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The nature of the coordination sites of
transition metals in proteins

By C. DAVID GARNER, DAVID COLLISON AND ELNA PIDCOCK

Department of Chemistry, The University of Manchester,
Manchester M18 9PL, UK

The nature of d-transition metal centres in proteins is considered in several respects.
The results of some recent protein crystallographic studies of enzymes are described;
each enzyme requires a d-transition metal atom (or atoms) for activity. The advan-
tages of combining protein crystallography with spectroscopic studies, in particular
extended X-ray absorption fine structure (EXAFS) to provide accurate interatomic
distances, are discussed. Also, situations where, to date, EXAFS has been the only
source of structural information are considered. The use of bond valence sum anal-
ysis and a distortional theorem to inspect the details of the geometry of a metal
binding site in a protein obtained by EXAFS analysis and/or protein crystallography
are advocated.
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‘Inorganic’ elements are essential for the normal development and health of all living
systems. Although the majority of these element are usually only present in trace
amounts, this does not diminish their significance. A considerable number of these
‘trace elements’ have been shown to play key roles in biological processes, including
each of the d-transition metals: vanadium, manganese, iron, cobalt, nickel, copper,
zinc, molybdenum and tungsten (da Silva & Williams 1991).

Crystallography is a most powerful tool capable of revealing the overall molecu-
lar architecture of proteins together with the location of an individual d-transition
metal atom (or atoms) or cluster(s) of such atoms. Developments in the techniques of
protein crystallization, new and more powerful X-ray sources—including the general
availability of synchrotron radiation as an intense and tunable source—improved
detectors, and tremendous gains in computational power for data collection and
analysis, have all combined to advance significantly the applicability and precision
of protein crystallography. Thus, we are moving from a situation where for (say) a
metalloprotein the knowledge of a crystal structure was special to a situation where
structural characterization will be achieved for several derivatives (e.g. oxidized, re-
duced, inhibitor) or substrate analogue-bound, site directed mutant.

This review will consider the results of some recent protein crystallographic investi-
gations of enzymes. These have revealed vital new information concerning the nature
of the d-transition metal centre (or centres) which are the site of catalytic activity.
Each of the examples chosen represents a major advance in our understanding of the
role of the d-transition metal (or metals) in the biochemical function of the system.
Furthermore, the structural details provided for each of these metal binding sites are
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326 C. D. Garner and others

novel and involve some important and unanticipated facet. Despite the significance of
this structural information, these results should be taken to represent the beginning
of a systematic investigation of the role of the d-transition metal (or metals) in the
biological function of the enzyme, not the end of such a study. An important aspect
of this systematic investigation is to define the coordination of the metal atom(s) and
how this varies in different states of the enzyme; thus, the chemistry of transition
metals is the chemistry of their complexes and we need to know the immediate and
adjacent environment of metals in a protein to understand the properties of these
centres. In respect of the structure of the metal site, it is important to remember
that, at present, protein crystallography will not define metal-ligand distances to a
precision of better than +0.1 A and often the resolution achieved is significantly infe-
rior to this. Uncertainties of this magnitude can be chemically significant. Therefore,
there is a clear case for using metal-edge X-ray absorption spectroscopy (XAS) to
probe metal centres in proteins (Garner 1991), especially as the extended X-ray ab-
sorption fine structure (EXAFS) can provide metal-ligand bond lengths to a precision
of +0.03 A. The combination of protein crystallography and EXAFS is particularly
powerful, especially when the same state of the system is studied in each case. XAS
is a versatile technique with no requirement for crystallinity and, thus, can be used
independently of protein crystallograhy. This review will describe some studies where
the EXAFs data are the only structural information presently available. Finally, some
systematics of the coordination environment of metals in proteins will be considered
using bond valence sum analysis (Bvsa) (Brown & Altermatt 1985) and distortional
theorem (Brown & Shannon 1973) approaches.

2. Protein crystallographic investigations

(a) Isopenicillin N synthase

H ettt

R H “mCO,H
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The key step in penicillin biosynthesis (2.1), in which both the g-lactam and
thiazolidine rings of the nucleus are created, is mediated by isopenicillin N synthase
(1pNs), which binds Fe'! and uses dioxygen as a cosubstrate. In a unique enzymatic
step, with no chemical precedent, 1PNs catalyses the transfer of four hydrogen atoms
from its tripeptide substrate to dioxygen forming, in a single reaction, the complete
bicyclic nucleus of the penicillins (Pang et al. 1984).

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 1. Representation of the coordination of the Fe'! site of isopenicillin N synthase from
Aspergillus nidulans based on the structure of the manganese derivative (Roach et al. 1995).

The structure of 1pNS from a recombinant Aspergillus nidulans containing man-
ganese has been determined at a resolution of 2.5 A (Roach et al. 1995). The catalyti-
cally active site is unusually buried within a ‘jelly roll’ motif and lined by hydrophobic
residues. Figure 1 shows the coordination environment proposed for Fe'! on the basis
of the results obtained for the manganese derivative, although it must be remem-
bered that the protein environment may be peculiar to the particular metal bound.
The Fe'! centre is labile and considered to bind O, in place of GIn®*® and since
Fe K-edge ExaFs (Randall et al. 1993) indicates coordination of the sulphur of the
tripeptide, this ligation is suggested to occur in place of the HyO molecule trans to
Asp®'®. A detailed mechanism for the catalysis (2.1) has been proposed (Roach et al.
1995), whereby dioxygen utilizes its full, four-electron, oxidizing power. Amino acid
sequence comparisons between IPNS, 1l-aminocyclopropane-1-carboxylic acid oxidase
and some 2-oxo-acid-dependent oxidases indicate that they contain a conserved ‘jelly
roll’ motif and form a structural family of enzymes. This conservation of structural
and active-site motifs throughout a number of these enzymes suggests that they op-
erate by closely related mechanisms. GIn®* is conserved through all IPNS sequences
but is not conserved through other members of the family. This difference in coor-
dination chemistry presumably reflects differences in their mechanism and substrate
specificity, in particular the fact that 1PNS does not use a 2-oxo-acid cosubstrate.

(b) Amine Oxidase from Escherichia coli

Amine oxidases are regulatory enzymes which catalyse the oxidation of a wide
range of biogenic amines such as histamine and neurotransmitters. The copper-
containing amine oxides have been well studied by spectroscopic and kinetic methods
(Klinman & Mu 1994) and comprise one copper atom and one organic cofactor per
subunit. The cofactor was initially proposed to be 2,7,9-tricarboxypyrroloquinoline
quinone (PQQ) (Duine & Jongejan 1989) but was later identified to be the quinone
derived from 2,4,5-trihydroxyphenylalanine (TPQ) in bovine serum amine oxidase
(Janes et al. 1990) and in other copper amine oxidases (Mu et al. 1992).

The structure of the amine oxidase from Escherichia coli has been solved at 2.0 A
resolution (Parsons et al. 1995). The dimeric protein of 725 amino acids has an

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 2. Representation of the structure of the copper site of amine oxidase from Escherichia
coli: (a) inactive form. (Parsons et al. 1995).

active site at the dimer interface which is buried away from solvent. Two forms have
been crystallized: an inactive form (grown from ammonium sulphate) and an active
form (grown from sodium citrate solutions) and, crucially, the only difference in the
molecular structure of these two forms occurs at the copper site. In the inactive form
the copper site (figure 2a) comprises three imidazole N atoms from histidine residues,
524, 526 and 689 (two Ne and one N§), and an oxygen atom from the four-position
of a TPQ cofactor. There are no water molecules bonded directly to the copper. The
coordination at copper is a trigonal pyramidal distortion of a tetrahedron, with the
His®?* nitrogen atom in the ‘axial’ position. The average bond lengths over the two
subunits have Cu—N,q 1.94 A, Cu—Orpq 2.11 A and Cu—N,, 2.18 A. This trigonal
pyramidal geometry can be compared to that found for the copper site in nitrite
reductase from Achromobacter cycloclastes (Godden et al. 1991), where three Ne
histidine ligands form the basal plane and a water molecule is the axial ligand.

The structure of the active form of the enzyme has been refined to 2.4 A resolution
and shows that the copper atom is five-coordinate, binding the three histidine N
atoms, as found for the inactive form, plus two water molecules (figure 2b).

This coordination geometry is best described as a distorted square pyramid, with

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 2. (b) Active form (Parsons et al. 1995).

a water molecule as the apical ligand at 2.7 A distant from the copper atom; the four
ligand atoms in the basal plane are between 2.0 and 2.1 A away from the copper. The
copper atom and all three histidine ligands are almost superimposable in position
between the two crystal forms. It is satisfying to note that, prior to this crystal struc-
ture determination, detailed spectroscopic studies of amine oxidases had suggested
that the active site comprised three histidine ligands together with one basal and
one apical water molecule. Thus, in the active form of the enzyme, the TPQ is not
coordinated to the copper atom and lies closer to a basic residue of asparagine, which
has been postulated to take part in catalysis (Farnum et al. 1986). Unfortunately, the
structure of the active form of the enzyme is not of a sufficiently high resolution to
reveal the ring orientation of TPQ nor the details of its interactions with other groups.
Nonetheless, this study has provided further evidence that changes in geometry and
coordination number of the copper site in type-II copper proteins can have profound
effects for reactivity. This highlights the need to perform complementary diffraction
and spectroscopic measurements on metalloproteins.

