Anales Acad. Nac. de Cs. Ex., Fis. y Nat., tomo 58 (2017): 39-55.

METALS IN BIOLOGY: METALLOENZYMES AND THEIR BIOMIMETIC
MODEL COMPOUNDS - PURPLE ACID PHOSPHATASE AND
CATECHOL OXIDASE

Bernt Krebs

Institut fiir Anorganische und Analytische Chemie, Universitit Miinster, Corrensstrasse 36,
48149 Miinster, Germany.
E-mail: krebs@uni-muenster.de

Abstract

Transition metals play an important role in biological processes as active sites in
metalloproteins, especially in catalytically active metalloenzymes. Their functions reach from hy-
drolytic reactions to isomerizations, redox reactions, activation of dioxygen, nitrogen, methane, or
carbon dioxide, to electron transfer processes, and to transport and storage functions. Multi-step
biological elementary processes in the respiratory chains and in photosynthesis are impossible with-
out the participation of metal ions. In the present paper, after a general survey some typical iron
and copper proteins are presented, and their metal-directed hydrolytic and oxidative reactions are
discussed. Purple acid phosphatases with dinuclear Fe-Fe and Fe-Zn active sites cleave biological
phosphoric acid diesters with high efficiency. Catechol oxidases and tyrosinases with dinuclear Cu-
Cu active sites oxidize phenols and polyphenols to quinones and melanines in important biological
key reactions. The synthesis and functional investigation of bioinorganic model compounds for
metalloenzymes can lead to interesting “bioanalogous” technical catalyst systems. Some examples
of dinuclear iron and copper model complexes are reported.

Key words: Metalloenzymes, Iron and copper proteins, Model compounds, Purple acid
phosphatases, Catechol oxidases.

Resumen

Metales en Biologia: Metaloenzimas y sus Compuestos Modelo Biomiméticos —
Fosfatasas Acidas Purpuras y Catecol Oxidasa. Los metales de transicién desempefian una
importante funcién en los procesos biolégicos como sitios activos en metaloproteinas, especialmente
en metaloenzimas cataliticamente activas. Sus funciones abarcan reacciones hidroliticas,
isomerizaciones, procesos redox, activacién de dioxigeno, nitrégeno, metano o diéxido de carbono,
hasta transferencia de electrones y funciones de transporte y acumulacién. Procesos biologicos
elementales, en etapas multiples, como los que ocurren en la cadena respiratoria y en la fotosintesis
son imposibles sin la participacién de iones metélicos. En este trabajo, luego de una revisién gene-
ral, se presentan ejemplos de algunas proteinas de hierro y cobre, discutiendo algunas de las
reacciones hidroliticas y oxidativas en las que participan. Las fosfatasas acidas plrpuras, conteniendo
sitios activos dinucleares Fe-Fe o Fe-Zn, producen la ruptura de diésteres biolégicos del acido
fosférico con elevada eficiencia. Las catecol oxidasas y tirosinasas con sitios activos dinucleares Cu-
Cu, oxidan fenoles y polifenoles a quinonas y melaninas en reacciones de gran importancia biolégica.
La sintesis e investigacién funcional de modelos bicinorganicos para metaloenzimas puede conducir
a interesantes sistemas “bio-analegos” ttiles para la catalisis industrial. Se presentan algunos
ejemplos de complejos-modelo dinucleares de hierro y cobre.

Palabras clave: Metaloenzimas, Proteinas de hierro y cobre, Compuestos modelo,
Fosfatasas &cidas piirpura, Catecol oxidasas.
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1. Introduction - Bioinorganic Chemistry
and the Elements of Life

Among the chemical elements in all bio-
logical systems and life processes on our planet
metal ions play a most important and essential
role. There is virtually no biological reaction,
from bacteria, fungi, and other micro-organisms,
to plants, invertebrates, mammals and human
beings which is not determined, in some stage of
the complicated reaction paths, by an elementary
process involving metal ions. It is well known that
main group metals such as sodium, potassium,
magnesium, or calcium are essential elements
active in various functions such as signal trans-
duction, electrolyte balance, bone and teeth for-
mation, photosynthesis of plants and many oth-
ers. [e.g. 1-5]

Even more variable and especially fasci-
nating are the functions of the transition metal
ions (mostly elements with only partially filled
“open” d electron shells) which fulfill a wide va-
riety of chemical functions in biology, in spite of
their relatively low concentrations in the living
systems. The most important of these transition
elements are iron (Fe), copper (Cu), zinc (Zn),
manganese (Mn), molybdenum (Mo), cobalt (Co)
and nickel (Ni). Their typical reactivities reach
from structural functions to the catalytic assem-
bly and degradation of the organic compounds, to
the transport and storage of electrons for a large
variety of biological redox reactions, to the cata-
Iytic activation of small molecules such as O,, N "
CH,, CO,, and H, (normally rather unreactive at
ambient conditions) to utilize them for biochemi-
cal processes, or to “organometallic” reactivity
involving metal-carbon bonds such as in cobala-
mine. In Fig. 1 the main group and transition
metals which are important for life processes are
given in a periodic table representation. The fig-
ure also shows some transition metals important
for medical and pharmaceutical applications. Ta-
ble I shows, besides the essential nonmetals, a
listing of the metals present in our human body,
some of them in considerable quantities such as
the dioxygen-binding iron in haemoglobin and
myglobin and (surprisingly) zinc together with
the trace elements from copper to molybdenum.

