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The two-domain multicopper oxidases are proposed to be key
intermediates in the evolution of three-domain multicopper
oxidases. A number of two-domain multicopper oxidases have
been identified from genome sequences and are classified as
type A, type B, or type C on the basis of the predicted location of
the type 1 copper center. The crystal structure of blue copper
oxidase, a type C two-domain multicopper oxidase from Nitro-
somonas europaea, has been determined to 1.9 A resolution.
Blue copper oxidase is a trimer, of which each subunit comprises
two cupredoxin domains. Each subunit houses a type 1 copper
site in domain 1 and a type 2/type 3 trinuclear copper cluster at
the subunit-subunit interface. The coordination geometry at the
trinuclear copper site is consistent with reduction of the copper
ions. Although the overall architecture of blue copper oxidase is
similar to nitrite reductases, detailed structural alignments
show that the fold and domain orientation more closely resem-
ble the three-domain multicopper oxidases. These observations
have important implications for the evolution of nitrite reduc-
tases and multicopper oxidases.

Multicopper oxidases (MCOs)? are a widely distributed class
of enzymes with diverse functions ranging from copper and
iron metabolism to polyphenol oxidation. MCOs contain four
copper ions arranged in two sites: a blue type 1 mononuclear
copper center (T1) and a trinuclear copper cluster (T2/T3) con-
sisting of a normal type 2 copper center (T2) and dinuclear type
3 (T3) center (1-3). Substrate oxidation is coupled to reduc-
tion of dioxygen to water via electron transfer from the T1
site to the T2/T3 cluster where dioxygen binds (4, 5). Because
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of structural similarities, MCOs are often grouped with copper
nitrite reductases (NIRs), which contain both T1 and T2 sites
(6), and are collectively referred to as multicopper blue proteins
(MCBPs) (7). MCOs are composed of multiple cupredoxin
domains, and both three-domain and six-domain variants have
been studied. Three-domain MCOs (3dMCOs) include ascor-
bate oxidase, laccases, CueO, and Fet3. In these proteins, the T1
site is located in the C-terminal cupredoxin domain, and the
T2/T3 cluster is located at the interface between domains 1 and
3 (8, 9). Ceruloplasmin is a six-domain MCO that houses T1
sites in domains 2, 4, and 6 and a T2/T3 cluster between
domains 1 and 6 (10).

Because of the prevalence of cupredoxin domains, blue cop-
per proteins, and MCOs in nature, understanding their origins
has the potential for addressing important questions about the
evolution of protein size, function, structure, and complexity
(11). Several models for the evolution of three- and six-do-
main MCOs have been proposed. In these models, the key
evolutionary intermediates are two-domain ancestral MCOs
(7,11, 12). The two-domain MCOs (2dMCOs) are hypothe-
sized to result from a single domain duplication event and
have architectures resembling the homotrimeric two-do-
main NIRs. NIRs contain a T1 site in each domain 1 and a T2
site at the intersubunit interfaces between domains 1 and 2
(7, 11-13). On the basis of genome sequence analysis, three
types of two-domain MCOs (2dMCOs) have been predicted
and are classified according to the proposed location of the
T1 copper sites (7) (Fig. 1). The type A 2dMCOs containa T1
site in each domain, whereas the type B and type C 2dMCOs
contain a single T1 site in the second or first cupredoxin
domains, respectively. The latter two types are postulated to
have evolved from the type A 2dMCOS.

Despite the recent identification of genes encoding 2dMCOs
(7), biochemical and structural characterization of these pro-
teins has been limited. The first 2dMCO isolated was blue cop-
per oxidase (BCO, encoded by NE0925 (14)) from Nitrosomo-
nas europaea, originally described as a p-phenylenediamine
oxidase (15) and identified as a type C 2dMCO almost 20 years
later (7, 13). Of all the 2dMCOs identified by Nakamura et al. (7,
13), BCO was predicted to be the most similar to NIRs. In addi-
tion to laccase-like activity, BCO was found to oxidize the fer-
rous heme groups in hydroxylamine oxidoreductase and cyto-
chrome ¢-554. Nitrite reductase activity was also observed
using reduced cytochrome c¢-552 as an electron donor (15).
Beyond BCO, three 2dMCOs from Streptomyces have been
characterized biochemically: EpoA from Streptomyces griseus
(16), SLAC from Streptomyces coelicolor (17), and a halotoler-
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FIGURE 1. Schematic diagram of the domain organization and copper sites of MCOs. T1 sites are shown as dark blue circles, and T2/T3 clusters are shown
as light blue circles. A, type A 2dMCO. B, type B 2dMCO. C, type C 2dMCO. Domain 1 is shown in pink, and domain 2 is shown in green. D, 3dMCO. Domain 1 is

