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A. INTRODUCTION

Caeruloplasmin is the intensely blue coloured, copper-containing glyco-
protein of the ay-globulin fraction of mammalian blood. When Holmberg and
Laurell {1] first separated and named this protein they could not have sus-
pected the intensive research and controversy that would ensue from their
report. Various facets of the protein have been the subject of a number of
previous reviews. For example, its oxidase activity, particularly towards iron,
has been reviewed by Frieden and co-workers {2,3]; comparisons with other

* No reprints are available,
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review of its possible physxologlcal roles has appeared [6] ; numerous non-
critical summaries have appeared in various bic-inorganic texts. The position
prior to 1964 is illuminated by several chapters in the text “The Biochemistry
of Copper’ {71, the discussions from this symposium report are as enlighten-
ing as the main papers.

Any worker in the field of copper bicchemistry will, invariably at some
stage, have to consider Cp * and its properties. Despite the intense research
activity over the past 30 years he or she will find that the physiological role{s)
of Cp is not known with any certainty (it has even been suggested that it may
have no role [8]}, and neither have the structure, copper content and the
nature of the copper-binding sites been established with any certainiy. Para-
doxically, Holmberg and Laurell, in a series of papers from 1947 to 1951
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ties, although the physiological role eluded them.

Our involvement with copper biochemistry over the past few years, parti-

............. past £
cularly in relation to Wl!son S dlsease [13, 14] has forced us to cons:der the
role of this enigmatic protein and shown the need for a comprehensive review,
understandable to both the chemist and biochemist; this we have set out to
do covering the literature up to the end of 1978,

B. METABOLISM

Cp accounts for 90—95% of the total copper in human blood plasma. Signi-

ficantly, the copper is firmly bound and does not undergo exchange with
the remai.ning Cu in the plasma. Only 70% of the total body Cp is accounted
for by the plasma conient, the remainder is extravascular [15] The serum
Cp level varies con51derab1y in healthy humans and also varies with age. An
analysis {16,17] of 309 healthy individuals gave an average adult Cp level

of 3310 mg dm > serum with a.mounts varying between 100 and 500 mg
dm™,

The Cp level is known to vary significantly in a number of diseases and
disorders, It always increases, perhaps by a factor of 2 to 3, during pregnancy,
and varies to a lesser extent in many chronic infections, some of which are
indicated in Table 1. These disease-related changes in Cp level are the reason
for its being classified as an ‘acute phase reactant’, the clinical significance is
uncertain,

The biosynthesis of Cp occurs within the liver and it is here that the Cu is
incorporated into the apoprotein [27]. This is demonstrated by the intra-
venous injection of copper-64 labeiied copper{il) compounds which shows

* Abbreviations used: Cp, caernloplasmin; PPD, p-phenylenediamine; EDTA, disodium
d:hydrogen ethylened;ammetetraacetate. DEAE, diethylaminoethy! cellulose; TRIS,
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ORD, optical rotatory dispersion; IR, infrared; MW, molecular weight.
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TABLE 1
Pathologicat disorders and other states which show changes in caerploplasmin levels

Disorder/state Change in Cp level 2 Ref.
Biliary cirrhosis + 18
Chronic liver disease + 18
Hepatic necrosis -_ 20
Hodgkin's disease + 17
Hypoproteinaemia — 24
Kwashiokor — 25
Menkes® disease - 24
Myocardial infarction + 19
Nephrosis - 23
Pregnancy + 26
Schizophrenia + 21
— 22

Wilson's disease

2 4, increase in level above normal; —, decrease in level,

[28] that Cu undergoes a rapid transfer (half-life 8—10 min) from the blood
to the liver, the radicactivity then re-emerges into the blood stream as Cp
bound Cu. Marceau and Aspin {29] found copper-67 labelled Cp to disap-
pear from rat plasma with an average half-life of 13 h, this is significantly
longer than the 5—7 min. recorded for the more easily dissociable Cu—albu-
min fraction in blood plasma. Figures for the ir vivo turnover of Cp seem
highly variable, for example, a half-life of 56 h has been reported for rabbit
plasma [30]. Significantly (vide infra) the haif-life appears to be dependent
upon the carbohydrate moiety, particularly sialic acid; removal of the latter
by neuroaminidase reduced the half-life in rabbit plasma to less than 0.5 h
{31}1.

Synthesis of the apoprotein is reportedly independent of Cu status and
its presence in the plasmz of Cu deficient rats has been demonstrated [32].
These workers also demonstrated the inability of the circulating apoprotein
to incorporate Cu ions, the incorporation only occurring at the time of
synthesis [33]. Other reviewers have cast doubt on these findings citing the
observation made by Owen [34] that Cp could exchange its Cu atoms with
free ionic Cu in the presence of a reducing substrate, In his work Owen [34]
used the artificial substrate PPD, so although his observations had nc direct
relevance to the plasma situation it could be a key step in any release, of Cu
from Cp in various tissues [35]. More recently, Vierling et al. [36] have
measured the kinetics of incorporation of *’Cu and *’Cu into Cp in healthy
humans and those with a hepatic Cu overload (sufferers from biliary cir-
rhosis and Wilson’s disease}. They conclude that Cu is incorporated inte Cp
by two routes, a slower route probably involving initial equilibration with a
hepatic storage pool and a more rapid rouie which presumably by-passes
this pool. The latter route is impaired in primary biliary cirrhosis. A cautionary
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note must be added here, for in this study (361, as in many others, the Cp level
was determined from the oxidase activity of serum, other serum constituents
may also contribute to the overall activity (vide infra).

C. PHYSICAL AND CHEMICAL PROPERTIES

{i) Isclation and lability

In their original work Holmberg and Laurell [1] isolated Cp from human
sera by a combination of ammonizia .,u.lphate prec;pltatlon d.w.lysxs and
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ferent results were obtained by the earlier methods. Thus, Broman [37]
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dialysis found two forms of Cp. The minor fraction had the same absorption
spectrum and oxidase activity (towards dimethyi—PPD} as the major Cp
component. Significantly in this work, Broman added EDTA to Cp soiut:ons
to suppress significant oxidase activity of extraneous Cu ions. Later Morel}

and Scheinberg {387 obtained four Cp fractions from the pooled serum of
9109 blood donors and found differences in the histidine content of the
different Cp fractions. With a milder treatment and a smaller number of
pooled sera Sober et al. [39] also found heterogeneity as the Cp they separated
contained between 2 and 3 different Cp fractions.

With some foresight Sanders et al. {40] reported a method of separating
Cp from Cohn fractions which deliberaiely avoided ihe use of denaturing
agents. In the first of a number of i.mportant papers by Deutsch [(41] the
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bank plasma, vide infra) by DEAE chromatography, dialysis and selective
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product. were entirely compatible with those reported by others. This
method of separation and purification described by Deutsch was subseguentiy
used by & large number of workers (certainly this paper {41] is the one
most often referred to in Cp studies). Aithough Deutsch carefully pointed
out the sensitivity of Cp, particularly in the isolated form, these observa-
tions have frequentiy been ignored. For example, Deutsch found that
agueous soluticns of the purified protein lost Cu even on storage in the cold
and concomitantly developed electrophoretic-active minor components.
The presence of CI” ion was also found essential for protein stability in solu-
tion. A more rapid route to a relatively high vield of homogeneous, crys-
tailine, Cp, this time from Cohn-Fraction IV-1, was also published by
Deutsch and his group {42]. In an m:lportant comprehenswe but frequently
oveﬂoﬁked paper %péi‘ and Deuisch | lq-o] i:'EpO:;l.-t:u, it some dt:l..-ﬁi}., the
physicochemical characteristics and lability of the Cp products from the

ahove nrenaratinng fd"l d)] The anonrntein was also ghtained hv tha naw
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standard method of dialysm against cyanide sciutions (this causes reduction
of Cu(ll) to the more mobile Cu(l) which is stabilised in agueocus solution as
the cyano complex). An attractive route to the apoprotein by reduction
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with ascorbic acid followed by treatment with the chelating agent N,N-di-
ethyldithiocarbamate [44] was found to cause some proiein aggregation.
The most significant feature of Kasper and Deutsch’s paper {43], however,
was the establishment of the sensitivity of Cp to its environment. Thus,
contact with solutions of common buffers such as barbitol, TRIS, EDTA, or
chelating or reducing agents produced other electrophoretic-active com-
ponents. Even prolonged DEAE chromatography was found to cause notable
changes; the posstbility that the much favoured hydroxyapatite chromato-
graphy medium could cause similar changes was also suggested. It is note-
worthy that Holmberg and Laurell {1] reported problems in their separation
due to adsorption of Cp onto other protsins and that in 1959 Hjerten {45)
had used Cp as an example of how artefacts rnay be generated from adsorp-
tion chromatography.

