac-
ions [218], and nucleic acid dynamics [219].

In order to overcome problems related to the detection of
7O NMR signals, lanthanide-induced 17O solid-state NMR has
ecently been seen as an alternative for structural studies to
7O solution NMR, since the relaxation times are much longer
nd the intrinsic spectral resolution is not limited by molecular
eight [215].
One unique NMR property of 17O is the independence of

7O relaxation times on the magnetic field strength, and this
akes it possible to achieve a large sensitivity gain for in vivo

7O NMR applications at high fields. In vivo 17O NMR has
wo major applications for studying brain function and cerebral
ioenergetics [220]. The first application is to measure the cere-
ral blood flow (CBF) through monitoring the washout of inert
2

17O tracer in brain tissue following an intravascular bolus
njection of the 17O-labelled water. The second application,
erhaps the most important one, is to determine the cerebral
etabolic rate of oxygen utilization (CMRO2) through moni-

oring the dynamic changes of metabolically generated H2
17O

rom inhaled 17O-labeled oxygen gas in the brain tissue. Unlike
he CBF measurements, the amount of the metabolically gen-
rated H2

17O during an inhalation of 17O2 is small. This could
ffect the reliability of CMRO2 measurement using in vivo 17O
pproaches. With the dramatic 17O sensitivity gain realized at
igh fields, it was possible to obtain a three-dimensional 17O
hemical shift imaging from the natural abundance H2

17O in
rat brain with excellent signal-to-noise ratio as well as good

emporal and spatial resolutions (11 s of data acquisition and
0.1 ml chemical shift imaging voxel size) at 9.4 T [220a].
ig. 24 shows one example of three adjacent slices of 17O
hemical shift imaging of the natural abundance H2

17O from
representative rat brain acquired by an 17O surface coil and

he 3D Fourier series window spectroscopic imaging technique
t 9.4 T. One great merit of in vivo 17O NMR for the determina-
ion of CMRO2 is that only the metabolic H2

17O is detectable.
his merit dramatically simplifies both CMRO2 measurement
nd quantification compared to other established methods. There
re two major NMR approaches for monitoring H2

17O in vivo,
amely a direct approach by using 17O NMR detection and an
ndirect approach by using 1H NMR detection for measuring
he changes in T2- or T1-weighted proton NMR signals caused
y the 17O–1H scalar coupling and proton chemical exchange.

oth approaches are suitable for CBF measurements. However,

ecent studies indicate that the direct in vivo 17O NMR approach
t high/ultrahigh fields appears to offer significant advantages
or quantifying and imaging CMRO2 [220b].
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examined, no 33S NMR signals were detected from other sulfur-
containing biological molecules, for instance, cystine, cysteine,
methionine, and hypotaurine.
ig. 24. Three-dimensional coronal 17O MRI (Fourier series window) images o
7O images (0.1 ml voxel size; total acquisition time of 11 s) and the correspond

.1.2. Sulfur
Sulfur is essential for all living cells. Sulfur may also serve

s a chemical food source for some primitive organisms: some
orms of bacteria use hydrogen sulfide (H2S) in place of water
s the electron donor in a primitive photosynthesis-like process.
ulfide forms a part of iron–sulfur clusters and the bridging

igand in the CuA site of cytochrome-c oxidase, involved in
tilization of oxygen by all aerobic life. In plants and ani-
als the amino acids cysteine and methionine contain sulfur,

s do all polypeptides, proteins, and enzymes which contain
hese amino acids. Homocysteine and taurine are other sulfur-
ontaining acids which are similar in structure, but which are
ot coded for by DNA, and are not part of the primary struc-
ure of proteins. Glutathione (�-Glu-Cys-Gly) is an important
ulfur-containing tripeptide which plays a role in cells as a
ource of chemical reduction potential in the cell, through its
ulfhydryl group. Many important cellular enzymes use pros-
hetic groups ending with sulfhydryl groups to handle reactions
nvolving acyl-containing biochemicals: two common examples
rom basic metabolism are coenzyme A and alpha-lipoic acid.
isulfide bonds (S–S bonds) formed between cysteine residues

n peptide chains are very important in protein assembly and
tructure. These strong covalent bonds between peptide chains
ive proteins a great deal of extra toughness and resilience [221].

