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Abstract An analysis of the genome sequence database re-
vealed novel types of two-domain multi-copper oxidases. The
two-domain proteins have the conspicuous combination of
blue-copper and inter-domain trinuclear copper binding residues,
which is common in ceruloplasmin and ascorbate oxidase but
not in nitrite reductase, and therefore are considered to retain
the characteristics of the plausible ancestral form of ceruloplas-
min and ascorbate oxidase. A possible evolutionary relationship
of these proteins is proposed.
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lished by Elsevier B.V. All rights reserved.
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1. Introduction

Protein-bound metal ions exhibit various functions, such as
catalysis, electron transfer, oxygen transfer and signal trans-
mission. Despite their importance, very few bioinformatics
resources have been dedicated to analyses of the interactions
between metal ions and proteins, so far [1]. Copper is one of
the essential metal elements. Multi-copper blue proteins' ex-
ploit the distinctive redox properties of copper [2,3]. They
contain two types of copper binding sites, blue-copper binding
(BCB) sites and inter-domain copper binding (IDCB) sites.
Historically, blue-copper has been called a type 1 copper
and the inter-domain coppers have been recognized as type
2 and type 3 coppers, based on their spectroscopic character-
istics [3,4]. Amino acid residues that coordinate copper ions
are well conserved in proteins; therefore the presence or ab-
sence of copper binding sites in each domain can be easily
identified solely from the amino acid sequences (Fig. 1).

Multi-copper blue proteins consist of two, three or six ho-
mologous domains (Fig. 2). These domains are also homolo-
gous with cupredoxins, such as azurin and plastocyanin,
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Abbreviations: BCB, blue-copper binding; IDCB, inter-domain cop-
per binding

I We use the term ‘multi-copper blue protein’ to refer to a group of
proteins including nitrite reductase and multi-copper oxidases, such as
ceruloplasmin, ascorbate oxidase and laccase.

which are mono-domain proteins with a blue copper [5]. Ce-
ruloplasmin is a six-domain multi-copper blue protein [6].
Ascorbate oxidase and laccase are three-domain multi-copper
blue proteins [7,8]. A wide variety of three-domain multi-cop-
per blue proteins can be found in plants, fungi and bacteria
[9,10]. In this letter, we use the name ascorbate oxidase to
represent the three-domain multi-copper blue proteins. Nitrite
reductase is a two-domain multi-copper blue protein, which
has a BCB site in the first domain [11]. For its function, this
two-domain protein forms a homo-trimer complex that struc-
turally resembles the six-domain ceruloplasmin.

The IDCB sites of ascorbate oxidase and ceruloplasmin are
trinuclear, consisting of one type 2 and two type 3 copper
ions. The three-dimensional structure around these trinuclear
copper binding sites, as well as their spatial proximity to the
nearest BCB sites, is very similar between ceruloplasmin and
ascorbate oxidase [6]. This strongly suggests that they most
likely have evolved from a common ancestor. The IDCB site
of nitrite reductase is mononuclear, with only a type 2 copper.

Ryden and Hunt [12], Murphy et al. [13] and Lindley et al.
[4] have proposed mutually similar hypotheses regarding the
course of domain evolution of multi-copper blue proteins.
There is a consensus that a domain duplication occurred as
the primary event, which explains the fact that all of the
domains of multi-copper blue proteins can be classified into
two groups, based on sequence similarity of the domains.
These domain classes are called class IV and class V by Mur-
phy et al. [13], and are color-coded pink and blue, respec-
tively, in Fig. 2. Ryden and Hunt [12] explained the formation
of a six-domain protein, ceruloplasmin, as a consequence of
triplication of the two-domain hypothetical ancestor formed
by the initial domain duplication, followed by several modifi-
cations of copper binding sites. They also suggested that
three-domain multi-copper blue proteins, such as ascorbate
oxidase, have evolved by a single domain addition to the
two-domain protein. Alternatively, Murphy et al. suggested
that ascorbate oxidase could have evolved from a six-domain
protein by replacing domains 3 through 5 with a short linker
[13]. In these hypotheses, the order of events for (1) the loss of
BCB sites and (2) the acquisition of inter-domain sites was
unclear. Also, the copper binding site organizations of the
two-domain common ancestors have not been considered ex-
plicitly.