shown in pink, and domains 2 and 3 are shown in green.

ant-alkaline laccase from Streptomyces psammoticus (18). The
amino acid sequences for EpoA and SLAC are known, and
sequence alignments indicate they are type B 2dMCOs (13).
Although the S. psammoticus laccase was not specifically iden-
tified as a 2dMCO, its small molecular mass of 43 kDa is sug-
gestive of a 2dMCO. The physiological role of the 2dMCOs is
not clear, but the biochemical data indicate substrate specific-
ities similar to three-domain laccases (15-18). The crystal
structure of the type B 2dMCO SLAC was recently determined
to 2.7 A resolution and revealed a homotrimer with an overall
architecture similar to NIRs (19). To further understand
2dMCOs and the relationships between NIRs and MCOs, we
have determined the crystal structure of a type C 2dMCO, BCO
from N. europaea, to 1.9 A resolution.

MATERIALS AND METHODS

Cell Growth—N. europaea cells were grown in batch cultures
at 30 °Cin the dark (20, 21). Cultures were grown in Erlenmeyer
flasks (1.5 liters) and polypropylene carboys (9 liters) for 72 h on
a rotary shaker (200 rpm) and used for inoculants. Each large
scale cell culture (closed high density polyethylene dome tanks,
120-liter cultures) was inoculated with the contents of a carboy.
The dome tanks were aerated for about 48 h with an oil-less
diaphragm pump (3-5 liter/min) through coarse glass spargers
to allow proper mixing. The large scale cell cultures were har-
vested at ~0.06 Ay, using a tangential-flow system equipped
with two ultrafiltration modules (Millipore, MA). The concen-
trated cells were then collected by centrifugation and resus-
pended with an equal volume of sodium phosphate buffer (50
mm NaH,PO,, 2 mm MgCl,). This resuspension was flash-fro-
zen in liquid nitrogen and stored at —80 °C until used.

BCO Purification and Activity—For protein isolation, N.
europaea cells were sonicated and centrifuged for 30 min at
129,000 X g. Following a 40% (NH,),SO, precipitation step, the
supernatant was applied to a phenyl-Sepharose column (GE
Life Sciences) equilibrated with 20 mm Tris'HCI (pH 8.0) and
1.7 m (NH,),SO, and eluted with 20 mm TrissHCI (pH 8.0).
Fractions blue in color were concentrated using an Amicon
centrifuge filter (50-kDa molecular mass cutoff, Millipore) and
loaded onto a S-200 HiPrep® gel filtration column (GE Life
Sciences) equilibrated with 20 mm Pipes (pH 6.8) and 20 mm
NaCl. Oxidation of 2,2’-azinobis(3-ethylbenzthiazoline-6-sul-
fonate) (ABTS) by purified enzyme was measured on a Cary 500
spectrophotometer using 20 mm Pipes (pH 6.8), 1 mm ABTS,
and 20 mm NacCl (22) at a final protein concentration of 0.275
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mg/ml. From five replicates, BCO was found to oxidize ABTS at
arate of 105.1 * 4.24 pmol'min~"' mg ™' protein. Protein con-
centration was measured as described previously (15).