33S is the only naturally occurring isotope of sulfur with
non-zero nuclear spin (I = 3/2). Since it has a moderate

uadrupole moment, a low natural abundance and a low mag-
etogyric ratio, it is clearly an intrinsically insensitive nucleus.
t was shown that the enormous diversity of chemical environ-
ents for sulfur is reflected in a chemical shift range of over
000 ppm and line-widths varying between 0.03 and >5000 Hz.
ince 33S has a large quadrupole moment, nuclear relaxation is
ominated by the quadrupolar mechanism and, consequently,
3S NMR signals are very broad unless the electronic sur-

F
i
i

ral abundance H2
17O in the rat brain acquired at 9.4 T. Three adjacent coronal

roton anatomical images are presented herein (adapted from Ref. [220a]).

ounding of sulfur is highly symmetric. However, despite these
rawbacks, a number of studies using sulfur NMR spectroscopy
ave been reported [222], but none of them are strictly related
o biological studies.

The potential of 33S NMR spectroscopy for biochemical
nvestigations on taurine has been explored [223]. Taurine (2-
minoethanesulfonic acid) is a naturally occurring �-amino acid
idely distributed in the biosphere. Despite the intensive stud-

es, many mechanisms of the biochemical reactions involving
aurine remain unknown or uncertain, probably because of the
ifficulty in detecting taurine in intact tissues. In this work,
3S NMR spectra of biological tissues were reported for the
rst time, and this appears to be one of the few biologically
elevant applications of this technique. As shown in Fig. 25,
n the chemical shift range −240 to +300 ppm the 33S spec-
rum of L. lithophaga homogenates exhibits a single signal that
as assigned to the –33SO3

− group of taurine on the basis of
ts chemical shift value (−6.8 ppm). The assignment was con-
rmed by adding pure taurine to the sample. In the spectral range
ig. 25. In vivo 33S NMR spectrum (referred to the 33S signal of 1 M Na2SO4

n H2O in a coaxial cell) of an L. lithophaga homogenate. The peak at −6.8 ppm
s assigned to the amino acid taurine (adapted from Ref. [223]).
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Fig. 26. 19F NMR spectrum at 282 MHz with proton decoupling of a urine sam-
ple from a patient treated orally with capecitabine at a dose of 2900 mg/day
administered twice daily at 12 h interval. Urine fraction 0–12 h collected after
the first dose of 1450 mg and 14-fold concentrated, pH of the sample: 5.5. The
chemical shifts are expressed relative to the resonance peak of trifluoroacetic
acid (5% (w/v) aqueous solution) used as external reference (REF). Assign-
ments: F−, fluoride ion; CAP, capecitabine; 5′dFCR, 5′-deoxy-5-fluorocytidine;
5′dFUR, 5′-deoxy-5-fluorouridine; FC, 5-fluorocytosine; FU, 5-fluorouracil; ?,
unknown; FUPA, �-fluoro-�-ureidopropionic acid; FBAL, �-fluoro-�-alanine;
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.1.3. Selenium
Selenium is a trace element essential for mammals. Low

olecular weight selenium compounds present in the human
ody include as selenocysteine (or selenocystine) and selenome-
hionine, with much lower abundance of their metabolic
recursors. Selenium indeed displays many similarities with
ts congener sulfur, i.e. they have rather similar electroneg-
tivities and atom sizes and they have the same major
xidation states. There are thus many sulfur compounds that
ave selenium analogs. However, in spite of these similar-
ties, there are nonetheless clearly differences between the
wo elements, and substitution for one another results in
ompounds with quite diverse chemical properties [224]. Dis-
ases associated with selenium deficiency include asthma,
eshan disease, and HIV. Therefore, selenium-based agents

re currently being investigated for their potential therapeu-
ical applications. Moreover, selenium compounds have been
hown to be of value as cancer chemopreventive agents
225].

The element selenium has six natural isotopes, but only
ne of them, 77Se, is NMR-active having a nuclear spin
uantum number I = 1/2, and high-resolution NMR spec-
roscopy is possible. 77Se is approximately three times more
ensitive than 13C, and taking into account that longitudi-
al relaxation times are in the range of seconds and that
OE effects are nearly always absent, the sensitivities of

3C and 77Se are comparable in routine NMR experiments
226].

77Se NMR spectroscopy has been successfully employed in
everal cases: the characterization of selenium-based metallo-
rugs [227], the determination of spin–lattice relaxation times
or several classes of biologically relevant selenium compounds
228], and the identification of seleno-proteins [229].