(¢) Aldehyde ferredozin ozxidoreductase from Pyrococcus furiosus

Molybdenum and tungsten are the only second and third row d-transition metals
with established biological roles (Stiefel et al. 1993). These elements are now known
to be stoichiometric constituents of several enzymes within the carbon, nitrogen or
sulphur cycles and, with the notable exception of the nitrogenases, all of the enzymes
can be classified as oxotransferases. The catalysis involves the transfer of an oxo
group to or from a substrate in a two-electron redox reaction, e.g. SO2™ — SO, sul-
phite oxidase; RCHO — RCO,H, aldehyde oxidase; NO; — NOg , nitrate reductase.
Tungsten enzymes (Adams 1994) (tunzymes) have, so far, been found mainly in ther-
mophilic anaerobes and either activate CO, or convert aldehydes to carboxylic acids.
The catalytic site in these enzymes is labile and dioxygen sensitive and comprises
the metal bound to an organic cofactor. The organic ligand is termed molybdopterin
(MpT) and was first identified from oxomolybdoenzymes using organic degradative
techniques in conjunction with fluorescence and mass spectroscopy (Rajagopalan

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 3. Representation of the structure of the tungsten cofactor of aldehyde ferredoxin ox-
idoreductase from Pyrococccus furiosus which contains two molybdopterins (see Chan et al.
1995).
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1991). All eukaryotic molybdoenzymes contain the unmodified MpT, but prokaryotic
enzymes usually contain a nucleotide bound through pyrophosphate (Johnson et al.
1990; Karrasch et al. 1990), although the role of this nucleotide is unknown. The
proposed structure for the molybdenum cofactor MOCO entails a single MPT bound
to molybdenum through a 1,2-dithiolato (dithiolene) group. This sulphur ligation is
consistent with EPR and EXAFS spectroscopic studies (Bray 1988; Garner 1991); the
latter technique unambiguously identifies terminal oxo groups on molybdenum.

All tunzymes contain either MPT or a modified MpT. The first X-ray diffraction
study which established the structure of the MpPT has been obtained for the tunzyme
Pyrococcus furiosus aldehyde ferredoxin oxidoreductase for crystals obtained under
anaerobic reducing conditions and solved at 2.3 A resolution (Chan et al. 1995). The
identity of the MPT and its mode of ligation to the metal (figure 3) confirms the
excellent and insightful work of Rajagopalan (1991).

However, there are two surprising aspects. First, there are two of these organic
moieties per tungsten, each bound through a dithiolene group. Second, the organic
framework is tricyclic; the third ring is formed by cyclization of a side chain hydroxyl
group with the pterin ring at C-7. The pterin ring system is non-planar and this
suggests reduction to possibly a 5,6-dihydropterin. The tungsten and sulphur atoms
are in a distorted square pyramidal arrangement and the angle between the planes
of the MPTs is ca. 97°. There are no protein ligands bound to the tungsten. Further
consideration of the residual electron density around the tungsten suggests that
there may be two additional ligands, either chelating glycerol (from the buffer) or
oxo ligands. The inclusion of oxo ligands would be consistent with EXAFS studies
(George et al. 1992). It is suggested that the overall coordination geometry at the
tungsten is that of a distorted trigonal prism. The carboxylate and imidazole side
chains of a glutamate and a histidine residue are close to the oxo site(s) of the
tungsten and may participate in proton transfers associated with the redox reactions.
The two MPT ligands are also linked to each other through their phosphate groups
which coordinate to the axial sites of a Mg®" ion. Octahedral geometry of Mg**
completed with a pair of cis water molecules directed towards the tungsten atom
and a pair of carboxyl oxygen atoms, from asparagine and alanine residues, remote
from the tungsten. The water molecules are each within hydrogen bonding distance

Phil. Trans. R. Soc. Lond. A (1996)
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of a phosphate oxygen atom, the N-5 nitrogen atom of the pterin ring, and one water
molecule also hydrogen bonds to the ether oxygen atom of one MPT.

The aldehyde ferredoxin oxidoreductase molecule consists of two identical 605
residue (66 kDa) subunits. A single metal atom, tentatively identified as iron, found
at the dimer interface, is in a tetrahedral environment formed by one glutamate
carboxylate oxygen atom and one histidine nitrogen atom from each subunit. The
identification of the metal was based on anomalous scattering of the atom and this
centre is thought to play a structural rather than a redox role because it is located
25 A from the nearest tungsten centre. An (FeyS,) cluster is positioned ca. 10 A from
the tungsten atom. The proximity of the cluster to a paramagnetic centre had already
been indicated using EPR, MCD and resonance Raman spectroscopies. Four cysteinyl
sulphur atoms complete the four coordination of the iron atoms in the usual way, but
the polypeptide sequence around one of these cysteine residues is distinct from that
normally adopted in four-iron ferredoxins. There are two hydrogen bonding routes
linking the [FesS4] cluster to one of the MPT ligands.

(d) Bis Bound to methionine synthase

The solution of the crystal structure of vitamin B;s; was one of many outstand-
ing successes for Dorothy Hodgkin (1956). The structures of adenosylcobalamin and
methyl cobalamin are also known. The total synthesis of these molecules, as well as
the cloning, sequencing and expression of all of the genes of By, biosynthesis, have
been achieved. Cobalamin-dependent enzymes are involved in biological organometal-
lic chemistry and catalyse reactions which are difficult to initiate and/or control,
such as carbon skeleton rearrangements or the removal of a methyl group from a
tertiary amine. The chemistry which is central to the cobalamin prosthetic group is
the formation of a cobalt—carbon bond, linking cobalt to a methyl group in methyl-
cobalamin (figure 4) to a cyano group in cyanocobalamin, or to the 5" position of
5’-deoxyadenosine.

Those enzymes which bind adenosylcobalamin achieve their catalysis of group mi-
grations by homolytic cleavage of the Co—C bond to form an adenosyl radical and
cob(Il)alamin. Enzymes which use methylcobalamin to catalyse methyl transfer reac-
tions use heterolytic cleavage to yield cob(I)alamin and a methyl cation. Methionine
synthase catalyses two successive methyl transfers (2.2) and (2.3):

CHs—cob(III)alamin + homocysteine = cob(I)alamin + methionine, (2.2)

cob(I)alamin + methyltetrahydrofolate => CHz—cob(III)alamin + tetrahydrofolate.

(2.3)
The cobalamin prosthetic group comprises a cobalt atom ligated to four nitrogen
atoms in the centre of a corrin ring, and a dimethylbenzimidazole nucleotide supplies
an axial nitrogen ligand (see figure 4). Studies of analogue complexes have strongly
suggested that it is the (lower) axial ligand which determines the bond strength and
mode of cleavage of the Co—~C bond (Halpern 1982).

Methionine synthase from Escherichia coli contains 1227 amino acid residues with
molecular weight 136 kDa and has two functionally distinct regions. Methylcobalamin
binding is in the NH,-terminal, 98 kDa region and a 27 kDa, fragment containing
the binding region was isolated by tryptic digestion and the structure determined
at 3.0 A resolution (Drennan et al. 1995). This study has provided the first evidence
of the binding site of the methylcobalamin. There is a significant change in the co-
ordination of the cobalt when methylcobalamin binds to the enzyme fragment. The

Phil. Trans. R. Soc. Lond. A (1996)
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CH,

Figure 4. Representation of the structure of methylcobalamin (R = CH2CONH,; R’ = CH,
CH,;CONH3); the nucleotide base dimethylbenzimidazole is connected to the D ring of the
corrin by an unusual o sugar-nucleotide linkage and a ribose phosphorylated on the 3’, rather
than the 5', position (see Drennan et al. 1995).

dimethylbenzimidazole nucleotide no longer bonds to the cobalt, but is displaced
and extended away from the corrin ring to form a ‘nucleotide tail’ bound inside a
hydrophobic pocket. The imidazole ring of a histidine residue (His"®?) from the en-
zyme fragment replaces the benzimidazole ligand in the lower axial position of the
cobalt atom. The sequence Asp—X—His—X—X—Gly, which contains this histidine lig-
and, is conserved in several adenosylcobalamin-dependent enzymes, suggesting that
the displacement of the dimethylbenzimidazole will be a feature common to many
cobalamin-binding proteins. Thus, the cobalt ligand His™, and the neighbouring
residues Asp™” and Ser®?, may form a catalytic quartet, Co—His—Asp—Ser, that
modulates the reactivity of the By prosthetic group in methionine synthase. Dren-
nan et al. (1995) used EPR spectroscopy in conjunction with N and '°N labelling to
study cob(II)alamin in the presence of methionine synthase in order to demonstrate
that the crystal structure of the 27 kDa methylcobalamin-containing fragment of the
enzyme was representative of the structural changes in the intact enzyme complex.

