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Abstract 

There is much current interest in the design of metal compounds as drugs and diagnostic 
agents and in understanding the molecular mechanisms of action of metallopharmaceuticals 

t Based on keynote lectures presented at the Third International Symposium on Applied Bioino~'ganic 
Chemistry (ISABC-3), Fremantle, Perth, Western Australia, 11-15 December 1994. 
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already in clinical use. Central to progress in this area is investigation of the speciation of 
metal compounds, especiaUy in biological media such as cells, body fluids and cell culture 
media. Modern multinuclear NMR approache, s are very powerful for investigation of the 
thermodynamics and kinetics of reactions of metal compounds with both small and large 
biomolecules and it is possible to study the coordination chemistry of metallodrugs under 
physiologically relevant conditions. For example [1H, lSN] inverse detection methods allow 
studies of intermediates in the, pathways of DNA platination by anticancer drugs and the 
direct detection of sulphur adducts of platinum drugs in urine. Other applications which are 
discussed include ligand exchange reactions of gold antiarthritic drugs, copper, silver, gold 
and ruthenium anticancer agents and bismuth antiulcer drugs. Resolution enhancement, 
specific isotopic labelling of amino acid side-chains and high field NMR studies of metal 
nuclei provide insight into the uptake and release of metallopharmaceuticals from the blood 
plasma proteins albumin (66 kDa) and transferrin (80 kDa). The use of 3ap cross-polarization 
magic angle spinning NMR spectroscopy to investigate the structures of bioactive metal 
phosphine complexes in the solid state is also described. 

Keywords: Biological speciation; NMR; Metallodrug 

1. Metallodrugs and diagnostic agents 

NMR spectroscopy is a powerful method for investigating the speciation of metal 
complexes in solution and to a lesser extent in the solid state. Understanding both 
the thermodynamics and kinetics of metal speciation is crucial to the advancement 
of inorganic molecular pharmacology. The establishment of structure-activity rela- 
tionships is an important part of the drug design process. The active complex may 
not be that administered or tested in vitro: it may be transformed by ligand substitu- 
tion and/or redox reactions before it reaches the target site. In general our under- 
standing of the biological transformations of m~taUodrugs is very poor compared 
with that for organic drugs, for which glucuroni 'ation, sulphonation, thiol conjuga- 
tion, epoxidation, etc, are all well-known metabolic events which can be incorporated 
into the design process. 

Progress is needed on two fronts for both therapeutic and diagnostic agents, first 
in relation to the metal compounds which are in current clinical use 1"1,2] and 
second for novel agents in the discovery and developmental stages. One of the biggest 
challenges lies in the control of the toxicities of metal compounds and hence in 
understanding the species which are responsible. The roles played by the intact metal 
complex itself and either the metal or its ligands separately must be considered [3]. 
It is notable that some organic pharmaceutical agents may be directed towards metal 
targets in the body or require metal binding to function (e.g. the anticancer agent 
bleomycin which requires iron and dioxygen). 

A wide variety of metal compounds are already in clinical use: see Table 1. These 
include mineral supplements containing e.g. transition metals thought to be essential 
for mammalian life (Cr, Mn, Fe, Co, Ni, Cu, Me). Widely used too are antacids, 
many of which are simple inorganic salts of group 1 (sodium bicarbonate), group 2 
(magnesium oxide, trisilicate or carbonate) or group 3 (aluminium hydroxide) metals. 
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Recently interest in bismuth antacids has revived in relation to the treatment of 
ulcers, since bismuth compounds are toxic to Helicobacter pyiori, the bacteria which 
are thought to prevent ulcers from healing. Lithium salts are effective for controlling 
mood and are used on a large scale (about one in 1500 of the population) for the 
treatment of manic depression. 

Gold as K[Au(CN)2] was introduced at the turn of this century for the treatment 
of tuberculosis and was subsequently replaced by gold(I) thiolates, which were later 
u. ~d (about 1930) for the treatment of rheumatoid arthritis. Today several injectable 
gold(l} thiolates are used clinically (e.g. aurothiomalate, aurothioglucose, aurothio- 
proi~,,:~ ,~ ,~alphonate) and also the orally active drug auranofin. It is curious that 
the tt~o~0rmation of gold(I) into the biscyanide complex appears to be a natural 
process in the body (see Section 3). 

,,.\ o 

2 

The introduction of the platinum(ll) complexes cisplatin, cis-[PtCI2(NH3)2] 
(I), and carboplatin, cis.[PtU(CBDCA){ NHs)2] (2)(where CBDCA is 1,1- dicarboxy. 
cyclobutane), has dramatically improved the success rate for the treatment of certain 
types of cancer, notably testicular cancer. A key step in avoiding toxic effects on the 
kidney is to formulate the grug in saline solution to prevent hydrolysis of the 
complex. The main target site for platinum is DNA and, specifically, intra~trand 
cross-links involving guanine and adenine bases. Sulphur ligands such as the amino 
acid L-methionine and glutathione are also involved in the metabolism of platinum 
drugs. There is current interest in the development of orally active platinum drugs 
in complexes which are active against a wider range of types of cancer (e.g. colon 
cancer} and in complexes which are active against Pt-resistant cancer cells. A Pt(IV) 
complex cis, trans, cis-[PtCl~(acetate)~(NH3)(cyclohexylamine)] has recently entered 
phase II clinical trials and is probably a pro-drug for its Pt(II) metabolite which lacks 
axial acetate ligands. Complexes of Ru(III) and Ti(IV) have also entered clinical trials 
and promise to have a different spectrum of action from platinum drugs [4]. 

The nitrosyi complex sodium nitroprusside, Na2[Fe(CN)5(NO)], which is used in 
the control of blood flow (vasodilation), is an example of a metal complex which 
carries a reactive ligand, nitric oxide, to its target site (the enzyme guanylate cyclase). 

In the diagnostics field, insoluble barium sulphate has long been used as an X-ray 
contrast agent for imaging the gastrointestinal tract, but now, for many purposes, 
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X-ray imaging is being replaced by NMR imaging. NMR contrast agents approved 
for clinical use include Gd(III)complexes with DTPA (diethylenetriaminepentaace- 
tate) and DOTA (1,4,7,10-tetra(carboxymethyl)-l,4,7,10-tetraazacyclododecane) as 
ligands. These complexes are beth thermodynamically stable and kinetically inert 
and are excreted from the body largely unchanged. 

Radioisotopes 99mTc and 111In are widely used in radiodiagnostic agents, e.g. for 
imaging myocardial and cerebral perfusion and monitoring kidney function, depend- 
ing on the type of ligands and the overall charge on the complex. 

The pharmacological activities of these metal compounds will depend on the 
metal, its ligands or both. An example where the intact metal complex reaches the 
target site is the cobalt complex vitamin B~2, the only cobalt complex which seems 
to be essential. A recent X-ray structure [5] shows that this coenzyme binds to 
fragment of the enzyme methionine synthase between helical and ~/[3 domains. 
Methylcobalamin bound to the enzyme is intact, although it undergoes a conforma- 
tional change: the coordinated diemethylbenzimidazole group which is coordinated 
to cobalt in the free coenzyme is displaced by a His residue and binds in a deep 
pocket in the protein. The coenzyme is therefore bound to the enzyme in much the 
same way as haem is bound to myoglobin or haemoglobin. Classical kinetically inert 
d a and d e metal complexes such as [M(phen)a] a+ also exhibit their potent neuromus- 
cular blocking activity as intact complexes by binding to acetylcholine esterase, 
interfering with the function of acetylcholine. The potency depends on the chirality 
of the complex [6,7], although these compounds have not yet found any use as 
drugs. However, classical inertness observed in vitro cannot be assumed to prevail 
in vivo. There is a wide range of reducing agents available in vivo, as well as binding 
sites on macromolecules which may lower activation energies for substitution reac- 
tions, together with a wide range of media of varying dielectric constant (e.g. cell 
membranes). Also, the pH in vivo is variable: from pH 7.4 in blood plasma, to pH 5.5 
in some intracellular compartments (e.g. endosomes, the site of iron release from 
transferrin), pH 4 in atherosclerotic lesions, down to pH 2 in the stomach, and as 
high as pH 8 in urine. Some examples of known or possible L~otransformations of 
m0taUodrugs and diagnostic agents are given in Table 1. 

In this article we describe examples of the application of NMR spectroscopy to 
the speciation of metallopharmaceutical an0 metallodiagnostic agents in solution 
and in the solid state, including biofluids and cells and complexation to macromolecu- 
lar ligands (serum proteins). Because this article is based on lectures given at the 
Third International Symposium on Applied Bioinorganic Chemistry (ISABC-3), the 
examples used are taken largely from our own work and we have not attempted to 
review the field comprehensively. 

2. Speeiation of metaliodrugs by NMR 

2.1. Scope and Limitations 

Spin-½ nuclei offer the most potential for studies of metallodrugs, aH is the most 
receptive nucleus to NMR detection. It is radioactive, but double-walled glass NMR 
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tubes offer sufficient protection for NMR experiments, tH NMR spectroscopy will 
continue to be the most widely used for investigating ligand behaviour. The sensitivity 
of 1H detection increases as approximately B3o/2 and so high frequencies (e.g. 600, 
750 MHz) offer significant advantages. However the TI values of protons in macro- 
molecules may increase with increase in field strength (depending on the rotational 
correlation time and position of the T~ minimum) and eventually (above 1 GHz?) 
relaxation via chemical shift anisotropy may become a problem for t3C and ~SN just 
as it is at lower fields for heavier nuclei. 