The key to the understanding of their
structural chemistry and reactivity is their well-
known tendency to form coordination compounds
(“complexes”) such as in the huge number of
Werner-type coordination compounds in inor-
ganic chemistry. This tendency to form coordina-
tion compounds with Werner-type bonding to
ligands with typical oxygen, nitrogen, or sulphur
functions leads to a dramatic scenery of “func-
tional biological coordination chemistry”. It turns
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Fig. 1. Metals in life processes and in bioinorganic
chemistry (shaded). In addition some metals (Y,
Te, Ag, Pt, Au, Hg) are indicated which are im-
portant for diagnostic and therapeutic applica-
tions in medicine

Table I. Elements of life: Nonmetals and essential
metals in the human body (70 kg)

Element Symbol Mass (g)
Oxygen 45500
Carbon C 12600
Hydrogen H 7000
Nitrogen N 2100
Calcium Ca 1050
Phosphorus P 700
Sulfur S 175
Potassium K 140
Chlorine Cl 105
Sodium Na 105
Magnesium Mg 35
Iron Fe 4.2
Zinc Zn 2.3
Copper Cu 0.11
Manganese Mn 0.02
Selenium Se 0.02
Nickel Ni 0.01
Cobalt Co 0.003
Molybdenum Mo 0.003

out that the transition metal ions are mostly sur-
rounded in the biological systems by three alter-
native types of chelating biological ligand sys-
tems: (1) the proteins (peptides) formed by the
some 20 d-amino acids which offer (a) nitrogen
(mostly in histidine), (b) oxygen (mostly carboxy-
lates of aspartate or glutamate), and (c) sulphur
functionalities (in cystein) as ideal chelating lig-
and atoms, (2) macrocyclic systems such as in
porphyrins or corrins which offer most rigid and
efficient chelate ligands, and (3) the nucleobases
or phosphate groups of the nucleic acids which
also offer ideal coordination capacities for harder
(Mg, Ca) or softer metal centers, the latter
bonded to the nitrogen functions of the nucleo-
bases (preferentially to guanine). [e.g. 1-5]
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The rather explosive development of re-
search in the field of metals in biology during the
last 30 years has led to the development of the
active and exciting new discipline of Bioinorganic
Chemistry (or Inorganic Biochemistry or Biologi-
cal Inorganic Chemistry) at the borderline be-
tween the classical disciplines. As a typical “trans-
disciplinary” research field it resides between the
established disciplines -besides inorganic chemis-
try and biochemistry- of biology, microbiology,
toxicology, physiology, pharmacy, (bio)physical
chemistry, and physics. The subjects of the field
are the investigation of structures and functions
of the metal sites in biological systems, including
the study of catalysis in metalloenzymes, the dy-
namics and reaction paths and kinetics of the
metal-assisted reactions, the bonding and trans-
port and storage of metals in living systems, but
also the toxicological aspects of metals in biol-
ogy as well as the utilization of metals and metal
compounds in medicine as diagnostic and thera-
peutic pharmaceutics. Well known examples for
the latter are cis-platin and analogues as antitu-
mor agents, gold anti-arthritic compounds or
technetium complexes as radiopharmaceutical
probes.

An important tool of bioinorganic chem-
istry research for the understanding of the in vivo
structures and functions of metals is the in vitro
synthesis and physical and functional investigation
of biomimetic model complexes of metals which
imitate the active sites of the metalloenzymes or
other metalloproteins. They allow the study of
structural and functional properties to be extrapo-
lated to the biological systems to be modelled.
Much of the successes of bioinorganic research can
be attributed to the impressive development of
physical methods such as EPR, NMR, MS, CV, X-
ray diffraction, fast kinetic methods, or Méssbauer
spectroscopy, which —in the light of often very low
metal concentrations in the biological systems-
have to be employed up to their limits if mean-
ingful results are to be expected.

2. Transition Metals — Metalloproteins
and Metalloenzymes

The field of metalloproteins as a central
part of bioinorganic chemistry is at a growing
stage of development. According to their elec-
tronic structure the most important d transition
elements iron, copper, zinc, manganese, or cobalt,
but also nickel, molybdenum, vanadium and oth-
ers, use their specific chemical properties in the
biological scene. Accordingly, iron, copper and
manganese are essential as redox active centers
in metalloproteins due to their ability to change
redox states, i.e. to accept or release electrons. In

Table IL Biological functions of selected transition
metal ions in metalloproteins and metalloenzymes

Magnesium structural function; hydrolases;
isomerases

Cobalt oxidases; alkyl transfer

Nickel hydrogenases; hydrolases

Manganese phostosynthesis; oxidases; structural
function

Iron oxidases; transport and storage of
oxygen; electron transfer; nitrogen
fixation

Copper oxidases; transport of oxygen;
electron transfer

Zine structural function; hydrolases

contrast, zinc (also magnesium) are stable only in
their oxidation numbers +2, making them ideal
sites for acid/base reactions or for catalysis involv-
ing hydrolytic reactions. In Table II some typical
functions of active metal sites in biomolecules are
given.

In the metal sites of the metalloproteins,
one or multiple metal ions are bound to the pro-
tein by amino acid side chains and exogenous
bridging and terminal ligands that define the first
coordination sphere of each metal ion. These
metal sites can be classified [6] into five types
with the indicated functions:

(1) structural: configuration (in part) of protein
tertiary and/or quaternary structure;

(2) storage: uptake, binding and release of met-
als in soluble form;

(3) electron transfer: uptake, release and storage
of electrons;

(4) dioxygen binding: metal-O, coordination and
decoordination;

(5) catalytic: substrate binding, activation, and
turnover.

Coverage of the various metal sites has
been summarized in several review articles. [5]

Here we present -as two typical exam-
ples for important types of enzymatically active
metalloproteins- our work on two metallopro-
teins with dinuclear centers, purple acid phos-
phatase (an example of a dinuclear Fe-Zn protein)
and catechol oxidase (an example of a dinuclear
copper protein), and to relate the structure and
the function, as far as it is possible today.

3. Iron as an Essential Bioelement and its
Functions in Biology

The biochemistry of iron is essentially
determined by its ability to change its oxidation
states, generally from +2 to +3 and back, how-
ever especially during the reaction cycles of im-
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portant metalloloenzymes, there exists also a fas-
cinating chemistry involving higher oxidation
states, especially Fe(IV). From haemoglobin and
myoglobin to the variety of important iron-sulfur
protein, its reactivity is determined by oxygen
binding and transformation and redox reactions
in addition to important electron transfer proc-
esses. Table III shows a short compilation of the
essential iron-containing proteins in the human
body. [1-6] In Fig. 2 a schematic overview is
shown of the most important classes of iron pro-

teins. As an example of one of them, the purple
acid phosphatases with a dinuclear Fe-Fe or Fe-
Zn site are highlighted in the figure. They are
part of our research work, and they are addressed
in some detail in the following.