.2. p-Block: Halogens (F, Cl, Br, I)

.2.1. Fluorine
Fluorine is an essential element, and as fluoride is an impor-

ant trace element affecting bones and teeth [230].
19F has many favorable NMR characteristics, including a

uclear spin I = 1/2, 100% natural abundance, high sensitivity
nd large chemical shift range (∼500 ppm) [231]. While fluorine
ccurs in the body, it is present mostly in the form of solid fluo-
ides in bones and teeth. Endogenous fluorine has a very short T2
elaxation time [230] and the resulting signal is below the limits
f NMR detection in most biological systems of interest. On the
ther hand, as a number of fluorinated drugs are currently in
linical use, such as 5-fluorouracil, flurbiprofen, isoflurane, flu-
xetine, haloperidol [232], 19F NMR offers a powerful method
f monitoring their pharmacokinetics and metabolism. 19F NMR
pectroscopy is a versatile non-invasive analytical technique to
etect, identify and quantify metabolites of fluorinated drugs
oth in vitro and in vivo, in order to study their physiology and

harmacology. Several reviews have been recently published on
his topic [16h,232,233]. An example is given in Fig. 26, where
9F NMR spectroscopy is used to follow the degradative pathway
depicted in Fig. 27) of capecitabine. Capecitabine is a pro-drug

t
o
t
t

HPA, 2-fluoro-3-hydroxypropanoic acid; OHFC, 6-hydroxy-5-fluorocytosine;
UH2, 5,6-dihydro-5-fluorouracil; FAC, fluoroacetic acid. J, 1J(13C–19F) cou-
ling constant (adapted from Ref. [16h]).

f the anticancer agent 5-fluorouracil, designed to be used as an
ral formulation to overcome toxic side-effects of 5-fluorouracil
ithout compromising its antitumor efficacy [234].
Two non-invasive 19F NMR methodologies have been

xploited to measure the heterogeneous distribution of hypoxia
n tumors. The first is 19F NMR measurements of tumor
xygenation following the administration of perfluorocarbon
mulsions, and the second involves 19F NMR measurements of
he retention of fluorinated 2-nitroimidazoles by hypoxic tumor
issues [235].

.2.2. Chlorine
Chlorine is an essential element for all living organisms

argely as chloride (Cl−), but hypochlorite (ClO−) is produced
n some cell compartments (to destroy invading organisms).
ogether with Na+, Cl− is a major extracellular electrolyte. In
onjunction with monovalent alkali metals and H+ ions, it con-
rols transmembrane potentials and regulates the equilibrium
f cellular electrolytes and osmotic pressures. A defect in Cl−
ransport causes cystic fibrosis, a genetic disorder resulting in a
efect in the transmembrane chloride channel [37].

All naturally occurring chlorine is found in two NMR-active
sotopic forms, 35Cl and 37Cl, both having nuclear spin I = 3/2.
iven its higher natural abundance (75.53%) and higher recep-

35
ivity, Cl is the preferred isotope for NMR spectroscopic
bservation. Their relaxation is normally dominated by the con-
ributions from interaction of their quadrupole moments with
ime-dependent electric field gradients at the nucleus.
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Fig. 27. Catabolic pathway of capecitabine. All the compounds (except CFBAL) are represented in neutral form. CAP, capecitabine; 5′dFCR, 5′-deoxy-
5-fluorocytidine; 5′dFUR, 5′-deoxy-5-fluorouridine; FU, 5-fluorouracil; FUH2, 5,6-dihydro-5-fluorouracil; FUPA, �-fluoro-�-ureidopropionic acid; FBAL,
� PA, 2
O
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-fluoro-�-alanine; CFBAL, N-carboxy-�-fluoro-�-alanine; F−, fluoride ion; FH
HFC, 6-hydroxy-5-fluorocytosine.

Although both the natural abundance and receptivity are
avorable, recording 35Cl NMR spectra is often difficult as it
ives rise to rather broad signals. Therefore, a very few papers
eport on the use of 35Cl NMR techniques for specific biological
urposes. Chlorine NMR studies of chloride binding to proteins
ave been used to investigate a number of interesting properties
ssociated with the proteins [236]. However, the major use of
he method has generally been restricted to that of a titration
ndicator.

ATP binds to mammalian metallothionein-2 (MT-2), and this
nteraction and the associated conformational change of the pro-
ein affect the sulfhydryl reactivity and zinc transfer potential of

T. 35Cl NMR spectroscopy has further identified chloride as
n additional biological MT ligand, which can interfere with the
nteraction of ATP with MT [237].