Increasingly, tH NMR is being used for the inverse detection of other spin-½ nuclei 
to which it is coupled, especially t3C and ~SN (Section 5.3), although the sensitivity 
of direct detection of heteronuclei can be enhanced by use of polarization transfer 
methods such as INEPT and DEPT. 

3tp with 100% abundance and high sensitivity is invaluable for studies of metal 
phosphine drugs (Section 4.1) and here also indirect detection of other low ~, spin-½ 
nuclei (e.g. t°gAg) is possible to gain direct information about the metal coordination 
sphere. For organotin antitumour compounds there are three spin-½ isotopes; ~19Sn 
has the highest natural abundance (8.6%) and a receptivity greater than that of ~3C 
(4.44 × 10 -3 with respect to tH) and is most useful for NMR studies. Indirect tH- 
{ttgSn} NMR studies have proved useful in the structural characterization of orga- 
notin antitumour compounds by the detection of both long-range and small tHJtgSn 
couplings [ 8"1. 

Only in a few cases is the study of quadrupolar nuclei fruitful for metallodrug 
work, although the situation may improve with the increasing availability of very 
high field instruments which offer quite dramatic sharpenings of the central transition 
of half-integer quadrupolar nuclei [9] (e.g. 2~AI, 4SSc, 7tGa; see Section 6.2). Other 
candidates include 25Mg, 4~Ca and 67Zn. 63Cu and 6SCu are both spin I--~o (abun- 
dance 69% and 31% respectively) and of some value in the study of copper phosphine 
antituraour agents C 10]. Although °3Cu has a high abundance, the ~SCu isotope is 
preferred for NMR studies because it gives narrow lines (smaller quadrupole 
moment). 6~/6~Cu-~tP couplings are resolved only in highly symmetrical 
[Cu(PR3)4] ~ complexes; in most ce~es lines are broadened by the dominant quadru. 
polar relaxation mechanism. A partic~,lar problem lies with the group 15 elements 
As, Sb and Bi, which are of much interest in pharmacology [ 11 ]. All possess only 
quadrupolar isotopes with large quadrupole moments: ~SAs (100%, 1--½), t2tSb 
(57.25%, 1-~), t'3Sb (42.75%, 1 =~), ~°gBi ( 100%, 1 -~). Only in highly symmetrical 
complexes do these nuclei give rise to reasonably sharp resonances. 

Progress i ,  th~ design of drugs based on group 15 elements is being greatly held 
up through lack of a suitable probe of the metal itself, although some studies can 
be made via ligand nuclei. For example, the binding of citrate to Bi(III) in antiulcer 
complexes such as CBS (colloidal bismuth citrate) [:12,13] and rantidine bismuth 
citrate [:14] has been studied by tH and t3C NMR spectroscopy. Citrate is a good 
bridging ligand and polymeric species are formed in solution. Second-coordination- 
sphere interactions between coordinated citrate and ranitidine can be detected by 
NMR. The strong, short Bi(Ill) alkoxide bond is a notable feature of these complexes. 
Little is known about the preference of Bi(III) for different ligand types or the 
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kinetics of ligand exchange reactions and these are currently being studied by NMR 
methods. The rate of uptake of Bi(III) into red blood cells and complexation with 
intracellular glutathione, as determined by 1H NMR, is relatively slow (hours) [ 15], 

Metal compounds that contain unpaired electrons in general give rise to broaden- 
ings and shifts of ligand NMR resonances, broadenings being the most severe when 
the electron spin relaxation time is long (e.g. Mn(II), Gd(III)), an effect which is 
made use of in the design of contrast agents for magnetic resonance imagin~,, 
Encapsulation of Gd(III) with a strongly binding ligand such as DTPA or DOTA 
renders the complex non-toxic (excreted intact) and still allows H20 molecules to 
bind, since Gd(III) can adopt high coordination numbers of nine or 10, thereby 
affecting the relaxation times of water in tissues and so giving rise to the required 
contrast [ 16]. 

H/•'NH 
CIs, o. ,,,,CI 
CI4~IR u~Cl 

5,/L 
H 

l i d  

(3) 

Octahedral Ru(lll) (low spin d s, one unpaired electron) has a relatively short 
electron spin relaxation time and acquisition of EPR spectra requires the use of very 
low temperatures (e.g. 10 K). ParamagneticaUy shifted ~H NMR resonances are 
readily detected in IH NMR spectra of Ru(lII) complexes and can be used to 
determined the rate of hydrolysis of the anticancer complex rRuCl4(Im)2]- (3) (lm 
means imidazole); see Fig. 1 [ 17]. This occurs on a similar time scale (tl/2 = 3.4 h at 
37 °C) to the hydrolysis of cisplatin (t~/2-2.6 h). 

2.2. Body fluids and cell culture media 

Both body fluids and cell culture media are complicated, often heterogeneous 
media. For example, blood plasma contains fat particles (lipoproteins) which contain 
triacylglycerols, phospholipids and cholesterol, large proteins (e.g. immunoglobulins, 
albumin and transferrin) as well as many small molecules and ions. When metal 
compounds are tested for activity in vitro using cells in culture, they may be 
chemically transformed via ligand substitution or redox reactions in the cell culture 
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Fig. 1. Hydrolysis of the anticancer complex [RuCIAlm},]Im (3) as seen in 270 MHz IH NMR spectra 
at various times after dissolution in D20 at 37 °C (body temperature). Paramagnetically shifted peaks 
{Ru(lII), low spin d s) for the initial complex 1 are replaced by peaks assignable to the mono- (2) and 
di-aqua complexes {3a and 3b), The shifts are predominantly dipolar in origin. {Adapted from Ref. [ 17].) 

medium (a medium which often resembles blood plasma in composition). Although 
model reactions can be set up to investigate this, direct studies of the coordination 
chemistry of metal complexes in intact biofluids are needed. 

For example, when cisplatin is incubated with Dulbecco's cell culture medium, the 
singlet for the S-methyl of the c-methionine in the medium disappears and a new 
peak characteristic of Pt-bound L-Met appears [ 18]. 

IH NMR experiments of plasma show that reactions of copper complexes in 
plasma involve a range of low molecular mass ligands as well as transfer of Cu(II) 
into the N-terminal site of albumin [19]. When the copper donor is the EDTA 
complex, then transfer on to albumin is relatively slow, with a half-life of 26 min at 
21 °C. Metal binding to proteins in blood plasma can be accompanied by changes 
in the binding of other molecules. For example, the complex [Cun2(DIPS)4] 
(DIPS-=diisopropylsalicylate) displaces lactate from protein binding. The DIPS 
ligands are readily displaced by components of urine, tH NMR spectra suggest that 
formate, citrate and histidine are involved in competitive Cu(II) binding (paramag- 
netic broadening of peaks) [ 19]. 

Direct binding of AP* to citrate in blood plasma has been detected by ~H NMR 
spectroscopy at concentrations as low as 50 ~M and reversal of binding by addition 
of desferrioxamine [20]. From citrate, Al(III) is transferred to transferrin and via 
transferrin receptors into the brain where it is toxic. AI(III) is apparently readily 
removed from the body if the kidneys are functioning normally, presumably because 
AI(111) citrate complexes are then readily filtered out of the blood. 
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3. Gold antiarthritic drugs 

The gold(l) complexes in clinical use for the treatment of rheumatoid arthritis are 
linear and two-coordinate. The orally active complex auranofin (4) (Et3PAuSR, 
where SR means tetraacetylthioglucose) is a monomer which undergoes facile deace- 
tylation in the acidic conditions of the stomach. The hydrolysis can be followed by 
~H NMR spectroscopy with the release of acetic acid [21]. The injectable gold(I) 
thiolate complexes such as aurothiomalate (5) are polymers. Although aurothioma- 
late has a nominal 1:1 stoichiometry, it usually contains a 10--15 mol% excess of 
thiol over gold and is probably composed of a mixture of cyclic hexamers and linear 
oligomers. The structures of these polymers are very sensitive to the ionic strength 
and pH of the solutions. 

CH=OA~c ACOAco~ S---Au--PEt3 
Auranofin 

(4) 
[ Au---'S---CHCOa" ] 

I 
CHACO2" 

n 

Aurothiomalate 

(s) 

These linear gold(l) drugs undergo facile iigand exchange reactions and t'~C N M R 
studies show that thiols with the lowest pK, values bind the most strongly to Au(1) 
[22]. It is therefore perhaps not surprising that gold becomes widely distributed in 
the body after drug administration, a major site for gold transport being Cys34 of 
the blood protein albumin, which has a low pKa (about 5; Section 6.1.2). For gold(1) 
phosphine drugs (e.g. auranofin) 3tp NMR is useful for probing these ligand exchange 
reactions in biofluids, cells and proteins [21-25]. The 3tp shift of the phosphine is 
sensitive to the nature of the coordinated ligand X and release of PEt3 can be 
monitored by observation of a peak for EtaPO. In R3P-Au-SR complexes the 31p 
shift is dependent on the pKa of the thiolate (SR) [24]. 