Dinuclear Active Iron Sites - Purple Acid
Phosphatases

Purple acid phosphatases (PAPs), E.C.
3.1.3.2, represent a group of ubiquitously distrib-
uted phosphomonoesterases. In Table IV some

[ Iron Proteins ]

[Non-Herne Iron ProteinsJ

Heme Iron Proteins
e.g. Hemoglobin, Cytochrome P450

Iron-Sulfur-Protein
eg. in, F i

Mononuciear Iron Sites
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«Transiticn metal giycoproleins

Purple Acid Phosphatases
Catalyze the hydrolysis of phosphate ester:

Palynuclear iron Proteins
e.g. Ferritin

Hemerythrin,
Rubrerythrin
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Fe-Fe Center
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i
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Fig. 2. Classification of iron proteins. Acid phosphatases are specially highlighted

Table III. Essential iron-containing proteins and enzymes in the human body

Number- of

Protein MW of the Amount % of total Heme (h) Function

protein of iron iron in or non- iron atoms

(kDA) (g) human body heme (nh) per molecule
Hemoglobin 64.5 2.60 65 h 4 oxygen transport in erythrocytes
Myoglobin 17.8 0.13 6 h 1 oxygen storage in muscles
Transferrin 76 0.007 0.2 nh 5 iron transport in blood plasma
Ferritin 444 0.52 13 nh up to 5000  iron storage in cells
Hemosiderin 2300 0.48 12 nh up to 5000  iron storage in cells
Catalase 260 0.004 0.1 h 4 oxidation with hydrogen peroxide
Peroxidases var. low low h usually 1 oxidation with hydrogen peroxide
Cytochrom ¢ 12.5 0.004 0.1 h 1 electron transfer
Cytochrom 2100 0.02 0.5 h 2 terminal oxidation to water
¢ oxidase
Flavoprotein ca. 50 low low h 1 insertion of molecular oxygen
oxygenases
(e.g. P-450)
Iron-sulfur var. 0.04 1 nh 2-8 electron transfer
proteins
Ribonucleotide 260 low low nh 4 transformation of RNA to DNA
reductase (E. coli)
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typical mammalian and plant purple acid
phosphatases are reported. They are all charac-
terized by low pH-optima and intense color,
which results from a tyrosine — Fe(III) charge
transfer transition. [7] The intense charge trans-
fer band (e 2 3000 M cm™ per iron) can be used
as a probe for electron density of the ferric ion.
In mammalian PAPs a second iron occupies the
“nonchromophoric site”, which is divalent in the
active state and trivalent in inactive state.
Monomeric 35 kDa mammalian PAPs exhibits a
shift from 550 to 510 nm upon reduction from
purple inactive Fe(III)-Fe(III) to the pink active
Fe(III)-Fe(II) form. [8] The nature of the metal
in the nonchromophoric site varies in plant PAPs.
It is zinc in kidney bean PAP (kbPAP), in soybean
PAP and in one of the three known sweet potato
isoenzymes (spPAP), whereas in another spPAP
isoenzyme the nonchromophoric site is occupied
by whose oxidation state is not yet known. [9-11]

The dinuclear metal center has attracted
considerable interest and is now spectroscopically
well characterized by Méssbauer, [12,13] EPR, [8,
12, 14-17] NMR, (16, 18, 19] EXAFS, [20-22] mag-
netic, [12, 23-25] electrochemical, [26] and Reso-
nance Raman [27, 28] studies.

The mixed-valent diiron form of mam-
malian PAPs shows rhombic EPR spectra with
g.. ~ 1.74, characteristic for an antiferromag-
netically coupled high spin Fe(III)-Fe(II) pair,
arising from a S = 1/2 ground state. The oxidized
diferric form of PAPs are EPR silent due to
antiferromagnetic coupling of two high spin
Fe(III) ions with S = 0. Native kbPAP has no sig-
nal around g = 1.7, but shows a signal at g = 4.3,
characteristic for isolated high spin Fe(III) with
S = 5/2 ground state as expected for the Fe(III)-

and catechol oxid.

P

Zn(II) active site. After exchange of zinc by iron,
the EPR spectrum of the diiron substituted
kbPAP resembles that of mammalian enzymes,
just as the iron-zinc substituted mammalian
PAPs show similar EPR spectra as native kbPAP.
The magnetic coupling constant -J of the mixed-
valent state of bovine spleen PAP (bsPAP), por-
cine uterus PAP (uteroferrin, Uf) and zinc-ex-
changed diiron kbPAP was typically found to be
6-20 cm™, which is consistent with the presence
of a p-hydroxo rather than a p-oxo as the bridg-
ing ligand. The diiron centers of bsPAP and Uf
and the Fe-Zn centers of kbPAP, spPAP and Uf
have been subjected to XAS measurements. XAS
spectra reveal a N/O donor set. A short Fe-O
bond, which is characteristic of a u-oxo bridge,
was not found, in agreement with the magnetic
measurements described above. Metal-metal dis-
tances of 3.0-3.3 A for mammalian PAPs are in
good agreement with the ones determined by X-
ray structural analysis. A longer iron-zinc dis-
tance of 3.9 A has been determined for kbPAP by
EXAF'S analysis.

