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ABSTRACT With ihe completion of the primary structure of
the 50,000- and 19,000-dalton fragments ofhuman ceruloplasmin
[ferroxidase; iron(il):oxygen oxidoreductase, EC 1.16.3.11], over
halfofthe covalent structure ofthe single polypeptide chain of this
protein is known. Visual and computer analysis of the sequence
of the 564 amino acid residues in the two fragments gives clear
evidence of statistically significant internal homology suggestive
of evolutionary replication of two smaller units. Two homology
regions, each composed of 224 residues, were defined by an in-
trasequence alignment that required only three gaps in each 224-
residue segment. The two homology regions exhibited 43% iden-
tity in sequence, and 13% of the remaining positions had similar
residues. The sequence ofa 160-residue segment in ceruloplasmin
exhibits significant homology to the active (copper-binding) sites
of blue electron-transfer proteins such as azurins and plastocy-
anins and multicopper oxidases such as cytochrome oxidase and
superoxide dismutase. It is proposed that a primitive ceruloplas-
min gene was formed by the fusion of two genes coding, respec-
tively, for proteins about 160 and 190 amino acid residues in length
and that this precursor gene coding for about 350 amino acids was
later triplicated to form the gene for the present-day ceruloplas-
min molecule of about 1050 amino acids.

Analytical and statistical comparison of amino acid sequences
has been a powerful method for detection and estimation of
structural similarities among and within proteins, for evaluation
of structure-function relationships in a family of proteins, and
for study of genetic change in the course of evolutionary de-
velopment of a class of proteins (1-3). The comparison may be
done by visual alignment oftwo sequences for best fit as judged
both by identity and similarity of paired amino acids at corre-
sponding positions; gaps in the sequences are sometimes in-
serted to maximize the fit. Statistical methods for assessing re-
latedness of proteins are based on computer programs that
accumulate pair scores for two amino acids, using a mutation
data matrix based on physical and structural parametersg and
codon differences for all possible pairs ofamino acids (4) or from
actual accepted point mutations accumulated from related se-
quences (5). By such means the degree of intersequence or in-
trasequence homology may be assessed; here "homologous" is
used to mean matching (identical or similar) in structure, po-
sition, physical characteristics, and codons.

With the recent completion of the primary structures of the
50,000-dalton (50-kDal) (6) and 19,000-dalton (19-kDal) (7-9)
fragments ofhuman ceruloplasmin [ferroxidase; iron(II):oxygen
oxidoreductase, EC 1.16.3.1], 564 residues of the amino acid
sequence of the single polypeptide chain of this protein are
known. These fragments are from the carboxyl terminus of the
molecule and account for more than halfofthe primary structure
of this blue copper oxidase. During our study we identified a
remarkable degree of internal homology in ceruloplasmin,

which guided our sequence determination, and we noted sig-
nificant homology to other copper-containing proteins (10). This
report presents evidence for these observations and offers a
model for the evolutionary development of ceruloplasmin and
other multicopper oxidases.

METHODS
During the course ofsequence analysis of the 50-kDal fragment
it became apparent that many peptides were homologous to
segments of sequence in the 19-kDal fragment (10). In fact, the
placement ofmany peptides in the final sequence ofthe 50-kDal
fragment was predicted from this homology. On completion of
the sequence a search for intrasequence homology within the
50-kDal fragment and for intersequence homology between the
two fragments was made by manual alignment ofshort segments
against the entire structure until the optimal fit was found. This
led to the alignment in Fig. 1, in which the carboxy-terminal
65 amino acids of the 50-kDal fragment followed by the 159 in
the 19-kDal fragment are aligned with positions 1-224 of the
50-kDal fragment, leaving an unmatched stretch of 116 amino
acids.

In order to test the validity of the alignment in Fig. 1 and to
evaluate its statistical significance, the consecutive sequences
of the 50-kDal and 19-kDal fragments (564 residues) were sub-
jected to a search for intrasequence homology by using the pro-
gram RELATE of the Atlas of Protein Sequence and Structure
(5). This program compares all possible segments of a given
length (in this case, 25 residues) both in the real sequence and
in 100 random runs, and, using a mutation data matrix for all
possible pairs of amino acids, it accumulates segment scores.
The mean ofa predetermined number ofhighest segment scores
is expressed in standard deviation (SD) units. Also, by use of
the program SEARCH, selected 25-residue segments ofthe 50-
kDal and 19-kDal sequences were compared with all known
protein sequences to seek hints of evolutionary similarity. The
amino-terminal sequence of the single-chain molecule (11) was
also compared with the entire 564-residue sequence to identify
additional internal homology. These searches were done by W.
C. Barker of the National Biomedical Research Foundation,
Washington, DC.