Cyanide appears to play a key role in the metabolism of gold drugs. Arthritic 
patients treated with either aurothiomalate or auranofin excrete I'Au(CN)2]- in their 
urine [26,27]. Surprisingly, cyanide seems to be a natural metabolite in the body, 
being produced by the oxidation of thiocyanate by the enzyme myeloperoxidase in 
the white blood cells called polymorphonuclear leukocytes (PMNs). The level of 
[Au(CN)2]- is higher for smokers than for non-smokers on account of the inhalation 
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of HCN in cigarette smoke. In the liver this HCN is metabolized to SCN- which 
circulates in blood plasma and can be reconverted back to cyanide by PMNs. The 
red blood cell level of gold in patients treated with aurothiomalate is also higher for 
smokers and can be accounted for by the ease with which [Au(CN)2]- is taken up 
by cells compared with polymeric aurothiomalate [281. Reactions of aurothiomalate 
with cyanide can be followed readily by IH or 13C NMR spectroscopy (using ~3C- 
enriched cyanide) [29]. These show that the mixed ligand complex [Au(Stm)(CN)]-, 
where Stm is S-bound thiomalate, readily forms as an intermediate at cyanide/aurothio- 
malate ratios less than 2 and this complex gives rise to the bisthiomalato complex by 
disproportionation. At higher ratios rAu(CN)2I- is the major product. Since 
[Au(CN)2"I- inhibits the oxidative burst of PMNs (these cells are usually found in 
high numbers in synovial fluid in the joints of rheumatoid patients) and itself can act 
as an antiarthritic agent and inhibit proliferation of lymphocytes, it may be a key gold 
species in understanding the antiarthritic activity of gold complexes. 

4. Metal phosphine antitumour drugs 

4.1. alp N M R  

Auranofin and a large number of other linear Au(I) phosphine complexes are 
potently cytotoxic to tumour cells in culture [25"1. However, in vivo auranofin 
exhibits modest antitumour activity, against only intraperitoneal P388 leukaemia in 
mice, and then only when administered intraperitoneaily (i.e. the drug comes into 
direct contact with the tumour cells). In contrast, bis-chelated Au(I) phosphine 
complexes related to [Au(dppeh] + (6) (whore dppe~ 1,2-bis(diphenylphosphino)- 
ethane) are active against a spectrum of tumour models in mice [30]. This difference 
is likely to be related to the lower thtol reactivity of the tetrahedral complexes, which 
can undergo ligand exchange reactions only by chelate ring opening. 3tp NMR 
studies have shown that [Au(dppeh] + (unlike auranotin) remains essentially intact 
in human plasma [ 31 ] and does not react significantly with glutathione or albumin. 

4" 
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For complexes of the type [Au(R2P(CH2)aPR~)2] + , highest activity was found 
with R - R ' - P h  and n= 2, 3 or c i s - C H - - C H .  The free diphosphine ligand (dppe) 
showed a similar spectrum and degree of antitumour activity to [Au(dppe)2]C1 in 
mice, suggesting that part of the action of Au(I) is to protect the ligand from 
oxidation reactions before it reaches the target site. Activity is retained when Au(I) 
is substituted by Ag(i) and Cu(l) and these have a similar kinetic lability of the 
M - - P  bonds. If the phenyl substituents on the phosphine are replaced by other 
substituents, antitumour activity is generally reduced or lost altogether [30]. This 
may be related to the higher reactivity of alkyl- compared with aryl-phosphines 
towards disulphide bonds. For example, [Au(eppe)2] + (R is Ph; R' is Et) was shown 
by 3zp NMR to slowly cleave disulphide bonds in albumin with release of the 
phosphine oxide [32]. Similarly, the analogous Ag(I) complex i-Ag(eppe)2]NO3, 
which exhibits potent antimitochondrial activity in yeast [33], is stable in the 
presence of glutathione but reacts rapidly with albumin with release of 
Et2P(O)(CH2)2P(O)Ph2. 

Recent 3tp NMR studies of tetrahedral bisphosphine Au(I) compiexcs with pyridyl 
substituents (R and R' are 2-pyridyl (7), 4-pyridyl (8)) have shown that these are 
stable for at least 30h when incubated in blood plasma at 37°C [34]. However, 
whereas the 2-pyridyl complex shows potent antitumour activity against P388 leuke- 
mia in mice, the 4-pyridyl analogue is inactive [32]. The contrasting activities may 
be related to differences in their uptake into cells. Whereas the 2-pyridyl complex 
readily partitions between plasma and red cells (Fig. 2), the 4-pyridyl complex, which 
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Fig. 2. 3tp NMR spectra of the separated plasma and red blood cells from whole human blood which 
had been incubated for 5 h at 25 °C with the Au(I) bispyridylphosphine complexes 7 (R-2-pyridyl; left) 
and 8 (R-4-pyridyl; right) at a concentration of 1 mM. Whereas the 2-pyridyl complex (7) partitions 
between the plasma and the red blood cells, the 4.pyridyl complex (8) is retained in the plasma fraction. 
PL, phospholipid; 2,3-DPG, 2,3.diphosphoglycerate; Pi, inorganic phosphate. 
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has a higher water solubility, is retained in the blood plasma fraction. Notable also 
for the 2-pyridyl complex is the observation of a 31p signal for the intact complex 
inside the cell. In red cells incubated with [Au(dppeh]Cl, the 31p signal for the 
tetrahedral complex was broadened beyond detection and appeared only after disrup- 
tion of the membrane with sodium dodecyl sulphate [35]. This indicates that 
the 2-pyridyl complex less readily partitions into lipophilic compartments (e.g. lipo- 
proteins, membranes), consistent with its higher water solubility. 

Bridged linear digold(l) bisphosphine complexes XAu(dppe)AuX (where X is, e.g., 
CI, SGIu) are also cytotoxic in vitro and exhibit in rive anticancer activity against 
a wider range of tumours compared with auranofin [30]. 3~p NMR studies show 
that thiols induce conversion of the linear complexes into the tetrahedral complex 
[:Au(dppeh'! + and this reaction also occurs in blood plasma [36]. The cellular 
pharmacology and profile of antitumour activity of GluSAu(dppe)AuSG are similar 
to those of [Au(dppeb] +, which is consistent with the ring-closed product being the 
major metabolite of the bridged digold complex in vivo and also with the cytotoxic 
mechanism depending on the selective uptake of lipophilic cationic species into 
mitochondria. 

4.2. 3tP~{t°gAg} N M R  

For Ag(l) phosphine antitumour complexes the occurrence of the two spin-½ 
isotopes t°gAg and l°'~Ag with high natural abundance (48.2% and 51.8% res- 
pectively) provides an additional useful tool for NMR studies. The one-bond 
t°7/t°gAg=31P coupling constants provide information about the Ag coordination 
sphere. For tetrahedral [:Ag(P= Ph]X complexes the ij(31p_ 10~Ag ) coupling con- 
stants are usually in the range 230-290 Hz, with tJ(t°TAg-3tP)smaller by a factor 
of 0.869 (~,~°~Ag/~,t°~Ag). These couplings are generally resolved in the 3tp NMR 
spectra at ambient temperature, showing greatly enhanced kinetic stabilities with 
respect to Ag(I) complexes of monodentate phosphines [ 37]. 

The low receptivities of the ~°gAg and ~°TAg isotopes (0.28 and 0.20 relative to 
~C) and very long spin=lattice relaxation times (e.g. 1115 s for AgNO3 in DzO) limit 
their usefulness for direct NMR studies. However, indirect 3~P-{t°°Ag} NMR 
methods have been used to study the coordination chemistry of silver(I) diphosphine 
antitumour complexes [ 38,39]. The experiments require a triple-resonance 3~p/~H/X 
probe tunable to low frequencies. For example, we have used ~P-{I°gAg} NMR 
experiments to follow the unusual solution chemistry of the 1" 2 Ag(l) complex 
of 1,2-bis(di(2-pyridyl)phosphino)ethane (2-dpype) [:39]. This antitumour com- 
plex exists in solution as a mixture of the monomeric bis-chvlated Ag(1) 
complex [Ag(2-dpypeh ] +, dimeric [Ag(2-dpypeh ]~ + and t rimeric 
[Ag(2-dpypeh]] + (Scheme 1), which contain both bridging and chelated 2-dpype 
ligands coordinated by the P atoms, t°gAg-3tP 2D spectra confirmed the existence 
of the dirn¢ric and trimeric species by correlation of the 3~p and t°gAg NMR shifts. 

At a concentration of I mM in blood plasma at 37 °C, 31p NMR signals assignable 
to both the monomeric and dimeric species were observed (Fig. 3), suggesting that 
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these equilibria must be taken into account when considering the likely speciation 
of the complexes in vivo. 

4.3. Solid state 3tp CP-MAS NMR 

3~p cross-polarization magic angle spinning (CP-MAS) NMR provides a useful 
method for studying the relationship between structures chan,,,,erized in the solid 
state by X-ray crystallography and those observed in solution by 31p NMR. 
Crystallographic data need to be interpreted with caution, since a crystal structure 
(obtained from a single crystal) may not accurately represent the solid state structure 
of a complex, which could exist as a mixture of several forms. For example, X-ray 
structures of 1:2 Cu(I) complexes of Me2P(CHz)2PMe2 (dmpe) reveal the existence 
of both a bis-chelated monomeric complex [Cu(dmpe)2"l + [40"1 and a binuclear 
complex [Cu(dmpe)2]~ + [41"1, with both bridging and chelated dmpe ligands. 31p 
and 63Cu NMR data were consistent with either the mono- or dimeric form in 
solution [41]. 3tp CP-MAS spectra can confirm whether a complex exists in a 
unique form in the solid state, so that if more than one species is observed in 
alp NMR solution spectra, it is possible to deduce whether the complex undergoes 
dissociation in solution. 