Kasper and Deutsch [43] also observed that old preparations of Cp
showed a loss of blue colour and the presence of components of high ionic
mobilities. These observations tally with their findings of small amounts of
N-terminal amino acid lysine as well as the predominant N-terminal valine,
others [46] have also reported fractional amounts of other N-terminal amino
acids. The lability of Cp was also revealed by Witwicki and Zakrzewski [47]
who found that unmasking reagents for thiol group determination led to a
parallel loss of the blue colour and oxidase activity, and that the deiermination
of the number of thiol groups was influenced by the concentration of TRIS
buffer, a finding reminiscent of Kasper and Deutsch’s observations [43].
Huber and Frieden (48] reported that storage of Cp at —20°C was unsatis-
factory but was satisfactory at —80°C. The finding of two crystal types [49]
after extensive chromatography and dialysis is no doubt a result of the
lability of the protein. Likewise, the procedure described by Morell et al.
[50] for growing crystals from aqueous solutions after 1 —3 days at room
temperature, not surprisingly, was found to lead to artefacts attributed to
protein aggregation. Aware of these problems Broman and Kjellin {511]
developed 2 rapid, cyclic, semi-continuous separation in which ‘destruce-
tive' methods were deliberately avoided, their product appeared to be homo-
geneous. The lability of Cp towards various reagents and storage is attri-
buted {43] to changes in Cu valency, in amounts of Cu lost, or both, and
do not appear to be reversible.

The general consensus is that many of the earlier reports of heteroge-
neity {including the many on two types of Cp proteins which differ in their
properties [37,38,41,42,62—54]) arise from the lability of the protein and
the procedures used and is not due to any genetic polymorphism. In support
of this Deutsch and Fisher [55], using seemingly pure crystalline Cp, found
3 fractions after further chromatography on hydroxyapatite. Two of the
fractions were present in small amounts (3% and 12% of total), the 12%
component had many identical chemical and physical properties of the
main {Cp) component but from its mobility was probably an aggrepate.

The other fraction appeared to be subunits.
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Another source of heterogeneity, not often recognised as such, is the
carbohydrate moiety. The amount of carbohydrate present in Cp has been
measured as between 5 and 8% by weight [41,43,561. Its influence, parti-
cularly that of the sialic acid residues, on physiological properties has already
been pointed out {31]. Furthermore, Ryden [57] has shown that Cp com-
ponents as reported by Broman [37] to differ only in their carbohydrate
content. Removal of the terminal sialic acid residue appears to have no effect
on the oxidase activity or the absorption of 610 nm visible radiation [37,571.

Not unrelated to the problem of heterogeneity is that of reporis on the
subunit composition of Cp. Poulik [58] first reported the presence of several
polypeptide chains from urea—starch gel electrophoresis, since then there
have been reports of between 2 and 8 subunits for Cp from different species
[59—61]. These subunits were produced in dissociating media and had
molecular weights in the range 17 000—80 000. Later Ryden [62] showed
that commercial samples of human Cp contained fragments which were
absent if the protein was isolated from fresh serum. Since trypsin was
observed to hydrolyse Cp into several fragments Ryden proposed that the
fractions present in the commercial samples resulted from proteolytic
hydroiysis. Human Cp appeared moze sensitive to proteases than that from
other species. Nevertheless, many of the earlier workers were well aware of
possible artefacts (e.g. see ref. 63) and a single polypeptide chain, as proposed
by Ryden [62], of ca. 1050 amino acids would be the largest so far known
for a plasma protein. This complex situation arises with other blue Cu-proteins,
for example, Reinhammer [64] has reported similar differences in terms of
purity and properties for both laccase and stellacyanin preparations.

Using fresh preparations Ryden {65] re-examined the behaviour of the protein
in the dissociation medium 6 mol dm 2 guanidine HCI, using hydrodynamic (vis-
cosity), gel electrophoresis and N-terminal amino acid analysis. Again, his
results were consistent with a single polypeptide chain structure for human
Cp, although get filtration did show small and variable amounts of a 17 000
molecular weight component, which is typical of degraded samples. Contrary
to this Freeman and Daniel {66] propose a tetrameric structure, L,H;, for
Cp with molecular weights of 16 000 {L) and 53 000 (H). They found that
80% of the original oxidase activity could be restored by re-assaociation of
the 4 fragments in the presence of Cu ions thus apparently ruling out proteo-
lytic fragmentation. However, it should also be pointed out that their Cp
was purified from commercial samples and was stored at —20°C (cf. com-
ments made earlier [48}). Kasper and Deutsch [43,67] had in fact earlier
pointed out that a loss of Cu resulted in the appearance of electrophoretic
variants and that concomitant with the Cu foss was a conformational change
resulting in new antigenic determinants. A further complication arises from
the finding by Carrico et al. [681 of an apo form in human serum which was
immunologically similar to Cp, contained 1 ESR-active Cu atom per molecule,
but had no oxidase activity. The authors claim the protein is neither a sub-
unit of Cp nor an artefact. The presence of the apoprotein, again with a minor
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Cu content, has been reported in the serum of rats fed on Cu-deficient diets
[69]). The Cu content itself, however, could be an artefact since Cp is
known to bond exiraneous Cu ions which require chelating agents for their
removal {vide infra}.

In a later physicochemical study Ryden and Bjork {701 reiterated those
aspects which require careful consideration in the handling and separation
of Cp, i.e. (i} proteoiysis, (il) a slow loss of Cu and some precipitation (aggre-
gation), (iii) heterogeneity of the carbohydrate moiety. In their case Ryden
and Bjork {70] purified Cp from either normal or retropliacental serum,
the latter requiring no delipidation séep so that time-consuming dialysis and
other concentration steps could be avoided. All separations were carried
out at —4°C. These authors found however, that, contrary to other claims
[48], storage at —90°C still resulted in irreversible changes in Cu content and
conformation. it should be fairly obvious that in assessing differing claims as
to the properties of Cp the above factors must be strongly borne in mind;
too often they appear to have been ignored. Furthermmore, claims for homo-
geneity must rest on more than a single property, i.e. not just the ratio of
the absorbances at 610 and 280 nm.

(ii) Amino acid composition

The analyses from several sources are listed in Table 2, the data are
presented in the form of pexcentage composition rathex than the more
usual ‘number of residues per mol’ because of the different molecular
weights used. Considering that several corrections are always required in
amino acid analyses the agreement between the different analyses is good.
They all show a very high acidic amino acid content {(aspartic and glutamic
acids) which is consistent with the isoelectric pH of 4.4. The tryptophan
content is also relatively high compared to other proteins.

There is some disagreement over the number of eysteine groups. Kasper
and Deutsch [43] found only one out of a total of 15, the remaining 14
being assigned to intramolecular disulphide (cystine} linkages. On more
recent evidence inaccessibie cysteine groups could also be present, such as
those bonded to the prosthetic Cu ions. Seemingly, in agreement with this
Witwicki and Zakrzewski §47] found only one residue accessible to alkyla-
tion in the native protein, this increased to two in the presence of excess
urea and then to three with the further addition of EDTA. The unmasking
of the thiol groups coincided with the bleaching of the blue colour and loss
of oxidase activity. In contrast Ryden and Eaker {77] found no accessible
cysteine in the native protein of fresh preparations, some alkylation did take
place, however, with older preparations. Under denaturing conditions they
also found three cysteine residues, accessible to alkylation, out of a total of
fifteen, in agreement with the earlier workers [47]. Ascorbate reduced Cp
also contained just three cysteine residues [77], a resuit which contradicts
a suggestion {78] that one of the disulphide bridges functions as a two elec-
tron accéptor during oxidase reaction.
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TABLE 2

Chemical composition of caeruloplasmin

€1} Amino acids

Percent of total amino acid residues

[43) (711 (751 (70}
Aspartic acid 11.4 11.6 11.9 119
Threonine 7.3 6.8 7.4 7.2
Serine 58 56 6.0 5.8
Glutamic acid 11.0 11.0 11.0 11.2
Protine 48 2.7 5.0 4.3
Glycine 7.2 7.1 7.4 7.2
Alanine 4.7 4.7 4.8 4.6
Valine 5.8 6.2 6.0 5.8
Maeathionine 2.2 2.3 16 2.5
Isoleucine 4.7 4.8 5.1 5.0
Leucine 6.7 6.7 6.7 6.6
Tyrosine 6.0 55 4.7 6.0
Phenytalanine 4.6 4.8 5.5 4.6
Lysine 5.7 6.2 6.4 6.2
Histidine 3.6 4.0 4.1 3.7
Arginine 39 4.0 3.7 3.9
Tryptophan 2.3 1.8 19 2.0
Half-cysteine 1.2 .3 0.8 1.4
Cysteine 0.08 — — 0.3
Total residues found 1184 1062 1276 1065
(2) Carbohydrates

Mol per 134 000 ¢

[31) [70] i76]
Glucosamine 17 15.7—19.2 18
Mannose 9.1 14.2 }36
Galactose 9.7 123
Fucose — 1.6 2
Sialic acid 9.8 8.6 9
Total residues found 45.6 ~54 55
{3) Copper

Mol per 134 000 g

6.0—6.6 {70],6.8 [43), 5.8 [51], 5.7-6.1 (72], 7.2 [73]
6.0 [4912,50 [74] ®.