A second aspect of the structure is also unexpected. The upper face of the corrin,
with the axially bound methyl group, is almost completely protected by hydrophobic
residues from a helix bundle domain of the enzyme fragment. In the normal methy-
lation cycle, the thiolate of homocysteine is proposed to attack the methyl group to
produce methionine. However, in the bound form of the cofactor there is no room for

Phil. Trans. R. Soc. Lond. A (1996)
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homocysteine to approach the methyl group. Thus, if this structure is representative
of the situation in the intact enzyme:Bis complex then this information provides
only the starting point for understanding the activity of the metal centre and the
structural reorganization that may occur during catalysis (Stubbe 1995).

S-Adenosylmethionine is a third cofactor required for methionine biosynthesis and
it is used to regenerate an active form of methionine synthase when the cob(I)alamin
form requires regeneration from the cob(II)alamin, which appears to form occasion-
ally on enzyme turnover in a non-catalytic reaction with, presumably, O,. This means
that all three accessible oxidation states of Co must be regulated in this enzyme,
which surely provides a mechanistic link to the other class of cobalamin-dependent
enzymes. The challenge is to understand how control of the chemistry of the Co—C
bond is achieved.

(e) Urease

Urease, a nickel-containing enzyme, catalyzes the hydrolysis of urea, an abundant
end product of metabolism, to form ammonia and carbonate. This enzyme degrades
urea at ca. 10 of the uncatalyzed rate and is vital for the supply of fixed nitrogen
to bacteria, fungi, plants and some invertebrates. Urease was the first enzyme to
be crystallized. This was accomplished some 70 years ago (Sumner 1926) for ma-
terial isolated from jack beans and represented a vital advance, both scientifically
and philosophically, since the crystallization provided proof that enzymes were well
defined chemical compounds. Nickel was shown to be at the active site (Dixon et al.
1975) and it is now possible to discuss the role of this metal (Lippard 1995) following
the determination of the structure of urease from Klebsiella aerogenes (Jabri et al.
1995).

Figure 5 shows the structure of the catalytic site of urease, which consists of two
nickel atoms ca. 3.5 A apart bridged by the carboxylate side chain of a special ligand.
The g-amino acid residue of Lys217 has reacted with COs to produce a carbamate
group. This feature explains why COs is required for nickel-binding to metal-free
urease (Park & Hausinger 1995). The coordination of each nickel is different (see
figure 5): Ni(1) is bound to two N and one O atom (His**® through the N§ atom,
His?™ through Ne, and a carbamate oxygen of Lyszng Ni(2) is bound to two N and
three O atoms (Ne of His"™* and His'*®, O of Asp®”, the second carbamate O of
Lys?'” and a water molecule). An uncertainty in the structure of the bimetallic site
arises from the identification of some (weak) electron density which may allow Ni(1)
to be decribed as pseudo-tetrahedral with a second water molecule, but not at full
occupancy.

There is a striking resemblance between the amino acid arrangement for the
bimetallic binding site of urease and that of the zinc enzyme adenosine deaminase
which, however, only binds a single metal atom. A crucial difference is the modi-
fied Lys®'” residue; the equivalent residue in adenosine deaminase is an aspartate
(Asp®!), the side chain of which is too short to coordinate to the zinc. The longer
polymethylene side chain of Lys®!”, plus the carbamate group, clearly leads to bind-
ing to the metal and the stabilization of a bimetallic centre. This arrangement is
clearly crucial to the function of the urease. The proposed mechanism (Dixon et al.
1980; Jabri et al. 1995; Lippard 1995) involves the coordination of urea ((NHz)>CO)
by its oxygen to the three-coordinate Ni(2), leading to activation of the substrate
by polarization. The HoO molecule coordinated to Ni(1) is polarized and primed
for conversion to OH™ which then attacks the carbon of the urea, leading to the
formation of NH3 plus HoNCO, which, on protonation, forms NHz and COs.

Phil. Trans. R. Soc. Lond. A (1996)
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Figure 5. Representation of the structure of the catalytic site of urease (after Jabri et al. 1995).

(f) Nickel—iron hydrogenase from Desulphovibrio gigas

The standard redox couple comprising dihydrogen oxidation and proton reduc-
tion, 2H" + 2e~ = Ho, is catalysed by three types of metal-containing enzymes in
micro-organisms (Adams et al. 1990). The types are defined as Fe-hydrogenases, Fe—
Ni Hyases, and Fe-Ni-Se Hjases. Proton reduction, leading to Hy evolution, is part
of pyuvate fermentation. Hy oxidation is coupled to reduction of a variety of elec-
tron acceptors, such as Oz, NOj, SO2~, CO, and fumarate. The Ni-Fe Hyase from
Desulphovibrio gigas is a heterodimeric periplasmic protein comprising 60 kDa and
28 kDa subunits. One [Fe3S4] and two [FesS,] clusters are located in the 28 K sub-
unit, which contains an amino-terminal domain, showing similarities to flavodoxin,
a redox protein (Smith et al. 1977). The nickel atom is located in the 60 K subunit.
EPR spectroscopy was used to identify the complexity of the reaction cycle of this
enzyme. Two EPR signals for the aerobically isolated enzyme were associated with
an ‘unready’ state (Ni-A) and a ‘ready’ state (Ni-B) (Cammack et al. 1987). The
former state requires an activation time in the order of hours, whereas the latter state
is rapidly reduced by Hs to an ‘active’ form under anaerobic conditions. During this
reduction, a photo-sensitive EPR signal, labelled Ni—-C, develops and in the presence
of light leads to another EPR signal, Ni-L (or Ni-C*). The rate of photolysis is much
slower in D,0O than in H,O (van der Zwaan et al. 1985). The one-electron reduction
of Ni-B or Ni-C leads to EPR-silent states labelled Ni-SI and Ni-R (Barondeau et
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Figure 6. Representation of the bimetallic site of the nickel-iron hydrogenase from
Desulphovibrio gigas; M is possibly Fe (see Volbeda et al. 1995).

al. 1994), respectively. Both EPR and Maossbauer spectroscopies have been used to
monitor the redox levels of the Fe-S clusters. The midpoint redox potentials for the
different nickel states correspond closely to those of the two [FesS4] clusters (Teixeira
et al. 1989). This contrasts with a relatively high midpoint redox potential for the
[FeyS4] cluster, which appears to be absent from Ni-Fe-Se Hjases.

The solution of the structure of the enzyme from Desulphovibrio gigas was obtained
at 2.85 A resolution by Volbeda et al. (1995). Interestingly, the smaller subunit is very
similar in structure to the redox protein flavodoxin from Clostridium MP (Smith et
al. 1977). The three Fe-S clusters in this smaller subunit, are almost linearly disposed,
and the proximal and distal [Fe,S4] clusters were defined on the basis of their distance
from the Ni atom. The proximal cluster is conventionally bound by four cysteinyl
sulphur atoms. However, this study has shown that the distal cluster has a novel set
of cluster ligands comprising three cysteinyl sulphur atoms and one histidine residue,
with the imidazole ring located on the surface of the protein. Three cysteinyl sulphur
atoms bind the [Fe3S4] cluster.

The coordination at the nickel atom is well defined by this study, in respect of
four cysteinyl sulphur atoms: three ‘equatorial’ at ca. 2.25 A and an ‘apical’ at ca.
2.60 A (figure 6).

This structure determination appears to pose more questions than it answers about
the active (nickel) site, since the site contains two metal atoms. The identity of the Ni
atom is supported by the indirect evidence that it is a very weak anomalous scatterer
of Cu—K, radiation, whereas the second site gives a strong peak in an anomalous
difference map. Additionally, in an Fe—Ni—Se Hyase the selenocysteine homologous
to one of the proposed cysteinyl ligands in the Desulphovibrio gigas enzyme has
been shown, spectroscopically, to ligate nickel. Thus, of the four cysteinyl sulphur
atoms, two are terminal to the nickel and two bridge between it and the second
metal (M), which could be Co, Mn or V on the grounds of anomalous scattering,
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but is considered to be iron. The active site model yields three water molecules as
ligands to M, and possibly a third unidentified atom, labelled Y in figure 6, bridging
Ni and M.

A crucial spectroscopic comparison was performed, which measured the EPR spec-
trum of crystals obtained under the same conditions as those used in the X-ray
analysis. This spectrum indicated a mixture of ca. 8% Ni—A and ca. 15% Ni—B
signals and that about only half the total Ni in the Ni—Fe Hjase is EPR active. Fur-
ther evidence from internal comparison of the two crystallographically independent
H,ase molecules strongly suggests considerable disorder in the active site. Thus, the
overall disposition of the redox active centres in the two subunits has been defined,
but the identity of the active site is still effectively unknown.