The first PAP crystals were reported for
the kidney bean enzyme grown from ammonium
sulfate in tetragonal space group P4,2 2. [29]
Some years later Strater et al. succeeded in ob-
taining kbPAP crystals in orthorhombic space
group C222 which enabled successful structure
determination with a resolution of 2.9 A. [30]

The crystal structure of a plant acid
phosphatase: kidney bean phosphatase (kbPAP)
Overall structure and folding. The
structure of the homodimeric kbPAP [30, 31] has
the shape of a lung with overall dimensions 40 x
60 x 75 A. Each monomer of kbPAP consists of

Table IV. Purple acid phosphatases

Source MW Subunits Metal pH
(kDa) content optimum
mammalian sources
human spleen 34 1 2 Fe 5.5
human macrophage 36 I | 2 Fe 5.6
bovine spleen 35 1 2 Fe 5.8
rat spleen 33 1 2 Fe 5.7
bovine bone 32 1 ? 5.5
rat bone 41 T 2 Fe 2
porcine uterus 36 1 2 Fe 5.0
plant sources
kidney bean 111 2 1Zn, 1 Fe 5.8
sweet potato 113 3 1 Fe, 1 Zn/Mn 5.8
soy bean 240 4 2 Mn ?
spinach 92 2 ? 5.5
rice 94 ‘2 2 Mn 5.5
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Fig. 3. Molecular structures of (A) kidney bean
purple acid phosphatase (plant, kbPAP) and (B)
of the mammalian phosphatase uteroferrin from
X-ray crystal structure analysis

two subunits (Fig. 3 A). The smaller N-terminal
domain consists of 120 amino acid residues con-
taining only B-strands. The C-terminal o/B-do-
main exhibits two B-o-B-0-B motifs harboring all
residues involved in metal binding. This motif is
also found in other phosphoester hydrolyzing
enzymes with a dinuclear center like protein
phosphatase 1, calcineurin [32-34] and a 5’-nucle-
otidase. [35]

The dinuclear Fe(III)-Zn(II) site.
The active site is located on the edge of the B-
sandwich core structure, easily accessible to the
solvent and presented in Fig. 4. The Fe(IIl) is
coordinated by Tyr157, which is obviously respon-
sible for the charge transfer band and the color,
by N, of His325 and monodentately by the car-
boxylate group of Asp135. The zinc ion in the
nonchromophoric site is coordinated by N, of
His286, N, of His323 and the amide oxygen of
Asn201. Both metal ions are bridged monoden-
tately by the carboxylate group of Asp164 and by
a hydroxide. For both metal ions the octahedral
coordination sphere is thought to be completed by
two exogenous water-derived ligands in the na-
tive protein, hydroxide at the chromophoric iron
and water at the nonchromophoric zine. This
ligands could unfortunately not resolved in the X-
ray structure but were modeled in the coordina-
tion sphere based on spectroscopic and kinetic
data. [8, 36] The distance between the two met-
als was refined to 3.2 A. [30, 31]

Crystal structure of inhibitor com-
plexes. The comparison of X-ray structures of
the inhibitor complexes with phosphate and
tungstate revealed the same bridging binding
mode for both inhibitors replacing exogenous
water-derived ligands. [31] No larger conforma-
tional changes in enzyme structure occurred
when oxoanion bind the active site. Small shifts

§IHis325

His323

His286
9

o
w, & % h P )
|
Oy
r
(f)r.-g
Lo Q
& )D) KD
} Asn201

V\“Q Tyr167

Fig. 4. The heterodinuclear active site in purple
acid phosphatase from kidney bean (kbPAP)

up to 1 A were observed for active site residues
His295 and His296. Inhibitors are furthermore
located in hydrogen bonding distance to His202.
Bidentate bridging of phosphate is also seen in X-
ray structures of mammalian PAPs. [37-39]

Comparison of mammalian and plant PAP
structure

Overall structure and folding. De-
spite low sequence homology, different subunit
arrangements (monomeric vs. homodimeric) and
different metal content, mammalian and plant
PAPs have an almost identical fold of the active
site domain, predicted by comparative modeling
[40] and now confirmed by crystal structures of
rat and pig PAP (Fig. 3 A + B). Superposition of
rat and kidney bean structures resulted in 214
equivalent o-carbon atoms with a root mean
square deviation (rmsd) of 1.43 A. Apart from
obvious differences in N-terminal domain some
minor changes in secondary structure can be rec-
ognized. The most striking difference with impact
on activity of mammalian enzymes is the loop
between o5 and 0:6, which is missing in the plant
enzyme, and renders the active site of the intact
enzyme less accessible for the substrate. This
loop, also called repression loop, [39] is easily
cleaved by serine and cysteine proteases [41] with
the subunits formed tethered together by disul-
fide bridge between Cys142 and Cys200. This
cleavage leads to a 3- to 9-fold activation of en-
zyme activity with para-nitrophenylphosphate as
substrate.
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Comparison of metal coordinating
region. X-ray structures of mammalian and plant
PAPs showed nearly identical first coordination
spheres, [37] but differences in the second sphere
exists. In the kbPAP structure His202, His295
and His296 come into hydrogen-bonding distance
to the coordinated phosphate group and are sup-
posed to play an essential role in stabilizing the
transition state by electrostatic interaction and in
protonating the leaving group. [81] Two of these
histidine residues (His202 and His296) have their
structural counterparts in His92 and His195 in
mammalian PAP structures, but His295 of
kbPAP is replaced by Glul94 in mammalian
PAPs which points away from the active site and
is not in close contact to the phosphate group.

Reaction mechanism. In a plausible
mechanism [8, 31, 36] (Fig. 5) the phosphate
group of the substrate binds to the divalent metal
ion, which together with the histidine ligands
preorients the phosphate group and enhances the
electrophilicity of the phosphorous center. Then
a nucleophilic attack occurs by the hydroxide lig-
and bound to the Fe(III) center, and the configu-
ration at the phosphorous center is inverted
through a pentacoordinate transition state with

the leaving group and the attacking nucleophile
in apical positions. In Fig. 6 this proposed tran-
sition state is shown in a modeled representation.
In addition to the metal ions the protonated side
chains of His202 and His296 reduce the energy of
the pentacovalent transition state through the
formation of hydrogen bonds. After a small move-
ment, His295 may also interact with the substrate
and His296 may then protonate the leaving alco-
hol group.