2 After removal of ca. 1 mol! Cu by chelex-100 treatment.
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(iii} Carbohvydrate composition

The differences in values reported for the number of carhohydrate groups
{see Table 2) is not unexpected [57] from the nature of the hydrolytic
procedure used. The only reasonable agreement is on the sialic acid groups,
the analysis of which requires a relatively mild hydrolysis. Jamieson [76])
found a mannose : galactose ratio of 3 : 2 in both the native protein and
glycopeptide derivatives in contrast with an earlier report [ 79] which gave
the ratio as 1 : 2. Attempts at obtaining pure glycopeptides have not been
particularly successful §57,76,80]). The overall conclusions appear to be
that sialic acid forms the terminal residue {81], that asparagine is the amino
acid responsible for binding the carbohydrate chain to the polypeptide chain
{761, and that the number of oligosaccharide chains in the protein is ca. 9.
These results are in line with those from other glycoproteins [82]. Quite
clearly work in this area is difficult but, in view of the likely physiological
importance of the carbohydrate moiety, further work is clearly desirable. To
compound the difficulties a link between a high carbohydrate content and a
low sulphur amino acid recovery has been claimed [64].

{iv) Copper content

The many reports on the Cu composition give values in the range of
0.27—0.32% by weight (see Table 2). The number of Cu atoms in the
proteir molecule thus varies between 8.0 {for a 160 000 MW) and 5.0
(for a 132 000 MW). The more recent analytical figures tend toward the lower
composition of 0.27%. A most significant paper is that by Huber and Frieden
{481}, who found the Cu content to decrease from 0.32,% to 0.28,% on
treatment of protein solutions with the metal-chelating resin chelex 100,
The removal of this ca. 1 atom Cu from the protein had no effect on the
colour or enzymic properties of the protein. Taking this 1 ‘loosely bound’
Cu into account means a Cu content of either 7 atoms (160 000 MW) or 6
atoms (132 000 MW). This latter figure, which has become the more accep-
table, however, does not appear to satisfy magnetic measurements, as we
shall see. Subseguently Cp has been shown {74] to have a plethora of binding
sites not only for more Cu{ll} ions, but also for Co(1Y), Ni{IT) and Zn(1I)
ions. All these ions can be removed with chelex 100. The problems of extra-
neous metal ion contamination was recognised earlier by Broman {37] and
by Morell et al. [50]. Metal ion contamination could easily arise from re-
agents used during the protein separation or from some Cp proteolysis and
would explain the higher analytical figure of 0.32% for the Cu content given
in earlier reports.

fv) Physical properties

One of the most vexing questions concerning Cp is its molecular weight.
As Table 3 shows a wide range of values have been reported. Most of the
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TABLE 3
Physical parameters of caeruloplasmin

Molecular Method  Agjaf Siom © Other parameters Ref.
weight of deter- Ajge °
mination
150000 a, b M,27-10° 1,53
{pH 7.4}
150 000 a,b 83
(142000)  — 651
160 000— a,b 0.045 7.08 7,0.713 {20°C); D, 3.76 - 107 ; 43
M,4.72-10° (pH 7.01)

155000 c T, 0.714 (20°C); see ref. 51
143000 ¢ 0.041 59
132000 d v, 0.7149 84

* 4000
134 000 e 0.045 v, 0.715 65
134 000 e 0.048—  17.25 D, 446107 70

£ 3000 0.049
160 000— f 0.045 7.04 71
161 000
122 000— b 0.045 7.07 66
126 000

0.047 M,3.73-10° (pH 7.8) 31

7, Partial speciiic volume {(cm > g ! % D, diffusion coefficient {em? s™1); M, electrophoretic
mobility (cm? volt™! 57*) in a phosphate buffer solution, room temp., pH ca. 7, ionic
strength 0.10 mo! dm™3.

2 a, Sedimentation velocity; b, diffusion; ¢, modified (Archibald) form of approach to
sedimentation equilibrium; d, crystal measurements; e, sedimentation equilibrium; f, light
scattering; b patio 0f 610 and 280 nm absorbances. ¢ Sedimentation coefficient at 20°C in
water, Svedberg units. ¢ Recalculated using a different 7 value.

earlier workers reported values between 150 000 and 160 000. Then Magdoff-
Fairchild et al. {84 ] obtained a value of 132 000 + 4000, since then others
{65,70] have reported similar values. A fairly recent report [71] again gives
a molecular weight of 160 000, but the relatively low amino acid content
(see Table 3} that was found in this case appears contradictory to the high
MW. A recent value [66] of 122 000--126 000 seems well outside the range
found by others. Most of the older work relied on the use of sedimentation
techniques. These have been criticized [66,70] because of (a) possible errors
in the diffusion coefficient {e.g. Kasper and Deutsch [43] obtained a value
of 3.8 - 1077 cm? 57! which differs significantly from that of others
{40,70,73,85] who found values in the range 4.4-4.6 - 10”7 cm?* s7'), (b}
the extrapolation procedures required, and (c) the prohability of impurities
in many cases (e.g. proteolytic fragments}. As Ryden and Bjork {70} point
out the presence of just 10% of a dimeric form would raise the apparent MW
by 10% when determined by the ‘approach to equilibrium’ method. It is
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often stated or implied that such problems do not apply to the crystallo-
graphic method employed by Magdoff-Fairchild et al. [84]. However,
extrapolation of properties from dilute solutions to the solid state were
required in terms of the partial specific volume of the protein and the water
content of the crystals. A small change in the latter property would quite
significantly alter any calculated MW. Furthermore, the crystals used in this
work had been supplied by Morell et al. [50] who had slowly crystallised
the protein over several days at room temperature {(some protein aggregates
were noted). Nevertheless a figure of 134 000 seems to be the currently
accepied value [{86], giving a Cu content of 6—7 atoms per Cp molecule.
Further confirmation of the MW does seem to be still required.

Other parameters used as tests for protein purity (see Table 3) are the
sedimentation coefficient (S;q, = 7.1 * 0.1 S) and the ratio of the absor-
bances at 610 and 280 nm, A 4;0/A4250- The optimum value for the latter
appears to be > 0.045. Several lines of evidence point to the Cp molecule
being elongated in shape. Vasileiz et al. [87] from low angle X-ray scatter-
ing of freshly prepared Cp give approximate dimensions of 6.5 X 6.5 X 13 mm
for an ellipsoidal shape. Kasper and Deutsch {43] report an axial ratio of
11 : 1 based on sedimentation and diffusion studies with the prosthetic Cu
groups playing an important role in both the secondary and tertiary structures
of the protein. Likewise, Ryden and Bjork [70] find their hydrodynamic
data to be consistent with an elongated shape for the Cp molecule.

A detailed examination of porcine Cp by ORD and CD spectroscopy [{88]
is interpreted in terms of a large § conformation content with some random
coiling, similar conclusions were reached with human Cp. Freeman and
Daniel [89] also find a large § conformation content for human Cp from IR
and CD measurements. Reduction and/or removal of Cu did not cause dis-
agpregation but led to some unfolding [88] as originally claimed by Kasper
and Deutsch {431.

D. PROPERTIES OF THE Cu IONS AND THEIR BINDING SITES
(i) Stoichiometry and physical properties

The different types of Cu ions found in copper proteins have been well
reviewed (4,5]. In brief, there are three classes of Cu generally recognised.
Type I refers to the Cu(Il) ions responsible for the biue colour of these
proteins, and hence referred to as the ‘blue Cu’ ions, they are characterised
by an intense absorption near 600 nm with an extinction coefficient (¢) of
3000—6000 per Cu atom and an unusually small nuclear hyperfine coupling
constants, Ayg, in its ESR spectrum (see Fig. 1 for a typical Cu(Il) ESR spec-
trum). Type II Cu ions are often referred to as the ‘non-blue Cu(il)’ because
of their relatively weak absorption in the visible region (¢ 100—400), they
also give a less intense but broader ESR spectrum than type I Cu and have
a larcer A constant. Type Il refers to the ESR inactive Cu atoms which



290

-
/\/\M

i

91

Fig. 1. Typical ESR spectrum {X-band) of Cu{li} at 77 K showing the different parameters.
A, is calculatedilrom Ajy.

are also responsible for an intense absorption around 310—350 nm, € > 3000.
The similarity in properties of the blue Cu ions from different Cu proteins
has led others to consider the evolutionary development of these proteins
[3,90]. Cp, like the other Cu-containing oxidases, Iaccase and ascorbate
oxidase, contains all three types of Cu ions; their spectroscopic properties

are shown in Table 4.

Measurement of the temperature dependence of the magnetic susceptibility
{91] of Cp has established that 44 + 2% of the Cu ions are paramagnetic and
magnetically dilute {types I and IT). This figure is substantiated by integra-
tions of the ESR spectrum {92,93]. Earlier conflict over the number of types
I and II ions can be attributed to variations in ESR properties with the history
of the Cp preparation [931]. In a very careful study Deinum and Vanngard [93}

TABLE 4
Physical properties of the Cu jons in caeruloplasmin
Type Number ESR parameters {94} UV jvis spectrum

Iy ] gy Aﬂ a Al a Absorbance €

maxima {nm}

I 1 2215 2.06 92 10 610 5500
¥ 1 2.206 2.05 72 10 610 5500
i 1 2,247 2.06 180 25 no measurable spectrum
It 34 ESR inactive 330 ~3300

€, extinction eoefficient (moi~! dm?® em™*}
2 Gauss.
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obtained a 2 : 1 ratio for type I : type II ions, a figure supported by the
ESR—pH dependence study of Gunnarson et al. {94] and by the study of
the effect of the addition of nitric oxide on the ESR and optical absorption
properties of Cp {95]. There thus appears to be 2 type [ and 1 type 11 Cu
ions, with the two type I Cu ions in slightly different environments [93].
Two separate studies [89,96} on the absorption and CD spectra over the
range 300—900 nm show the presence of six electronic transitions all of
which arise from the type I Cu sites.

