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Endospores produced by the Gram-positive soil bacte-
rium Bacillus subtilis are shielded by a proteinaceous
coat formed by over 30 structural components, which
self-assemble into a lamellar inner coat and a thicker
striated electrodense outer coat. The 65-kDa CotA pro-
tein is an abundant component of the outer coat layer.
CotA is a highly thermostable laccase, assembly of
which into the coat is required for spore resistance
against hydrogen peroxide and UV light. Here, we re-
port the structure of CotA at 1.7-A resolution, as deter-
mined by x-ray crystallography. This is the first struc-
ture of an endospore coat component, and also the first
structure of a bacterial laccase. The overall fold of CotA
comprises three cupredoxin-like domains and includes
one mononuclear and one trinuclear copper center. This
arrangement is similar to that of other multicopper oxi-
dases and most similar to that of the copper tolerance
protein CueO of Escherichia coli. However, the three
cupredoxin domains in CotA are further linked by ex-
ternal interdomain loops, which increase the packing
level of the structure. We propose that these interdo-
main loops contribute to the remarkable thermostabil-
ity of the enzyme, but our results suggest that additional
factors are likely to play a role. Comparisons with the
structure of other monomeric multicopper oxidases con-
taining four copper atoms suggest that CotA may accept
the largest substrates of any known laccase. Moreover,
and unlike other laccases, CotA appears to have a flex-
ible lidlike region close to the substrate-binding site
that may mediate substrate accessibility. The implica-
tions of these findings for the properties of CotA, its
assembly and the properties of the bacterial spore coat
structure are discussed.

Bacterial endospores are differentiated cell types that can
withstand exposure to a wide range of physical agents includ-
ing heat, desiccation, radiation, and UV light, and to chemicals
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such as hydrogen peroxide and lysozyme, at levels that would
promptly destroy the corresponding vegetative cells (1, 2). One
of the parameters that decisively contributes to their remark-
able resistance properties is the organization and composition
of the protective layers that encase the mature spore (1, 2). The
spore core that contains a copy of the genome is surrounded by
a layer of modified peptidoglycan called the cortex, which is
essential for heat resistance. The cortex is protected from the
action of lytic enzymes by a proteinaceous coat, which also
confers resistance to noxious chemicals and to UV light, and
allows the prompt response of spores to germinants (1-3). In
the model organism Bacillus subtilis, the spore coat is com-
posed of over 30 different protein components, which are ar-
ranged in a lamellar inner coat and a striated electrodense
outer coat (1, 2). Synthesis of the coat polypeptides is tempo-
rally and spatially regulated by the successive appearance of
four mother cell-specific transcriptional regulators, in the order
o, SpollID, o¥, and GerE (1, 2, 4, 5). However, the ordered
assembly of the coat components appears to rely mostly upon
post-transcriptional and post-translational mechanisms such
as alternative translation initiation, protein secretion, cross-
linking, or proteolysis, which enforce the correct interactions
among the various coat components (1, 2, 6). Assembly of the
spore coat also relies on the action of a class of unique morpho-
genetic proteins, which act by guiding the assembly of several
coat components (1, 2, 7). CotE, for example, is a morphogenetic
protein required for the assembly of the spore outer coat layer
(8) and may act in part by directly interacting with and recruit-
ing several of the outer coat proteins (9).

Despite its importance as a model system for studying the
assembly of a multiprotein structure, as a platform for the
display of heterologous enzymes or antigens, in pathogenesis
and host immune response, and possibly in mediating the
germination of spores in the gastrointestinal tract (2, 10, 11),
our knowledge of the molecular mechanisms underlying the
assembly of the bacterial spore coat is still scarce. The function
of individual coat components is largely unknown, and in only
a few cases have the interactions relevant for their assembly
been unraveled. For example, a putative manganese catalase,
CotJC, interacts with a smaller protein (CotJA) to form a
complex that is targeted to the inner coat layers (12, 13).
Another case involves the SafA and SpoVID morphogenetic
proteins. SpoVID and SafA interact directly, and the targeting
of SafA to the surface of the developing spore requires SpoVID
(6, 14). However, the nature of these interactions and the
structural basis for the assembly of the resulting complexes are
unknown. Evidently, more detailed studies are needed to un-
derstand the mechanisms by which specific proteins or protein
complexes are targeted to the nascent coat. In an attempt to
begin addressing these questions, we have initiated the struc-
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tural characterization of selected spore coat components. The
CotA! protein is a 65-kDa abundant component of the outer
coat layer (15), recently shown to possess copper-dependent
laccase activity and to be highly thermostable (3, 16).

