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This dissertation is a summary of the following publications:

I. Four isoperoxidases from horseradish root. Acta Chem. Scand. 24 
(1970) 3607. (In collaboration with K.-G. Paul).

II. Umecyanin a novel intensely blue copper protein from horseradish 
root. Biochim. Biopbys. Acta 221 (1970) 255. (In collaboration with 
K.-G. Paul).

III. On the state of copper in the blue protein umecyanin. FEBS Lett. 
12 (1971) 260. (In collaboration with B. G. Malmström and T. Vänn- 
gård).

IV. Structural properties of umecyanin, a copper protein from horseradish 
root. Biochim. Biopbys. Acta 236 (1971) 246.

V. Circular dichroism studies on the copper protein umecyanin. Sub
mitted to Biochim. Biopbys. Acta (1971). (In collaboration with I. 
Sjöholm).

VI. Oxidation-reduction potential of umecyanin. Submitted to Biochem. 
Biopbys. Res. Com. (1971).

VII. Partial characterization of the cyanogen bromide fragments from 
umecyanin — a copper protein from horseradish roots. (Submitted 
to Biochim.. Biopbys. Acta (1971). (In collaboration with J. Sjöquist).

In the following discussion the papers will be referred to by the Roman
numerals I—VII.



Introduction

Trace amounts of copper are probably present in every living cell, but its 
biological role is far from clear1' 2' 3. Deficiency of copper is accompa
nied by serious and sometimes lethal disturbances in the forms of life in 
which it is possible to experimentally create copper deficiency. Such de
ficiency is occasionally seen in plants and animals, but in man it has not 
yet been possible to correlate any type of pathological picture with copper 
deficiency, probably because the metabolic function of copper is not easily 
evaluated in clinical medicine.

Although copper is of vital importance for cell functions, it, like most 
heavy metal ions, is directly poisonous in higher concentrations, binding 
to various intracellular proteins so as to block their active sites. Thus 
Wilson’s disease in man appears to be a state of copper poisoning caused 
by an impairment of the normal mechanisms for transport and storage of 
the metal4.

Three types of biological functions have been so far recognized for 
copper-containing proteins:

1. Participation in electron transfer reactions
2. Transport of oxygen
3. Transport or storage of the metal itself

There are good chemical reasons why copper proteins should partici
pate in the above types of life processes. Like iron, copper is a transition 
element which is characterized by having partially filled d-orbitals in 
many of its compounds. Thus they generally have more than one rela
tively stable valence state (Cu2+— Cu1+), and may easily undergo re
versible valency changes to participate in oxidation-reduction processes. 
The characteristic electronic configurations make these elements suitable 
for certain biological functions. Most copper in biological material seems 
to be bound to proteins. The catalytic properties of the copper atom are 
profoundly influenced by the nature and arrangement of the ligands which 
enable copper to show the functional versatility mentioned above.

Several of the copper proteins so far known function as pure oxidases. 
The term ”oxidase” was introduced by Bertrand around 1890 in studies
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on phenol oxidation, catalyzed by the protein laccase, now known to be 
a copper protein5. Commonly distributed are also the fungous and plant 
laccases6' 7> 8 and the ascorbate oxidases9, which are somewhat non
specific and catalyze the oxidation of several substrates. All of them, how
ever, remove two hydrogen atoms from the substrate molecule. The oxi
dases mentioned have several properties in common: they contain more 
than four Cu-atoms per molecule, have high oxidation-reduction poten
tials, and are intensely blue. The blue colour, due to the binding between 
copper and protein, offers the advantage that reactions at one of the 
active sites in these proteins are directly visible10' u .

Ceruloplasmin, the blue copper protein in plasma, is closely related to 
the above oxidases but is less active towards the same substrates12. It is 
known to convert ferrous ions to ferric ions in a rapid oxidation reaction 
in vitro, but its physiological role is not yet settled. It is frequently clas
sified as a transport protein for Cu, functioning in a way similar to that 
of transferrin13.

From higher animals a new group of blue-green proteins has recently 
been isolated: erythrocuprein (from red blood cells),14' 15' 16 cerebro- 
cuprein (from brain)17 and hepatocuprein (from liver)18. They have 
recently been shown to be identical19 and to function as a superoxide 
dismutase.