Having accounted for 3 of the Cu ions this leaves either 3 or 4 diamagnetic
Cu ions. This raises a problem which has frequently been overlooked by
previous reviewers e.g. {3,5]. Comparison is often made with laccase whose
Cu ions are well delineated [5). However, the laccase molecule contains onlv
4 Cuions (1 type I, 1 type I, 2 type IIl) and there is good evidence that the
2 type III Cu ions are in sufficiently close proximity to each other to be
antiferromagnetically coupled, i.e. they constitute a diamagnetic Cu{II}
dimeric unit. That such a unit also exists in Cp has been definitely stated
{3,5], based on the evidence from the interaction of the odd electron mole-
cule nitric oxide with fully reduced Cp [97]. NO induces a seven hyperfine
line ESR specirum centred around g = 4; such a spectrum would be expected
from the addition of one electron to a Cu'’ diamagnetic pair. The authors
of this work [97], however, categoricaliy stated that they could not specifi-
cally state which of the three Cu types was responsible for these transitions
at the g = 4 field. Furthermore, in a more detailed study [961, the same
group observed a weak g = 4 signal in frozen solutions of native Cp in the
absence of nitric oxide. This signal intensified on the addition of NO and
concomitanily a hyperfine pattern appeared. The fact that this signal is
observed in oxidised Cp makes any assignment very uncertain.

In laccase the diamagnetic Cu(il) ions are associated with the 330 nm
absorption band and also forin a single two electron reduction site [98].

In contrast the redox titration behaviour of Cp is complex, for example, the
310 nm band in this protein can be removed by modification of the protein’s
structure as well as by reduction [93]. These same authors [93] also found the
rate of reduction of the protein to differ drastically depending on the method
of preparation and the buffer media. Whilst in phosphate buffered sotutions
only 0.5 electron per Cu ion is required {o remove the 610 and 330 nm
absorption bands, Carrico et al. {99] find that in other media 1.0 electron

per Cu is required. This latter figure is also supported by the work of

Deinum and Vanngard [93]. The reason for the different behaviour in phos-
phate media is not known.

The consumption of 1.0 electron per Cu means, of course, that all the
Cu ions in the native protein must be in the +1I oxidation state; this raises
problems concerning the stoichiometry. The more recently acceptable figure
of 6 Cu ions per 134 000 MW protein means that 50% of the total Cu is
accounted for by types I and II while the more acceptable figure is 44 * 2%.
‘This aiso leaves an odd number (3) of Cu ions to be included among the
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diamagnetic type 111 group, and according to the above they must all be in
the +II oxidation state. It is plausible that a Cu{II) ion may have a very weak
and barely detectable ESR spectrum (that of type Il is fairly weak) particu-
larly if the Cu(II) ion can undergo charge transier or electron delocalisation
to a neighbouring group e.g. a disulphide group [781. Ryden and Bjork §70]
have proposed that the add Cu ion belongs to a fourth type of Cu group
which is ESR non-detectable and simply required by stoichiometry. The
presence of 7 Cu ions per molecule provides a better fit to the physical data:
3 type I and 11 Cu ions accounts for 43% of the total Cu leaving an even
number of type III ions (2 pairs of Cu(il) dimers?). The various possibilities
are summarized in Table 4.

(ii) Nature of the Cu binding sites

Type I

The spectroscopic properties of the ‘blue Cu’ ions are atypical of those of
the vast majority of low molecular weight tetragonal or square planar Cu(II)
complexes, in that (a) the extinction coefficient of the 610 nm band is very
much larger, {(b) there is also a multitude of other weak absorption bands
in the visible region, and (c} the ESR hyperfine coupling constant Ay is
unusually small. In order to account for these unusual properties nearly every
conceivable permutation of ligand type and geometry has been proposed.
The weight of data now strongly favours a tetrahedral geometry involving
coordination via the imidazole nitrogen atoms of histidine residues and the
sulphur atoms of cysteine and/or methionine residues [100—102]. The
combination of tetrahedral geometry and Cu—S bonds is necessary to explain
the intense 610 nm absorption band (RS(o) » Cu{d) charge transfer) and the
small 4, value. Such an environment also minimises the energy reguired
for electron reduction to Cu{I}. More definitive evidence comes from the
X-ray diffraction analysis of plastocyanin {103] which shows the type I Cu
to have a tetrahedral environment of 2S atoms from cysteine and methio-
nine and 2 N atoms from histidine residues. A very similar environment
appears probable in azurin {104,105]. There is both chemical and physical
evidence for the involvement of cysteine [48,106] and histidine residues
i43,107—109]} with the type I Cu ions in Cp. However, Nylen and Pettersson
i{110) have disputed the conclusions of Bannister and Wood {108] claiming
the photochemical technique they used was not selective for histidine. Using
the histidine-specific reagent diethylipyrocarbonate Nylen and Pettersson
{1101 surprisingly found that carbethoxylation of the imidazole groups had
no effect on the 610 nm absorption but did influence the ESR spectrum
attributable to type II Cu; the process was fully reversible,

Type IT
Measurement of the spectroscopic properties of this Cu are difficult because
of the far more intense spectra generated by the type I Cu ions. However,



293

it is now fairly clear from the specira obtained {e.g. ESR spectrum, Table 4)
that this Cu ion closely resembles the well known low molecular weight
tetragonal type Cu(Il) complexes. The type II Cu of superoxide dismutase
has been shown to be bonded to ¢ N atoms of 4 histidine residues [111].
Evidence for a similar environment in the case of Cp comes from the ESR
modulation experiments of Mondovi et al. {109] and from more conven-
tional ESR measurements {96,112] which indicate an environment of 3 or

4 N atoms around the Cu ion. In these experiments the spectrum of the type
I Cu ions was removed by ‘bleaching’ these ions with nitric oxide.

Type HI
With the uncertainty in the nature of the oxidation states and the stoichio

metry of the Cu ions within this class virtually nothing is known about their
environment. Intuitively, one would expect the involvement of thiol groups
{cysteine and methionine) or the disulphide cysteine, either as bridging
ligands between Cu(II) centres in the diamagnetic dimers or by stabilising
Cu(l) centres. Certainly charge-transfer between Cu and S centres would
account for the 330 nm absorption band associated with the type 111 Cu
ions. Similar ideas were advocated earlier by Byers et al. [78] but fell into
disfavour over reports on the cysteine stoichiometry [77], but there appear
to be no logical alternatives at the present time. Some evidence for the
presence of diamagnetically coupled Cu(lI) centres in Cp comes from anaer-
obic redox measurements [99,113].

(iii) Redox potentials of the Cu sites

In their pioneering studies Holmberg and Laurell [1] established that the
Cu ions must have a relatively high electrode potential associated with their
reduction. This has been borne out by the work of Deinufm and Vanngard
[93] who showed the reduction of the type I Cu ions to be biphasic with
estimated mid-point potentials of 490 and 580 mV for these two Cu ions.
This difference in redox behaviour between the 2 type I ions has been
observed by others [113,114]. No values have been obtained for the poten-
tials of the other Cu ions in Cp, although those of the type Il centres are
also probably high [99].

{iv) Interaction with anions

A large number of ions, particularly anijons, have been found to influence
the oxidase activity of Cp. This section is included here, however, because
in most cases the effect of added ions can be attributed either to direct inter-
action with the Cu ions or to indirect interaction via conformational changes.
Many of the earlier workers recognised the influence that anions exerted on
oxidase activity (see ref. 115 for references). One of the most significant of
these studies is that of Curzon and Speyer [115] who showed that, among the
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inorganic anions studied, those that are good monodentate ligands, e.g.