RESULTS AND DISCUSSION
When the primary structures of the 50-kDal and 19-kDal frag-
ments are aligned as in Fig. 1, two long regions of homologous
sequences are readily identified, which suggest an internal du-
plication. We call the two regions homology segments; they are
defined by aligning residues 1-224 ofthe 50-kDal fragment with
residues 341-405 ofthe 50-kDal fragment immediately followed
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FIG. 1. The entire 564 residues ofthe 50-kDal and 19-kDal fragments ofhuman ceruloplasmin aligned for maximum homology. The 405-residue
sequence of the 50-kDal fragment (6) is shown in gothic type and is followed by the 159-residue sequence of the 19-kDal fragment (7-9) in italic
type. The shilling mark between the two sequences indicates that no overlap has yet been established. The boxed pairs of residues are identical;
many other pairs are homologous (see text). The glucosamine oligosaccharide at Asn-262 is designated CHO. A

by the 159 residues of the 19-kDal fragment. Both homology two homology segments. Of these, the most prominent are the
segments contain 224 amino acids, and each has a three-residue seven-residue sequence Val-Phe-Asp-Glu-Asn-Glu-Ser and the
gap to maximize the homology. In this alignment there are no six-residue sequence Glu-Ser-Asn-Lys-Met-His, which are
matching sequences for an internal part of the 50-kDal fragment present in both the 50-kDal and the 19-kDal fragments (see
composed of residues 225-340. However, this segment is prob- positions 84-90 and 116-121, respectively, in the sequence of
ably homologous to the amino-terminal sequence of the intact the 50-kDal fragment). In addition, there is one five-residue
ceruloplasmin molecule (see later). repeat within the 50-kDal fragment (Gly-Leu-lle-Gly-Pro) and
Many short stretches of identical sequence are present in the one four-residue sequence (Gly-Leu-Thr-Met) that is present
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in both fragments. As further evidence that the homology is not
due to chance, there are six pairs of identical three-residue se-
quences; one pair is a repeat within the 50-kDal fragment, and
five occur on alignment ofthe two fragments. Finally, there are
numerous instances in which the two homology segments are
identical at one or two positions. Altogether, the two homology
segments are identical at 97 positions out of224 pairs compared
and thus have 43.3% identity. This is almost exactly the degree
of identity between the a and (3 chains of human hemoglobin
and of the K and A chains of human immunoglobulins. Dupli-
cation ofan ancestral gene has been proposed as the mechanism
for evolutionary divergence for superfamilies of proteins such
as the globins and immunoglobulins (3). We postulate that in-
ternal duplication was the mechanism for evolutionary expan-
sion of the blue multicopper oxidases such as ceruloplasmin.

Not only are 43% of the paired amino acids identical in the
two 224-residue sequences compared in Fig. 1, but an addi-
tional 13% are homologous in the sense that they have similar
physical parameters and structural characteristics. There are
frequent interchanges within the groups of hydrophobic, aro-
matic, basic, acidic, polar, or neutral amino acids. For example,
there are six instances of the pair serine/threonine, four of as-
partic acid/glutamic acid, four of tyrosine/phenylalanine, and
nine involving combinations of valine, leucine, or isoleucine.
Computer Analysis ofthe Statistical Significance of Internal

Homology. The very high degree ofinternal homology in a con-
tinuous alignment of the sequences of the 50-kDal and 19-kDal
fragments was confirmed by W. C. Barker in an intrasequence
computer search using the program RELATE. In a comparison
of all possible sequence lengths of 25 residues, the top 164
scores were for alignments that were separated by either 340
or 337 residues. The difference of three residues accords with
the gaps we inserted in both the 50-kDal and the 19-kDal frag-
ments (Fig. 1). Thus, the computer search with the RELATE
program showed that a long stretch beginning with residue 1
will align with residue 341, as we had already determined by
visual inspection. The distance ofthe real sequence comparison
from the average of 100 randomized sequence comparisons =
25.46 SD. This is the highest score for duplication in protein
sequence yet reported except for the well-known internal du-
plication in the a-2 chain of human haptoglobin and the 5-fold
replication of a segment length of 79 residues in human plas-
minogen (2, 5).

Location of Free Sulflhydryl Groups. Ceruloplasmin is re-
ported to contain three free sulfhydryl groups (12). Recently,
Ryden and Lundgren (13) reported the sequence of two short
peptides designated Cer 1 and Cer 2, which contain cysteine.
These cysteines are found in the 19-kDal and 50-kDal frag-
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ments, respectively, and are located at positions 134 of the 19-
kDal fragment (Cer 1) and 199 of the 50-kDal fragment (Cer 2).
The sequences around these cysteine residues are homologous
and show great similarity to the active site amino acid residues
reported for azurin (see below).