The hemocyanins are widely distributed in the hemolymph of vertebrate 
organisms (”blue-blooded animals”) and function as their main oxygen 
carriers20' 21. The proteins are blue in the oxygenated form and become 
colourless when deoxygenated.

A principally new group of copper proteins, believed to be involved in 
electron transfer reactions, have recently been recognized. They all con
tain only one copper atom per molecule, have molecular weights around 
15,000 Daltons, and their active site shows the same intensely blue colour 
as that of the oxidases. They seem to be widely distributed in plants and 
to occur in several bacterial strains. Very recently a copper protein from 
human brain, albocuprein22, with a molecular weight of 14,600, has been 
described, indicating that representatives of this class of protein may be 
more widely distributed than first believed. The so far best known pro
teins belonging to this class are plastocyanin from Chlorella Ellipsoidea23 
and spinach24, stellacyanin from the lacquer tree25' 26, several azurins 
from different strains of Bordetella and Pseudomonas27' 28' 29, and the blue
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proteins from mung bean30 and rice bran31. Despite their different ori
gins, they have many properties in common (similar light absorption, 
circular dichroism and optical rotatory dispersion spectra, similar stabili
ties towards acids and bases, the ability to be reduced and oxidized in 
stable forms, and inertness towards molecular oxygen). Several of these 
proteins have been shown to participate in electrons transfer reac
tions32' 33' 34.

Present investigation

For some years, the enzymatic behaviour and protein structures of several 
peroxidases isolated from horseradish root have been studied in our de
partment. Horseradish contains considerable amounts of various peroxi
dases and is thus a convenient practical source of large amounts of these 
enzymes. During the purification of these peroxidases an intensely blue 
zone appeared in the fifth step (I, II). Despite the fact that horseradish 
peroxidases have been extensively investigated, this blue protein had 
previously escaped attention. The purpose of the present study was to 
purify and characterize this protein, now called umecyanin, and to attempt 
to elucidate its biological role.
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Purification of umecyanin

Umecyanin was extracted from the peel of horseradish root with precooled 
deionized water (I, II). Following precipitation with ammonium sulphate 
and ethanol, it was chromatographed on carboxymethyl cellulose (CMC) 
using stepwise elution with acetate and phosphate buffers. On the CMC- 
column two blue zones can be seen (I), although they are eluated as one 
fraction with 30 mM sodium acetate, pH 5. 70. The presence of two zones 
may be due to a di- or oligo-merisation, known to occur at high concen
trations (IV), or to non-specific ionic interactions in the stepwise elution 
procedure. Following the CMC-chromatography, umecyanin was chro
matographed on a diethylaminoethyl-Sephadex (DEAE-Sephadex) column 
from which it emerged as a nearly homogeneous preparation. The last 
impurities were removed by gel filtration on Sephadex G-75. 12 percent 
of the copper present before the CMC-chromatography was recovered in 
the pure product, and 0.2 mg of umecyanin can be prepared from one 
kilogram of starting material.

Umecyanin is homogeneous as judged from rechromatography on ion 
exchangers, gel filtration (II), ultracentrifugation, N-terminal amino acid 
determination (IV), solubility tests, and starch gel- and polyacrylamidegel 
electrophoresis below pH 8.5 (II). At pH above 8.5 the copper-protein 
linkage is vulnerable (V) which may accounts for the two bands in poly
acrylamide gel electrophoresis. The blue colour of native umecyanin, 
which can be seen at the point of application in polyacrylamide gel elec
trophoresis, thus fades with time. The same phenomenon has been re
ported for erythrocuprein, but the presence of ferricyanide in the buffer 
solutions seems to stabilize the binding19.