N3 and CN~, are the most effective oxidase inhibitors. Multidentate ligands
on the other hand, e.g. amino acids, 1,10-phenanthroline, 8-hydroxyquino-
line, had very little inhibitory effect. Curzon {116] in fact had already
established that maximal inhibition with azide occurred ata 1 : 1 N3 : Cu
ratio. These observations and the finding of an inverse correlation between
anion size and inhibitory power [115] are consistent with the Cu site(s)
involved belng inaccessible to the outer aqueous environment, a factor which
had been independently established from proton relaxation studies {1171.
Not all inhibitory anions need be good Cu ligands, unsaturated carboxylates

containing the moiety =C= ('3.0021-1 were also found [116] to be good oxidase
inhibitors. Kasper [118] established that a direct interaction cccurred
between the inhibitory ions N3, NCO™ and NCS™ and type I Cu, as evident
from the reduction in the 610 nm absorption of Cp. The inhibition produced
by N3 and NCO™ is completely reversed by their removal, whilst that of
NCS™ is only partially reversible. Inhibition by CN~ involves the complete
dissociation of one Cu ion (by reduction) and is not reversible, the Cu ion
removed is said to be [118] type I. A more quantitative study of the same
anions by Byers et al. {78] established 1 : 1 and 2 : 1 anion : Cp complex
formation for N3 and NCS™, and 1 : 1 complexes only for NCO™ and CN~.
The latter two anions appear to enhance reduction and the authors [ 78]
concluded that they bind to different type Cu ions than N3 and NCS-

which from spectroscopic changes appear to bind to one of the type I Cu
centres. Fiuoride ion, which is also an oxidase inhibitor, had no effect on the
610 nm band and was found [78] not to compete with azide ion. Although
this latter finding appears to confirm a conclusion reached by Andreasson
and Vanngard [119] that fluoride binds to the type II Cu ion, in many other
respects this study [119] differs in resulis. For example, using a combination
of visible absorption and ESR spectroscopies only 1 : 1 complexes were
found {119] with N5 and NCS™ ions. Furthermore, both N3 and F~ were
found to bind to the type IT Cu ion, in contrast to the findings of Byers

et al. {78], and those of Falk and Reinhammer [120]. The difference in
Eindings can be attributed to the low inhibitor concentration used by Andreas-
son and Vanngard [119] whilst other studies have all used high concentra-
tions in order to enhance the effect of these anions. Conformation of the
binding of F~ to type II Cu has recently come {112] from studies on the
ESR spectral changes induced by F~ on both native and NO treated Cp.

The binding constants for various anions are given in Table 5. Those
reported by Gunnarsson et al. [121], based on kinetic measurements of the
inhibition of oxidase activity, differ from those caiculated from spectroscopic
changes [78], which involve the ‘resting” native protein. Apart from F~ the
reduced protein appears to bind the anions {particularly N3) far more strongly
than does the oxidised form. For the oxidised form the binding constants are
very much greater than those for the aqueous Cu?* ion.
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Binding constants for anions to caeruloplasmin

Anion Oxidised Cp Reduced Cp
log K! b
log Ky log K, =

N, 34,2~0Fb 1.7 5.7

NCS- 272 1.0 —

NCO~ 155,2~0b 0 3.8

Cii™ 1.3% 0 —

F- i4b — 2.0

o 15°P — 1.9

1~ 1.4b - 1.9

A % I#ame

&y ={Cp.AJH{CPIAL Ky = {CoA; /[CpAJ[AlL
* From ref. 78 using 0.25 mol dm™ sodium acetate solution, pH 5.5, 15°C. ® From ref.
121 using 0.05 mot dm™* sodium acetate solution, pH 5.5, 25°C.

The changes induced by neutral salts on the secondarv structure on
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enzymes has been known for some time [122,123], and the general enzymic
inhibitory order observed as CH,CO; < CIT < NO; < Brr < IF< NC§™ <
ClOj;. The possibie influence on the secondary structure of Cp was neglected
until Herve et al. [124] examined the influence of anions in the above series
on the uitra-violet CD spectrum of Cp, and conciuded that the anions exerted
their inhibitory action in two ways. First, by complexation with Cu ions
which is detectable at low anion concentrations and modifies the symmetry
of the local sites: second, by interaction with the protein molecule leading
to subtle conformational changes which are only detectable by CD at higher
anion concentrations. The changes in the CD were interpreted in terms of
increased disorder and the formation of some a-helix in the pu:.ypt:puut:
chain. The same authors later reported [125] on the effect of anions on the

CD and visible ahsorption spectra and found that at high concentrations

N3, NCO™ and NCS™ gave rise to similar changes i.e. 2 decrease in absorp-
tion at 610 nm and enhanced absorption at ca. 400 nm. The decrease at 610
nm is attributed to the breaking of a Cu'—S {(cysteine) bond via anion-induced
protein conformational changes rather than by direct interaction with the
type [ Cu ion. This preference is based on rather tenuous inferences from
isosbestic points. The new band at 400 nm, also observed by others {78], is
assigned to a charge-transfer transition from a new metal—protein bond,
whilst Byers et al. { 78] assign it to a Cu{II)—anion charge transition. It should
be noted that in this study [125] large anion : Cp atios were used and the
spectral changes often appeared time dependent.

Mention has been made aiready of the interaction of nitric oxide, NG,
with Cp [96,97 112} NO is an odd electron molecule that can act as a

[P | . Ry | [P R 1. JU—— o P

bu:g,u-: l.'.'lt!l.lcfl:iﬁ LlUllUl' oL H'.l...l...epl.-ul. L1X11LE1 l!ll.-t:ldblulul! wu.u EALCOY LHU ULLLWWD
[926] at the type I Cu centres, over a 2 h incubation period reduction first
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accurs at one of the type I Cu centres (termed Ib} by electron transfer
(NO—Cu(I1) > NO*—Cu') followed by a slower reduction at the other type I
Cu{la) and is accompanied by conformational changes as shown by differences
in the type II CD signal. These changes are reversible {by flushing the samples
with oxygen). Type Ia Cu is claimed [124] fo be the anion-sensitive Cu and

at low temperatures (as used in the ESR studies [97]) is the preferential site
for NO interaction, in contrast to the behaviour at room temperature [97].
This temperature dependence has also been found with NO treated ascorbate

oxidase {126].
E. CAERULOPLASMIN AS AN OXIDASE
(i) General oxidase activily

Al the Cu containing proteins are capable of participating in oxidation—
reduction reactions, and Cp is no exception. Those bilue proteins containing
only type I Cu (e.g. stallacyanin) can act as oxidising agents and then be
re-oxidised back to the blue Cu(II} state by molecular oxygen, their proper-
ties ave therefore more consistent with an electron-carrier function in a redox
process [127].

Holmberg and Laurell [1,10] were the first to establish the oxidative
properties of Cp. They showed that Cp could catalyse the oxidation, by O, of
a variety of polyphencls, aromatic polyamines and other reducing substrates.
Among these p-phenylenediamine (FPD) was found to be the most active.
The general oxidase activity is weak compared to other oxidases, ¢.g. laccase
of plant origin, but is greater than that of simple Cu(Il) salts and complexes,
which also differ in that toxic H;0; is the normal product from these as
compared to H,O from Cp and other oxidases. It was also established {1,10]
that the oxidase activity is inhibited by the inorganie anions CN-, N3,

NCO™ and NCS§, and that the apoenzyme is inactive. Since then the coloured
PPD and its derivatives have been used ta determine Cp activity and its stoichi-
ometry in serum. A recent report outlines the optimum assay conditions [128].

Non-linear Michaelis—Menten kinetics found in earlier studies for Cp
catalysed oxidation reactions were shown by Young and Curzon [54] to
resutt from the accumulation of radical products. The addition of a radical
scavenger resulted in more normal linear kinetic behaviour for a wide range of
substrates. The Michaelis—Menten parameters from this very thorough study
i54] are given in Table 6. The interesting feature of these results is the small
range of the vy, values indicating the rate-determining step to be relatively
independent of the nature of the substrate. The K,, values are interpreted as
heing consistent with substrate binding to certain of the protein side-chains.
Others have reached similar conclusions {107,129].

Carbethoxylation of imidazole groups in Cp was found [110] to have no
efiect on the electronic absorption spectrum but did change the ESR spec-
trum and the oxidase activity, thereby implicating type Il Cu in the oxidase
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Kinetic parameters of cacruloplasmin substrates {54
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Substrates Yraax Km
{e" Cu™? (107° moidm™?)
min~ 1)

P-Aminos compounds
N-Acetyl-p-phenylenediamine 3.42 12 300
p-Aminophenoti 3.53 1540
2-Anistdine 4.05 6140
2-Chloro-p-phenylenediamine 5.35 241
NN'.Di-s-butyl-p-phenylenediamine £.05 620
2,5-Dichloro-p-phenylenediamine 3.04 740
NN-Diethyl-p-phenylenediamine 3.18 556
NN'-Dimethyl-p-phenylenediamine 4.33 164
NN-Dimethyl-p-phenylenediamine 5.13 203
Durenediamine 6.00 171
N-Ethyl-N{2-hydroxyethyl}-p-phenyl- 5.49 110

enediamine
N-Ethyl-N-2-{5-methyisulphonamido}- 6.06 87.2
ethyl-p-phenyienediamine

2-Methoxy-p-phenylenediamine 6,20 161
N-(p-Methoxyphenyl}-p-phenylenediamine 6.50 20.6
2-Methyl-p-phenylenediamine 5.49 213
2-Nitro-p-phenylenediamine 6.93 1260
p-Phenylenediamine 4.44 292
p-Phenyienediamine-2-sulphonic acid 3.B3 2620
N-Phenyl-p-phenylenediamine 4.78 47.7
NNN'N'Tetraphenyl-p-phenylenediamine 5.06 197

Catechols
L-Adrenaline 2,29 2550
Catecho! 8.98 282 000
3,4-Dihydroxyphenylacetic acid a 4250 000
3,4-Dihydroxyphenylalanine {dopa) a ~20000
3,4-Dihydroxyphenethylamine 7.54 2850
4-Methylcatechol ' 6.81 60 300
L-Moradrenaline 2.7 2810

5-Hydroxyindoles
5-Hydroxyindol-3-ylacetic acid 1.60 8340
5-Hydroxytryptamine 5.68 908
5-Hydroxytryptophan 1.78 16 300
5-Hydroxytryptopho! 2.87 5100