In either scenario of the evolutionary pathway, we now
recognize that it requires the involvement of several types of
two-domain ancestral proteins, as postulated in Fig. 2. The
five two-domain hypothetical proteins are labeled with brack-
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ets, as [X], [Y], [A], [B] and [C]. We explicitly pictured the likelihood algorithm to predict the most likely tree. The tree topology

: ~ : : was assessed with the re-sampling of the estimated log-likelihoods
evolutionary sequence of the two-domain proteins ([X]—[Y] (RELL) bootstrap method. These analyses were carried out using

—[A]—[B]), which would have led to the formation of multi- the MOLPHY program [17]. Protein sequences are identified by their
copper blue proteins. SwissProt entry names when possible. Otherwise, the NCBI accession
In this letter, we describe our search for these hypothetical number or NCBI sequence ID is indicated.
proteins in genome sequences and their identification. Our
findings strongly support our proposed evolutionary path- 3. Results and discussion
ways.
3.1. Novel types of two-domain multi-copper blue proteins from
2. Materials and methods whole genome sequences
We picked out the sequences of Cu-oxidase domains
The BLASTP program [14] was used to search the non-redundant (PF00394) from the Pfam profile database [18]. Using them

(nr) set of protein sequences provided at NCBI [15]. Multiple se-
quence alignments were constructed using the T-Coffee program [16]
followed by manual correction to remove the non-overlapped regions.

as queries, we ran BLAST searches against the nr protein
sequence database. Among the obtained sequences, 11 pro-

Phylogenetic analysis was performed using the neighbor-joining meth- teins were found to possess the sequence pattern of copper
od, which was followed by local rearrangements using the maximum- binding sites characteristic of either [A], [B] or [C].
First domain Last domain
A A
1 23 312 1 . 1 1 23 312 1 1