(g9) Methane monoxygenase

Methanotrophic bacteria use methane as their source of carbon and energy and
are important in the total carbon cycle since they consume the methane produced
by anaerobic sediments and thereby limit the atmospheric concentrations of this
‘greenhouse gas’. The reaction of methane with dioxygen produces methanol and
water according to the following reaction:

CH, + NADH + H' + O, — CH30H + NAD" + H,0. (2.4)

Methane monooxygenases (MMOs) of several of the bacteria consist of three pro-
teins, which are a hydroxylase, a reductase and a coupling protein. MMos will oxidize
a broad range of hydrocarbon substrates (Colby et al. 1977; Liu et al. 1993) and
indicate the potential uses of methanotrophic bacteria in decontamination and in
fuel production. The hydroxylase enzyme, of formula weight 251 kDa is a dimer con-
taining two diiron units, which are responsible for the methane oxidation (Lipscomb
1994; Rosenzweig & Lippard 1994). MMos have been the subject of many detailed
spectroscopic investigations of reaction intermediates (Lee et al. 1993; Liu & Lippard
1995). These results are now being combined with the information provided by crys-
tallographic studies (Rosenzweig et al. 1995) of the hydroxylase component of soluble
MMO from Methylococcus capsulatus (Bath); these have been accomplished at 2.2 A
resolution for crystals at 4°C and at 1.7 A resolution for crystals at —160°C. The
latter determination was performed for two different oxidation states of the enzyme.

In its oxidized form the enzyme (see figure 7) contains a diiron(III) centre with
an Fe---Fe separation of 3.1 A. Each iron is coordinated to the N§ atoms of the
imidazole ring of two non-contiguous histidine residues with Fe—N distances of ca.
2.1 A, as determined for the structure at —160°C and 1.7 A resolution. There is a
(semi-) bridging carboxylate from Glu'** with an Fe(2)—O bond length ca. 0.4 A
longer than a ‘normal’ bonding distance of ca. 2.0 A. Fe(1) is further coordinated
to a monodentate carboxylate oxygen atom from a Glu''* and Fe(2) is bound by
two such carboxylate oxygen atoms (Glu?*?, Glu?#3). Fe(1) has a terminal water
molecule as a ligand which is hydrogen bonded to the carbonyl carboxylate oxygen
atoms of Glu!''* and Glu?*?® on each iron atom. It should be noted that Glu?43 is
less well defined in the electron density maps than the other glutamate residues and
may be disordered. Six coordination and approximately octahedral geometry at both
iron atoms is completed by two bridging groups, which were revealed by difference
Fourier electron density maps. These groups are assigned as p,—OH and p,—OH,,
the former bridge being asymmetric and located at ca. 0.3 A closer to Fe(1) than to
Fe(2); Fe(1)—OH 1.7 A, Fe(2)—OH 2.0 A. The bridging water molecule appears to
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Figure 7. Representation of the structure of the dinuclear iron centre of methane
monoxygenase from Methylococcus capsulatus (Bath) (see Rosenzweig et al. 1995).

be weakly coordinated at ca. 2.3 A from Fe(1) and ca. 2.5 A from Fe(2). The dimeric
nature of this enzyme means that there are two crystallographically independent
diiron centres present. The estimated standard deviation in bond distances at the
diiron site was ca. 0.2 A, which means that one must be cautious when identifying
significant differences between the metal sites; thus, the asymmetric nature of the
bridging arrangement within the iron dimers is not outside the experimental error.

This structure has important differences from an earlier study of the same enzyme
(Rosenzweig et al. 1993) which was performed at 4°C and to 2.2 A resolution. The
bridging water molecule (figure 7) was replaced by a bridging acetate, presumably
derived from the NH;OAc in the crystallisation buffer, and there was a concomitant
increase in the Fe(1)---Fe(2) distance from 3.1 A to 3.4 A. The Fe- - - Fe distance in
this and other diiron enzymes is a source of much debate. In principle, EXAFS might
be expected to afford a good measure of the Fe - - - Fe distance. However, the distance
of interest is at the upper limit of reliability for the technique, especially as a large
number of backscattering contributions arise at this distance from outer shells of
ligands.

A potential problem also arises in the use of synchrotron radiation to obtain EXAFS
spectra and X-ray diffraction data are collected with that source. Thus, during EXAFs
data collection, many oxidized MMO samples from Methylococcus capsulatus were
photoreduced to a mixed-valent (Fe!'!, Fell) state by the intense synchrotron X-ray
beam (DeWitt et al. 1995). However, Rosenzweig et al. (1995) have considered this
problem and deduced that no photoreduction occurred during crystallographic data
collection because: (i) the refined structure of the diiron moiety showed no trends
in bond lengths which could be ascribed to distinct Fe' and Fe!! sites; and (ii) a
control experiment in which EXAFS spectra were collected on single-crystal samples
of oxidized MMO showed no shift in the Fe K-edge position, which would have been
expected if photoreduction had occurred.

Crystals of oxidized MMO from Methylococcus capsulatus (Bath) were chemically
reduced by soaking in a solution containing sodium dithionite and methyl viologen.
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The diffraction data were again collected at —160°C and solved to 1.7 A resolution.
The structure was very similar to that of the oxidized Mmmo (figure 7), except for one
of the diiron centres (protomer A). Each iron atom is coordinated by one N§ of a
histidine ligand and the semi-bridging glutamate (Glu'#*) carboxylate is still present.
There is also one terminal glutamate (Glu''* and Glu?*®) carboxylate oxygen atom
on each iron atom. However, Glu?*®, which was found as a monodentate terminal
ligand to Fe(2) in oxidized MmO (and also has this bonding mode in protomer B
of the reduced enzyme), has become a bidentate chelate to Fe(2) and, additionally,
one oxygen atom bridges to Fe(1). This glutamate residue is the least well-defined
in terms of electron density, as was also found in the oxidized form of the enzyme.
Within protomer A of the reduced enzyme, the terminal water molecule bound to
Fe(1) and the bridging water molecule, more distant from Fe(2) than Fe(1), remain
present after reduction, but there is no evidence for a bridging hydroxide. Spectro-
scopic studies (DeRose et al. 1993) have shown that the fully oxidized (Fe!l, Fe!l)
and mixed-valent (Fel!, Fell) forms of MMO each contain a p,—OH bridge. There-
fore, protomer A in the reduced crystals was assigned to a fully reduced (Fel, Fel!)
state and involves an Fe- - Fe separation of 3.28 A. The only significant difference
between the diiron sites of protomer B in the reduced enzyme and those of the oxi-
dizeg centres of MMO’s (figure 7) is the Fe - - Fe distance of 3.43 A, as compared to
3.1A.

The change in the coordination mode of Glu?*® between oxidized and reduced
forms of the Mmo form Methylococcus capsulatus (Bath) is illustrative of a ‘carboxy-
late shift’ (Rardin et al. 1991). These studies all point to a considerable flexibility
within the active site of MMOs, which suggests possibilities for the control of activity
and processing of substrates and products.

(h) Purple acid phosphatase

Purple acid phosphatases (PAPs) catalyse the hydrolysis of activated phosphoric
acid esters like adenosine triphosphate in the pH range 4 to 7 (Vincent et al. 1991).
In mammalian enzymes, the dinuclear metal site comprises an antiferromagnetically
coupled Fe''—Fe!! centre, whereas the kidney bean (kB) enzyme has a Fe''—Zn'!
dinuclear centre. KBPAP is a homodimeric protein of 111 kDa mass, containing 432
amino acid residues per monomer, and the structure has been determined at 2.9 A
resolution (Stréter et al. 1995). Each monomer consists of two domains and the two
dinuclear centres are 35 A apart. The iron (see figure 8) is coordinated by a tyrosine
(Tyr'®") phenolate oxygen atom, which is responsible for the characteristic purple
colour resulting from the tyrosine-metal charge transfer transitions at 560 nm.

Iron is also ligated by an imidazole nitrogen atom from His*?® and a monodentate
carboxylate from Asp!®>. The zinc is ligated by two imidazole nitrogen atoms from
His*®¢ and His*?® and the amide (carbonyl) atom of an Asn®’!. The two metals are
bridged by a monodentate carboxylate oxygen atom from Asp'®. The electron den-
sity map at this resolution does not reveal any unambiguous indication for additional
ligands, but the model used to refine the dinuclear site included a terminal hydroxy
ligand to iron, a terminal aqua ligand to zinc, and a —OH bridge between the two
metals. In this model the geometry of the iron site is almost perfectly octahedral,
whereas the zinc site is distorted.

Proposals for the solvent molecules/ions drew on the results of the postulated reac-
tion pathway and spectroscopic studies. Interestingly, KBPAP shows almost identical
spectroscopic and kinetic behaviour after exchange of Zn'' by Fe!' (Suerbaum et al.
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Figure 8. Representation of the iron—zinc centre of kidney bean purple acid phosphatase (see
Stréter et al. 1995).

1993, 1995); however, the absorption maximum of the Fell! KBPAP does not shift from
560 to 515 nm on reduction, as seen for the mammalian enzymes. The Fe!™—Zn™! dis-
tance in KBPAP is 3.1 A, but EXAFS measurements on frozen solutions (Priggermeyer
et al. 1995) give a metal-metal distance of 3.9 A. This significant discrepancy needs
to be resolved.