Crystallization and Data Collection—Crystals of BCO were
grown by sitting drop vapor diffusion at 4 °C using 100 mm
Tris'HCL (pH 7.5), 4% glycerol, and 40% 2-methyl-2,4-pen-
tane-diol as a reservoir solution. Protein samples (1 ul of 2.75
mg'ml~ " in 20 mm Pipes (pH 6.8), 20 mm NaCl) were mixed
with 1 ul of reservoir solution. Crystals grew within 1 day to
~0.05 mm in the longest dimension and belong to the space
group P1 with unit cell dimensionsa = 76.1,b = 76.3,c = 105.2,
a = 81.5, B = 734, vy = 61.8. Crystals were cryoprotected
using fresh reservoir solution and flash-frozen in liquid nitro-
gen. Data sets were collected at the Life Sciences Collaborative
Access Team (LS-CAT) (sector 21) beamline ID-D and at the
General Medicine and Cancer Institutes Collaborative Access
Team (GM/CA-CAT) (sector 23) beamline ID-D at the
Advanced Photon Source (APS), Argonne, IL using a Mar 300
CCD detector. Data sets were processed using the HKL2000
package (23) (Table 1).

Structure Determination and Refinement—The structure
was solved using copper multiwavelength anomalous disper-
sion (Table 1). Using autoSHARP, all 24 copper sites were
located, and density modification was performed using a sol-
vent content of 47.2% (24). The initial model was built with
Coot (25) using polyalanine chains generated automatically
with ARP/wARP (26) and refined against 1.9 A diffraction data
with Refmac5 (27). Six-fold noncrystallographic symmetry was
used in the early stages of refinement. Two homotrimers com-
prise the asymmetric unit. The final model (Table 1) consists of
residues 44—361 for each of the six chains (A-F), 24 copper
ions, 2,009 water molecules, and four glycerol molecules. The
first 43 residues are predicted to be a periplasmic signal peptide,
and the 2 C-terminal residues were not observed in the electron
density. A Ramachandran plot calculated with PROCHECK
(28) indicates that 100% of the residues are in the most favored
and additionally allowed regions. Figures were generated with
PyMOL (29).

Sequence and Structure Alignments—Sequence alignments
(supplemental Fig. S1) were generated using the program
T-Coffee (30, 31). The BCO coordinates were superposed
onto coordinates of 13 other MCOs using the Secondary
Structure Matching algorithm (32). The BCO model used for
pairwise superposition onto 3dMCOs consisted of chain A
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TABLE 1
Data collection and refinement statistics
Native” Low remote” High remote® Peak”
Data collection _
Wavelength (A) 0.91933 1.3811 1.3189 1.3476
Resolution (A) 1.9 (1.97-1.90) 2.51 (2.6-2.51) 2.39 (2.48-2.39) 2,52 (2.61-2.52)
™ 0.083 (.342) 0.090 (.231) 0.186 (.404) 0.074 (.252)
/ol 16.9 (4.8) 14.9 (4.0) 123 (3.3) 4.0 (1.9)
Completeness (%) 98.2 (98.2) 99.2 (75.2) 100 (98.8) 99.4.(78.8)
Redundancy 24.3 (2.6) 3.7 (3) 10.3 (5.4) 7.4 (5.5)
Refinement
No. of reflections 145,469
RyordIRpes® 0.196/0.167
Average B-factor 23.92
r.m.s. deviations
Bond lengths (A) 0.008
Bond angles (°) 1.157

“ Data from two different crystals were included.
? Data from one crystal were used.
¢ Data from three different crystals were included.
Rym = S| Lops — Loyl/>Fyp, where the summation is over all reflections.
¢ Values in parentheses refer to the highest-resolution shell.
T Ryorke = 2lFops = Featel 2 Fops
€ For calculation of Ry, 5% of the reflections were reserved.
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FIGURE 2. Overall architecture of BCO and comparison with NIR. T1 copper ions are shown as dark blue
spheres, and T2/T3 copper ions are shown as light blue spheres. A, BCO viewed looking down the trimer 3-fold
axis. The three subunits are shown in green, orange, and dark pink. B, AfNIR (PDB accession code 1AS7) viewed
looking down the trimer 3-fold axis. The three subunits are shown in light green, light orange, and light pink.
C, BCO viewed 90° from the orientation in A. The tower loop is indicated with a black arrow. D, superposition of
the NIR tower loop with the corresponding region in BCO. AniA (PDB accession code 1KBW) is shown in light
pink, AfNIR (PDB accession code 1AS7) is shown in light blue, and BCO is shown in green.

residues 44 —318 and residues 179 -318 from chain B. As a

r.m.s.d. and comparable %sse (per-
centage of secondary structure of
query protein found in target pro-
tein) is reported in Table 2 and
supplemental Table S2.