Another suggestion for a reaction me-
chanism considers the terminal bound hydroxide
activates as base another water molecule from the
second coordination sphere of the ferric ion which
than acts as the nucleophile. [42, 43] Others ex-
pect the bridging hydroxide to act as a nu-
cleophile. [44]

Physiological Role

Function of PAP in plants. Due to
high in vitro activity of the kidney bean enzyme
for ATP, a role as ATPase was suggested. [9]
Based on immunochemical techniques this pro-
tein was localized in ribosome-rich areas in cells
from seeds of dry red kidney beans and a role in
triggering seed dormancy was proposed. [45] The
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Fig. 5. Proposed reaction mechanism for phosphoric ester hydrolysis catalyzed by
purple acid phosphatases. Me(II) can be iron (such as in mammalian PAPs), man-
ganese, or zinc (in kidney bean phosphatase)
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enzyme isolated from thale cress (atPAP) resem-
bles in primary structure more mammalian than
plant enzymes and exhibits phosphatase and
peroxidation activity. [46] The authors concluded
that atPAP could be involved in phosphate mo-
bilization and in metabolism of reactive oxygen
species in stressed or senescent plant organs.

Function of mammalian PAPs. Whe-
reas plant PAPs are often described as hydrolyz-
ing enzymes, different modes of action are de-
scribed for mammalian PAPs. In pig and horse,
PAPs are found to be secreted in the uterus of
pregnant animals under control of progesterone.
[5, 37] The hypothesis was advanced that PAP in
this organ is responsible for porcine transplacen-
tal iron transport. [39, 40] Localization studies
linked PAP to osteoclasts and elevated levels of
this enzyme were found to be associated with
pathological enhanced bone. [46, 47] Several
modes of action have been described for PAP in
bone metabolism and the reader is addressed to
the literature. [47-50] In 1987 it was reported
that PAP plays a role in degrading phagocytized
erythrocytes, based on its localization in lyso-
somes and lysosome-like organelles of these
macrophages. [51] A recent study demonstrated
that PAP expression was not restricted to spleen
and bone, but was also detectable in liver, lung,
heart, kidney, stomach, small intestine and skin.
[52] A new chapter has been opened very recently
by the successful structure determination of two
human purple acid phosphatases. [53]. Other re-
cent developments include porcine PAP [57] be-
sides new work on plant PAPs. [54-56]

Biomimetic Model Complexes for Purple Acid
Phosphatases

Since the detection of the purple acid
phosphatases and the probable nature of their
active sites a considerable number of synthetic
and physicochemical studies have been reported
on the structural and functional properties of
biomimetic model compounds. Besides various
models with Fe-Fe sites a special preparative
challenge was the synthesis of heterodinuclear
models for the Fe-Zn site in purple acid phos-
phatase from plants, especially from kidney beans.
Some examples were synthesized and investigated
recently in our laboratory, partly in cooperation
with partners. [58-60] Two examples are shown
in Fig. 7. It has been stressed that an essential
part of the investigations is the identification of
physical properties relevant to the biological func-
tions of metalloenzymes. In Fig. 8 an example is
given for such physicochemical investigations on
enzymes active sites and on model complexes. It
shows the determination of redox potentials of

Fig. 6. Model of the transition state with penta-
coordinate phosphorus in the catalytic reaction of
purple acid phosphatase from kidney beans

iron-containing centers indicating the potentials
to reduce Fe(III) or to oxidase Fe(II). The Fe-Fe
center shows two redox steps whereas the Fe-Zn
site shows only one step because of the stability
of Zn(II) towards oxidation.

4. Copper Proteins and Functions of
Copper Enzymes

Besides iron and zinc, copper is the most
ubiquitous transition metal in life processes. In
Table V some typical important copper proteins
for catalysis and metal transport/storage are
listed.

Copper Type 3 Proteins — Their Dinuclear
Active Sites

The copper enzymes tyrosinase, catechol
oxidase as well as the oxygen transport hemo-
cyanin comprise the type 3 class within the large
number of different copper protein. Some of their
important properties and their dioxygen binding
mode are shown in Fig. 9.

Catechol Oxidase

Catechol oxidases (CO), E.C. 1.10.3.1,
represent a group of ubiquitous oxidases in
plants. CO, tyrosinase (TYR), E.C. 1.14.18.1 and
E.C. 1.10.3.1, and hemocyanin (HC) belong to the
class of copper type 3 centers characterized by an
antiferromagnetically coupled (-2J > 600 cm™)
EPR silent Cu(II) pair in the met form, i.e.
the oxidized form with no dioxygen bound to
the metal center, and two intense absorption
maxima at 350 nm (¢ 19,000 cm?* M) and 600
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Fig. 7. Biomimetic model complexes for the active site of purple acid phosphatase with

hetero-dinuclear Fe-Zn sites

Zn(lt) Fe(lll)
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T
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Fig. 8. Measurement of redox potentials by cyclic voltammetry (CV) of Fe-Zn and
Fe-Fe model complexes for purple acid phosphatases

nm (e 1,000 cm™® M) caused by 0, — Cu(I)
charge transfer transitions in the oxy form.

CO catalyzes exclusively the oxidation of
catechols (i.e. ortho-diphenols) to the correspond-
ing ortho-quinones (catecholase activity). In con-
trast to CO the related TYR reveals in addition
to catecholase activity a monooxygenase activity
(cresolase activity, E.C. 1.14.18.1) that enables
the enzyme to accept monophenols, e.g. tyrosine,
as substrate. HC is the oxygen transport protein
in many molluses and arthropods. The dicopper
center is spectroscopically well characterized by

UV/Vis, EPR, NMR, EXAFS, magnetic and Reso-
nance Raman studies. [61]

The met form of CO contains two Cu(II)
ions but exhibits no EPR signal due to strong
antiferromagnetic coupling between the two S =
1/2 metal ions. The antiferromagnetic coupling
requires a superexchange pathway associated
with a bridging ligand which is most likely a
p-hydroxo group bridging the two Cu ions. Oxy
CO can be obtained by adding H,0, to met CO.
Evidence for the oxygen binding mode can be de-
rived from UV/Vis data in combination with Reso-
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Table V. Selected copper proteins and their functions