AcZu 57 VVIEWHGILQ 99 GTFFYHGHLGMORSAGLYGSL 445 HPWHLHGHDF 501 GVWAFHCHIEPHLHMGMGVVF

LeAb 60 VSIIWHGFFQ 103 GITFWYISILSTQYCDGLRGAF 398 HPFILIGHNF 446 GAWFLICUIDWHLEAGLAIVF

MvBO 91 NSVHLHGSFS 128 RTLWYHDHAMHITAENAYRGQ 398 HPIHIHLVDF 451 GVYMFHCHNLIHEDHDMMAAF

K= DHGO 114 TAVHWHGIRL 156 GTSWYHSHFSLQYSNGLYGPL 484 HPIHLHGHDF 538 GAWLLICHLQYHASEGMALQY

E YD56 97 TALEFHGVVP 140 GTFWYHSHSSVQYGDGMRGVL 452 HPWEMHGHHF 525 GKWWLHCHVEWEMMEGLGIVF

_8 YAKS 82 TSLHSHGLFQ 124 GTYWVHSHDMSQYPDGLRTPF 417 HPFHLHGHTF 475 GAWVIHCHIEWHMESGLLATF

5 CopA 96 TSINWHGIIL 136 GTYWYHSHSGFQEQVGVVYGP 522 HPIHLHGMWS 565 GRWAYHCHLLYHMEMGMFREV

CumA 102 TTINWHGIRL 142 GSYWYHPHVSSSEELGRGLVP 398 HPIHLAGMSF 445 GTWMFHCHVIDEMETGLMAATI

Fet3 78 TSMUFHGLFQ 121 GTYWYHSHTDGRYEDGMKGLF 413 HPFHLIGHAF 478 GVWFFICHIEWHLLQGLGLVL

. % Fets 76 TSLHFHGLFQ 123 GTFWY- AIMGAQYGDGMRGAF 418 HPFHLHAGHNF 491 GVWYFHCHVDWHLQQGLASGF
< £

-8 _[ CpHu 98 YTFHSHGITY 156 VTRIY:SHIDAPKDIASGLIG 975 HTVHFHGHSF 1015 GIWLLHCHVIDHIHAGMETTY
©

NR 88 HNIDFIAATG 123 GVFVY! CAPEGMVPWHVTSGM 245 TRPHLIGGHG 292 GVYAYVN/NLIEAFELGAAGH

PAN1 82 HNVDFHAATG 117 GLYIYHCAVAPVGMHIANGMI 228 SSFHVIGEIF 270 GNYTLDVISIFRAFNKGALGQ

a1 135 HTLHFEGSQT 175 GTHLYHCHYQTQRHIDMGMGI 282 HPLHIHNHRF 331 GIYLMHCHKVNHVMNGTFYPG

Bl 124 TTISWHGMIL 164 GTFMY!PISDEMVQMAMGMMG 262 HPIHMHGYDF 250 GAWAINCHKSHETMNAMGHDI

B2 125 TTVEWHGMLL 165 GTFMYHPHADEMVQMAMGMMG 263 HPINLHGYHF 311 GDWAFHCHKSHETMNAMGHQV

= B3 124 TTVEWHGMIV 164 GTFMY:PiSDEMVQMAMGMMG 262 HPIHLHGHSG 309 GDWAFHCHKSHHTMNAMGHEV

i B4 124 TTIEWEGMIL 164 GTFMY PHSDEMVQMAMGMMG 262 HPIFMAGYDF 309 GDWAINCHKSHETMNAMGHDV

2 % B5 132 TAVEWHGGTL 172 GTFMY:P/SDEMIQMAMGMMG 269 HPIHVHGVDF 317 GDWAMICHKSHHTMNAMGHSV
e |
(<]

o B6 99 ASLHVHGVDY 149 SAGYWH Y- DHVVGTDHGTGGI 231 HTFHINGHRW 280 GAWMYHCHVQSHSDMGMAGLL

Cl 103 HTISWHGMLQ 145 GTMWY CHVNVNEHVIMRGMW 247 HAIHTHGHIS 293 GLWMIND-VDTHTTNGDKPGD

c2 149 HSIHFHGSHD 184 GFHPY CHVPPLASHMAKGLY 275 ASFHLHAQTF 319 GRYMF/PIQTKMAEKGAMGWI

c3 135 HTMUFHGIHP 168 GVLHYHCHITPVTRHISKGLY 259 ATFHINHGNFF 305 GKYMFIPIQDAIAESGCIGLF
Cc4 136 HSLHFIGVHP 169 GVHLY!CHIEPVTRHIAKGLY 261 VIF/ L ANFF 306 GKYMF/ P QDAIAENGCMGQF

Fig. 1. Sequence alignment around the copper binding sites in multi-copper blue proteins. The sequences in the top half (above the blue broken
line) are of conventional multi-copper blue proteins, and those in the bottom half (below the blue broken line) are of the newly identified two-
domain multi-copper blue proteins. The novel two-domain proteins were clustered into five groups, according to sequence similarity, and are
separated by purple dotted lines. The numbers 1, 2, and 3, at the top of the alignments, indicate the consensus positions of the type 1, type 2
and type 3 copper binding residues, respectively. The residues colored in red are of BCB sites. The residues colored in green are type 2/3 IDCB
sites. Two sequence fragments, from both the first and last domains of the molecules, are indicated. In the cases of the three-domain and six-
domain multi-copper oxidases, the last domain is the third and sixth domain, respectively. Numbers on the left side of each sequence fragment
show the first residue position of the fragment. The yellow number in the middle column is the number of residues between the second and
third fragments. The sequence ID (SwissProt ID or NCBI accession number), the common name (if any), and the origin of each sequence are
listed below. AoZu: ASO_CUCPM, ascorbate oxidase from Cucurbita pepo var. melopepo; LcAb: LAC1_AGABI, laccase from Agaricus bispo-
rus; MvBO: BLRO_MYRVE, bilirubin oxidase from Myrothecium verrucaria; DHGO: Q00292, dihydrogeodin oxidase from Aspergillus ter-
reus; YD56: YD56_YEAST, YDS56 from Saccharomyces cerevisiae; YAKS8: YAK8_SCHPO, YAKS from Schizosaccharomyces pombe; CopA:
CPA1_PSESM, CopA from Pseudomonas syringae; CumA: NP_743195, CumA from Pseudomonas putida; Fet3: FET3_YEAST, ferrireductase
from Saccharomyces cerevisiae; Fet5: P43561, ferrireductase from Saccharomyces cerevisiae; CpHu: CERU_HUMAN, ceruloplasmin from
Homo sapiens; NR: NIR_ACHCY, nitrite reductase from Achromobacter cycloclastes; PAN1: ANIA_NEIGO, PANI1 from Neisseria gonor-
rhoeae; Al: QIHQF4 from Halobacterium strain sp. NRC-1; Bl: Q92S43 from Sinorhizobium meliloti; B2: Q8U8U7 from Agrobacterium tu-
mefaciens str. C58; B3: ZP_00029340 from Burkholderia fungorum; B4: NP_768850 from Bradyrhizobium japonicum USDA 110; BS:
ZP_00052601 from Magnetospirillum magnetotacticum; B6: Q93HVS from Streptomyces griseus; Cl: ZP_00002680 from Nitrosomonas euro-
paea; C2: NP_711736 from Leptospira interrogans serovar lai str; C3: ZP_00073469 from Trichodesmium erythraeum IMS 101; C4: NP_487982
from Nostoc sp. PCC 7120.
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Fig. 2. Schematic representation of domain organizations of the multi-copper blue proteins and their hypothetical common ancestors. An oval
shape indicates a cupredoxin or multi-copper blue protein domain. Pink and blue colors show the domain class (classes IV and V, respectively).
Red, green, and blue dots indicate type 1, type 2, and type 3 coppers, respectively. Solid arrows indicate postulated pathways and dotted ar-
rows indicate alternative pathways. Conventional multi-copper blue proteins are shown in the right-most column. Five hypothetical proteins are
shown with bracketed labels. Three of them ([X], [Y] and [A]) have BCB sites in both domains, whereas [B] and [C] have a BCB site only in
the first and second domain, respectively. The hypothetical proteins [A], [B] and [C] have trinuclear IDCB sites, whereas [Y] has mononuclear
IDCB sites, and [X] has no IDCB site. Doubled BCB domain proteins are shown in parentheses underneath [X].