To evaluate the effect of lattice
contacts on the tower loop regions,
subunits with tower loops involved
in crystal packing (chains A, B, D, E,
and F) were superposed onto the
tower loop of chain C, which is not
involved in lattice formation. Crys-
tal contacts using a 5 A cut-off
were identified using the CCP4
program CONTACT (33) and by
visual inspection. Residues 189 -
208 from each subunit were super-
posed using the program TopMatch
(34, 35). Tower loop superposition
results can be found in supplemen-
tal Table S3.

RESULTS AND DISCUSSION

Overall Structure—BCO comprises
a cylindrical homotrimer (Fig. 2, A
and C). Each subunit consists of two
cupredoxin domains (domain 1 and
domain 2), and the overall architec-
ture resembles that of NIRs (Fig.
2B). Although primary sequence
alignments and three-dimensional
superpositions show that the core
domains of BCO are well conserved
in NIRs (supplemental Fig. SI),

control, similar constructs of AniA and SLAC were super- thereare several significant differences. First, the loop proximal
posed in the same fashion. BCO subunits were also pairwise_ to the T1 site is different. In NIRs, this solvent-exposed IOOP,
superposed onto subunits from five different NIRs. In cases referred to as the tower loop (36), acts as docking surface for
in which the Secondary Structure Matching algorithm pre- proteinaceous electron donors (37-39). The NIR tower loop
sented multiple solutions, the solution with the lowest extends from the first 3-strand domain 2 to an a-helix ranging
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FIGURE 3. The BCO metal centers. A, the T1 site. B, a schematic diagram of the T2/T3 site. Metal ligand
distances represent the average over six subunits in the crystallographic asymmetric unit. C, the T2/T3 site
superposed on the T2/T3 site from RIL (PDB accession code 1V10). BCO is shown in blue, and RIL is shown in
orange. D, superposition of the T1 site from RIL onto the corresponding region in BCO.BCO is shown in blue,and

RIL is shown in orange.

in size from one-and-a-half turns to four turns. The corre-
sponding region in BCO is 15 amino acids shorter than that in
the NIRs from Alcaligenes faecalis (AfNIR) (40, 41) and Alcali-
genes xylosoxidans (AxNIR) (42) and 8 amino acids shorter than
that in AniA, a NIR from Neisseria gonorrhoeae (Fig. 2D) (43).
Although AniA lacks part of the tower loop, the effect of the
deletion is very different in BCO. In the BCO tower loop region,
the first B-strand of the domain 2 is followed by a short 3, , helix
that extends into alongloop. This loop is positioned similarly to
the four-turn a-helix found in both AfNIR and AxNIR despite
forming no secondary structure. The C terminus of the AniA
tower loop retains some helical structure that aligns well with
the C-terminal part of the AfNIR and AxNIR helices. However,
the loop regions of AniA and BCO preceding this helix adopt
different orientations than the loop regions in AfNIR and
AxNIR (Fig. 2D). As a result of the modified tower loop region,
the surface of the BCO trimer is much less contoured than
those of NIRs. This difference likely explains the in vitro ability
of BCO to accept electrons from proteinaceous donors of dras-
tically different shapes and sizes (15). Interestingly, the tower
loop region in the N. europaea NIR is also truncated (supple-
mental Fig. S1). It may be that NIR and BCO from N. europaea
can accept electrons from similar protein donors.

It is important to note that five of the six tower loops in the
asymmetric unit are involved in crystal contacts. Superposi-
tion of these tower loops with that from chain C, which is not
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involved in crystal lattice forma-
tion, gives r.m.s.d. values of ~0.1
A (supplemental Table S3). Thus,
crystal packing cannot account for
all the observed conformational
differences.