The use of solid state 31p NMR techniques to investigate the coordination chemis- 
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Fig. 3. 31p NMR spectra at 37°C of the 1:2 Ag(l) complex of 1,2-bis(di(2-pyridyl)phosphino)ethane 
(2-dpype) in human plasma (top) and methanol (bottom), showing peaks for both monomeric 
[Ag(dpype)2] + and dimeric [Ag(dpype)=]i + (Scheme 1) [39]. PL, phospholipid; Pi, inorganic phosphate. 

try of metal phosphine complexes has been reviewed recently [42]. In solution, rapid 
isotropic motion averages dipolar splittings and the chemical shift anisotropy (CSA) 
to zero, allowing observation of sharp lines at the isotropic chemical shift. In the 
solid state, resonances are often broad owing to the existence of non.averaged dipol~ 
dipole and shielding anisotropy interactions. Since both the dipolar coupling and 
the CSA contain an angular dependence of the form 3 cos' 0-1, spinning a sample 
at an angle of 54°44 ' (the magic angle) with respect to the applied magnetic field 
(Be) achieves line narrowing, because then 3 cos 2 0-I =0. At spinning speeds below 
the CSA linewidth a set of sharp lines is observed, spaced at the rotation frequency 
and centred on the isotropic chemical shift. The pattern of the spinning sidebands 
can be analysed to extract the principal values of the chemical shift tensor. 
Alternatively, for complicated spectra it may be preferable to increase the spinning 
speed to remove all the effects of the CSA, since the spinning sidebands can make 
spectral interpretation difficult. Typically spinning speeds of the order 3-5 kHz are 
used. For metal phosphine complexes the dipolar interaction from dipolar coupling 
to protons is too large for MAS alone to generate usefully sharpened lines and high 
power dipolar d~oupling is also employed. In the CP-MAS experiment, in addition 
to high power L H decoupling and magic angle spinning, magnetization transfer from 
IH to 31p under cross-polarization conditions improves the sensitivi~.y of 31p and 
also overcomes the problems of the long longitudinal relaxation times (T~) for dilute 
51p spins, 



S.J. Berners.Price, P.J. Sadler/Coordination Chemisto' Reviews 151 (1996) 1-40 17 

4- 

Ph~ /Ph 
\ /Pxpt, 

M = Cu(I) M = Au(I) 

9 1 0  

Correlation of 31p CP-MAS and 3:p solution NMR spectra of the 1:2 Cu(I) 
complex of cis-Ph2PCH=CHPPh2 (dppey) confirmed that this antitumour complex 
exists as the bis-chelated monomeric complex [Cu(dppeyh] PF6 (9) in the solid state 
and in solution [43]. The alp CP-MAS spectrum (Fig. 4A) consists of four broad, 
equally spaced bands with J(Cu-P)~ 820 Hz, interpreted as four closely overlapped 
quartets for each of the phosphorus atoms which exist in similar chemical environ- 
ments. Magic angle spinning is only effective in averaging dipolar and indirect 
coupling in first-order situations when the coupling energy is much smaller than the 
Zeeman energy. For quadrupolar nuclei the quadrupolar coupling energies are 
frequently comparable in magnitude with the Zeema.~ energies and second-order 
effects produce distortions in band shapes due to terms in the Hamiltonian involving 
geometrical dependences other than 3 cos 2 0-1. Several authors have discussed the 
interpretation of MAS spectra of spin l = ½ alp nuclei coupled to quadrupolar spin 
1 = 3/2 6aCu and 6SCu nuclei. Menger and Veeman C44] reported a calculation of 
the line position in terms of the copper nuclear Zeeman interaction (Z), the copper 
nuclear quadrupolar coupling constant (X), the indirect phosphorus spin-spin cou- 
pling constant (J)and the a~Pf63Cu dipolar coupling constant (D). The appearance 
of the spectrum depends on the dimensionless parameter K -- z/4Z and the ratio R -- 
D/J (usually in the range 0.5=1.0 for copper phosphine complexes). For 
CCu(dppeyh] PF6 minimal distortion of the quartet spacings was observed (Fig. 4A), 
indicating that the quadrupolar effects are only very small. This suggested a small 
value for X, consistent with the high symmetry of the CuP4 core observed in the 
X-ray structure. 31p-65/63Co spin-spin couplings were not resolved in the solution 
3~p NMR spectrum (Fig. 4B), and since the a~p CP-MAS data indicated a small 
copper nuclear quadrupolar coupling constant (X), the relatively fast rate of quadru- 
polar relaxation was attributed to a relatively long correlation time for molecular 
reorientation (%) due to the presence of the bulky phenyl substituents. 

The crystal structure of the analogous Au(I) complex CAu(dppeyh]PF6 (10) 
showed it to be isomorphous with the Cu(I) complex. 3~p CP-MAS spectra (Fig. 4C) 
revealed splitting of the phosphorus signal into a quartet, ascribed to Au-P spin-spin 
coupling effects with J(Au-P) ~ 200 Hz. As for the Cu(I) complex, minimal distortion 
of the quartet spacings indicated an unusually small 197Au quadrupolar coupling 
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Fig. 4, (A) ~tp CP-MAS and (B) solution (CH2Ci2, 298 K) 3:p NMR spectra of the antitumour complex 
[Cu(dppeyh]PF6 (9), The lack of distortion in the quartet spacings in (A) is indicative of minimal 
quadrupolar interaction with the copper nucleus and a small copper quadrupole coupling constant (see 
text). (C) ~ip CP-MAS spectra of the analogous Au(l) complex [Au(dppeyh]CI at magnetic field 
strengths of 2, I 1, 7,05 and 9,40 T, At the higher field strengths the signal resolves into a quartet with line 
separations of about 200 H~, interpreted as indirgct spin;spin coupling with the :~TAu nucleus. The 
observation of ~tP=t~Au coupling is extremely unusual for Au(1) phosphine complexes and suggests a 
very small ~Au quadrupole coupling constant, consistent with the high symmetry of the AuP4 
coordination sphere observed in the X-ray crystal structure. (Adapted from Ref. [43].) 

constant, consistent with the high symmetry of the AuP4 core. t97Au-31P splittings 
were not resolved in solution 31p spectra (and have never been observed for an Au(I) 
phosphin¢ complex), but the similarity of the solution and solid-state 31p chemical 
shifts indicated that the his-chelated cation was also stable in solution. 

For Ag(l) diphosphino antitumour complexes in particular, the anion may compete 
for coordination to the metal ion and here it is of particular importance to investigate 
the relationship between structures that exist in the solid state and in solution. For 
complexes of the type Ag(dppphX (where dppp is Ph2P(CH2hPPh2 and X is CI, Br, 
I, CN), 3tp CP-MAS NMR spectra showed the existence in the solid state of only 
structures of the type AgP3X, consistent with the X-ray crystal structures which 
showed coordinated anion (X) and both chelated and monodentate dpp F ligands. 
In solution the complexes exist in equilibria with other species, including the bis- 
chelated complex [Ag(dppph]X, with the predominant species being dependent on 
the nature of X [45]. Since the antitumour properties of metal diphosphine complexes 
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may be related to the selective uptake of lipophilic cations into mitochondria, studies 
of this type are of fundamental importance to a meaningful interpretation of struc- 
ture-activity relationships to establish whether the his-chelated cationic species 
[Ag(dppp)2] + will be the major species present in vivo. 

5. Platinum anticancer drugs 

5.1. 19spt NMR 

19spt is a reasonably sensitive nucleus for NMR detection, having a natural 
abundance of 33.8% and a receptivity relative to IH of 3.4 x l0 -a. The limit of 
detection is about 10 raM. With enrichment of 19spt, lower concentrations can be 
detected. Bancroft et al. have studied DNA platination at millimolar levels in this 
way and have detected both monofunctional and bifunctional guanine adducts [46]. 
They used ammines containing natural abundance nitrogen (i.e. 99.6% ~4N, I=  1) 
in their samples and so the ~95pt resonances were broadened by the quadrupolar 
effects of ~4N from both the ammine and the guanine ligands. The shortening of the 
t9spt relaxation times by such quadrupolar effects of X4N has the beneficial effect of 
allowing rapid pulsing without saturation effects. 19spt-~4N couplings in ~9spt NMR 
spectra are usually better resolved at higher temperatures, because the quadrupolar 
relaxation rate of X4N decreases (decrease in correlation time). 

The x9spt chemical shift range is large, about 15000 ppm, and often allows ready 
differentiation between Pt(II) and Pt(IV), which tend to have chemical shifts at the 
high field and low field ends of the range respectively. Some caution is required in 
searching for peaks, because the shifts of Pt(IV) halides alone span 12000ppmY 
Also, there are usually 19sPt chemical shift differences between geometrical isomers 
and diastereomers. The example of the cisplatin metabolite [Pt(L-Met)2"l (see 
Section 5.3) is shown in Fig. 5. Even isotopomers are distinguishable: the 19spt 
isotope shift difference for Ptf3SCl and pt-37Cl is 0.17 ppm and for Pt-79Br and 
Pt-a°Br it is 0,03 ppm [47]. Therefore in principle it is possible to count the number 
of CI and Br ligands bonded to Pt via the isotope splitting pattern. For PtCl~-, for 
example, a 0.51 : 1.0:0.82:0.35:0.09:0.01:0.0006 septet is obtained. In practice these 
isotope shifts are difficult to resolve because of line broadening, which is usually due 
either to relaxation mechanisms or to poor temperature control of the sample. The 
latter is a problem because of the strong temperature dependence of 195pt NMR 
resonances (up to 1 ppm K-~). 