The location of the active site of KBPAP is at the carboxy end of two sandwiched
B sheets, whereas other diiron proteins, such as hemerythrin (Holmes et al. 1991),
ribonucleolide reductase (Nordlund et al. 1990) and methane monooxygenase (Rosen-
zweig et al. 1993, 1995) have the dimeric metal fragment bound between the « helices
of a four-helix bundle. For further comparison, the Zn - - - Zn distance in the trinuclear
ZnyMg enzyme alkaline phosphatase (Kim & Wyckoff 1991) is 3.9 A. Therefore, it
has been suggested that the mechanism of phosphate ester hydrolysis proceeds in the
same way for the two enzymes, but that the weaker Lewis acidity of Zn!' compared
to Fe'l results in a shift in the response of the reaction to changes in pH. Thus,
the protein structure determination has been successful in allowing gross structural
comparisons and providing important details of the active (metal) site.

(i) Human ceruloplasmin

Human ceruloplasmin (hCP) is a copper-containing glycoprotein of molecular
weight ca. 132 kDa, comprising a single polypeptide chain of 1046 amino acid residues
and between 7 and 8% carbohydrate content (Takahashi et al. 1984). hCP is classified
as a multinuclear blue copper oxidase which, on isolation and purification, is very
susceptible to proteolytic cleavage, aggregation and loss of copper. Ceruloplasmins
are multifunctional plasma proteins and have been associated with copper transport,
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ferroxidase activity (Dancis et al. 1994), amine oxidase activity and antioxidant ac-
tivity. However, the precise biological functions of hCP have not yet been elucidated.

The X-ray structure of hCP has been determined at 3.1 A resolution (Zaitseva et
al. 1996) and shows that the molecule contains six copper atoms and is arranged in
six domains. Domains 2, 4 and 6 each contain a single copper atom and a trinuclear
copper array spans domains 1 and 6. The mononuclear Cu atoms in domains 4 and
6 are bound by two histidine N atoms, a cysteine S and a methionine S, which
is typical of a type-I copper centre. Also, a carbonyl oxygen atom from a leucine
residue may be within bonding distance of the copper atom, as has been found in
the oxidized form of azurin from Alcaligenes denitrificans (Baker 1988; Nar et al.
1991). The mononuclear copper centre in domain 2 lacks the methionine residue and
this is replaced by a leucine residue, although not oriented to function as a ligand.
The three copper atoms form an approximate equilateral triangle of side ca. 18 A.

The triangular copper cluster lies outside the triangle of the three mononuclear
copper centres and ca. 12-13 A from the mononuclear copper site of domain 6. Two of
the three copper atoms are designated as a type-111 site and are each bound by three
histidine N atoms. The model for the electron density in this domain includes an
oxygen atom bridging the two metals. The third copper atom, more distant from the
mononuclear site in domain 6, is bound by two histidine N atoms and a further oxygen
atom. This model for the binuclear site is consistent with that found previously
for ascorbate oxidase (AO) (Messerschmidt et al. 1992). Indeed, a striking overall
organizational similarity has been detected between the configurations of domains
1, 2 and 3 of AO and domains 1, 2 and 6 of hCP. Similar comparisons with the
copper enzyme nitrite reductase (Godden et al. 1991) reveals comparable spacial
arrangements of domains and implies a common ancestral protein for all three copper-
containing molecules.

Thus this study has been very successful in revealing the organization of hCP and
identifying the likely ligands to the copper centres. However, the limitation imposed
by the resolution in the study means that the details of the coordination geometry
at the metal sites remain undefined.

3. X-ray absorption spectroscopy

(a) Introduction

Since the first experiment on an intense synchrotron radiation source (Kincaid
& Eisenberger 1975), X-ray absorption spectroscopy (xas) has become established
as a technique for investigating the local environment of metal atoms in proteins.
XAs has many advantages as a probe of metal centres in biological systems and
numerous studies have been reported in the literature (Cramer & Hodgson 1979;
Powers 1982; Scott 1985; Garner 1991). The X-ray absorption spectrum of CusZn3-
metallothionein (figure 9) shows the element specificity of the technique and regions
within the profile of an absorption edge. Beyond the absence of a requirement for
crystalline material, major attractions encouraging the application of xAs include the
specificity and sensitivity of the technique, so that information can be obtained for a
particular metal centre presented at (say) one atom in 10° in a large and complicated
protein. Also, xAs allows several different states of a system to be probed with relative
ease—thereby providing a profile of how a metal centre responds, for example, to
the oxidation level of an enzyme, the presence of substrates, substrate analogues or
inhibitors.
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Figure 9. X-ray absorption spectrum of CusZns-metallothionein.

(b) Information content of XAS

The actual energy of a particular X-ray absorption edge of an element depends
upon the oxidation state and the nature of the immediate chemical environment of
that element. Typically, one unit increase of oxidation state increases the 3d or the
4d element edge position by 1-3 eV. Labhardt & Yuen (1979) observed a shift in
the position of the iron K-edge and its associated structure of ca. 1.5 eV to higher
energy upon oxidation of cytochrome c. The sense and magnitude of this shift are
consistent with a redox process which is concentrated at the iron centre. Excitation
of a core electron into the continuum may be convoluted with transitions to the
valence levels. These promotions give rise to pre-edge and edge features which can
provide information concerning the chemical nature and electronic structure of the
primary absorber.

Beyond the X-ray absorption edge, oscillations in the amplitude of the absorption
can extend for up to 1000 eV. Historically, and more recently because of the differ-
ent theoretical treatment necessary to interpret the data, it has been customary to
classify the oscillations within ca. 50 eV of the edge as the X-ray absorption near
edge structure (XANES) and those which extend beyond this region as the extended
X-ray absorption fine structure (EXAFs). The theoretical basis of the latter is con-
sidered mature and interpretations of EXAFS data have been reported confidently for
over a decade. In contrast, progress in the understanding and, therefore, the applica-
tion of XANES has been relatively slow and data in this spectral region are generally
not interpreted but used qualitatively to ‘fingerprint’ a metal site. EXAFS provides
structural information concerning the distance, nature, number and coherence of the
shells of atoms around the primary absorber. Phase shifts for analysis of EXAFS can
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now be considered reliable, whether extracted from chemical systems or calculated
ab initio. However, confidence in the interpretation of the EXAFs of a metalloprotein
centre is significantly increased by the successful completion of the corresponding
exercise for a related and structurally characterized chemical analogue.

The primary sources of uncertainty in the structural parameters determined from
EXAFS analysis arise from the correlation between the coordination number (N) and
the Debye-Waller factor (02) of individual shells of backscatterers. The usual accu-
racy which can be expected for the primary coordination shell of a metal centre in a
protein is R+0.03 A, N+25% and Z+1. The present limitations in defining N and Z
are especially frustrating and emphasize the need to integrate the information avail-
able from other spectroscopic and structural techniques into EXAFS analyses. Amino
acid sequence data and/or site-directed mutagenesis studies can provide clear indi-
cations of the nature of the groups binding metals in metalloproteins. Futhermore,
as illustrated by studies on rubredoxin (Shulman et al. 1978) and Cu, Zn-superoxide
dismustase (Blackburn et al. 1984), xAs and protein crystallography are especially
complementary.

When contemplating the use of xAS in general, and EXAFS in particular, to probe
a metal centre within a protein or when considering the results of such studies, the
following should be noted:

(i) angular information is not obtained unless oriented samples are investigated;

(ii) rarely does the structural information extend beyond 4 A from the primary
absorber;

(iii) the spectrum sums data for all atoms of a particular element and, if the
element of interest is present in more than one chemical form, an average environment
is obtained;

(iv) the possibility of radiation damage must be anticipated and the integrity of
samples should be monitored after, and if possible during, measurement.

(¢) Molybdenum and vanadium nitrogenases

One of the earliest applications of EXAFS to probe a metalloenzyme was the study of
the molybdenum site of nitrogenase in the Clostridium pasteurianum and Azotobac-
ter vinelandii MoFe-proteins and the isolated iron—molybdenum cofactor (FeMoco)
(Cramer et al. 1978a, b; Conradson et al. 1987; Liu et al. 1994). These studies showed
definitively that molybdenum is present as part of a polynuclear cluster containing
sulphur and iron, with Mo—S and Mo—Fe distances of 2.35 and 2.72 A, respectively.
This work inspired the successful development of many chemical systems containing
Mo—Fe—S clusters and xas studies of these systems strengthened the interpretation
of corresponding data for the natural system. The environment proposed is compat-
ible with the results of protein crystallographic investigations (Kim & Rees 1992;
Chan et al. 1993; Bolin et al. 1993). Thus, the molybdenum is located at one end of
an MoFe;Sg cluster, ligated to three sulphurs of this framework, the imidazole group
of His**? and two oxygens from homocitrate. The Mo K-edge EXAFS data provide
accurate interatomic distances for the molybdenum environment in isolated FeMoco
as: three O/N atoms at 2.19 A, three sulphur atoms 2.37 A and three iron atoms at
2.70 A, with similar values being obtained for the MoFe-protein (Liu et al. 1994).
These results identified a Mo - - - Fe separation of 5.1 A, corresponding to the three
equivalent iron atoms in the other ‘half’ of the cluster. Thus, the Mo K-edge and
Fe K-edge (Arber et al. 1988) EXAFS information combine with the protein crystal-
lographic information to give a clear view of the structure of FeMoco in the resting
reduced state of the MoFe-protein.
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Figure 10. Proposed structure of the iron—vanadium cofactor (FeVaco) of the vanadium nitroge-
nase enzymes based on the structure of its molybdenum counterpart (Kim & Rees 1992; Chan
et al. 1993; Bolin et al. 1993) and vanadium K-edge XAs studies (Arber et al. 1987; George et
al. 1988).