35Cl NMR spectroscopy has been also used to investigate
ransmembrane Cl− transport [238], the chloride binding by the

ML1/Runx1 transcription factor [239], and to demonstrate, by
eans of 35Cl and 37Cl relaxation measurements, that human �2-
acroglobulin tetramer possesses a unique pair of zinc-binding

ites [240].

[

e
i

-fluoro-3-hydroxypropanoic acid; FAC, fluoroacetic acid; FC, 5-fluorocytosine;

.2.3. Bromine and iodine
Bromine is currently not thought to be an essential element

or man, although it is present in blood at micromolar con-
entrations. As hypobromite (BrO−), it has a potential role in
he destruction of pathogenic organisms. Iodine is an essential

icronutrient for humans, where it is required for incorporation
nto the thyroid hormones thyroxin and triiodothyronine.

79/81Br and 127I are magnetically active isotopes, and are
haracterized by a high sensitivity to detection by NMR spec-
roscopy. Bromine has two naturally occurring isotopes, 79Br
nd 81Br, with nuclear spin I = 3/2. Although 79Br has a slightly
igher natural abundance (50.54% vs. 49.46% for 81Br), the pre-
erred isotope for NMR spectroscopic observation is 81Br, due
o its higher receptivity. The chemical shift range of the bromine
ucleus is approximately 800 ppm. 127I is the only NMR-active
sotope of iodine at 100% natural abundance, with nuclear spin
= 5/2 and a chemical shift range of approximately 6000 ppm

236].

Only a few 81Br and 127I NMR experiments of biological rel-
vance have been reported. There has been considerable interest
n the application of NMR probes to the study of the conforma-
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ion of proteins. The NMR halide probe method [241] detects
hanges in the halide nuclear transverse relaxation time (T2)
s a result of halide exchange between symmetrically solvated
ree halide ion (long T2) and a probe site where the quadrupolar
alide nucleus is bound tightly to a specific region within a pro-
ein (short T2). The resulting relaxation time is dependent on the
elative concentrations of free and bound sites, and the physical
nvironment of the bound halide. In its most common applica-
ion, a solution of protein is prepared in aqueous sodium halide,
nd specific binding sites on the protein may be titrated with a
etal such as mercury which binds only to these sites and which

ubsequently complexes halide from the solution. The applica-
ion of the bromide ion as an NMR probe has been investigated,
s it has some advantages over the more commonly used chlo-
ide ion, the most important being its ability to yield values for
he free-to-bound exchange rate constant of the probe itself, in
ddition to the correlation time for reorientation of the bound
robe. The exchange rates are fast, near the diffusion limit, and
re sensitive to protein conformational effects near the binding
ite [242].

127I NMR spectroscopy has only rarely been utilized for stud-
es of fluid systems partly because, for covalent environments,
he 127I NMR signal is generally broadened beyond detection.
he iodide ion, on the other hand, may be conveniently stud-

ed. For example, 127I− has been used as a probe for the anion
inding properties of human serum albumin [243]. Analogous
tudies have been performed to investigate the binding of iodide
o some peroxidases [244].

. Conclusions

Although there is enormous potential for the application of
norganic chemistry for the design of novel therapeutic and diag-
ostic agents, progress is hampered by the lack of methods for
heir speciation in solution. The nature of the species will deter-

ine their biological activity. Our review has illustrated the
hallenges involved in making NMR studies of many elements
f interest. Although a few have readily observable spin I = 1/2
uclei available for study (e.g. Cd, Ag, Pt), their sensitivity is not
ufficient for investigations at biologically relevant concentra-
ion (micromolar or below), and signal broadening via relaxation
echanisms such as chemical shift anisotropy can be a problem.
evertheless, in favorable circumstances, NMR spectroscopy

an provide valuable insight into the biological chemistry of
hese elements. The problem of line-broadening of resonances
rom quadrupolar nuclei in low-symmetry environments greatly
inders NMR studies of a range of biologically important ele-
ents, but again under favorable conditions, NMR can also

rovide insight into both the thermodynamics and kinetics of
heir bonding sites. There is a need for the continued develop-

ent of new NMR methods to study a wide range of nuclei,

specially to decrease the line-widths of peaks from quadrupo-
ar nuclei and increase the effective sensitivity of detection. Such
dvances could potentially be of direct benefit to the design of
ew medicines.
istry Reviews 252 (2008) 2239–2277 2273
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