Even in the absence of ~4N ligands, ~9spt resonances can be very broad owing to 
chemical shift anisotropy (CSA) relaxation, which can be the dominant relaxation 
mechanism for platinum complexes at high magnetic field strength. Similarly, 195pt 
satellites in lSN and ~H spectra of Pt(II) complexes are often broadened beyond 
detection owing to CSA relaxation of ~9spt [48]. The linewidths of ~9spt satellites 
of ~H NMR resonances are dependent on the spin-lattice relaxation time of ~95pt: 

Av~(H) = [nT~'(H)] -1 + [2~TI(Pt)] -l  

where DtT~'(H)]- 1 is the natural linewidth plus contributions from magnetic inhomo- 
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19Spt NMR : 6 isomers of [pt(lSN-Met)2] j 

I I Cis 
• T r a n s  • I I ~ -  J " 

I - I . . - , - I 

-3500 a/ppm -3700 

Fig. 5. tgspt NMR spectrum of [Pt(L-tSN-Meth], a metabolite of the anticancer drug cisplatin, showing 
three sets of triplets for each of the cis and trans isomers (Scheme 2). The three diastereomers for each 
geometrical isomer arise from slow inversion (on the NMR time scale) of chiral coordinated sulphur. 
(Adapted from Ref. [60]3 

geneity broadening (measurable from the linewidth of the centre peak). The contribu- 
tion to tgspt Tt relaxation from CSA is given by 

[Tt(Pt)]- t(CSA)=~[T2(Pt)]-t(CSA)=~ x ~,2 x Be 2 x A~ 2 x to 

In general, tgspt satellites (and tgsPt resonances) are sharper in Pt(IV) complexes 
which are six coordinate and hence more symmetrical (smaller anisotropy Ao-) and 
are broader at higher fields of measurement (Be) and in larger molecules (longer 
correlation time to). 

5.2, tSN NMR 

lSN NMR chemical shifts and tJ(tgsptJsN) coupling constants (when resolved) 
are both sensitive to the nature of the trans ligand in Pt ammine and ar~ine complexes 
and provide a powerful method for identifying the ligands in the coordination spheres 
of both Pt(lI) and Pt(IV) complexes. Typical shift ranges are shown in Fig. 6. For 
Pt~LNH3 complexes the tJ(tgspt-tSN) coupling constants exhibit the following 
dependence on the trans ligand: 

m 

Trans ligand t j (t 9s p t J  s N ) Trans ligand t j (t 9s p t t  s N ) 

H20 390 CI- 310 
RCOz- 360 NH3 285 
OH° 340 S(Met) 265 

For Pt(IV) they are smaller by a factor of about 1.5 (in theory based on the 
change in hybridization from dsp ~ to d2sp 3) to 1.2 (in practice) and are 
1.4 × (~,tSN/'~,t4N) larger than td(t9spt-t4N) values. 
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Fig. 6. Variation in tH and tSN NMR chemical shifts with the trans ligand in Pt-NH3 complexes. A 
similar picture is obtained for amine complexes, but the shifts are offset in both dimensions, e.g. for 
ethylenediamine the tH peaks are shifted to low field by about 2 ppm and tSN shifts to low field by 
about 40 ppm. Thus not only can Pt(II) be distinguished from Pt(IV) but also Pt-NH3 from Pt-NH2 
and Pt-NH. 

The low receptivity of 15N (3.85 x 10 -6 relative to tH) to some extent limits its 
usefulness for directly detected ~SN NMR studies of Pt ammine and amine complexes. 
However, the sensitivity of detection can be improved by ~SN isotopic enrichment 
combined with enhancement by polarization transfer from ~H (e.g. ~SN-{~H} DEPT 
and INEPT pulse sequences). The maximum enhancement in tSN signal intensity 
achievable via polarization transfer is only 9.8 (~,H/~,N), but since the repetition time 
of the pulse sequence is governed by the tH rather than the longer tSN spin-lattice 
relaxation time (T~), there is the additional advantage of allowing more rapid pulsing. 
For example, tSN-{~H} DEPT sequences enable detection of ammine release 
following reaction of tSN-cisplatin with intracellular components in intact red blood 
cells at concentrations as low as 1 mM [49]. 

5.3. Inverse tH-{tSN} NMR 

Over the past few years we have applied inverse 0H-detected) tSN NMR methods 
to a wide range of studies of platinum anticancer drugs (reviewed in Ref. [ 50]). The 
major advantage of the technique is the sensitivity of detection, which is enhanced 
by a theoretical maximum of 306 (I~,HI/I~,NI) 5/2) with respect to directly detected 15N, 
such that signals can be detected from platinum complexes in aqueous solutions at 
concentrations of physiological relevance. These methods are widely applicable to 
any complex which has a tSN atom with a measurable spin-spin coupling to tH (i.e. 
ammine, primary and secondary amines, but not tertiary amines). In practice the 
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best results are obtained with large one-bond couplings (about 73 Hz for ISNH3). 
Although tH NMR resonances can be detected from NH protons with 14N present 
in natural abundance (99.6%), they are often broad because of the quadrupolar 
relaxation of t4N (I = 1) (Fig. 7). Also, it is necessary to work in H20 (as opposed 
to D20), since NH protons in platinum ammine and amine complexes usually 
exchange with D within minutes. Introduction of ~SN by synthetic labelling usually 
gives rise to a sharp tH NMR doublet for a PtMSNH group in H20 together with 
(CSA-broadened) t9spt satellites (Fig. 8). The resonances move progressively to 
lower field on changing from Pt-NH3, to Pt-NH2 to Pt-NH, and PtW-~SNH 
tH NMR resonances are to lower field of those of Pt(ll). In general, exchange of 

• 
270 MHz 

NH 3 
/ 

73 Hz 

NH 2 

lospt HaO,~ 

• 14N 

500 MHz 
HsN /Cl 

H, /PkcI 
CH= 

NH 3 
NH= 73 Hz 

U 

DMF 

CH s 

"- 105pt 

''| .... I . . . .  I ' ' ' " I  .... l,,T~""r "=r''r'~ 

5,0 4.0 3.0 

Fig, 7, 'H NMR spectra of cis-[PtCI,JNH,)(NH,Me)] in d,,-dimcthylformamide: top, with 'SN-labdled 
ligands; bottom, with natural abundance nitrogen in the ligands i0.37% 'SN). in this solvent NH 
exchange is slow and 'HJSN coupling is clearly evident in the top spectrum. The bottom spectrum 
shows quadrupolar broadening due to '~N and natural abundance 'SN.coupled peaks arc just visible. In 
the top spectrum th~ '~sPt satellites are broadened by relaxation via chemical shift anisotropy (see ~oxt). 
(Adapted from Ref, [62] (deposited figur¢).) 
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1H [1J(1H, lSN).edited] 
L', q.5 M (NH4)2SO4] 

Oxxc-o NH 3 \p( HsN\ /Cl 

HaN \Cl ~ o C _ O /  \NH3 /Pt 
• ~ Cisplatin Carboplatin ~ ~"][-] 

Ha 

_N\ H2 pt/Cl (H20) II1 I H3N'\P~ Cl N NCl Cl / ~'NH 3 
• JJ ® 

lSN'dec°uple'-~"'~d~~~.,,.~~,~[ * 

i ' "  I I I ' 

5.0 4.0 (5 / ppm 
Fig. 8. ~H-{tSN} NMR spectra of cisplatin (I), transplatin, carboplatin (2) and [Pt(en)Cl2] in 95% 
!°i_,O=5% D20. This method detects only protons bound to tSN and in the top spectrum these appear 
as doublets due to ISN coupling. The bottom spectrum is tSN decoupled and each different type of NH 
appears as a singlet (along with broadened *°spt satdlites). In this example ammonium sulphate was 
added as a relaxation agent to improve water suppression, but a similar suppression could also be 
achieved using pulsed fidd gradients. 

NH protons with solvent is much faster for Pt(IV) than for Pt(ll) complexes, but 
Pt(IV) anticancer complexes can be studied by tH-{tSN} NMR if the NH exchange 
is slowed down by lowering the pH or by other means. 