The second notable difference
between BCO and NIRs is the posi-
tion of the C terminus. In some NIR
structures, the C-terminal exten-
sion stabilizes the trimer by forming

1,71"' His 146

wnanan

His 102 a B-strand that interacts with the
domain 1 B-sheet from an adjacent
subunit (41, 44) (Fig. 2B). In BCO,
the C terminus extends across the

His 300 solvent-exposed side of domain 2,

forming a short B-strand that inter-
acts with domain 1 from the same
subunit. The last 10 residues extend
over the first two strands of domain
1 toward the T1 site.

The Copper Centers—Anomalous
difference maps indicate that the
BCO trimer contains 12 copper
ions, arranged in three T1 sites, and
three T2/T3 clusters. The T1 sites
are located in domain 1 of each sub-
unit and are ~13 A from the nearest
T2/T3 cluster. Although access to
the BCO T1 site is more limited by
the conformation of the tower loop
region than in other MCOs, such as
Rigidoporus lignosus laccase (RIL) (45), the BCO T1 site is still
capable of accepting electrons from multiple proteinaceous and
nonproteinaceous donors (15). The T2/T3 sites are positioned
at the subunit-subunit interfaces, similar to the location of the
T2 site in NIRs. By contrast, the T1 center in 3dMCOs is located
in domain 3, and the T2/T3 site is located at the interface
between domains 1 and 3. The BCO T1 sites are coordinated by
His-99, His-154, and Cys-147 in trigonal planar geometry, as
well as an axial methionine, Met-160 (Fig. 34). The metal-li-
gand distances are similar to those of other T1 sites (supple-
mental Table S1).

The BCO T2/T3 sites are coordinated by 8 histidines, His-
102, His-104, His-146, and His-148 from domain 1 and His-246,
His-248, His-294, and His-296 from domain 2 of the adjacent
subunit (Figs. 24 and 3, B and C). Similar to other MCOs (46),
there are two solvent channels leading to the trinuclear copper
cluster. Unlike SLAC, neither of these channels originate from
the core of the trimer. The T2 copper ion is coordinated by
His-102, His-146, and a solvent ligand. The T3 copper ions are
ligated by 3 histidines each and a solvent ligand that is clearly
coordinated to Cu3(a) but 2.7-3.0 A from Cu3(b) (Fig. 3D and
supplemental Table S1). Interestingly, the BCO T2/T3 copper
ions are coordinated by seven 8 nitrogen atoms and one € nitro-
gen atom similar to most other 3dMCOs, whereas SLAC uses
an all € nitrogen ligation similar to ceruloplasmin (19).
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The average Cu-Cu distances in BCO are 5.04, 4.05, and 4.04
A (Fig. 3B). These distances are similar to those observed in the
crystal structures of laccases from R. lignosus (RIL) (45), Corio-
lus zonatus, and Cerrena maxima (8, 47, 48), all of which have a
solvent ligand coordinated to Cu3(a). A terminal solvent ligand
to Cu3(a) is also observed in the structure of T2-depleted Cop-
rinus cinereus laccase (49). The BCO Cu-Cu distances are also
similar to those in the structure of reduced ascorbate oxidase
(50). Superposition of BCO and RIL shows that not only are the
metal distances similar, but the arrangement of histidine
ligands at the T2/T3 site is well conserved (Fig. 3C). Although
ascorbate oxidase was chemically reduced with dithionite, nei-
ther BCO nor RIL was treated with reductants. A probable
explanation for the long Cu-Cu distances in RIL and BCO is
photoreduction in the synchrotron beam. This phenomenon
is well documented for metalloprotein crystals (51-53) and has
been exploited to observe reduced intermediates in Lentinus
tigrinus laccase (LtL) (54). Thus, the BCO T2/T3 clusters are
likely at least partially reduced.

Although the BCO and laccase T2/T3 sites are structurally
similar, formation of the trinuclear copper cluster in BCO is
likely a more complex event. There is evidence that 3dMCOs
sequentially reconstitute copper into the metal sites, loading the
T1 site followed by the T2 and T3 sites (55, 56). In 3dMCOs,
the T2/T3 cluster is located between domains 1 and 3. In BCO,
the T2/T3 cluster is located at a subunit-subunit interface, so its
formation must be preceded by oligomerization. In addition, a
long linker connecting domain 2 to domain 3 in 3dMCOs may
impart more flexibility to the T2/T3 binding site, allowing eas-
ier access for copper ions. This flexibility may also explain why
the copper sites in 2dMCOs appear to be more stable once they
are formed. Notably, the solvent channels leading to the T2/T3
sites in BCO contain four methionines, Met-106, Met-143,
Met-292, and Met-312. These methionine residues might par-
ticipate in recruiting copper for loading into the T2/T3 sites.