Sequence alignments around the copper binding sites of the
novel two-domain multi-copper blue proteins are shown in the
bottom half of Fig. 1. One sequence (Al: QIHQF4) from an
archaeon, Halobacterium sp. NRC-1, has the copper binding
site pattern of the hypothetical ancestor [A]. Six sequences
(Bl1: Q92S43, B2: Q8U8U7, B3: ZP_00029340, B4:
NP_768850, B5: ZP_00052601 and B6: Q93HVS5) share the
copper binding site pattern of [B], and four sequences (Cl1:
ZP_00002680, C2: NP_711736, C3: ZP_00073469 and C4:
NP_487982) have the copper binding site pattern of [C]. All
of the domains of these proteins have four IDCB histidines
(residues shown in green in Fig. 1), which are enough to hold
three copper ions at the inter-domain site. The proteins with
patterns [A] and [B] have BCB sites (residues shown in red) in
the second domain, and the proteins with patterns [B] and [C]
have BCB sites in the first domain. An analysis of the se-
quence similarity revealed that the first and second domains
of the 11 novel two-domain proteins can be classified into two
groups, corresponding to the class IV and class V domains of
multi-copper blue proteins. This finding is consistent with the
expectation that these 11 proteins are the direct descendants
of the hypothetical ancestors [A], [B] and [C], as depicted in
Fig. 2.

Since the monomeric two-domain multi-copper blue pro-
teins cannot form IDCB sites, we assume that these proteins
aggregate to form homo-trimers, like the case of nitrite reduc-
tase. When the two-domain protein in the first group (Al)

forms a homo-trimer as we assumed, and is fully loaded
with copper ions, the resulting complex can hold as many as
15 copper ions per unit.

These two-domain multi-copper blue proteins have not
been previously recognized. In the process of automated or
semi-automated sequence annotation, the differences between
the copper binding residue locations in these two-domain mul-
ti-copper blue proteins have been overlooked. The sequence
similarity with the Cu-oxidase profile in each of the two do-
mains is easily detected. However, these proteins have been
inadequately annotated, as either a nitrite reductase or a frag-
ment of other multi-copper oxidases, such as ascorbate oxi-
dase.

3.2. Phylogenetic relationships of the conventional and novel
multi-copper blue proteins

To investigate the evolutionary relationship between these
new two-domain proteins and other conventional multi-do-
main proteins, we carried out a phylogenetic analysis. To
construct a multiple sequence alignment of proteins with dif-
ferent numbers of domains, we used partial sequences for
large proteins. For ascorbate oxidase and ceruloplasmin,
only the first and last domains were used. The procedure
described in Section 2 provided a multiple alignment of 175
amino acids without gaps. A phylogenetic tree of the new
two-domain proteins together with ceruloplasmin, ascorbate
oxidase, and nitrite reductase, using the maximum-likelihood
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Fig. 3. A rootless phylogenetic tree constructed from a sequence
alignment of the conserved regions of multi-copper blue proteins.
The dendrogram was generated using the neighbor-joining method
followed by local rearrangements using the maximum-likelihood al-
gorithm [17]. Numbers at branches are RELL bootstrap values. Se-
quences are identified by the codes used in Fig. 1. The gray back-
ground circle indicates the low-reliability region, and the colored
background ovals indicate the suggested evolutionary relationships.