Protein Reactivity Biological function and occurrence
Type 1 copper proteins
Plastocyanin Electron transfer in plants (Fig.)
Azurin Electron transfer in bacteria
Type 2 copper proteins
Amine Oxidase Oxidase Metabolism of amines in bacteria, yeast, plants,
mammals (Fig.)
Dopamine Dioxygenase Oxidation of dopamine in kidney (Fig.)
B-monooxygenase
Quercetin Dioxygenase Dioxygenase Cleavage of quercetin in fungi (Fig.)
Galactose Oxidase Oxidase Oxidation of alcohols in fungi (Fig.)
Cu, Zn Superoxide Dismutase Disproportionation of superoxide,
dismutase e.g. in erythrocytes
Type 3 copper proteins
Hemocyanin Dioxygen transport in molluscs and arthropods
Tyrosinase Oxygenase Hydroxylation of phenols (Fig.)
and Oxidase 0-Quinone formation in mammals and plants
Catechol Oxidase Oxidase Oxidation of catechols to o-quinones (plants)
Non-classical copper proteins
Copper Transport ATPase Thionein Regulation, strorage, and transport of Cu

Cytochrome ¢ Oxidase
N,O Reductase
Laccase

Ascorbate Oxidase

Reductase (Cu,)
Oxidase (type 2+3)
Oxidase (type 2+3)

Electron transfer in respiratory chain (Cu,)
Reduction of N,O to N, in nitrogen cycle
Oxidation of polyphenols and —amines in plants
Oxid. of ascorbate to deydroascorbate in plants

type 3: dinuclear copper center
function:  uptake and activation of dioxygen
structure: bridged copper dimer
features: EPR silent; characteristic absorption after binding of O,:
A = 350 nm; A = 600 nm (¢ =20000; 1000 M-'cm-')
hemocyanin
i His
s H
His H NE/ nj/ / W His
“d W e e UL
N\"""Cu/| cl ' % HN\’N""'C o ? ------ |||-""'N=/
“.. 5 —Cu 1 _~Fcu—y
'l‘ N/ 7—\>~’ " /4:5 I ¢ N
H's/[> [ Y L. He W M "o
N o N His ¢ ) o
H H :“ His
His

Fig. 9. Copper in metalloproteins: type 3 dinuclear active sites in catechol

oxidase, tyrosinase, and hemocyanin

nance Raman data of the oxy form. Oxy CO shows
two characteristic peroxo — Cu(II) charge trans-
fer transitions. The absorption band at 345 nm is
caused by an O,* (7’ ) — Cu(II) (dxz-yz) charge
transfer transition. The absorption band at 580
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nm corresponds to the second 022' (n') — Cudl)
(dxz-yz) charge transfer transition. The Resonance
Raman spectrum of the oxy form shows a band ~
750 cm! characteristic for a u-n%n? bonding mode
for dioxygen first reported by Kitajima et al. [62]
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for a synthetic binuclear copper model complex.
EXAFS studies of Neurospora crassa TYR and
sweet potato CO revealed a Cu(II)-Cu(II) distance
of 3.6 A and 3.8 A, res ectively for the oxy spe-
cies and 3.4 A and 2.9 , respectively for the met
form. [63] The first shell is reported to consist of
two nitrogen and oxygen ligands in the met form.

For several years, two arthropodan HC
crystal structures were available, spiny lobster
(Panulirus interruptus) [64] and horseshoe crab
(Limulus polyphemus).[65] Recently, a molluscan
HC could be crystallized and its three-dimen-
sional structure determined [66] from giant oc-
topus (Octopus defleini). Up to now a protein
structure of TYR is not available. In 1998 we suc-
ceeded in obtaining CO crystals from sweet po-
tato (Ipomoea batatas, ibCO) grown from PEG
6000 at pH 7.0 with 500 mM NaCl in monoclinic
(P2)) and orthorhombic space group (P2,2,2) for
successful structure determination of the first
type 3 copper enzyme. [67]

The crystal structure of a plant CO containing a
dinuclear copper center

Overall structure and folding of
ibCO. Monomeric ibCO, with a molecular mass
of 39 kDa, is ellipsoid in shape with dimensions
of 55 x 45 x 45 A (Fig. 10). The secondary struc-
ture is dominated by o-helical and coiled regions.
The structure shows a four helix bundle sur-
rounding the dinuclear copper center as the most
striking structural motif. Two disulfide bridges
(Cys11 to Cys28 and Cys27 to Cys89) help to an-

Fig. 10. Structure of catechol oxidase from sweet
potato (Ipomoea batatas) determined by X-ray
diffraction

tric model pounds - purple acid ph

;phat and catechol oxidi

chor the N-terminal region of the protein
(residues 1 to 50) to the core of the enzyme.

The dinuclear copper site including
a covalent cysteine-histidine bond. Both of
the two copper atoms are coordinated by three
histidine residues contributed from the four heli-
ces of the a-bundle (Figs. 10 and 11). Both CuA
and CuB are coordinated by N, of histidine
residues (His88, His109, His118 to CuA, and
His240, His244, His274 to CuB). An interesting
feature of the dinuclear metal center in ibCO is
a covalent thioether bond formed between C, of
CuA-coordinating His109, and S of Cys92. There
are also reports for cysteinyl-histidyl units for
TYR from Neurospora crassa [68] as well as for
HC from Helix pomatia. [69] The recently pub-
lished structure of the functional subunit of HC
from Octopus dofleini reveals that one of the six
histidine ligands is also involved in a thioether
bridge. [66] The absence of the cysteinyl-histidyl
bridge in HCs from arthropods and human TYR,
however, does not support its direct involvement
in the electron transfer process. The structural
motif of a thioether bond has also been described
for the mononuclear copper enzyme galactose
oxidase. Here, the covalent bond is formed be-
tween the C, carbon of a tyrosinate ligand and the
sulphur of a cysteine and stabilize the tyrosine
radical generated during catalysis. [70] The in-
volvement of the Cys-His bridge in the catalytic
pathway of CO is therefore possible, but a struc-
tural function is not less probable.

In the oxidized met CO structure solved
at a resolution of 2.5 A the two cupric ions are
2.9A apart. [67] Most likely they are bridged by
a hydroxide ion completing the four-coordinate
trigonal pyramidal coordination sphere. EPR data
reflect an antiferromagnetically coupled EPR si-
lent Cu(II)-Cu(II) state [63, 71] of the enzyme
which is in good agreement with a u-hydroxo
group bridging the copper atoms observed in the
crystal structure.