Disulfide Bridging Pattern. Because cleavage experiments
with plasmin gave the same size pattern for all fragments both
before and after reduction, it has been assumed that all disulfide
bridges are within each fragment (14). From this and from the
striking homology of the half-cystine residues in the third and
fourth lines of Fig. 1, we predict that the three disulfide bridges
within the 50-kDal fragment are as follows: Cys-34 to Cys-60,
Cys-137 to Cys-218, and Cys-374 to Cys-400. This bridging
pattern would provide the most parsimonious interpretation of
the data, but it has yet to be confirmed by the actual isolation
of the bridge peptides.

Types of Copper in Ceruloplasmin and Other Copper-Con-
taining Proteins. Although copper may be bound to proteins
in several forms, all blue proteins such as ceruloplasmin owe
their intense color to the so-called type 1 Cu2" ions. Unlike the
small blue electron-transfer proteins such as the azurins and
plastocyanins, which contain a single type 1 copper and have
molecular weights of only 10,500 to 14,000, ceruloplasmin is a
large multicopper oxidase and contains six copper ions, gen-
erally given as two type 1, one type 2, and three type 3 (15, 16).
Type 1 copper, often called "blue copper," has strong absor-
bance around 600 nm, is detectable by electron paramagnetic
resonance (EPR), and is characteristic ofall blue proteins. Type
2 Cu2+, often called "nonblue copper," because of its weak ab-
sorption at 600 nm, is also detectable by EPR; it is present not
only in other large multicopper blue oxidases such as laccase
and cytochrome oxidase but also in other nonblue oxidases such
as monoamine oxidase and galactose oxidase. The EPR-non-
dectable type 3 Cu2+ ions are thought to constitute antiferro-
magnetically coupled binuclear metal centers and are present
in blue oxidases that can catalyze the reduction of dioxygen to
two molecules of water, e.g., ceruloplasmin, laccase, and cy-
tochrome oxidase (16). Recently, another EPR signal from Cu2+
has been discovered in the latter proteins, which is similar to
that in other metalloproteins containing Cu2+ in binuclear cen-
ters, e.g. superoxide dismutase (17).
Homology at the Binding Site for Type 1 Copper. Because

crystallographic structures and amino acid sequences are es-
tablished for some of the small blue proteins and some of the
large multicopper oxidases, we have searched our sequence
data for ceruloplasmin for segments homologous to the known
copper-binding sites in these proteins. We have shown (7-9,
14) that the carboxy-terminal sequence of the 19-kDal fragment
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FIG. 2. Homology of blue oxidases at the binding site for type 1 copper in azurin (Az) and plastocyanin (P1). Only residues identical with those
in both the 19-kDal and the 50-kDal fragments ofhuman ceruloplasmin (Cp) are boxed. The cysteine, histidine, and methionine are known ligands
to blue type 1 Cu2" in azurin (18) and plastocyanin (19). In these proteins, these ligands are close to the carboxy terminus, as they also are in stel-
lacyanin (STN), human and bovine cytochrome oxidase polypeptide II (CCO-H and CCO-B) and the 19-kDal fragment of ceruloplasmin. The sources
of sequence data are given in the text. The one-letter notation for amino acids is given in ref. 20. For each sequence the position number is given
for the first amino acid shown.
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FIG. 3. Homology of multicopper oxidases at the binding site for nonblue copper in bovine superoxide dismutase (SOD). Residues identical in
two or more enzymes of different specificity are boxed. Histidines at the copper-binding site of bovine superoxide dismutase (23, 24) are enclosed
in circles. Sources ofsequence data: cytochrome oxidase polypeptide 1(CCO), human (25), bovine (26); human ceruloplasmin (Cp) 19-kDal fragment
(7); superoxide dismutase, human (27), bovine (24), yeast (28). For each sequence the position number is given for the first amino acid shown.