This dissertation does not deal with the structure and substrate speci
ficity of the different horseradish peroxidases. Characteristics of the acid, 
neutral and basic peroxidases present in horseradish root (I) have now 
been confirmed by two independent investigations from other laborato
ries35' 36. The pronounced differences indicate that they are coded for 
by different genes, and the term ”isoperoxidases” can hardly be applied. 
We have recently demonstrated definite differences in their substrate re
quirements and enzymatic activities37.
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Characterization of umecyanin

The molecular weight of umecyanin has been determined in several ways, 
all yielding approximately the same value. The copper content of 0.46 ±
0.03 %  Cu corresponds to one copper atom per 14,600 molecular weight 
(II). Gel filtration on Sephadex G-75 gave the same value. These results 
were confirmed by sedimentation centrifugation (15,000 D) and equilib
rium centrifugation: apparently the latter produced the dimer of 29,000 D 
(IV), corresponding to a monomer of 14,500 D. The most probable mo
lecular weight seems to be 14,600 D.

The binding of the copper atom to the protein moiety is not fully elu
cidated for any copper protein, but it is generally considered that amino 
acids ligate the copper atom3. The behaviour of umecyanin upon reduc
tion and reoxidation indicates, with some reservations, that histidine may 
be one of the amino acids acting as ligand (V). The presence, however, 
of a low molecular weight substance of so far unknown nature in ume
cyanin (VII) influences the interpretation of the reduced circular dichroism 
spectra of umecyanin in the UV-region. The molar absorbance (3.5 X 
103) at 610 nm is about ten times higher than that of small Cu2+-com
plexes, indicating the complex structure of the binding. This very intense, 
blue colour of the active site reflects the asymmetrical environment around 
the copper atom, which means that copper is displaced from a symmetrical 
center.

The EPR (electron paramagnetic resonance) spectra has proved to be 
a useful tool for classifying the copper-protein binding38. The EPR spectra 
of umecyanin (III) indicate that the copper atom is of Type I Cu2+, as is 
the copper in several of the closely related copper proteins. The EPR 
properties of Type I Cu2+ in the different proteins show a pattern of 
variations to which umecyanin conforms39.

The light absorption spectra of umecyanin (II, III) show a main absorb
ance peak in the region 580—650 nm. The improved resolution of the 
spectra when studied by means of circular dichroism (CD), has made it 
possible to calculate the physical parameters of the spectrum (V). The 
CD-spectra can thus be resolved into a minimum of five different absorp
tion maxima with Gaussian functions. Theoretically, however, copper can
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give rise to only four transitions in the visible spectrum due to its electron 
configuration around the atom center. This discrepancy has been inter
preted as due to d—d transitions as well as to charge transfer reactions 
contributing to the spectrum (V). Reduction of umecyanin clearly ex
tinguishes all ellipticity bands in the visible region, and the spectra could 
be perfectly restored upon reoxidation with ferricyanide (V). Although 
our data suggest that another prosthetic group may be present in ume
cyanin (VII) it would probably not contribute to the spectrum in visible 
light.

The primary structure

Assuming a molecular weight of 14,600, umecyanin seems to contain 
125 amino acid residues: Asp (17) T h r(ll)  Ser(5) Glu(8) Pro (7) Gly(13) 
Ala (8) V2Cys(3) Val (10) Met (4) lie (6) Leu (4) Phe(5) Trp(4) [GlcN(3)] 
Lys(10) His (3) A rg(3) (IV). The isoelectric point is 5.85. The carbohy
drate content corresponds to about 3 °/o, a low value as compared to the 
40°/o in stellacyanin. Umecyanin seems to contain only three glucos
amines per molecule (IV).

The amounts of umecyanin available for amino acid sequence determi
nation (VII) permitted the identification of the N H 2-terminal sequence in 
the whole molecule and in one of the fragments produced by cyanogen 
bromide fragmentation. The N H 2-terminal sequence of native umecyanin 
is:

Glu • Asp * Tyr • Asp • Val • Gly • Gly * Asp • (Asp • Glu).

The complete amino acid sequence of one copper protein, azurin, has 
been determined40. Despite the very similar physical parameters of ume
cyanin and azurin, their primary structures seem to be quite different. 
Thus the N-terminal fourth of umecyanin contains no V2 cystein, whereas 
the single -S-S-bridge in azurin links positions 3 and 26 from the N-ter-
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minai end. One fragment obtained after cyanogen bromide treatment 
contained no amino acids, and this fragment can be traced from the 
fluorescence spectra of native umecyanin. A fragment of this nature has 
not previously been observed in any copper protein. This fragment, how
ever, does not seem to be stable when stored, which renders its structure 
determination difficult. In spite of some lability and a slow deterioration 
of the indicated fragment upon storage, it is suggested that this moiety 
may be a purine, pyridine or pyrimidine derivative.