method, is shown in Fig. 3. An attempt to determine the root
position by making a multiple alignment with each domain of
these proteins was not successful, due to the low resolution
caused by the shortness of the multiple alignment (ca. 50
amino acids) and the low sequence identity among them. In-
deed, even in the case of Fig. 3, the distant relationship (re-
gion within gray shaded circle) has low bootstrap values and
is not reliable. Nevertheless, we can draw several conclusions
from the phylogenetic tree. Among the new proteins with a
BCB site only in the second domain (type [B]), five proteins
(B1 through BS5), except B6, were close to each other. Also,
among the proteins with a BCB site only in the first domain
(type [C]), three proteins (C2, C3 and C4), except Cl, were
close to each other. Therefore, the novel two-domain multi-
copper blue proteins are categorized into five groups, consist-
ing of (1) Al, (2) B1-B5, (3) B6, (4) C1 and (5) C2-C4, as
separated by purple lines in Fig. 1. In the phylogenetic tree,
ascorbate oxidase shares the closest common ancestor with
the second group (BI1-B5) (sequence identity ~ 35%). Also,
ceruloplasmin shares the closest common ancestor with the
third group (B6), and nitrite reductase shares it with the fifth
group (C2-C4). These suggested relationships are consistent
with our hypothesis that ascorbate oxidase and ceruloplasmin
evolved from the type [B] two-domain protein, as depicted in
Fig. 2. The relationship between nitrite reductase and the type
[C] proteins is rather ambiguous. It is also possible that nitrite
reductase has directly descended from a type [Y] protein.
We hypothesized that types [B] and [C] share the type [A]
protein as a common ancestor. However, the evolutionary
pathways from [A] to [B] and [C] still remain ambiguous.
For example, it is possible that two independent BCB site

K. Nakamura et al.[FEBS Letters 553 (2003) 239-244

losses occurred from [A], to generate the two distinct groups
of type [B] proteins (groups B1-B5 and B6), each of which led
to the three- and six-domain multi-copper oxidases. Also, the
separation of two groups of type [C] proteins on the phylo-
genetic tree is not consistent with our parsimonious scenario

34 379
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(this protein and plastocyanin-like protein)
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Fig. 4. Sequence analyses of novel multi-copper oxidases. Each se-
quence is described by a rectangle with the name of the species
from which the protein is derived, an accession number, and an op-
eron structure, if available. A black box in a rectangle indicates a
multi-copper oxidase domain, a yellow box indicates a putative sig-
nal peptide, a blue box indicates a transmembrane region, and a
green box indicates a conserved domain found only in the six pro-
teins shown. Functions of the green domains are unknown. A red
circle in a black box is a type 1 copper. Red species names indicate
that these species fix nitrogen molecules and a pink name refers to
a species that oxidizes ammonia to nitrate. The brown background
covering Bl to B4 indicates that these proteins are derived from rhi-
zobia, a root nodule-forming species. The blue background covering
C3 and C4 indicates that these proteins are derived from nitrogen-
fixing cyanobacteria.
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shown in Fig. 2. This may be a consequence of the low reli-
ability of the tree in the distant region (gray shaded area in
Fig. 3), or it may suggest independent BCB site loss events for
each group of type [C] proteins.

The evolutionary pathway which led to the acquisition of
the IDCB sites ([X]—[Y]) is intriguing. It is hard to imagine
that a doubled cupredoxin [X] acquired IDCB sites by simul-
taneous mutations of at least four distant locations on the
sequence. There is a cupredoxin (amicyanin from Paracoccus
denitrificans) that possesses two histidines at sequence posi-
tions that correspond to the IDCB site. If this kind of cupre-
doxin duplicated, then the product would be ready to form an
IDCB site by trimer formation.

3.3. BCB domain duplication events

Recently Nersissian et al. [19,20] isolated a duplicated cu-
predoxin protein called dicyanin (Q9MS510) from tomato.
From a BLAST analysis, they also found two other kinds
of duplicated cupredoxin proteins. One of them is a two-
domain protein with no blue copper, named dinodulin
(Q9MAK3, QILFI4 and QIM135), from Arabidopsis thaliana.
The other is the duplicated cupredoxin protein hND, which
lacks blue copper in the first domain, from Halobacterium sp.
NRC-1 (Q9HPH3), the same origin as Al. Unlike the multi-
copper blue proteins, these duplicated cupredoxins lack IDCB
sites (Fig. 2).