Genetic suppression of the ‘normal’, molybdenum-dependent nitrogenase of cer-
tain classes of Azotobacter allows expression of the vanadium-dependent enzyme.
The vanadium and molybdenum nitrogenase systems show many similarities and an
iron—vanadium cofactor (FeVaco), analogous to FeMoco, has been isolated (Eady
1995). Clear evidence of a strong similarity between active sites in the MoFe- and
VFe-proteins has been provided by vanadium K-edge Xas studies but, so far, no
crystallographic studies have been reported for the VFe-protein. VFe-proteins from
Azotobacter chroococcum (Arber et al. 1987) and Azotobacter vinelandii (George et
al. 1988) have been investigated by xas. The edge structure shows a weak single
1s—3d transition, the intensity of which precludes the presence of terminal V = O
bonds and implies an octahedral coordination around vanadium. The edge and XANES
structure is very similar to that recorded for vanadium in the cubane-like cluster of
[NMey][VFe3S,Cl3(DMF)3] and the EXAFS results are consistent with vanadium in
the VFe-protein of Azotobacter chroococcum being in an environment of three oxygen
(or nitrogen), three sulphur and three iron atoms at distances of ca. 2.13, 2.33 and
2.75 A, respectively.

The average environment of iron in FeMoco (Arber et al. 1988) and FeVaco (Har-
vey et al. 1990) has been investigated by xas. The results show that the two cofactors
possess the same molecular topology, especially as the Fe- - - Fe distances across the
central portion of the structure (figure 10) at 3.6-3.7 A are clearly manifest in the
EXAFS. Vanadium would thus appear to substitute directly for molybdenum in FeMoco
to form FeVaco (see figure 10). The role of molybdenum and vanadium in the cataly-
sis of N, reduction remains to be elucidated. Possibly they facilitate electron transfer
to and/or redox reactions within the cluster. Therefore, it is noteworthy that XxAs
studies indicate that neither the molybdenum nor the vanadium centre experiences
any significant structural change as the oxidation level of the cofactor is varied.

(d) Ozomolybdoenzymes and their tungsten relatives

Xas has played a vital role in defining the chemical nature of molybdenum centres
in the oxomolybdoenzymes and how they respond to changes in the oxidation level
of the molybdenum cofactor (Moco—see §2¢) and/or to the presence of substrates,
substrate analogues or inhibitors of enzymic activity (Hedman et al. 1990). Mo=0O
groups give rise to a low-energy edge-inflection due to a transition from the K shell
to the Mo=0O 7* orbital. This has been a ubiquitous feature of the molybdenum
K-edge xas studies of the oxomolybdoenzymes, as opposed to the nitrogenases.

The molybdenum K-edge EXAFS results achieved (George et al. 1989) for chicken
liver sulphite oxidase are the clearest such data and the interpretation achieved rep-
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resents a prototype for other oxomolybdoenzymes. The molybdenum site has been
investigated in each of its three accessible oxidation levels ((VI), (V), and (IV)) as
a function of pH and chloride concentration. The molybdenum(VI) is coordinated
by two oxo-groups, at ca. 1.70 A, one oxygen (or nitrogen) and three sulphur-donor
ligands at ca. 2.06 and 2.42 A, respectively; two of these sulphur atoms are presum-
ably derived from the molybdopterin (see figure 3). The molybdenum(V) and (IV)
centres each possess a single oxo-ligand, at ca. 1.69 A, one oxygen (or nitrogen) and
three sulphur-donor ligands at ca. 2.00 and 2.37 A, respectively. Both of these cen-
tres appear to bind chloride at pH 6 in 0.3M KCIl. EPr spectroscopy showed that
the centre can exist in two different forms, which are in a pH- and anion-dependent
equilibrium. The molybdenum K-edge EXAFS data are consistent with one chloride
ligand binding to the low pH form and with the number of oxo-groups remaining the
same in the high- and low-pH molybdenum(V) forms. Thus, reduction of molybde-
num(VI) results in the loss of one oxo-group, presumably due to protonation, and
the generation of an anion binding site. This behaviour is consistent with the chem-
istry of molybdenum in its higher oxidation states, since a cis-{Mo"'0,}2* centre
is generally converted into a {Mo"O}** or {Mo'YO}2*+ centre upon reduction and
sites trans to an oxo-group are generally labile.

Xanthine oxidase is the most accessible of the oxomolybdoenzymes and is read-
ily extracted from cows’ milk. This enzyme exists in two forms: an active and an
inactive form caused by loss of a sulphur atom (desulpho). Molybdenum K-edge
EXAFS studies (Turner et al. 1989) have shown that the environments of molybde-
num(VI) and molybdenum(IV) in desulpho xanthine oxidase closely resemble that of
the corresponding oxidation state for chicken liver sulphite oxidase vide supra. The
principal difference between the centre of the oxidized active form, as compared to
oxidized desulpho form, is the presence of one sulphido-group (at ca. 2.18 A) plus one
oxo-group, rather than two oxo-groups. The molybdenum centre of xanthine oxidase
is very reactive and both molybdenum K-edge ExAFs and EPR data indicate that
the centre of this reactivity is the Mo=S bond. The terminal sulphido-group is lost
upon reduction, presumably being protonated to form an Mo—SH moiety. Arsenite
is a potent inhibitor of xanthine oxidase clear evidence for an Mo—S—As interaction,
and an interbond angle of ca. 80° has been obtained from combined Mo and As
K-edge EXAFS studies (Cramer & Hille 1985).

(e) Ferritins

Iron can be said to be the most chemically versatile of all the elements used by
nature. It is essential for dioxygen uptake and transport in the vast majority of
living systems, ubiquitous in electron transfer relays and oxygen metabolism, used
widely as the catalytic centre in a large number of enzymes, and vital for DNA
synthesis. However, the problem with storing large quantities of free iron in the
body under physiological conditions is that soluble iron(III) reacts to form insoluble
iron(III) oxide, the accumulation of which is toxic to cells. To avoid this, evolution
has produced two iron storage proteins: ferritin and haemosiderin.

The major iron storage protein, ferritin, has been extensively studied (Ford et al.
1984) and shown to consist of a hollow spherical proteinaceous shell surrounding an
iron(IIT) oxide-hydroxide core. Assuming that the cavity of ferritin is filled by an
iron oxyhydroxide aggregate with a density of 2 gcm™2, up to 4500 irons could be
accommodated, but experimentally the maximum loading is ca. 2500 iron atoms.
This suggests that there is an element of random distribution in operation, possibly
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because of disorder and inefficient packing of the cavity. Furthermore, it is not known
whether the iron centres in ferritin form one crystallite or several smaller crystal-
lites. Thus, the ferritin core contains encapsulated portions of a crystal lattice (or
lattices) which are too small to be treated as infinite arrays: a necessary assumption
in the interpretation of X-ray diffraction patterns. Therefore, the detailed molecular
structure of the ferritin core has been hard to discover and xAs has, so far, provided
the only structural information.

Iron K-edge xAs studies have been accomplished for ferritin (Islam et al. 1989;
Mackle et al. 1991) and haemosiderin (Mackle et al. 1991). These have allowed
a direct comparison of structural aspects of the iron-oxide cores of ferritin and
haemosiderin, which could only be inferred from other techniques. The EXAFS
recorded for horse-spleen ferritin and ‘normal’ haemosiderin are indistinguishable,
consistent with them possessing an identical iron-oxyhydroxide core. The data
are indicative of an average environment of the iron(III) consisting of six oxygen
atoms at ca. 1.96 A and a split shell of iron atoms at ca. 3.01 and 3.43 A, to-
gether with a further oxygen shell at ca. 3.54 A (Heath et al. 1996). These Fe- - - Fe
distances provide a clear indication of the nature of the iron hydroxide assem-
bly and clusters such as [Fej7(uz — O)a(us — OH)g(2 — OH)1o(heidi)s (H20)12]>"
(Hzheidi = N(CH,CO.H),(CH,CH,OH)) (Powell et al. 1995) are more appropriate
than infinite lattices as structural models for the core of ferritin (Heath et al. 1996).