The secondary and tertiary structures

Umecyanin seems to consist of a single peptide chain (IV) and the molecule 
is quite spherical (f/fo =  1.12). This is in good agreement with the gross 
structure as revealed by CD-studies (V), which also revealed about 4 0 %  
ß-structure and 60 %  random coil. The ligation of the copper atom by 
amino acids would be facilitated if the copper atom was buried in the 
interior of the molecule. This would explain why the copper ion is not 
removable by chelating agents in its oxidized form (V). After reduction, 
however, the copper ion can be removed. The gross structure in terms of 
a- and /3-structure and random coil as revealed by the CD-technique 
does not indicate that reduction is accompanied by any ”opening” of the 
molecule.
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Function of umecyanin

The intensely blue copper proteins containing at least four Cu-atoms per 
molecule function as oxidases1' 2. They also show a light absorption in 
the region around 330 nm, which is absent in copper proteins with only 
one copper atom per molecule. Most proteins in the latter group seem to 
be involved in redox reactions where they can oscillate between Cu2+ and 
Cu1+. The present investigation supports this hypothesis since one elec
tron is needed for reduction of the copper chromophore (VI). The reduc
tion and oxidation of umecyanin is also perfectly reversible (V, VI). The 
redox potential of umecyanin, +  283 mV at pH 7.0, is lower than the 
potentials of most other members in this group. Umecyanin is stable in 
both the oxidized and reduced form and can not be oxidized by molecular 
oxygen (II).

The comparatively low redox potential together with the transfer of 
only one electron suggests that umecyanin is involved in an electron 
transport chain, presumable at about the same position as cytochrome c 
(redox potential +  250 mV). In fact there are several similarities between 
these molecules in addition to their redox potentials: they are nearly equal 
in sizes, contain one atom of a transition element per molecule, and show 
reversible oxidation-reduction with one electron.

It is in fact possible to construct an artificial electron transport chain 
with ascorbic acid as substrate and laccase as terminal oxidase, in which 
ascorbic acid upon oxidation reduces umecyanin, which is then rapidly 
oxidized by laccase (III). Similar results have been reported with azurin 
or cytochrome c instead of umecyanin41 and with laccase as terminal 
oxidase, the reactions being very rapid and the velocities of the same order 
of magnitude as with laccase-umecyanin. The rate of oxidation of ascorbic 
acid in the laccase-umecyanin chain seems to be limited by the rate of the 
bimolecular reaction, with electron exchange occurring between the in
volved macromolecules.
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General summary

1. Umecyanin is a novel intensely blue copper protein isolated from peel 
of horseradish root.

2. Umecyanin has a molecular weight of 14,600 Daltons and contains 1 
copper atom per molecule.

3. Umecyanin seems to consist of one peptide chain with 125 amino 
acids and 3 glucosamines per molecule. The molecule is spherical 
with 40 %  /^-structure and 60 %  random coil structure.

4. The N H 2-terminal sequence of native umecyanin is:
Glu • Asp • Tyr • Asp s Val * Gly # Gly • Asp (Asp • Gly).

This sequence could be identified in one of the fragments obtained 
after cyanogenbromide degradation. The fragments so obtained in
dicate the presence of another prosthetic group with so far unknown 
structure.

5. Electronspin resonance spectra of umecyanin are presented, indicating 
that the copper atom is of Type 1 Cu2+. The physical parameters of 
the spectra are presented.

6. The light absorption and circular dichroism spectra have been inves
tigated for native, reduced and reoxidized umecyanin, and at different 
pH-values with native umecyanin. The physical parameters of the 
spectra are presented.

7. The copper chromophore (Cu2+) can easily be reduced by one electron 
yielding umecyanin colourless. Upon addition of ferricyanide ume
cyanin is rapidly oxidized in a reversible manner. The redox potential 
is +  283 mV at pH 7.0.

8. Evidence suggesting umecyanin to be involved in an electron transport 
chain are presented.
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