The Pt-lSNH protons can be detected selectively by the use of heteronuclear 
single (or multiple) quantum coherence (HSQC and HMQC) pulse sequences (Fig. 9). 
By acquiring only the first increment in a two-dimensional experiment, a ID IH 
spectrum containing only resonances from Pt-15NH species is obtained; resonances 
for CH and OH (including waterl are eliminated. This is of particular value in studies 
of body fluids or cell culture media, where it is possible to follow the speciation of 
the platinum complexes without interference from the thousands of other overlapping 
tH resonances, which are completely filtered out. If 15N decoupling is employed 
during acquisition (e.g. the GARP method), then each distinct type of Pt-NH 
resonance appears as a singlet, sometimes together with the broadened 195pt satellites 
(Fig. 8). In practice the water resonance is so intense that it is usually necessary to 
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Fig 9 Examples of pulse sequences used to record [tH tSN] spectra of Pt-NH systems in 95% H20-5% 
D20 In all cases the delay d=½J(NH) and onedimensional tSN ~lited tH spectra are obtained by 
setting the evolution period (fl) to zero Spectra may be recorded with or without dccoupling of tSN 
spins (GARP) during the acquisition period (A) [ tH tSN] HMQC sequence [90] in which the water 
signal is suppressed by presaturation Other modifications arc usually needed to improve the suppression 
and to detect peaks close to the tH20 resonance e g the addition of purge pulses as described by Otting 
and W0thrich [91] Incorporation of a SCUBA sequence [92] in the preparation period is useful for 
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use additional solvent suppression techniques (e.g. presaturation, Fig. 9A). The addi- 
tion of an H20 T2 relaxation agent (e.g. 0.5 M (NH4)2SO4) [51] can also be useful 
if the NH peaks of interest lie ",'cry close to the IH20 peak. However, the use of 
pulse sequences in which coherence selection is achieved by the use of pulsed field 
gradients allows greatly improved water suppression. For example, by use of the 
HSQC sequence of Stonehouse et al. [52] (Fig. 9C)we have been able to detect NH 
peaks within a few hertz of the water resonance at concentrations as low as about 
10 ~M without the need for additional solvent suppression techniques. Acquisition 
of lSN-coupled spectra can aid in the detection of Pt-NH species if the ~SN-decoupled 
NH peak is obscured by the small residual ~H20 signal. 

The combined detection of ~H and ~SN in a 2D inverse NMR experiment is 
especially powerful, since the 15N NMR chemical shift and the one-bond coupling 
constant 1J(1H-:SN) are diagnostic of the trans ligand (vide supra). In a 2D [~H, 
~SN] spectrum the ~95pt satellites (when not broadened beyond detection by the 
effects of CSA relaxation) appear on a diagonal corresponding to the 2J(195pt-~H) 
coupling constant in the F2 (~H) dimension and to the ~J(~95pt-~SN) coupling in the 
F~ (~SN) dimension (Fig. 10). Pt(II) and Pt(IV) ammine and amine complexes can 
be distinguished by the combination of IH and ~SN shifts (Fig. 6). 

By appending a proton isotropic mixing sequence to the basic HMQC (or HSQC) 
sequence (Fig. 9B), magnetization is relayed from the NH protons to the other 
protons in the spin system, providing a further tool for the assignment of NH protons 
in differently coordinated environments. For example, Fig. 11 shows the 2D HMQC- 
TOCSY spectrum of the product of the reaction of [Pt(~SN-en)(H20)2"l 2+ with ~SN- 
labelled L-methionine (~SN-L-MetH). The NH2 protons of both ethylenediamine (en) 
and methionine have chemical shifts between 5 and 6 ppm and the highly overlapping 
multiplets in 1D spectra (Fig. llB) cannot easily be analysed. The 2D HMQC- 
TOCSY spectrum contains cross-peaks showing the connectivity between the methio- 
nine NH proton and the C~H, CpH and C~H protons of the side-chain and between 
the ethylenediamine NH and CH2 bridge protons. This allows unambiguous assign- 
ment o f  ~qonances for coordinated methionine-NH and en-NH and identification 
of [Pt(~SN-en)(L-Met H-$,N)] 2÷ as the major product of the reaction. 

[~H, ~SN] NMR spectroscopy is of particular value in following the pathways of 
reactions of platinum ammine and amine complexes. It has the advantage that all 
Pt-NH species are detected simultaneously without the need for trapping out reac. 

restoration of magnetization which would otherwise be affected by the suppression. (B) [IH, lSN] 
HMQC-TOCSY sequence [93] in which a proton isotropic mixing sequence (MLEV-17) is appended 
to the basic HMQC sequence to relay magnetization from the NH protons to other protons in the spin 
system (see text). (C) [~H, ~SN] HSQC sequence in which coherence selection is achieved by the use of 
pulsed field gradients. The gradients (31, (3'1 and (32 are in the ratio - 5 : 5 : 1  (controlled with either 
amplitude or time) in accordance with the requirement (1(311 + 1(3'II)/GG2ffi~,H/~,N (9.88). Gradient 
sequences greatly improve solvent suppression so that NH peaks can be detected very close to the IH20 
peak without the need for additional water suppression techniques. If the phase (~) of the final proton 
pulse is set to x, the water magnetization is returned to the z axis (its equilibrium position) prior to the 
relaxation delay. This minimizes the loss in signal intensities of NH proton~ which are in exchange with 
water [52]. Note that the phases of all other pulses have been omitted for clarity. 
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Fig. I0. General appearance of a 2D [tH, tSN] HMQC or HSQC spectrum. The t'~sPt satellites are 
usually more intense for symmetrical Pt species, i.e. satellites for Pt(IV) complexes are more readily 
observed than those for Pt(ll)complexes. 

1ion intermediates or chromatographic separation of products. It takes only a few 
minutes to acquire a ID ISN-edited tH spectrum at millimolar concentrations and 
pathways can be followed by observing time-dependent changes in the intensity of 
the Pt=NH tH resonances and by recording 2D [tH, tSN] spectra at selected time 
intervals to allow assignment of Pt-N-H species via their tSN chemical shifts. For 
example, we have investigated the pathways of reactions of tSN-cisplatin with the 
detainer oligonucleotide d(ACATGGTACA) and with the duplex containing the 
complementary strand [53]. This has allowed us to determine directly for the first 
time the lifetime of the aqua-chloro intermediate (8 rain) and to observe the formation 
of monofunctionai and bifunctional adducts in a single experiment. One of the 
monofunctional adducts is present during the course of the reaction to a greater 
extent than the other, in line with the findings of Gonnet et al. [54] and there is a 
preferential rate of ring closure (the platinated 3'-G ring closing faster to 5'-G). It 
should be possible to use these methods to study the platination of much longer 
strands of DNA. 

By observation of tH and ~SN NMR chemical shifts as a function of pH, we 
determined the pKa values of both the cisplatin hydrolysis products cis. 
[PtCI(H:,O)(NH3)2]* (6.41) and cis-[Pt(H~O)2(NH3)z] 2* (5.37 and 7.21) [55]. 



S.J. Berners-Price, P,£ Sadler/Coordination Chet~istry Reviews 151 (1996) 1-40 27 

A 

H20 
S-CH 3 

(en)CH 2 

CyH2 

.. _..=T, ;.'- C H CyH 2 

Pt'NH2(Met) . 
1"12 H2 COOH 

<--N / \ s  ~.___L7 
it2 (21t3 

(en)H2N'Pt'N .,j (en)CH2 

! :,t 11! {ij 

I 

~CpH2 

!o 
I 

-50 

B 

-40 

FI( lSN) 

-30 

-20 

-10 

6.0 5.0 4.0 3.0 6 
F~(1H) 

Fig. 11. 2D [IH, tSN] HMQC spectrum, with TOCSY transfer (mixing time 67 ms), of [Ptit5N-en)lL - 
Met H-S,N)] z÷ prepared by mixing I'Pt(~SN-en)(H20)z] z+ and tSN-L-methionine in a I:1 molar ratio 
for 72 h at 37°C (pH 2.1). (A) is the projection of the Fz (IH) dimension and (B) is the tl-I spectrum of 
the solution obtained by normal single-pulse acquisition (with presaturation of the tH20 resonance). 
Slow inversion of the chiral coordinated sulphur (on the NMR time scale) gives rise to two sets of peaks 
(resolved for Met NH2). The SCH,~ peak does not appear in the 2D spectrum because it is a singlet and 
is not scalar coupled. 

These titrations can be carried out at low concentration (millimolar) and any 
hydroxo-bridged species which form during the course of the reaction can be readily 
detected. In principle the pK. values of aqua ligands on any Pt(ll) ammine or 
(primary or secondary) amine complex can be determined by the same method. Such 
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information is valuable in understanding structure-activity relationships because of 
the reactivity of bound aqua ligands but inertness of hydroxo ligands. 

[IH, lSN] NMR methods offer enormous potential for characterizing the metabo- 
lites of platinum drugs in intact body fluids, since it is possible to detect metabolites 
in animal urine after the administration of tSN-labelled Pt complexes, tSN editing 
removes background interference from other substances in urine, so that detection 
limits are very low ( 10 IxM). For example, the spectra of urine of mice treated with 
tSN-carboplatin have IH and lSN peaks characteristic of a complex with N H  3 trans 
to O and S, which may be related to the ring-opened complex [Pt(NH3h(CBDCA- 
O)(L-Met-S)], which has similar shifts (Fig. 12) I" 56]. Ring-opened S-bound L-methio- 
nine adducts of carboplatin are surprisingly stable despite the ease of L-Met S,N 
ring closure with displacement of CBDCA. The half-life of [Pt(NHa).,(CBDCA-O)(L- 
Met-S)], for example, is about I day at 37°C [57]. In preliminary experiments on 
the urine from animals treated with ~SN-cisplatin [58], we have detected about 20 
different types of Pt-NH3 species, including at least four with sulphur as the trans 
ligand (thioethers and thiols). 