Implications for 2dMCO Structure and Function—BCO is a
type C 2dMCO containing a single T1 site within domain 1 (Fig.
1). As of 2005, Nakamura and Go (13) identified 21 different
2dMCOs in genome databases: 3 type A, 17 type B, and 11 type
C. On the basis of phylogenetic analysis, the type C 2dMCOs
were further divided into three groups with BCO falling into its
own class. Although no copper is present in domain 2 of BCO,
superposition with the domain 3 RIL T1 site reveals that 2 his-
tidines, His-243 and His-300, and a nearby hydrophobic resi-
due, Ile-311, which occupies the axial position in laccases (8),
are conserved (Fig. 3D). The RIL cysteine ligand is replaced by
Asp-295 in BCO. Neither of the other two type C groups retain
these 2 histidines and the hydrophobic residue in this position,
suggesting that BCO is more closely related to the type A
2dMCOS, which have predicted T1 sites in both domains. In
support of this notion, the type A 2dMCOs have a predicted
tower loop region similar to that in BCO, whereas this region is
missing in the other type C 2dMCOS (supplemental Fig. S1).
These observations suggest that the ancestral type A 2dMCOs
likely diverged at least two times to form modern type C
2dMCOs.

The physiological roles of the three classes of 2dMCO are not
known. The tower loop in BCO and the type A family may
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TABLE 2
Structural comparison of BCO with other MCBPs
Enzyme r.m.s.d. Organism PDB
A
3dMCOs

Laccase 1.82 Melanocarpus albomyces 1GWO0
Laccase 1.82 Rigidoporus lignosus 1v1o0
Lacasse 1.67 Trametes trogii 2HRG
Laccase 1.75 Coriolus zonatus 2HZH
Laccase 1.75 Trametes versicolor 1GYC
Laccase 1.82 Cerrena maxima 2H5U
Laccase 1.75 Coriolopsis gallica 2VDS
Laccase 1.79 Lentinus tigrinus 2QT6
Laccase 1.77 Coprinus cinereus 1HFU
CueO 1.91 Escherichia coli 2FQE
Fet3p 1.69 Saccharomyces cerevisiae 1ZPU
CotA (laccase) 1.85 Bacillus subtilis 1GSK
Ascorbate oxidase 1.43 Cucurbita pepo var. melopepo  1AOZ

Average 1.76

NIRs

AniA 2.02 Neisseris gonorrhoeae 1KBW
AxNIR 2.15 Alcaligenes xylosoxidans INDT
AfNIR 2.10 Alcaligenes faecalis 1AS7
AcNIR 2.05 Achromobacter cycloclastes INIC
RsNIR 2.06 Rhodobacter sphaeroides 1ZV2

Average 2.08

Ascorbate oxidase
BCO
Domain 1 Domain 2 Domain 3

Individual domains

Domain 1 1.00 2.00 1.78

Domain 2 1.82 1.44 1.46

facilitate electron transfer from proteinaceous donors to the
domain 1 T1 site. The lack of a tower loop in the other type C
2dMCOs may indicate a different function. Interestingly, these
proteins all have a conserved histidine at position 97 (BCO
numbering) (supplemental Fig. S1). This residue, which is a
leucine in BCO, is predicted to be close to the T1 site and could
either bind substrates or participate in copper coordination. Of
the 17 type B 2dMCOs catalogued by Nakamura and Go (13), 14
(not including EpoA and SLAC and NP_841583 from N. euro-
paea) include methionine-rich C-terminal extensions and pre-
dicted methionine-rich surface patches, suggestive of a role in
copper homeostasis (7), like the 3dMCO CueO (57). Because all
the type B 2dMCOs except for EpoA, SLAC, and N. europaea
NP_841583 contain predicted tower loops, the T1 site in
domain 1 may have evolved away to avoid functioning as a ter-
minal oxidase.