Other compounds
m-Aminophenol 4.03 199 000
o-Aminophenol 3.60 2880
Ascorbate 4.07 5200
NN-Dimethyi-m-phenyienediamine 4.02 3050
NN-Dimethylaniline a < 25000
p-Methoxyphenol a < 700000
m-Phenylenediamine 5.60 36 000
¢-Phenylenediamine 1.30 2950
Pyrogallol 10.80 57 900
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TABLE 6 {continued)

Suhbstrates Vrax K
(e Cu! (107 ol dm™3)
min *)
Quinol 5.64 65 700

Resorcinol {100 mM)
Gentisic acid (100 mnM)
Anitine (2 mM)
Mercaptoethanol {100 mM}

Activity undetectable

Ymax and K, from standard Lineweaver—Burke plots, ® b, . not determinable because ol
limited solubility andfor K.

reaction. Reduction by the most potent reducing agent, the hydrated elec-
tron, was found {130] to proceed by a bimolecular process, interpreted as
the electron first attaching itself to a residue on the protein surface (peptide
bonds or disulphide groups, rate constant & > 10'® mol™! dm? s™*) foliowed
by internal transfer to an imidazole residue and ultimately to a type I centre
(k =9 - 10 7). The authors state that milder reductants do not necessarily
proceed via the same pathway. Cognizant of the inaccessibility of type 1 Cu
to external ligands (including solvent water) a cooperative type mechanism
for the oxidation for Cp and laccase by molecular O, has been advanced
{1301} as

[t.ype I Cu(I)]_'i:__ [type I Cu(II)] +0O kg [type | Cu(II)]
X(oxid) {%-1 X{red) 2 X(red) : O,

where, X = type Il or Iii site. K = k/k_; << 0.1. In this mechanism the
molecular O, reacts with a solvent accessible redox site, i.e. a type II Cu(})
or a half-reduced type IlI dimer, which is in electron exchange equilibrium
with the type I site. Oxidation of reduced type I sites by O, was found to
obey true first order kinetics [131].

(ii) Influence of ions

Anions

Certainly those anions which are known to bind to Cp also inhibit oxidase
activity, however it seems that all anions, including C1~, are inhibiting at high
concentrations. Curzon and Speyer [115] found that many of the inhibitors
reported earlier, e.g. saturated apliphatic carboxylates, hydrazines, 1,10-
phenanthroline, borate and various psychoactive drugs, were either totally
ineffective or only weakly active if stimulatory Fe and reaction products
were removed.

Among the most potent inhibitors are the anions CN™ and N3. The former
acts by the reduction and removal of Cu ions while the inhibition by the
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latter has been shown to paraliel the formation of the 1 : 1 Cp : N3 complex
{119] in which N3 binds to the type Il Cu [112,1191 (see section D (iv)).
Azide inhibition, which is reversible in contrast to that of CN7, can also be
overcome by the addition of CI", CH,CO3 and EDTA; the latter not acting
as a chelating agent but by some non-specific mechanism similar to that of
the acetate ion. Parallel Lineweaver—Burke plots were obtained {116} with
different N3 concentrations suggesting that N3 inhibits by binding either to
an enzyme-substrate complex or to some intermediate form of the enzyme
during catalysis. Studies [121] on steady-state behaviour in the presence of
N3, NCO™, F~, Ol or Br™ are consistent with ternary complexes of the type
enzyme—substrate—inhibitor being kinetically insignificant. The inhibition
by N3 and NCO™ is attributed to strong interaction with the reduced form
of Cp (see Table 5), whilst halide ions interact with both the oxidised and
reduced forms. Andreasson and Vanngard [119] found some zero-time oxi-
dase activity which was independent of N3 concentration, which they inter-
pret as an initial oxidase reaction involving type I Cu {from spectroscopic
changes) followed by azide inhibition at some later state, e.g. the binding
of O,. This latter conclusion had heen implied in Curzon’s work {116] and
confirmed by the stopped-flow measurements of Manabe et al. {132]. These
inhibition studies all point to type i1 Cu being the active site in oxidase
activity for both Cp and laccase {127,133,1341.

Unsaturated aliphatic carboxylates resembie the inorganic anions in that
their inhibition is also consistent with the termary enzyme—substrate—inhiba-
tor complex having no kinetic significance [135]. In contrast to the inhibi-
tory inorganic anions, however, these carboxylates bind with approximately
the same affinity to both the oxidised and reduced forms of Cp.

Cations

The influence of metal ions on oxidase activity was first reported by
Broman [37], who found that extraneous Cu(lI} ions enhanced the oxidase
activity of Cp towards dimethyi—PPID. Fe(Il) is also a strong stimulator of
the oxidase activity of Cp [136,137]. Since these metal ions have been
shown to bind to Cp [741, not surprisingly, their enhancement of oxidase
can be stopped by the addition of chelating agents. Peisach and Levine {138]
found that the stimulatory effect depended on the substrate used, thus with
Cu(1l) ortho related substituents were found to be required {e.g. as in o-phenyl-
enediamine, catechol and epinephrine), whilst with Fe(II) para related substi-
tuents appeared necessary {e.g. as in PPD, hydroguinone and p-aminophenotl).
The metal ion enhancement of the oxidase activity of lacease was observed
to be less than that of Cp.

On the other hand, high concentrations of Cu(li) and Fe(il}, and the
metal ions Co{I1), Ni{II}), Mn(II} and Zn{Il), are found to be inhibitory
[74,139]. The inhibition by Co, Ni and Zn roughly parallels their binding
affinity for Cp {74]. The concentrations required for inhibition, however,
(1072 mol dm™) are very much greater than the physiological concentra-
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tions of ‘free” metal ions, so that in vivo they are likely to be either weakly
stimulatory or to be too dilute to have any effect,

(iii) Oxidase activity towards natural substrates

Ascorbate as substrate

Frieden and co-workers at one time considered [140,1411] the possibility
that Cp might be the mammalian equivalent of the plant enzyme ascorbate
oxidase, which catalyses the reaction 2 AH, + O, + 2 A + 2 H,0 where, AH;
is ascorbate anion and A is dehydroasccrbate. Cu(il) salts can also oxidase
ascorbate but lead to H;O, as a product as distinct from ascorbate oxidase
and Cp, and they are inhibited by chelating agents, including albumin protein,
so such activity can have no physiological significance. The Cp catalysed
oxidation of ascorbate differs in many respects from that of ascorbate oxi-
dase {140,141] including a much smaller turnover rate for the substrate.
Nevertheless, Osaki et al. {142] have calculated that, with the relatively
high concentration of Cp normally found in human serum, half of the total
ascorbate would be oxidised in ca. 3 min. Despite the ciaim {140] that Cp
was an authentic mammalian ascorbate oxidase doubts remained as to its
physiological significance since serum ascorbate levels remain fairly constant
and the Cp catalysis is inhibited by both citrate ion and apotransferrin at the
concentrations at which they are found in human serum. The inhibition by
apotransferrin is consistent with the finding that low concentrations of Fe(II)
ion are required for ascorbate ion oxidation [143,144). The overall evidence
therefore precludes ascorbate oxidase activity as the role for Cp in vivo.

The kinetics of the ascorbate oxidation have been measured [129] by the
stopped-flow technique utilising the absorbance changes at both 610 and 340
nm. The reduction process follows second-order kinetics in both Cp and
substrate and the overall reaction can be simply represented by the two
reactions

Cp + substrate akd Cp' + Products

G
Cp o P
whese, Cp and Cp' are the oxidised and reduced forms of the protein res-
pectively, k, is the second-order reduction rate constant, and k. is an
apparent first order rate constant for the reoxidation of Cp by O;. This inter-
pretation is consistent with earlier conclusions by the same group that an
enzyme—substrate complex in the classical sense has no kinetic significance.

Iron{1l) as substrate

Although low Fe(Il) levels stimulate Cp oxidase activity, Osaki et al.
[142] have shown that the Cp catalysed oxidation of Fe(ll} by O, hasa
higher molectular activity than other Cp substrates (550 mol Fe(II) min™
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mol™! Cp). Following more detailed studies Osaki et al. {145] concluded
that the physiological role of Cp is the catalysis of F&(II) in serum and

hence renamed Cp as ferroxidase (ferro-Q, oxidoreductase E.C.1.12.3.1}.
Iron entering the bloodstream from the gastrointestinal tract is believed to
be in the Fe(Il) state and must therefore be oxidised to Fe(IlI) for incorpora-
tion into the iron transport protein transferrin. The Florida group {145]
found the non-enzymic route for Fe(II) oxidation in serum to be insufficient
t0 account for the rate of Fe(Ill)—transferrin formation. The ferroxidase
activity may be represented by the scheme

Fe(ll) Cp#-x}lzo

Apotransferrin Fe(IIl) reduced % Oy
Cp

transferrin

Kinetic studies {146] show an initial rapid reaction between Cp and Fe(II}.
(k =1.2 - 10% mol~! dm? s7!) followed by a slower electron transfer from
Fe(il) to 2 Cu(II) centre (probably type I since the 610 nm absorbance
decreases). The rate detertnining step appears to be a conformational change
in the protein just before reoxidation as judged from the large entropy change
of —96 kd mol™! K™', This latter observation seems common to most Cp
substrates, as is the vyax value and the biphasic (non-linear kinetics)
behaviour {146].