A phylogenetic analysis of the domains of duplicated cu-
predoxins together with the domains of multi-copper blue
proteins (dendrogram not shown) showed that the domains
of dicyanin and the domains of dinodulins formed clusters
independent of the domain cluster of the multi-copper blue
proteins. This observation suggests that the duplications of
cupredoxin to form dicyanin and dinodulin were separate
events from the one that led to the foundation of the multi-
copper blue protein family.

3.4. Possible functional annotation of the newly identified
two-domain multi-copper blue proteins

The proteins that we have identified lacked adequate anno-
tation for biological functions in the sequence databases. We
used conventional function prediction methods to obtain in-
formation about the biological functions of the proteins. The
results are summarized in Fig. 4.

Most of the proteins classified in the multi-copper blue
protein family are enzymes that catalyze the oxidation/reduc-
tion of small organic/inorganic substrates [21]. The IDCB sites
of the novel multi-copper blue protein are trinuclear. Trinu-
clear IDCB sites are found in multi-copper oxidases, such as
ceruloplasmin and ascorbate oxidases, whereas the IDCB sites
of nitrite reductase are mononuclear. The catalytic activity of
the trinuclear site is the reduction of oxygen to water, and
that of the mononuclear site is the reduction of nitrite to nitric
oxide. The similarity of the IDCB sites suggests that the mo-
lecular functions of the novel proteins should be similar to
those of ascorbate oxidase or ceruloplasmin, rather than to
that of nitrite reductase.

Proteins B1 to BS5 have the same domain organizations
(Fig. 4) and were clustered in the phylogenetic tree (Fig. 3).
Analyses by SOSUI [22] and PSORT [23] predicted that these
sequences have signal peptides at the N-terminus and are lo-
calized to the periplasmic space of the organism. These se-
quences are rich in methionine. CopC, one of the multi-copper
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oxidases, has a methionine-rich region that binds excess cop-
per ions [24,25].

We have analyzed the genomic context of these newly iden-
tified proteins to gain insight into their function. Bl is en-
coded in a putative operon with four genes, which also con-
tains CopC. B4 is encoded in a putative operon with five
genes, which contains two more copper tolerance proteins
[26]. These copper-containing proteins, including CopC, are
assumed to be factors for copper resistance. The presumptive
function of the proteins is to secrete copper ions in the peri-
plasm [27]. Proteins encoded in the same operon are tran-
scribed at the same time, and often have relevant biological
functions [28]. Proteins Bl to BS5 are, therefore, probably
periplasmic proteins related to copper ion transport. A ge-
nomic link between a multi-copper oxidase (CopC) and a
copper resistance protein (CopA) was suggested previously
[24].

Seven out of 11 organisms with the novel multi-copper blue
protein are capable of nitrogen fixation. B1, B2, B3 and B4
are all derived from rhizobia, bacteria that have established
symbiosis with plants and fix nitrogen [29]. BS is derived from
Magnetospirillum magnetotacticum, which was recently discov-
ered to fix nitrogen [30]. C3 and C4 are derived from cyano-
bacteria that fix nitrogen [31]. In addition to these, Cl is
derived from Nitrosomonas europaea, which oxidizes ammonia
to nitrate [32]. The distribution of our newly found proteins
among those organisms and the fact that other organisms
whose entire genomes have been sequenced lack the proteins
suggest that the proteins may have functions related to nitro-
gen fixation. One of the best characterized proteins in multi-
copper blue proteins is nitrite reductase, whose substrate/
product is nitrite/nitric oxide. The catalytic functions of nitrite
reductase rely on two types of copper ions and an aspartic
acid residue located close to a type 2 copper ion [33]. This
aspartic acid residue is replaced with histidine in the novel
multi-copper blue protein. From these observations, we sug-
gest that the novel proteins function differently from nitrite
reductase.

The proteins in the multi-copper oxidase family are famous
as moonlighting proteins, which are able to change their func-
tions in response to environmental changes [34]. New func-
tions of the multi-copper oxidase family may emerge from the
novel proteins we have identified. The biological functions of
these proteins should be revealed by future experiments.

3.5. Conclusions

The eleven novel multi-copper blue proteins reported here
are unprecedented in their distribution of trinuclear IDCB
sites in consecutive domains, and thus deserve recognition as
new classes of multi-copper blue proteins. They share the
conspicuous copper binding site pattern with ascorbate oxi-
dase and ceruloplasmin, and fit in perfectly as a common
ancestral form of these multi-copper blue proteins. A se-
quence analysis indicated that there were several independent
occasions of cupredoxin domain duplication, and one of them
led to the foundation of the multi-copper blue protein family.
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