Crystal structures of the reduced form and the
phenylthiourea inhibitor complexes

Reduced form: The crystal structure of
the reduced form exhibits a resolution of 2.7 A.
Upon reduction of the enzyme to the Cu(I)-Cu(I)
state the metal-metal separation extends signifi-
cantly to 4.4 A, whereas the histidines move very
little. No significant conformational change is
observed for the rest of the protein. A water mol-
ecule was positioned coordinated to CuA. In the
reduced state the coordination sphere of CuA
thus matches a distorted tetrahedron, whereas
the coordination of CuB can be described as
square planar with one missing coordination site.
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Phe261

His244

His240

./J

o'® Hisii8

Fig. 11. Structure of the active site of catechol
oxidase from Ipomoea batatas

The coordinating residues are moving less indi-
cating a rather rigid pocket. The coppers atoms
are moving primarily leading to a changed coor-
dination sphere.

Inhibitor complex: A crystal structure
with a substrate analogue inhibitor was solved at
a resolution of 2.7 A. The inhibitor complex re-
vealed conformational changes of the residues in
the active site which indicated that access to the
catalytic metal center is primarily controlled by
rotation of the aromatic ring of Phe261 (see also
Fig. 11). Upon binding of phenylthiourea (PTU)
the phenyl ring of Phe261 and the imidazole ring
of His244 undergo a conformational change to
form hydrophobic interaction with the aromatic
ring of the inhibitor. The sulphur of phenylthiou-
rea replaces the hydroxo-bridge, present in the
Cu(II)-Cu(Il) enzyme, and coordinates both cop-
per ions, thereby increasing the metal-metal sepa-
ration to 4.2 A. The amide nitrogen interacts
weakly with CuB (Cu-N 2.6 A) completing its
square-pyramidal coordination sphere. In addi-
tion to the interaction with the dicopper center
van der Waals interaction of the residues line the
hydrophobic cavity (Phe261, Ile241, His244) con-
tributing to the high affinity of the PTU to the
enzyme.

Comparison of the CO structure
with the different HC structures. HCs can be
divided into arthropodan (e.g. from lobsters and
spiders) and molluscan (e.g. from octopus and
snails) isozymes. Since arthropodan and mo-
lluscan HCs differ in sequence and tertiary struc-
ture and subunit organisation comparison of the
ibCO crystal structure is performed with both
classes, respectively.

Overall structure and folding. Com-
parison of the ibCO structure with the two
arthropodan HC (Panulirus interruptus [64]and
Limulus polyphemus [65]) structures revealed the
existence of an additional N-terminal region for
HC located above the dinuclear copper center.
This region seems to hinder free access of possi-
ble substrates to the copper center of HC and
thus may function as a shield above the metal
center.

Comparison of ibCO structure and the
only available and molluscan HC structure from
Octopus dofleini, subunit g, (odgHC) [66en ibCO
and odgHC sequence is rather low (about 25%)
but the structural similarity is remarkably high
with a root mean square deviation of 1.27 A for
701 backbone atoms, [72] which seems surprising
taking into account the evolutionary distance
between molluscan and higher plants. The terti-
ary folding of ibCO and molluscan HC is nearly
identical including the regions apart from the
four helix bundle motif. Again, the HC protein is
larger in mass. Here, an additional C-terminal
region of molluscan HC is positioned as a shield
above the metal center.

Comparison of metal coordinating
region. As in the case of ibCO the dicopper
center in the arthropodan HC structures from
Panulirus interruptus and Limulus polyphemus is
buried between the o-helices of a four helix bun-
dle. All six histidine residues coordinating the Cu
are provided by these o-helices. [73] Additionally,
the Phe residue of this shielding region reaches
into the pocket of the oxygen binding site of
arthropodan HC. This phenyl ring aligns perfectly
with the aromatic ring of phenylthiourea in the
inhibitor complex of ibCO. This residue prohib-
its any binding of substrate and consequently
permits HC to function only as an oxygen stor-
age and transport protein. Interestingly, this fully
conserved Phe residue is proposed to be the key
residue in the allosteric regulation mechanism
postulated for HCs.

Comparison of the catalytic cores of
ibCO and odgHC reveals similar results [72] ex-
cept the mutation of the Phe residue to Leu resi-
due in Octopus dofleint crystal structure. This is
interesting as HC from Octopus vulgaris is re-
ported to exhibit a weak catecholase activity. [74]
The Leu residue may be less effective in hinder-
ing substrate binding and therefore be responsi-
ble for this additional activity. But since sequence
and structure of the Octopus vulgaris isozyme are
not reported yet, there is no prove that Leu is
present in the active site of this isozyme, too.

Reaction mechanism. The proposed
catalytical pathway (see Fig. 12) is a combination
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of biochemical, spectroscopic and structural data.
In ibCO the rotation of the side chain of Phe261
opens the catalytic pocket of the copper center
(not shown in Fig. 12) as it is positioned in the
way the substrate must pass to reach the copper
center (see Fig. 11). It therefore might influence
substrate specificity of the enzyme by suppress-
ing accession of sterically pretentious substrates.
Inside the pocket a glutamate residue Glu251 and
an isoleucine residue I1e243 are positioned. The
glutamate residue is supposed to be involved in
dehydrogenating the substrate whereas the iso-
leucine residue seems to be involved in tuning the
substrate specificity.