The attractiveness of the hypothesis of a ferroxidase role for Cp is that
it provides a molecular link between the metabolism of the elements Cu and
Fe, Copper deficiency is known to influence Fe metabolism in animals and
since more than 90% of the Cu in the blood of mamimals is in the form of Cp,
a ferroxidase role would be of obvious importance. In support of this Cp was
found [147] to mobilise Fe from liver under physiological-conditions, whereas
Cu bound to albumin was ineffective. These authors [147] further point
out that the liberated Fe would generate a very steep Fe concentration
gradient between iron storage cells and the capillary systems resulting in a
rapid iron movement out of the cells. An in vivo relationship has also been
demonstrated [145,148] between Cp injected into Cu-deficient animnals and
the subsequent rise in plasma Fe levels.

One major drawback to the ferroxidase role for Cp is that the majority
of Wilson’s disease patients have depressed Cp levels and yet show no
symptoms of Fe deficiency or defects in iron transport [149]. Topham and
Frieden [1501, however, claim to have found a second ferroxidase enzyme
(ferroxidase 1) in human serum, which they say would account for the
normal Fe metabolism in Wilson’s disease patients. Others [151] have
not been able to find this second enzyme in fresh, undialysed, serum from
either healthy humans or from Wilson’s disease patients. Citrate ion can
also function as a ferroxidase in blood serum [151, 152]. The abiiity of
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citrate to catalyse the oxidation of Fe(Il} is not unexpected since Fe(IIl}
citrate complexes are thermodynamically highly stable and this should
increase the oxidation potential of Fe(Il) making the oxidation step more
favourable, Citrate and ferroxidase II are similar in that both are initially
assoctated with S-lipoprotein fractions in the serum, both display no
oxidase activity towards PPD, and their ferroxidase activities are not inhibited
by N;; thereafter their properties differ markedly [150,152]. Frieden and
Hsieh, however, have expressed some doubts {3] over ferroxidase II being
a protein. Other ferroxidase active. molecules present in serum are apotrans-
ferrin {153] and apoferritin [154,155], probably for the same reason as
advanced above for the citrate ion, i.e. enhanced thermodynaniic stability of
the Fe(III) ion. Schen and Rabinovitz [156] also reported a non-Cp source,
as yet unidentified, of ferroxidase activity in serum. Clearly the nature and
significance of this second source of ferroxidase activity is far from certain.
However, Roeser et al. [157} have demonstrated that deficiency induced
in swine by feeding on a Cu deficient diet could be alleviated by administra-
tion of Cp but not by simple Cu saits — at least not until their Cu became
incorporated into Cp. More importantly, they claimed from a very limited
study, to have detected iron deficiency in a smali number of patients of
Wilson’s disease who had severely depressed Cp levels (<5% of normal}.
Non-Cp ferroxidase activity appeared to remain unchanged. The link with
very low Cp levels could explain why iron deficiency had previously been
overlooked, although in a survey of 230 patients approximately 60% had Cp
levels €£16% of normal [149]. Moreover, these low levels are normally main-
tained throughout a patient’s life, so the oversight still remains surprising.
If iron deficiency is linked with very low Cp levels this raises a further dicho-
tomy in that Nature would appear to be overproducing Cp to the extent
that 90% of the serum Cp is surpius to the ferroxidase requirement! One
further cautionary note should be added — in vitro demonstrations of
ferroxidase activity frequently use agueous Fe{Il) ions as substrate, but in
vivo very little of this simple ion exists (the transition metal ions are predomi-
nantiy in the form of chelates, see ref. 158). Furthermore, as intimated
above, the properties of a metal ion, e.g. its redox properties, are well
known to be dependent upon its coordination environment.

Biogenic amines as substrates

Administration of centrally active drugs, such as D-lysergic acid diethyl-
amide (LSD}, to animals has been found to elevate 5-hydroxytryptamine
and depress catecholamine levels in the brain [159]. Since Cp can use nor-
adrenaline and S5-hydroxytryptamine as substrates [160], and cognizant
of Cp’s oxidase activity towards amines, Barrass and Coult {161] decided
to investigate the effect of LSD on Cp levels. Administration of LSD led to
the inhibition of the Cp oxidation of 5-hydroxytryptamine but resulted in
arceleration of the Cp oxidation of noradrenaline and dopamine. Some of
the drugs used in the treatment of mental illness were also found to affect
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the Cp oxidation of these substrates. Thus, tranquillisers of the phenothiazine
class accelerated their oxidation, whilst antidepressant drugs (other than
monoamine oxidase inhibitors) inhibited their oxidation. These substrates

are important neurotransmitters and consequently Barrass and Coult {161}
proposed that Cp, or some enzyme with similar properties, may be of im-
portance as a fine control on the levels of these substances in the regions of
the brain in which they act as neuro-transmitters. The true physiological
significance of these observations is still to be established. Enhanced oxida-
tion of dopamine by Cp, or a Cp-like enzyme, has been invoked to explain
the lower brain dopamine levels found in Parkinson’s disease [162]. Normal
motor function in man may depend on neurochemical equilibria involving
the three substrates mentioned above and other transmitter substances, and
Parkinson’s disease may well be associated with disturbances in such equifib-
ria. Barrass et al. [162] propose that 3-hydroxy-4-methoxyphenylethylamine,
produced endogenously by aberant methylation of dopamine, interacts

with Cp to enhance dopamine oxidation.

The rate of oxidation by Cp of the tranquillising drugs of the phenothia-
zine class was found [163] to be enhanced by the presence of natural reduc-
ing agents. The activation of the oxidation of dopamine and dihydroxy-
phenylalanine (dopa) by the phenothiazine derivatives is attributed to their
acting as cycling intermediates between Cp and catecholamine {163]. Oxi-
dase activity towards other biological amines has also been reported {164—
167] but their in vivo significance is yet to be established.

{iv) Antioxidant activity

The oxidationr properties of Cp could also have a potential role in remov-
ing toxie (free-radical) products formed as by-products in metabolic processes.
It has been known for some time that human blood serum contains a potent
iipid antioxidation inhibitor {see ref. 168 and references:therein), and
recently Cp has been shown to possess such anti-oxidant activity (168,169].
The Cp used in these studies was not particularly pure (~83% from the
Agi0fA2sp ratio) and the antioxidant activity was relatively weak. Interestingly,
the lipid antioxidation was found [168] to be induced by the presence of
ascorbate and Fe{IlI) ions, and the antioxidation by Cp to be inhibited by
azide. The paraliels with the oxidase properties of Cp are obvious and raise
the possibility that the antioxidant activity results from the ferroxidase
properties of Cp. A second source of antioxidant activity in serum is apo-
transferrin [169]. Although Cu salts and apoCp were found [168] to be
inactive, the possible influence of trace amounts of Cu and Fe on the anti-
oxidant activity was not investigated. Gutteridge [170,171], however, has
found that both Cu{Il) and Cu(I) can catalyse lpid oxidation.

Gutteridge [6] has pointed out that the ‘acute phase reactivity’ of Cp
resembles other alpha-globulins, in that its level is raised whenever there is
tissue damage, and that during inflammatory states two distinct antioxidant
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roles could be speculatively assigned to Cp. These are, first, the prevention
of released iron (as a result of cell damage) acting as a free radical catalyst,
as in the formation of superoxide radical ion: Fe(Il} + O, + Fe{lIII) + 0;.
Second, by a direct inactivating role against free radicais produced by phago-
cytosing white cells and which may escape into the extracellular fluids which
do not contain the protective enzymes catalase and superoxide dismutase.
There are a number of reports which show that plasma Cu and Cp levels
are raised in rheumatoid arthritis patients {172—174] and a review of the
significance of these changes in levels has recently appeared within this
journal {1753. It is tempting to postulate that Cp has an anti-inflammatory
(antioxidant)} role in rheumatoid arthritis but this would be as speculative
as its lipid antioxidant role at present. Furthermore, a recent report [176]
suggests that the elevated Cp levels claimed for rheumatoid arthritis patients
arises because of the inclusion of data from female patients with naturally
elevated Cp levels from the taking of oral contraceptives. Inclusion of this
group is claimed to significantly distort the figures.

(v) Does Cp have an oxidase or oxidase-related role in vivo?

To these authors the most definitive evidence for an oxidase role for Cp
in vivo comes from the observation {177) of a typical Cu(ll) ESR, signal
(g ~ 2) in both serum and intact blood which steadily decreased when the
blood or serum was kept under anaerobic conditions but which returmed
to near its original intensity when subsequently exposed to air. Since 290%
of the Cu{Il} in blood is present in Cp this signal can only be attributed to
Cp itself, Another multiplet at g ~ 4.3, assigned to the Fe in transferrin,
remained unaltered during these experiments. The question then arises as to
what isfare the natural substrate(s)? This is complicated by the lack of
specificity in the oxidase activity of Cp, although it is a less efficient enzyme
than its counterpart laccase. Frieden and co-workers {143] have divided
the substrates into three groups as shown in Fig. 2. Groups 1 and 2, the
latter including the biogenic amines, are considered as true substrates, while
those in group 3 are considered to be pseudosubstrates because they react
via some intermediate substrate {(e.g. A in Fig. 2 could be Fe), this group
includes ascorbate and NADH for example, and probably the antioxidant
substrates.