of ceruloplasmin has a cysteine, histidine, and methionine in
positions homologous to these amino acids in the azurins and
plastocyanins, and we proposed that the three amino acids were
involved in binding a type 1 copper ion. The 50-kDal fragment
has a cysteine, histidine, and methionine in homologous posi-
tions (Fig. 2). Crystallographic structures ofazurin (18) and plas-
tocyanin (19) confirmed that the combining site did involve
these three amino acids as ligands, and that in azurin the fourth
ligand was a histidine which was 66 residues amino-terminal to
the cysteine. Significantly, in the 19-kDal fragment there is a
histidine (His-69) that is 65 residues amino-terminal to the cys-
teine residue (Cys-134), but in the 50-kDal fragment this is re-
placed by cysteine (Cys-137) (Fig. 1). There are also homologous
cysteine, histidine, and methionine residues in human and bo-
vine cytochrome oxidase. Stellacyanin (21) and fungal laccase
B (22) are also homologous to ceruloplasmin in this region; in-
deed, the 19-kDal fragment of ceruloplasmin and laccase have
the identical sequence Leu-His-Cys-His. We propose, there-
fore, that the binding site for type 1 copper is similar in the small
blue electron-transfer proteins and n the large multicopper
oxidases and that all these enzymes may have evolved from the
same ancestral gene that coded for a small blue protein having
electron-transfer or oxidase function.
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--
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Homology of Ceruloplasmin and Other Copper Oxidases.
A different sequence in the 19-kDal fragment of ceruloplasmin
is homologous to a known site for binding nonblue copper in
superoxide dismutase (23, 24) and also to other sequences in
cytochrome oxidase (25, 26) (Fig. 3). Comparison by the com-
puter program RELATE of the sequence of the 19-kDal frag-
ment of ceruloplasmin to that of bovine superoxide dismutase
gave the highest score to the 15-residue sequence of positions
92-106 in the 19-kDal fragment and positions 43-57 of bovine
superoxide dismutase. Crystallographic study of bovine super-
oxide dismutase (23) has shown that His-46, His-48, and His-63
are ligands to copper. Although the 19-kDal fragment has his-
tidines homologous only to His-46 and His-48, it has three other
nearby histidines, any one of which might serve as a ligand
equivalent to His-63. These two histidines are also in homol-
ogous positions in human and bovine cytochrome oxidase poly-
peptide II, but they are absent in the 50-kDal fragment (Fig.
1).
These results together with those described above for the

binding site for type 1 copper suggest that the 19-kDal fragment
is related in structure and function to other copper oxidases and
electron-transfer proteins and that these proteins share a com-
mon evolutionary origin and were derived at least in part from

- 160 AA
H2N1 O ICOOH

"Azurin"

Gene
fusion

W A350 AA
H2N COOH

Gene
triplication

CH CHO 1050 AA
C

,N
67,000 * 50,000 * 18,650

FIG. 4. Proposed scheme for the evolution of the ceruloplasmin gene. *, Cleavage sites.
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the same ancestral gene. This is the gene referred to as azurin
in Fig. 4.
Homology to the 67-kDal Fragment. Extensive but incom-

plete sequence data we have obtained for the amino-terminal
67-kDal fragment indicate that it has strong homology to the 564
residues in the carboxy-terminal half of ceruloplasmin. For ex-
ample, the sequence of the first seven residues of the whole
ceruloplasmin molecule is Lys-Glu-Lys-His-Tyr-Tyr-Ile- (11);
this is homologous to residues 230-236 of the 50-kDal fragment
and thus in Fig. 1 it fits best just after the end of the 19-kDal
fragment. However, because Lys-Glu-Lys-His-Tyr-Tyr-Ile- is
actually the amino terminus ofthe whole molecule, we propose
that ceruloplasmin initiates with a segment ofabout 23 kDal that
is related to an ancestral gene corresponding to the unmatched
section of the 50-kDal fragment in Fig. 1.

Evolution of the Ceruloplasmin Gene. Fig. 4 presents a
model for the evolution of the gene for ceruloplasmin that is
based both on the internal homology of this protein (Fig. 1) and
on its homology to copper-binding sites in other proteins (Figs.
2 and 3). In this model a primordial gene coding for an azurin-
type protein ofabout 160 amino acids was fused to a gene coding
for a protein of unidentified function and corresponding ap-
proximately to the 180 residues ofsequence from positions 225
to 405 in the 50-kDal fragment. Tandem triplication of the an-
cestral fused gene could give rise to the present-day gene for
ceruloplasmin. This model predicts that the complete sequence
ofhuman ceruloplasmin will exhibit a three-fold repeat pattern
of two alternating structures, one of which is homologous to
azurin and other blue proteins. If two copper ions are present
in each azurin or blue oxidase subunit, the full complement of
copper in ceruloplasmin would be provided for. This model also
provides a mechanism for generating high molecular weight,
multifunctional proteins from smaller preexisting molecules.
This process probably occurred when vertebrates developed a
closed vascular system and a urogenital system, because plasma
proteins must have a molecular weight ofabout 60,000 to avoid
renal excretion.
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