Based on the binding mode observed for
the phenylthiourea complex of CO a monodentate
binding mode of the substrate is favored, in which
the catechol substrate binds after deprotonation
of one of the two hydroxyl groups to CuB. The
first substrate molecule binds to the met form,
which is the state present after purification. Once
the quinone is formed the Cu center remains in
its reduced state with one copper containing a
water solvent molecule (Fig. 12). Now oxygen
binds to the reduced form. UV/Vis spectroscopic
results in combination with Resonance Raman
investigations suggests that molecular oxygen
binds as peroxide in a pu-n*n? binding mode with
a metal metal separation of 3.8 A as determined

0 N
H,0+
N (I N -CuA\ll)\ ,C IIB(U) N
0

by EXAFS spectroscopy. [63] The same binding
mode for dioxygen has been determined for the
oxygenated Limulus polyphemus HC with a Cu-
Cu separation of 3.6 A. Binding of the second
substrate molecule leads to a CO-O,% substrate
complex modeled with the aid of PTU*CO inhibi-
tor complex. [67] In this model, CuB would be six-
coordinated with a tetragonal planar coordination
by His240, His244 and the dioxygen molecule.
The two axial positions would be occupied by
His274 and the catechol substrate. The CuA site
would possess a tetragonal-pyramidal coordina-
tion with His88, His118 and O,* in equatorial
His109 in an axial position and a vacant non-sol-
vent accessible sixth coordination site. In this
proposed CO-O,*-substrate complex, two elec-
trons could be transferred from the second
substrate molecule to the peroxide, followed by
cleavage of the O-O bond, loss of water and de-
parture of the o-quinone product. The catalytic
mechanism of TYR was studied by Solomon et al.,
[75, 76] which also includes a mechanism for
catecholase activity, the second activity TYR ex-
hibits. In TYR catecholase activity can start both
from the oxy and met form, as both are present
in the resting form of TYR. The mechanism is
very similar to the one of CO, described above.
Alternative reaction mechanisms for TYR differ-
ing slightly have also been proposed. Additionally,

0]1

met form
2" (I iy

no_©
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N o N
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Fig. 12. Proposed reaction pathway of catechol oxidase
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a radical mechanism has been favoured by
Kitajima et al. [77] and a Cu(IIl) intermediate
based on model compound investigations was
suggested. [78, 79] These suggestions might also
be important for the mechanism of CO, but with
the absence of a crystal structure of TYR it is
difficult to enlighten distinct mechanistic differ-
ences of CO and TYR.

Physiological Role. There were several
proposed functions for CO in higher plants, but
none of them could really be established. The most
evident proposed possible function of plant CO is
arole in disease defense of higher plants. [80] The
enzyme is cytosolic or membrane-bound whereas
possible substrates are kept separated in the vacu-
ole. After disruption of the cell by wounding or
infection the membrane is lysed and these two
components can come in contact forming quinones
to polymerize to melanins. CO mRNA has been
found to be upregulated after wounding or infect-
ing in apples. [81] Furthermore, some parasites
have been found to use inhibitors of the CO indi-
cating the CO/diphenol system a hurdle to take for
colonization of the parasite’s host. Other proposed
physiological roles are pigment formation and oxy-
gen scavenging in the chloroplast. [80, 82] Re-
cently, the function of pigment formation in flow-
ers was related to auresidin synthase, a catechol
oxidase homologue. [83]

In mammals TYR starts forming skin
pigmentation. [80] The absence or inactivation of
the enzyme leads therefore to forms of albinism
(tyrosinase-negative albinism and ocultaneous
albinism). In insects TYRs are involved both in
sclerotization and defense.

Biomimetic Model Complexes for Catechol
Oxidase and Tyrosinase

Dinuclear peroxo copper(Il) com-
pounds. A wide range of work has been done in
the field of biomimetic model compounds for type
3 copper proteins that has been summarized in a
number of articles. [84-93] Model compounds of
the active site of copper type-3 proteins played an
important role in elucidating the binding mode of
dioxygen in the oxy form. A rather comprehen-
sive discussion of these compounds was recently
given in J. Argent. Chem. Soc. [94] so that only a
few details are repeated here.

In 1988 the first crystal structure for a
peroxo copper(Il) complex using the ligand
tris[(2-pyridyl)methyl]lamine (tpa) was reported.
In a self assembly reaction of the monomeric
Cu(I)(tpa) precursors with molecular oxygen the
thermally unstable complex [(Cu(tpa)),(0,)]** was
obtained at low temperatures. The peroxo group
is bound in a ¢trans u-1,2 bridging mode. [95] This

complex represents the first functional model for
oxy hemocyanin, the spectroscopic and structural
qualities, however, do not fit to those of the pro-
tein. In 1989 Kitajima [96] succeeded with the first
synthesis of a side on p-n*m? peroxo copper(II)
complex employing the ligand hydrotris(3,5-diiso-
propyl-1-pyrazolyl)borate (HB(3,5-iPr2pz)3) (see
Fig. 13). Preparation of the complex was per-
formed at low temperatures either by the reaction
of a monomeric Cu(I) complex with O, or by add-
ing excess of H,0, to dinuclear u-oxo or di-u-
hydroxo bridged copper(II) complexes. This model
compound exhibits similar magnetic, spectros-
copic and structural features compared to the oxy
form of HC. In 2001 the crystal structure of an-
other side on p-n%m? peroxo copper(II) complex
with the modified ligand hydrotris(3-trisfluoro-5-
methyl-1-pyrazolyl)borate was reported. [97] The
first room temperature stable side on p-n*n?
peroxo copper(II) complex was reported in 1999.
It contains a dinucleating ligand that provides
three aromatic nitrogen donor atoms for each cop-
per atom. [98]

Cresolase activity of copper com-
plexes. With the complex [Cu,(L-66)]** (with L-
66 = o0,0’-bis[bis[2-(1’-methyl-2’-benzimida-
zolyl)ethyllamino]-m-xylene the first model com-
pound was presented that was able to bind
dioxygen reversibly followed by oxidation of a
phenol to the corresponding catechol. [99] This
biomimetic model complex represents the first
operating tyrosinase model system, that imitates
the cresolase activity of metalloenzymes Syn-
thetic efforts to prepare model complexes for the
binding of the phenolic oxygen in the course of
the catalytic cycle of tyrosinase resulted in a first
complex based on the asymmetric ligand N-(2-
hydroxybenzyl)-N,N’,N’-tris[(2-pyridyl)methyl]-
1,3-diaminopropan-2-ol (Hbtppnol) containing a

Fig. 13. The first biomimetic copper complex with
dioxygen bonding as a model for type 3 copper
proteins
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