One of the few characterized metabolites of cisplatin is the complex [Pt(L-Meth] 
which was isolated from the urine of patients over 10 years ago [59]. Then it was 
described as having the trans geometry. The complex is readily produced during 
chemical reactions of cisplatin with L-Met and by the use of tSN-labelling we have 
characterized it in detail by tH and tSN NMR spectroscopy. In solution, [Pt(L- 
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Fig, 12, [tH, ISN] HMQC NMR spectra of a solution containing the anticancer drug carboplatin (2; 
labelled I in the figure) (ISN labelled) and L-methionine in a I : I molar ratio 3,5 h after mixing (left) and 
of urine collected from mice treated with ISN-carboplatin (right). The marked similarity of the shifts for 
the boxed peaks in the spectrum of urine to those for the model complex shown on the left strongly 
suggests that a complex similar to the ring-opened complex shown is excreted in urine. (Adapted 
from Ref, [56],) 
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Met)2] exists as a mixture of cis and trans isomers (Fig. 5, Scheme 2), the former 
predominating by about 87:13, and each of these exists as a further three diastereo- 
mers owing to the presence of two chiral coordinated S atoms [60,61]. The cis and 
trans isomers can be separated by high performance liquid chromatography (HPLC), 
but the inversion of S is too rapid to allow separation of the diasterc~mers. The 
combination of [IH, 15N] NMR with chromatography should be a pow~Ahl one for 
identification of novel Pt metabolites. 

A further important aspect of inverse ~H-{~SN} NMR techniques is that they 
allow direct study of the N-H bonds in platinum anticancer complexes in aqueous 
solutions. These N-H bonds are thought to play a crucial role in the mechanism of 
action of platinum drugs and hydrogen bonds between the N-H protons and e.g. 
C60 and Y-phosphates of DNA nucleobases may strongly influence the kinetics of 
reactions and contribute to the preference of Pt for particular bases and cross-links. 
Although such H-bonding interactions have been clearly demonstrated in the solid 
state, they had previously been detected in solution only indirectly. We used IH-{~SN} 
NMR methods to study H-bonding interactions of N-H protons in ISNH3- and lSN- 
ethylenediamine Pt(II) complexes with G and A purine bases wi,, various sites of 
phosphorylation (3' or 5') in aqueous solutions [62]. Sig~,ificant low field shifts of 
N-H protons were found to be diagnostic of stereospecific H-bonding between the 
N=H protons and cis nucleotide Y.phosphate groups in head-to-tail mononucleotide 
complexes [Pt(en)Xa] (e.g. X is 5'-GMP, 5'-dGMP, Y-AMP). Similarly, strongly 
deshielded NH IH resonances provide strong evidence for the presence of PtNH... 
5'-phosphate H bonding when there is a terminal Y-phosphate present in an oligonu- 
cleotide, as in pGpG adducts but not for GpG or TpGpG adducts [63]. 

A large low-field shift was observed for one of the Pt-NH3 resonances of 
the platinated GG adduct of the single-stranded decamer oligonucleotide 
d(ACATGGTACA). A similar shift was observed for the GG platinated duplex just 
after it melted, suggesting that a GG platinated single-strand lesion still possesses 
secondary structure. The ~H and ~SN shifts of Pt-NHa resonances provide a new 
monitor for cisplatin-induced helix melting [ 53]. 

6. Interaction of metallodrugs with blood plasma proteins 

The major metal transport proteins in the blood are serum albumin (66 kDa, 
concentration about 0.63 mM) and transferrin (80 kDa, concentration about 35 ttM). 
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tH NMR studies on these high molecular mass proteins are complicated by the 
overlap of the very large number of resonances. The sharpest peaks in the spectr~ 
are from the more mobile regions, including loops and the N terminus. Other 
resolvable peaks include those in the high-fidd-shifted methyl region (0 to - 2  ppm) 
from groups lying over the faces of aromatic rings of side-chains such as Trp, Phe 
and Tyr. In the case of transferrin one such region consists of a hydrophobic patch 
in helix 5 close to the metal site. 

A useful approach in simplifying these complicated spectra is to use resolution 
enhancement techniques, although this has to be done with care, because broad 
peaks are removed from the spectra. For these proteins a combination of sine bell 
and exponential functions applied to the free induction decay is often helpful. 
Moreover, tH NMR peaks for albumin are assignable in spectra of intact blood 
plasma and this allows competitive metal binding to be investigated directly in 
blood plasma. Isotopic labelling with t3C or tSN can be used to simplify the 
spectra and aid assignments and some direct studies of metal nuclei are also 
possible. 

6.1. Albumin 

Albumin is a single-chain protein which is largely a-helical. It is composed of 
three structurally similar domains of about 22 kDa and each of these has six disul- 
phide bridges, except for domain 1, the N-terminal domain, which is missing one 
cystein¢ residue and consequently has a free thiol group at Cys34. Metal ions 
transported by albumin include the essential metals Ca(ll), Zn(ll), V(IV), Ni(II) 
and Cu(ll) and metals which enter the body in drugs or as xenobiotics, including 
Au(I}, Hg(ll)and Cd(ll}. 

6.1.1. N-Terminal Cu( II ) at,d Ni( l l  ) site 
t H NMR resonances for the N-terminal residues of albumin Asp l-Ala2-His3-Lys4- 

can be assigned in spectra of both isolated albumin and human blood plasma. There 
is a strong square-planar binding site for both Ni(II) and Cu(II) consisting of the 
amino terminus, two deprotonated peptide nitrogen atoms and the imidazole 8N of 
His3 [64] (Fig. 13A). Since square-planar Ni(II) is diamagnetic, tH NMR resonances 
can be observed for Ni(ll)-albumin [65]. The most interesting feature of the 
tH NMR coordination shifts of these residues is the pattern for Lys4 even though 
this is not a metal ligand. This can be explained on the basis of ring current 
calculations by assuming that the side-chain of Lys4 lies over the coordinated 
imidazole ring of His3, much as in the X-ray crystal structure of [CuU(Gly-L-HiS-L- 
Lys)] [66]. This i~teraction may be important to the biological properties of 
Ni-albumin, which is known to be the antigenic determinant in cases of Ni allergy, 
a condition which affects some 5-10% of the general population, tH NMR studies 
of human blood plasma show that Ni(II) complexation induces a similar structural 
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Fig. 13. (A) The square-planar N-terminal site for Ni(ll) and Cu(II) in human serum albumin showing 
metal coordination to the amino terminus, deprotonated peptide nitrogen atoms and imidazole nitrogen. 
NMR data suggest that the side-chain of Lys4 lies over the imidazole ring of coordinated His3. (Adapted 
from Ref. [671.) (B) Detection of Ni(II) binding in the above site in intact human blood plasma by 
(resolution-enhanced) IH NMR spectroscopy. Note that some binding of Ni(II) to the free amino acid 
L-histidine also occurs. Whereas the Ni-albumin complex is diamagnetic and therefore gives sharp NMR 
peaks, the Ni"-L-His complex is paramagnetic and its peaks are broadened and shifted outside this 
spectral range. 
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change in albumin in intact blood plasma to that observed for isolated albumin 
[67]. In plasma the amino acid L-histidine competes with albumin for Ni(II) binding 
(Fig. 13B). 

6.1.2. Gold binding at Cys34 
Albumin is the major transport protein for gold in patients treated with antiar- 

thritic drugs and the strong binding site is located at Cys34 [24]. Unexpectedly, 
gold(I) binding to Cys34 of albumin causes a change in the environment of His3, 
such that new 8CH and ~CH t H imidazole resonances appear in the spectrum in 
slow exchange with resonances for His3 of the apoprotein [68]. This structural 
change can be associated with a movement of Cys34. In the X-ray crystal structure 
[69], Cys34 is in a cleft, apparently stabilized in the ionized Cys-S- form (PKa ~5 
[70]), probably via H bonding to His39. When gold binds, it moves to a more 
solvent-exposed position and evidently this structural change is communicated along 
the intervening helices to His3, part of the strong N-terminal square-planar Ni(II) 
and Cu(II) site. Such a structural switch can also be induced by blocking Cys34 as 
a disulphide, e.g. with cystine [71]. This and Au(I) binding can be reversed by 
adding thiols to blocked albumins. In blood, these events may be important for the 
regulation of the redox state of plasma and for the recognition of albumin by 
receptors and eventually its removal from circulation. 

tH NMR spectroscopy can also be used to detect structural switches of albumin 
induced by the gold drugs auranofin and aurothiomalate directly in human blood 
plasma [71]. At low pH (6) the switch is not quantitative, since the added thiols 
(thiomalate and thioglucos¢) are competitive with Cys34 for Au(1). This can be 
accounted for by the protonation of Cys34. 

6.2. Transforrln 

The major role of transferrin in the blood is to transport iron as Fe(lll) to many 
typos of cell in the body. Transferrin is a single-chain glycoprotein composed of two 
structurally similar lobes (the N-lobe and C-lobe, about 40 kDa each). Human 
transferrin has two biantennary glycan chains in the C-lobe (attached to Asn413 and 
Asn61 I). Each lobe is composed of two domains with alternating 0~-helical and 
l~-sheot structures and Fe(III) binds in a deep cleft between the two domains [72], 
An intriguing feature of the metal binding is that Fe([[l) binds only when accompa. 
nied by a synergistic anion. This is probably carbonate in blood but in vitro can be 
other anions such as oxalate. The iron-binding ligands in both lobes are oxygen 
atoms from an aspartate, two tyrosinates and a bidentate carbonate (synergistic 
anion) and 6N from the imidazole ring of His (~';,~. 14). When Fe(llI) binds, the 
interdomain cleft closes tightly and transferrin has therefore been classified as a 
"Venus fly-trap" protein [72]. 

