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of the splitting, 4v, is given by
4v o (1) (NQC) S, @)

S, measures the degree of anisotropy and is
called the ordering factor. It is hence possi-
ble to determine either S, or NQC from
NMR spectra of quadrupolar nuclei in
mesophases, if the complementary quan-
tity can be obtained from another experi-
ment.

In this context, and with the next section
in mind, we shall draw our attention to an
example which possibly suits as a modeling
system for the behaviour of an inorganic
compound of biological impetus in bio-
membranes. One of the well established
functions of inorganic vanadate is that of
an inhibitor of the enzyme ATPase which,
inter alia, controls the passage of Na®, K®,
and Ca?® through cellular membranes. In a
mixed lyotropic meso-phase (considered
here a mimick of the biomembrane) pre-
pared from potassium dodecanate and te-
tradecylammonium bromide. and treated
with vanadate, there are two vanadium
species present (assigned [VO,HJ*® and,
tentatively, V,0,,) which show quadrupole
splitting of the *'V resonance. One of these
species ([VO,H]?®) interacts strongly with
the carboxylate and the alkylammonium
ion, the other (V,0,,) with the carboxylate
head group only .

6. Applications in Bioinorganic Chemistry

With one exception (‘*Cd; see below),
metal-NMR spectroscopy has not yet ex-
tensively been employed to investigate bio-
logical systems containing transition metal
ions as active (or deactivating) centres. The
last few years have shown, however, that
this research area is a promising field
which is likely to develop rapidly in the
near future.

There have been sporadic reports on the
detection of bonding interactions between
inorganics and bio-molecules by chemical
shift and line width variations of the metal-
NMR signal. Among these are the binding
of oxo- and thiomolybdate to bovine se-
rum albumine®, the complexes formed
between vanadate and uridine or ribonu-
clease A®), and the adduct of cis-
[Pt(NH,),Cl,] and adenosine monophos-
phate!®, The latter example is of special
interest for the research work carried out
to decode the mode of action of antitumor
agents based on Pt?®,

A considerable amount of NMR investi-
gations has been done with the nucleus
%Mo in compounds with a possible model
character for molybdenum containing en-
zymes!'%-1% Examples are complexes
containing the MoO, cis-MoOS, or cis-
MoO, group such as 20 to 22 in Fig.18.
The mono-oxo and di-oxo molybdenum
cores are belived to constitute the active
sites of the enzymes xanthidine oxidase,
sulfite oxidase, and nitrate reductase, and
they are also likely an integral part of the
iron-molybdenum coenzyme of nitroge-

nase. Copper-thiomolybdates, e.g. the
cluster 23 in Fig. 18, have been investigated
in order to establish a **Mo chemical shift
scale, allowing for the distinction of species
derived from Cu-Mo interaction. This may
have an implication for the biological an-
tagonism between Cu and Mo that leads to
copper deficiency in ruminant animals
feeding on molybdenum-rich
grounds!'01%8],

Despite of the successful investigations
into these model compounds, it seems
doubtful whether, looking actually into the
«heart» of a metalloprotein, even a me-
dium level of information will be accessi-
ble: In systems, where relaxation is gov-
erned by the quadrupole mechanism, the
long correlation times 7(equation (6)) for
the large protein molecule will broaden the
resonance lines to an extent where, if detec-
table at all, any detailed information gets
lost. Thus, the **Mo resonance of nitroge-
nase spans a frequency range of about 4.5
MHz!"*)

On the other hand, it has been shown by
analyzing changes of line widths, that Zn>®
binding to thermolysin, a peptidase iso-
lated from a thermophilic bacterium, is en-
hanced by addidition of Ca?®!"® Both
divalent ions are known to be cooper-
atively indispensible for the thermostabil-
ity of the enzyme. Similarly, “Zn-NMR
has been employed, in conjunction with
“Ca-NMR, to study metal-enzyme bind-
ing in concanavalin A" and calmodu-
lin"'?, Finally, the incorporation of Zn*®
in the process of activation of insuline by
the formation of hexamers from the in-
suline unit has again been documented by
the broadening of the Zn resonance!".
However, in all these studies, free Zn?® was
employed in large excess of the apoprotein.
In such a system, the signal observed corre-
sponds to the position of an equilibrium of
the kind

[Zn(aq))*® + apoprotein
[Zn(protein)]*® + aq

with only minor contributions from the
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Fig. 18. 20 to 22: Model compounds for mo-
lybdenum containing enzymes. 23: Possible
species involved in the molybdenum/copper
antagonism. References are given in square
brackets.
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zinc-protein to the overall line width, other-
wise dominated by the aquazinc cation
and, possibly, the exchange process.

The problem of short relaxation times is
less stringent if the NMR probe is a spin- %5
nucleus, although, as has been extempo-
rated in section 4, slow molecular reorient-
ation and chemical shift anisotropy may
also deteriorate spectral resolution (equa-
tion (5)). Promising in this respect are *"Fe-
NMR studies on «artificial» low-spin
Fe*®-porphyrins such as iron-meso-tetra-
phenylporphine!''¥ and their biotic anal-
ogues, especially so carbonmonoxide-
myoglobin®"* mentioned earlier in this
article (section 4).

A nucleus which already has attained its
merits as an excellent NMR probe into
bio-systems is ''*Cd. From the increasingly
abundant findings, partially reviewed re-
cently®, we shall pick out the case of cad-
mium-thionein. Thioneins are small (on
the  biochemical scale) molecules
M, ~ 6000, which serve as a storage and
regulatory protein for Zn>® and also as a
(temporary) detoxification agent for metal
ions such as Hg?® and Cd?®. Seven divalent
metal ions can be taken up per molecule of
apothionein, and the main portion of
nowadays knowledge on the metal binding
sites comes - from- !“Cd-NMR ana-
lyses!"'*"' The '"*Cd-NMR spectra of cad-
mium-thionein show seven structured
resonances in the low-field chemical shift
range typical of Cd*® in a tetrahedral envi-
ronment exclusively built up by thio-li-
gands (i.e. cystein residues). The seven
resonances can be allocated to seven
distinct Cd sites divided between a 4-Cd
and a 3-Cd sulfur cluster (Fig.19). The
unambiguous site assignments have been
carried out on the basis of two-bond and
four-bond '"*Cd-'*Cd connectivities as es-
tablished by the multiplet splitting of the
seven peaks.

7. Applications in Catalysis

Metal-NMR investigations directed to-
wards catalytically active complexes in sys-
tems where catalysis actually takes place
are still scarce. Two examples from the re-
cent literature shall be discussed here. The
first is the photochemical oxidation of or-
ganic substrates such as alcohols, ethers, or
amides in the presence of water and «-
H,PW,,0,, as a catalyst. The '#W-NMR
spectrum before and after dehydrogena-
tion indicates that little if any decom-
position of the catalyst occurs during the
process!"'".. The second example, the catal-
ysis of the synthesis of substituted py-
ridines from alkynes and nitriles by or-
gano-cobald compounds, is a more de-
tailed study of an apparent correlation be-
tween catalytic activity/selectivity and the
electron structure of the compound' con-
sidered the catalyst or the precursor of
an actually catalytically active inter-