Since Fe(I1) is the substrate with the lowest K, values and because of
evidence linking Cp with Fe metabolism then, not unnaturally, a ferroxidase
role has been assigned to Cp. As already pointed out this raises a major problem
as to the overabundance of Cp for this role. A further major question which
this role raises is why should Nature design such a complex oxidant in
terms of its size, and the number of Cu ions and their different properties,
for such a relatively simple one-electron oxidation process? The possibility
of some other ferroxidase active source in blood serum also still remains.

The mechanism of the oxidase reaction is still obscure. The ‘entatic®
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nature of the type I Cu sites and the partial reduction of their associated
spectral properties during oxidation would appear to favour them as the
primary redox-active sites. Inhibitioun studies, however, point to the type II
Cu as being the substrate binding site; these observations support a coopera-
tive type of interaction between the different Cu sites. Although the 310
nm absorption band associated with the type III Cu ions decreases conco-
mitantly with the 610 nm band of the type I Cu ions duting oxidation, it is
now apparent that this can arise from protein conformational changes which

means the function of the type 111 sites remains unknown,

F. CAERULOPLASMIN AS A TRANSPORT FORM FOR Cu
Rramarny § 17821 wrne nna af tha firct ta raten thae naccithilitr AF 'n nating ac
AFERFLANEALE lJ- L] PP AAD LTLAL WAL QIR AL OV W ALY AR PUJQIUIIIDJ AL IS GLUIIIE L7
a Specmc camer system f oY transporting Cu from the liv: ver fo cells The

Cu in vive {331. Early evidence t‘or a tissue Cu transport function for Cp
came from *‘Cu distribution studies in rats [179] and the serendipitous obser-
vation [35] that Cp could accept electrons from the cell respiratory system,
in particular from cytochrome c. The reaction with cytochrome ¢ was shown
to occur under anaerobic conditions in the presence of a substrate, such as
succinate, reduced cytochrome ¢ or NADH. Under aerobic conditions the
oxidised form of Cp was found to inhibit the electron-transport system [35].
Two reports point to Cpproviding the Cu required for incorporation into
cytoch:ome ¢ oxidase [29 180] Marceau and Aspin [181] compared the

.I.d.!.e Ul lul.l -ALlDUWn I.ll Efl(l lul.l !aueueu 'L-p 3.[1.!'21' I.l'll.l"dVEI]Ul.lS anECI.lOl'l I.l'lED
rats, While both radioactive isotopes eventually became attached to intra-
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cellular proteins the *’Cu was found to be tightly bound in cytochrome ¢
oxidase while the **Cu was only loosely bound and readily exchangeable,
supporting the contention that only Cp provides the functional, intrinsic,
Cu ions of cytochrome ¢ oxidase. Cp transfer of Cu to superoxide dismutase
was also observed [181,182]. Although somewhat sceptical of the validity
of the work of Marceau and Aspin, Frieden and co-workers [3,183] have come
to similar conclusions. Using rats fed on Cu deficient diets to reduce theirx
cytochrome ¢ oxidase level Hsieh and Frieden [183] observed that the cyto-
chrome ¢ oxidase activity was enhanced after addition of Cp to the diet, but
that Cu in other forms only increased the enzymic activity after incorpora-
tion of the Cu into Cp had occurred. These authors conclude that the evi-
dence strongly points to Cp having a physiological role as a transport form
providing Cu for intracellular enzymes, while the other recognised transport
form, the Cu—albumin complex in blood, is involved in the transport of
newly absorbed Cu from the gut to the liver.

The observation by Owen [34]) that Cp can release its Cu atoms under
physiological conditions in the presence of a reducing substrate offers a
possible mechanism for the transfer of Cu from Cp to cytochrome c oxidase
within the cells where the necessary substrates are present. However, the
results of Holtzman and Gaumnitz {32,69]) and Marceau and Aspin [29]
show that both *C and **Cu labelled Cp disappear firom rat plasma at the
same rate. These findings are supported by double-labelling experiments [{132]
and measurements on the disappearance of the oxidase activity of Cp from
human plasma {33}. These results all point to Cp being catabolized at the
time of Cu release in the cells. The double-labelling experiments of Marceau
and Aspin [182], in fact, show that the Cu does not remain attached to the
catabolized Cp fragments.

A multifunctional role for Cp in vivo in terms of oxidase action and Cu
transport would certainly overcome some of the obstacles raised previously
over an oxidase role only, i.e. the relatively high concentration of Cp and its
compiexity.

G. WILSON'S DISEASE

There are several, excellent, reviews on Wilson’s disease which cover the
involvement of Cp [149,184,185], but so fundamental is the role of Cp in
this disease to the proposals concerning its physiological status that it is
worthwhile reiterating some of the more relevant features. Wilson’s disease
or hepatic lenticular degeneration results from a genetically determined inborn
error in Cu metabolism causing the accumulation of fatal amounts of Cu
in body tissues. Provided diagnosis is early enough patients may survive,
with complete reversal of all neurological disorders, by a constant regime of
the drug D-penicillamine. This drug enhances Cu excretion and maintains
the patient in a negative Cu balance. One of the more consistent biochemical
features of the disease is a low {although variabie} bload Cp level. From the
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combined data on 230 patients, Sass-Kortsak and Bearn [149] found that
60% had Cp levels of less than 50 mg dm ™3 (cf. ca. 310 mg dm* for healthy
humans [16,171, see section B), in some of these the Cp was barely detectable,
approximately 80% had levels below 100 mg dm™ and 4% had, at the time
of diagnosis, near normal levels. Physical, chemical and immunological
measurements show that Cp from Wilson’s disease patients is identical to
that from healthy humans [186—188]). However, the possibility of genetically
determined differences in the sialic acid moiety has been pointed out [31]
and a hypothesis has recently been made [183] that Cp homeostasis is
controlied by the sialic acid moiety. Obviously, further work on the physio-
logical significance of the carbohydrate content of Cp is of great importance. *
The studies on Cu distribution, and the clinical and biochemical changes
in Wilson’s disease are very comprehensive and any conclusions as to the
physiological properties of Cp must be consistent with these studies. This is
where many of the proposals appear to flounder. To quote from Walshe
[1851, who has done so much of the pioneering work on this disease: “The
fact is that patients with Wilson’s disease, provided their copper balance is
controlled with the chelating agent penicillamine, can live a normal life and,
if children show normal growth rates, without any signs of failure of haem
synthesis, breakdown of the electron transfer chain or abnormally high levels
of biologically active amines in the circulation. In view of this observation it
is difficult to believe that Cp is essential for iron mobilization, for cyto-
chrome synthesis or for enzymatic destruction of amines in the plasma. The
only point at which this protein would appear to have a bearing on the patho-
genesis of the disease is in the control of copper balance and hence copper
toxicity but even this is difficult to envisage when it is remembered that a
significant percentage of patients have caeruloplasmin concentrations which
approach or even enter the normal range’.

NOTE ADDED IN PROOF

A number of papers have appeared in the medical literature, mainly by M.
Foster and co-workers, in which direct use of the Cp ESR signal in blood
serum has been made to assess Cp levels in human disease states {see J.A.
Green, T. Pocklington, A.A. Dawson and M. Foster, Br. J. Cancer, 41 (1980)
356 and references therein; S. Cannistraro and P.L, Indovina, Phys. Med.
Biol., 24 (1979)197). Unfortunately, no definitive answer is given to the fer-
roxidase role of Cp in these studies. No really significant advances have been
noted over the pcriod from late 1978 to early 1980. A number of papers
report on increased Cp levels in cancer patients (e.g. M.C.M. Mateo et al.,
Biomedicine, 31 (1979)66; N. Morita et al., Igaku Kenkyu {Japan), 49
{1979)277; G.S. Andrews, J.Clin. Pathol., 32 (1979)325}. A direct positive

* The significance of the carbohydrate moiety of giycoproteins has recently been sum-
marized: R.D. Marshall, Biochem. Soc. Trans., 4 {1979) 800,
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correlation between Cp levels, from radial immunodiffusion, and total Cu in
serum has been established (B. Mallet et al., Pharm. Biol., 13 {1979)325).
R.A. Loevstad {(Gen. Pharmacol., 10 {(1979})147) has found that Cu(Il} ions
enhance the in vitro oxidation of catecholamine by Cp. A correlation
between serum antioxidant activity and serum Cp level was observed in a
number of pathological states except, interestingly, in Wilson’s-disease pa-
tients (L..M. Cranfield et al., Ann. Clin. Biochem., 16 (1979)299). Cp has
aiso been postulated to have a protective anti-inflammatory role {C.W,
Denko, Agents Actions, 9 (1979) 333). A detailed spectroscopic study estab-
lishes the blue Cu centres of Cp to be structurally indenticai to those in the
other blue Cu proteins, and shows that strmctural changes at these centres
occur on anion binding (J.H. Dawson et al., J. Am. Chem. Soc., 101

(1979)5046).
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