The recognition of transferrin by cells is a highly specific process. Only diferric 
transferrin (i,e. Fo(III) in both the N-lobe and C-lobe sites) and not the apoprotein 
is recognized by receptor proteins on the surfaces of cells and is taken up. Inside 
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Fig. 14. (A) Model of the N-lobe of human serum transferrin showing the interdomain metal-binding site 
and location of helix 5 containing amino acid residues Leu122 and Ile132 which give rise to high.field- 
shifted IH NMR resonances. (Adapted from Ref. [88"1.) (B) The metal-binding site of transferrin. A 
similar site exists in both the N- and C-lobes and is composed of the synergistic anion (carbonate) 
together with ligands from domain I (Asp, His), domain II (Tyr) and the interdomain hinge (Tyr). 

cells it is placed in membrane-bound vesicles (endosomes) where the pH is lowered 
to about 5.5 and Fe(III) is released. The apoprotein remains bound to its receptor 
protein at pH 5.5 and is transported back to the surface of the cell. At an extraceUular 
pH of 7.4 it dissociates from the receptor, is released into the blood and reutilized. 
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Because the interdomain metal-binding cleft of transferrin is hinged, a wide variety 
of metal ions of differing ionic size can be accommodated in the iron site. These 
include: 

Metal ion Radius (h,) Metal ion Radius (A) 

AP + 0.54 Sc 3+ 0.75 

Ga a+ 0.62 In 3+ 0.80 

Fe 3+ 0.65 Cd 2+ 0.95 

Zn 2+ 0.74 

The stabilities of complexes of these metals with transferrin vary over a wide range 
(Table 2), the most stable being the Fe 3+ complexes followed by Ga 3+ and In 3+ 
[73-77"1. The a~nities of the two lobes for metal ions are similar, usually one being 
10-20 times higher than that of the other. In the blood, transferrin is normally only 
about 30% saturated with iron and so other metal ions which enter the blood can 

Table 2 
Conditional stability constants for metal binding to human serum transferrin (pH 7.4, 5 mM bicarbonate); 
data from Refs. [73=77] 

Metal ion log K t log Kz 

Cd(ll) 5.95 4,86 
Zn(li) 7,8 6,4 
AI(III) 13,5 12,5 
In( l l l )  18.52 16.64 
Ga(lll) 20.9 19.3 
Fe(III) 22,8 21.5 

Table 3 
Chemical shift differences (ppm) between N-lobe and C-lobe for various metal naclei bound tO serum 
transferrin or ovotransferrin; data from Refs. [78-81] 

Nucleus Transferrin Synergistic anion 6(N-lobe)- 6(C-lobe) 

~AI eve Carbonate 2.2 
Oxalate 2.0 

Serum Carbonate 0 
'*sS¢ eve Carbonate 8 

Serum Carbonate 0 
s t V Serum Carbonate - 2.0 
t t3Cd Serum Carbonate 5.5 
~°STl Serum Carbonate 20 
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readily bind. There is interest in understanding both the thermodynamic and kinetic 
selectivities of the N- and C-lobes towards metals and synergistic anions. Since there 
are potentially large structural changes involved in the metal uptake and release, 
kinetic control may play an important role. 

Multinuclear NMR using diamagnetic metal ions can provide a method for 
determining which lobe has the higher affinity for metals [78-82]. Thus for 2°5T1 
(I=½) there is a 20 ppm shift difference between N- and C-lobe binding, although 
foi" the quadrupolar nucleus 2~AI there is no shift difference for serum transferrin but 
a small one (2 ppm) for ovotransferrin; see Table 3. Resonances of half-integer quad- 
rupolar nuclei bound to transferrin are much sharper when recorded at very high 
magnetic field. In the limit of slow isotropic molecular motion (as is the case for 
these nuclei bound to transferrin or its N-lobe) the linewidth of the central m= 
½ ~ - ½  transition decreases with increasing magnetic field: 

Av~=k X 2 ~  -~ 

where X is the quadrupolar coupling constant, zc is the correlation time of fluctuations 
in the electric gradient at the nucleus and Vo is the resonance frequency (which is 
proportional to the magnetic field). This central transition dominates the spectrum 
whereas the other components are broadened at high field. For example, the linewidth 
of the 71Ga-N-lobe of ovotransferrin decreases from 1900 Hz at 11.7 T to 860 Hz at 
17.6 T. It should be noted that in these quadrupolar systems the chemical ~hifts are 
field dependent (second-order dynamic frequency shift) according to 

A6d = - k X 2 x/Vo--~- 

For 7~Ga (•=3/2), k=2.0x 10--" and the chemical shift is - 1 9  ppm at II .7T but 
- 57 ppm at 17.6 T [9 ]. 

Transferrin is believed to be responsible for the delivery of radioactive y-emitter 
~TGa to tmnour tissues, allowing diagnostic radio-imaging studies to be carried out. 
It is notable that [Oa(NOa)a] has anticancer activity in its own right [83]. Tumour 
cells have a large number of transferrin receptors on their surfaces and it may be 
possible to deliver a range of metal ions to tumour cells in this way. One example 
is ruthenium. 

Kratz et al. [84] have reported that the antitumour complex FRulnd.,Cl4]- (lnd 
means indazole) forms well-defined complexes with human apotransferrin within a 
few minutes of mixing in solution, whereas the related complex ['RuCl41mz]- (3) 
(lm means imidazole) reacts much more slowly. They have shown by X-ray crystallog- 
raphy that Ru binds to the imidazole ring of the His residue in the iron-binding site, 
probably with loss of one of the chloride ligands. The indazole complex retains its 
activity against colon cancer cells when bound to apotransferrin. 

~H NMR studies of transferrin are complicated by the broadness of the resonances 
(high Mr, slow tumbling) and the severe overlap problem (large number of protons). 
Nevertheless, with the aid of resolution enhancement, resonances for most of the His 
residues can be resolved and pH titration curves established [85]. In the high field 
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Fig. 16. 2D [all, 13C] HMQC NMR spectra of the N-lobe of serum transferrin (40 kDa) which has all 
five SCH3 groups of its methionine residues labelled with ~3C. It can be seen that Met26, Metl09 at,d 
Met309 are all perturbed by Ga 3+ binding even though they are more than 15 A, from the metal site. 
(Adapted from Ref. [89].) 

region of the spectrum (0 to - 3  ppm), peaks for ring-current-shifted methyl groups 
can be resolved. The sharpest peaks in the spectrum (near 2 ppm) belong to the 
N-acetyls of the glycan chains in the C-lobe. Al 3+ and Ga 3+ both bind tightly to 
apotransferrin and resonances for free and bound transferrin are in slow exchange 
on the I H NMR time scale when these ions are titrated into solutions of the protein. 
By comparing the pattern of shift changes for transferrin itself with those seen for 
the isolated recombinant N-lobe, it is possible to determine the order of metal 
loading of the lobes (N or C) with e.g. A! 3+ or Ga 3+ (Fig. 15) [86,87]. With 
carbonate as synergistic anion, AI 3+ appears to bind more strongly to the N-lobe, 
whereas with oxalate as anion, Ga 3 + is taken up preferentially by the C-lobe. Certain 
resonances in the spectrum of apotransferrin are sensitive to the binding of synergistic 
anions and this allows anion-binding constants to be determined, e.g. log K - 4  for 
oxalate binding to the ape-N-lobe. Metal ion binding to apotransferrin or the 
recombinant ape-N-lobe can be conveniently monitored via shifts of high-field- 
shifted methyl resonances assignable to Ile132 and Leu122 (Fig. 15B) which are in 
close contact with either side of the indole ring of Trp128 [88]. Together these 

Fig. 15. (Top) The aromatic r:gion of resolution-enhanced 500MHz tH NMR spectra of human 
transferrin (80 kDa) showing the sequential loading of the N-lobe and then the C-lobe with AI 3+ at pH* 
8.8 with carbonate as synergistic anion: (a) apo-HTF, (b) + 1.25 mol equiv. AP + and (c) + 2.5 mol equiv. 
AP + . (Adapted from Ref. 1"86].) (Bottom) Resolution-enhanced 500 MHz tH NMR spectra of the N-lobe 
of human serum transferrin (40 kDa) and on addition of 0.5 and 1.0 mol equiv. AI 3÷ showing the slow 
exchange of ape and AI-bound protein. The peak labelled B is assigned to Leu122, a residue in helix 5 
which contacts the synergistic anion-binding site. eAdapted from Ref. [88].) 
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residues form a hydrophobic patch in helix 5 of the N-lobe which is in close contact 
with the metal-binding site (Fig. 14). 

Isotopic labelling is a promising method for providing assignments of resonances 
for specific amino acid residues of transferrin. For example, it is possible to use [~H, 
taC] HMQC-NOESY experiments to assign the SJaCH3 resonances of all five Met 
residues of the N-lobe (Fig. 16). Three of these (Met26, Metl09 and Met309) are 
sensitive to Ga 3 + binding even though they are distant from the metal site !-89]. We 
are extending these labelling studies to the intact 80 kDa protein. 
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