The nanoscale synthesis of inorganic particles is currently of great interest in ma-
terials chemistry. One possible route to the preparation of such materials involves
the use of preorganized biomolecular architectures as chemically and spatially con-
fined environments for the construction of inorganic clusters and nanoparticles. The
polypeptide cage of ferritin has been used to prepare nanocomposites (Meldrum et
al. 1991). An advantage of this biomimetic approach is that the inorganic nanoscale
materials can be rendered biocompatible by virture of their intimate association with
the surrounding polypeptide assembly. Thus, if appropriate synthetic routes could
be developed, bioinorganic nanoparticles might be useful as biological sensors and
markers, drug carriers, and diagnostic and bioactive agents. Nanocomposites housed
within the ferritin shell include an Fe—S system and MnOOH; the metal environ-
ments of both have been probed by xas. For the former, amorphous iron sulphide
minerals containing either 500 or 3000 iron atoms have been synthesized in situ. °"Fe
Mossbauer spectroscopy indicates that most of the iron atoms in the 3000 iron atom
cores are as Fe(III), whereas in the 500 iron atom clusters, approximately 50% of the
iron atoms are Fe(IIT) with the remaining atoms having an effective oxidation state
of about +2.5. Iron K-edge EXAFS for the 500 iron atom nanocomposite are consis-
tent with a disordered array of edge-shared FeS, tetrahedra, connected by Fe(S)sFe
bridges with bond lengths similar to those of the cubane-type motif of iron-sulphur
clusters (Douglas et al. 1995). For Mn in ferritin, the Mn K-edge position indicates
that ferritin stabilizes Mn(III) and the interpretation of the EXAFS reveals that the
(average) local environment of the metal has an inner coordination sphere of six
oxygens showing the Jahn—Teller distortion generally associated with Mn(III): four
oxygens at 1.91 A, one at 2.14 A, and one at 2.31 A. The Mn--- Mn separations of
2.88 A are typical of edge sharing of the Mn'"Og moieties linked by p-oxide and/or
p-hydroxide groups; the Mn - - - Mn separations of 3.10 and 3.94 A are attributed to
vertex sharing of the Mn'"'Og centres (Mackle et al. 1993).
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E o Figure 11. Structure of the Mn4 centre of photosystem II based on Mn K-edge EXAFS studies
= 9) of Synechococcus (Yachandra et al. 1993).

(f) The manganese centre of photosystem II

The photosynthetic water-splitting enzyme of chloroplasts is the source of dioxy-
gen on this planet. The enzyme is located in the thylakoid membrane and, during
turnover, it donates electrons to photosystem II and then oxidizes two molecules
of H,O to produce one molecule of O,. Analytical and spectroscopic studies have
demonstrated that a polynuclear manganese cluster is present at the heart of this
enzyme and current interpretations favour the presence of an Mny centre. Manganese
K-edge xas studies of photosystem II, combined with EPR data, have been influen-
tial in discussions of the oxidation state of the Mn, centre at various stages in the
photolysis cycle, which oxidizes the reaction centre from Sy to Sy in four one-electron
steps, prior to the release of Oy and the reformation of Sy.

The position of the inflection point of the Mn K-edge and the shape of the edge
provide information concerning the average oxidation state of the Mny centre and its
environment. Studies of photosystem II from Synechococcus (Yachandra et al. 1993)
favour {Mn(III)}{Mn(IV)}, for the oxidation level of the S; state. The XANES pro-
file is indicative of an environment of O and N atoms around the Mn atoms; this
is augmented by the EXAFS which leads to the proposed model for the Mny centre
shown in figure 11. The (average) Mn-O/N environment consists of about two atoms
at 1.82 A and a total of 2-4 atoms at the distances of 1.95 and 2.15 A. The location of
Ca’" is suggested by the change in the EXAFS and its Fourier transform upon deple-
tion of Ca?* and reconstitution by Sr?*. These and other Mn K-edge EXAFS studies
of photosystem II show that for the transitions S; — Sy and S; — S3 the struc-
ture of the manganese cluster changes only slightly; thus, no substantial structural
reorganization of the Mny centre occurs during the accumulation of these oxidizing
equivalents. Chloride is a crucial cofactor which is necessary for the oxidation of the
Mny centre after the S; state. XANES spectra at the Mn K-edge indicate that the
lack of chloride does not cause a gross structural modification of the cluster (Ono et
al. 1995), a conclusion not incompatible with the structure in figure 11.

The Mn - - - Mn separations are an important aspect of the Mny centre. The 2.7 A
separation is consistent with the presence of ps-oxide or hydroxide groups, as in
Mn-reconstituted ferritin (see §3e), and the 3.3 A separation would be compatible
with the proposed po-carboxylate ligation. The dichroism observed for the Mn - - - Mn
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vectors for different orientations of the sample are consistent with an alignment
of the 2.7 A vectors approximately parallel to the plane of the membrane. Many
challenges remain in the definition of the reaction centre of photosystem II and how
the oxidation and coupling of two H,O molecules is achieved. However, xAs has
provided valuable information including the first indications of the structure of the
Mny centre.

4. Bond valence sum analysis (BVSA)

(a) Introduction

The concept of a ‘bond’ does not occur directly in either quantum mechanics or in
ionic models, but is a term readily used in the description of all chemical structures
and, by extension, biological molecules. The bond valence sum evolved from the
efforts to formalize the ‘properties’ of the chemical bond. Pauling (1929) initiated
the process when he introduced the idea of the bond strength of a bond in one of his
‘principles determining the structure of complex ionic crystals’. He reasoned that the
electric charge of each cation must balance the strength of the electrostatic valence
bonds reaching it from the surrounding anions. Thus, for each cation, equation (4.1)
applies where V; is the valence (the formal oxidation state) of the cation, N; is the
coordination number of the cation, and s;; is often referred to as the ‘Pauling bond
strength’:

Brown & Altermatt (1985) proposed the use of equation (4.2), based upon Pauling’s

electrostatic valence principle, to describe the relationship between bond valence and
bond length:

sij = exp((ro — i)/ B), (4.2)
where s;; is the bond valence of the bond r;; between cation ¢ and anion j and
ro is a constant calculated for a particular cation—anion pair and is defined as the
length of a bond of unit valence. The bond valence sum parameters ro and B were
refined (Brown & Altermatt 1985) using bond length data contained in the inorganic
crystal structure database (Bergerhoff et al. 1983) and the parameters were calculated
by fitting equation (4.3), relating the oxidation state of the cation to the sum of
the contributions from each bond between the cation and the ligands to the actual
oxidation state of the metal centre:

Vi = Z Sij- (4.3)

From the analysis of the variation of ry with the position of the ions in the Periodic
Table, Brown & Altermatt (1985) proposed equation (4.4) for the calculation of
ro values for cation—anion pairs for which data are not available; r. and r, are
contributions to ry from the cation and anion, respectively:

ro =Te+ Ary+P —D —F. (4.4)

A has a value of 0.8 for transition metals, otherwise it has a value of 1.0, and P, D and
F are corrections required when the cation contains non-bonding p, d, and f electrons,
respectively. The values of P and F are given by P = 0.0175 x (cation period — 2)
and F' = 0.016 x number of f electrons and the values of D are tabulated by Brown
& Altermatt (1985). Equation (4.4) can reproduce the refined values of ry to within
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0.013 A and may give more reliable values of o for bond length data sets containing
a small number of metal centres. The values of ry for over 100 cation-anion pairs
refined from over 600 environments were presented. The Bvsa approach is widely
used by geologists to calculate the oxidation state of metal centres in minerals or to
determine the valency of bonds.

Pidcock et al. (1993) have investigated an alternative application of the corre-
lations provided by Bvsa. If reasonably reliable values of ry can be obtained from
structural data available for coordination complexes contained within the Cambridge
structural database (Allen et al. 1991), equations (4.2) and (4.3) can be used to ob-
tain coordination numbers of metals in metalloenzymes in cases where the oxidation
state and metal-ligand distances are known. This approach is complementary to XAs,
which provides information concerning the oxidation state of a metal atom (edge po-
sition) and the dimensions of the inner coordination sphere (from EXAFrs). Also, for
metalloproteins, BvsA could be used to comment on the metal-ligand distances ob-
tained from protein crystallography, since these are rarely defined with a precision
better than 0.1 A. The following examples illustrate how the bond valence sum
can be used to determine the coordination environment of metal centres, using bond
lengths obtained from the analysis of ExAFs data.

From the analysis of the Ni K-edge EXAFS obtained for the nickel site in carbon
monoxide dehydrogenase from Rhodospirillum rubrum (Tan et al. 1992), the nickel
was proposed to be coordinated to two S atoms at a distance of 2.22 A, and 2-3
N atoms at a distance of 1.86 A. The result of the bond valence sum calculation
for the five-coordinate metal centre is 2.42 (Ni—N, rq = 1.449, B = 0.57; Ni—S,
ro = 1.721, B = 0.68), clearly too large, indicating that the coordination number of
the metal centre is too high. However, if the sum is repeated using a four-coordinate
metal centre, with only two N at 1.86 A, the oxidation state is calculated to be
1.93. A four-coordinate metal centre is in agreement with the proposed coordina-
tion environment of the nickel centre found in carbon monoxide dehydrogenase from
Clostridium thermoaceticum (Xia et al. 1995; Bastian et al. 1988).