Comparison with Other MCBPs and Evolutionary Implica-
tions—Structural comparison of BCO with other MCBPs
reveals some striking similarities and differences. The two
domains of the BCO subunit were superposed on five different
NIRs with an average r.m.s.d. of 2.08 A (Table 2 and supplemen-
tal Table S2). BCO and AniA (43) are quite similar with an
r.m.s.d. of 2.02 A. To facilitate comparison with 3dMCOs, a
model containing one BCO subunit and domain 2 of an adja-
cent subunit was constructed (Fig. 4). An analogous model for
AniA was also generated. BCO was superposed onto 13 differ-
ent 3dMCOs with an average r.m.s.d. of 1.76 A (Table 2). Ascor-
bate oxidase is the most similar with an r.m.s.d. of 1.43 A.
Superposition of AniA with the same 3dMCOs yields an aver-
ager.m.s.d. of 2.41 A. The individual domains of BCO were also
superposed onto single domains of AniA and several 3dMCOS
(supplemental Table S2). The superpositions clearly show that
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FIGURE 4. Comparison of BCO with the 3dMCO RIL (PDB accession code 1V10). Regions not used in the structural superposition and large unconserved
loops are colored gray. A, BCO trimer with model used for structural comparison shown in red. B, a schematic diagram of BCO domain organization. The green
and pink domains represent the red domains in A. C, superposition of RIL (teal) onto BCO (red). D, RIL with model used in superposition in teal. E, schematic

diagram of RIL domain organization.

the overall folds and orientations of the cupredoxin domains
are well conserved between BCO and the 3dMCOs (Fig. 4C)
and match particularly well at the subunit interfaces. The
r.m.s.d. values (Table 2) indicate that despite having the same
overall architecture as NIRs, the orientation of the two domains
in BCO is more similar to that in 3dMCOs.

In contrast, structural analysis of the type B 2dMCO SLAC
indicated a closer similarity to AfNIR than to ascorbate oxidase
and laccase from Melanocarpus albomyces (19). Our analysis
with single subunits gives similar results (Table 2), but super-
position of the individual SLAC domains indicates that SLAC
domain 1 is more similar to domain 1 of the 3dMCOs than
domain 1 of NIRs. Domain 2 of SLAC is more similar to domain
2 of NIRs than the second and third domains of 3dMCOs, how-
ever. It is therefore not surprising that BCO and SLAC super-
pose poorly with an r.m.s.d. of 2.07 A.

Although the comparison of SLAC with NIRs might suggest
a close evolutionary linkage (19), several structural features are
consistent with a more distant relationship. The most obvious
structural difference is the location of the T1 copper site. In
SLAC, the T1 site is located in the second cupredoxin domain,
whereas NIRs and BCO house the T1 site in their first cupre-
doxin domain. SLAC also lacks a tower loop, and the initial two
B-strands in domain 1 are shorter than the corresponding
strands in BCO and NIRs, resulting in a significantly different
top surface. Beyond these major differences, SLAC contains
two additional loops that are proposed to stabilize the trimer
(19). Neither of these loops are present in NIRs or BCO.

Phylogenetic analysis conducted by Nakamura et al. (7, 13)
indicated that BCO is the closest known 2dMCO relative to
NIRs, leading to the hypothesis that NIRs might have evolved
from a BCO-like type C 2dMCO via loss of the T3 site. How-
ever, they also noted that NIR could have descended directly

APRIL 10, 2009+VOLUME 284 -NUMBER 15

from a common ancestor before the creation of the T2/T3 site.
Given that superpositions show that the BCO domain arrange-
ment is more similar to 3dMCOs than NIRs and evidence that
BCO diverged recently from the type A 2dMCOs, we propose
that NIRs evolved before MCOs acquired the trinuclear copper
clusters. This scenario would also be more consistent with the
evolutionary hypothesis for NIRs (58). Additional studies of
2dMCOs will be required to fully understand their physiologi-
cal function and their role in MCBP evolution.
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