The crystal structure of CdsZn, metallothionein has been reported (Braun et
al. 1992) and the metal atoms are shown to be bound in two clusters, as Cdy and
CdZny, with each metal being ligated by four cysteinyl sulphur atoms. EXAFs studies
(Abrahams et al. 1986) have shown sulphur ligation at 2.51 A for Cd and 2.33 A for
Zn. The oxidation state calculated for a four-coordinate cadmium metal centre is
2.13 (Cd—S; ro = 2.215, B = 0.47) and 2.01 for a four-coordinate Zn atom (Zn—S;
ro = 1.573, B = 1.10). From the results of the calculations, it can be seen that the
bond lengths derived from the EXAFS data concur with the proposed coordination
environment determined by protein crystallography.

(b) Distortion theorem

The distortion theorem (Brown & Shannon 1973) states that the displacement
of a metal atom from the centre of a polyhedron will result in an increase in the
calculated bond valence sum (see figure 12). Therefore, the minimum value of the
bond valence sum is calculated for the metal atom at the centre of a polyhedron.
The distortion theorem has been applied, for example, to assess possible positions
for metal sites in proteins. Gregory et al. (1993) proposed a method of determining
the position of a metal atom within a cavity described by the ligand atoms. Once
the cavity for the metal atom was established, the metal atom was placed at the
centre of the cavity and the coordinates of the metal centre which minimized the
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Figure 12. Diagram illustrating the effect upon the contribution to the bond valence when the
metal ion, in the centre of a polyhedron, bond lengths r; is displaced to give shorter (r2) and
longer (r3) bond lengths.

difference between bond lengths to the ligand atoms, and ‘ideal’ bond lengths, were
established. The ‘ideal’ bond lengths for 22 cation—anion pairs were calculated from
the examination of 28 metal centres in macromolecules, as determined by protein
crystallography.

As a refinement of this procedure, we propose an approach which permits the
position of a metal atom to be determined upon the basis of bond valence sum
calculations, combined with a ‘check’ on the bond lengths generated by the position
of the metal atom. If the calculated bond length lies within 20 of the mean bond
length determined from the relevant cation—anion pair data set obtained from the
CsD, a score of 1 is give to the bond length. If the bond lies to within +(2-3)c of the
mean, the bond is given a score of 10, and if it is greater or less than the mean of the
bond length +3c, the bond is accorded a score of 20. Thus, for a proposed position
of the metal centre to be considered, ideally the total bond length score should be
no greater than the coordination number of the metal centre.

The crystal structure of rat liver metallothionein II, has been refined to 2.0 A, has
an R factor of 0.197, and root mean square deviation (RMsD) of bond distances of
0.02 A (Braun et al. 1992). The coordinates of the zinc atom (Zn(1)) in the cavity of
cysteinyl sulphur ligand atoms are given in table 1, which indicates that the Zn—S(15)
bond length is very short at 1.78 A. A bond length score of 20 assigned to the short
Zn—S.ys bond indicates the bond length is not common in the Zn(II)—S data set
obtained from the csp, from which the ‘ideal’ bond length and the value of the
standard deviation used in the scoring system had been calculated. The calculated
oxidation state using ro = 1.573 A and B = 1.10 for the zinc centre of 2.28 is high,
also indicating that the bond lengths are, on the whole, too short. By implementing
our application of the distortion theorem, it was found that there were 13 possible
positions for the metal atom where each bond length obtained a score of 1, thus
the overall bond length score was 4, and the calculated oxidation state was close to
2.0. The coordinates and calculated oxidation state of the five best positions for the
metal atoms are given in table 2.

The position of the metal atom which has the best calculated oxidation state (2.07)
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Table 1. Coordinates of zinc and sulphur atoms in rat liver metallothionein II (Braun et al.
1992)

coordinates /A

o = Zn—S
] atom x Yy 2 bond length /A
@ Zn(1) 19.064  9.879 44575
S(15) 20.846  9.585 44.575 1.78
é S(19) 16.985  8.917 44.733 2.30
> > S(24) 18.987 12.263  44.237 2.41
O : S(29) 19.828 8814 42.564 2.40
=
= Q)
I able 2. Calculated positions of the zinc atom and oxidation state for zinc in rat liver
[y metallothionein 11
- 12)
62 coordinates /A
=0
==
8U L z Y z oxidation state®
oZ
=< 18.475 10.192  43.670 2.07
o 18475 10,142 43.770 2.08
18.475 10.192  43.720 2.08
18.525 10.192  43.670 2.09
18.475 10.192  43.770 2.09

Calculated from equations (4.2) and (4.3) using ro = 1.573 A and B = 1.10.

Table 3. Zn(1)—S bond lengths in rat liver metallothionein II calculated from optimized
positions of the zinc atom

bond lengths /A

calculated
@ oxidation state®  S(15) S(19) S(24) S(29) average
<

— 2.07 2.56 2.23 2.21 2.23 2.31
§ >.4 2.08 2.55 2.02 2.26 2.20 2.26
O = 2.08 2.54 2.21 2.20 2.26 2.30
Q{‘ E 2.09 2.51 2.26 2.20 2.20 2.29
SSN@P) 2.09 2.52 2.18 2.18 2.28 2.29
= O

=w ®Calculated from equations (4.2) and (4.3) using ro = 1.573 A and B = 1.10.

is at a distance of 1.12 A from the proposed site of the metal centre as defined from
protein crystallography. Table 3 contains the bond lengths calculated for the above
positions of the metal atom.

The information presented in table 3 shows that in all cases the reassessment of the
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Table 4. Coordinates of the Ni(2) atom and its ligand donor atoms of nickel urease from
Klebsiella aerogenes (Jabri et al. 1995)

coordinates /A

bond
atom x y z length /A

Ni(2) 68.029 104.624 72.462

Nmis  66.153  103.848 73.519 2.29
Nuis  69.398 102.926 71.984 2.23
Oasp 68.830  104.623  74.420 2.12
OLys 67.048 104.244  70.596 2.14
On,o0 69.209 106.110 71.905 1.98

position of zinc within the cavity of the four sulphur atoms leads to a lengthening of
the Zn—S(15) bond; indeed the position of zinc which has the closest correspondence
to an oxidation state of 2.0 has the longest bond to S(15). The other Zn—S bond
lengths are all shorter than the crystallographic values. The average Zn—S.,s bond
length determined crystallographically is 2.22 A (see table 1) and the optimization
of the zinc position based on bond valence sum considerations leads to a longer
average Zn—S bond length (table 3). The values in table 3, notably for the best
agreement between calculated and actual oxidation states, are close to the (averageX
value determined from the analysis of Zn K-edge ExAFS for the zinc site, of 2.33
(Abrahams et al. 1986), which leads to a calculated oxidation state of 2.01.

The crystal structure of nickel urease from Klebsiella aerogenes (Jabri et al. 1995)
(see figure 5) is refined to a value of 2.2 A, R factor of 0.182 and rRMSD of bond
distances of 0.008 A. The orthogonalized coordinates of the five-coordinate nickel
site (Ni(2)) in the protein are given in table 4.

The overall bond length score for the above position is 14, calculated from a
comparison of bond lengths obtained from the csp, and three of the bond lengths
are very close to the upper limit of the 96% level of acceptability and, therefore,
the calculated oxidation state is low, at 1.47. Application of the distortion theorem
detailed above finds 24 positions where the bond length score is 5, but three of the
bond lengths remain long, and the most accurate calculation of the oxidation state is
1.51 (Ni—N, 7o = 1.449, B = 0.57; Ni—O, ro = 1.387, B = 0.62), with bond lengths
of (Ni=N) at 2.37 and 2.03 A, and (Ni—O) at 2.16, 2.09 and 2.17 A. The fact that
it is not possible to find a position of the metal atom for which the oxidation state
calculation is in reasonable agreement with the actual oxidation state using realistic
bond lengths indicates that the cavity proposed by protein crystallography is too
large for the metal atom. Thus, for an accurate calculation of oxidation state, the
dimensions of the ligand cavity needs to be reduced.

Thus, the coordination environment of a metal centre in a ligand cavity proposed
from protein crystallography can be examined on the basis of a comparison between
calculated and the actual oxidation state. Hence, alternative sites for the location
of the metal may be suggested within the cavity of the ligands. The accuracy of
this approach should be improved significantly if the metal edge EXAFS measured for
the same crystalline state is available to check the various metal-ligand distances
proposed.
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5. Conclusions

We have tried to demonstrate in this review the varied coordination chemistry of
d-transition metal atoms in proteins, especially for sites of catalytic activity within
enzymes. The study of these systems is clearly advancing rapidly. The synergy which
is developing, by combining the results of crystallographic and spectroscopic inves-
tigations, should allow us to gain an understanding of the manner in which catalysis
is achieved and controlled at transition metal centres in enzymes.

Herein, we have presented a selective review of advances made in the characteriza-
tion of d-transition metal centres in proteins by crystallography and X-ray absorption
spectroscopy. Furthermore, we advocate the use of Bvsa, either simply or via a dis-
tortion theorem approach to inspect the structure of a d-transition metal site in
protein obtained from EXAFS analysis and/or protein crystallography as an aid to
good judgement, but not as a substitute for this.

We thank The Royal Society for the award of a Fellowship (D.C.) and the University of Manch-
ester for the award of a Scholarship (E.P.).
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