Laccases are polyphenol oxidases, able to oxidize a wide
range of substrates, including xenobiotic compounds such as
methoxyphenols, anilines, and benzenethiols (17), and belong
to the multicopper oxidase family, characterized by the pres-
ence of one mononuclear and one trinuclear copper site. The
multicopper oxidase family also groups ascorbate oxidase (18),
ceruloplasmin (19), various manganese oxidases (20), and other
enzymes involved in copper and iron metabolism, including
CueO from Escherichia coli (21) and Fet3p from Saccharomyces
cerevisiae (22). In plants laccases are involved in cell wall
formation, whereas in fungi they are involved in lignin degra-
dation, detoxification and pathogenesis (23). Besides B. subti-
lis, laccase activity was also found in two other bacterial spe-
cies, the soil bacterium Azospirillum lipoferum (24), and the
marine bacteria Marinomonas mediterranea (25). Moreover,
putative laccase-like multicopper oxidases have been detected
in the genomes of other bacterial species, suggesting that lac-
cases are widespread in bacteria (26). However, of the three
laccases that have been structurally characterized, those from
Coprinus cinereus (27), from Trametes versicolor (28), and from
Melanocarpus albomyces (29), none is of bacterial origin. Lac-
cases have been the subject of increasing attention because of
their established or potential novel uses in biotechnology (see
Ref. 28 and references therein), but they are also an important
system for studying the mechanism of oxidation reactions in-
volving transfer of four single electrons from the substrate to
the final acceptor (30).

The exact function of CotA within the spore coat is still not
fully understood, but the assembly of CotA is essential for the
full complement of spore resistance properties. Expression of
the cotA gene has been classically implicated in the biosynthe-
sis of a brownish pigment that characterizes sporulating colo-
nies of B. subtilis, and which has properties of a melanin and
appears to confer protection against UV light (3, 15, 31). Ex-
pression of cotA is also required for the resistance of spores to
hydrogen peroxide (32). Because of its importance for the re-
sistance properties of the spore structure, because of the im-
portance of laccases, and unique thermostability of CotA
among this class of enzymes (16), we began the structural
characterization of relevant components of the spore coat, by
focusing our attention on CotA. In this paper we describe the
three-dimensional structure of the B. subtilis CotA laccase, as
determined by x-ray crystallography. This is the first report on
the structure of a bacterial endospore component, and also the
first structure of a bacterial laccase.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization—Purification of recombi-
nant CotA was performed essentially as described previously (16), using
an E. coli overproducing host. Protein crystals were growth at 293 K, by
the vapor diffusion method, using 10—15 mg/ml purified CotA protein,
and a reservoir solution containing 100 mm sodium citrate buffer (pH =
5.5), 15% glycerol, 12—-15% isopropanol, and 12—-15% polyethylene glycol
4000 (33).

Data Collection and Structure Solution—CotA crystals reached max-
imum dimensions of 0.2 X 0.3 X 0.5 mm, showing a hexagonal prismatic
shape, and the characteristic blue color caused by the presence of

1 The abbreviations used are: CotA, B. subtilis CotA (PDB code
1GSK); CueO, E. coli CueO (PDB code 1KV7); CcLa, C. cinereus laccase
(PDB code 1A65); TvLa, T. versicolor laccase (PDB code 1KYA); Mal.a,
M. albomyces laccase (PDB code 1GWO0); Asox, zucchini ascorbate oxi-
dase (PDB code 1A0Z); PDB, Protein Data Bank; MAD, multiwave-
length anomalous dispersion; OSP, normalized occluded surface pack-
ing value.
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type I copper centers within the protein (33). They belong to P3,21
spacegroup with cell dimensions of @ = b = 101.8 A, ¢ = 136.1 A, and
one protein molecule per asymmetric unit, corresponding to a solvent
content of 55%.

Diffraction data were collected from two crystals: one considered as a
“native” for high resolution data collection, and the other one for struc-
ture solution by the multiwavelength anomalous dispersion method
(MAD). Data collection for the “native” data set was performed at the
ID-14-EH2 beamline (ESRF, Grenoble, France), and the MAD experi-
ment was undertaken at the BW7A beamline (EMBL, Hamburg, Ger-
many). The structure was solved by the MAD method at the copper K
edge, using the anomalous signal of the copper atoms within the struc-
ture (33). Automated interpretation of anomalous Patterson maps by
SOLVE (34) allowed the localization of two copper atoms:type I copper,
and one of the copper atoms belonging to the binuclear type III center.
The positions of the two remaining copper atoms were determined using
the corresponding anomalous difference maps, calculated with the ini-
tial phases. Electron density maps were improved by density modifica-
tion with RESOLVE (35).

Model Building and Refinement—The original phases obtained with
data to 2.65-A resolution, derived from anomalous Patterson maps
interpretation and density modification by SOLVE-RESOLVE (34, 35),
were extended to 1.7-A resolution using the maximum resolution data
set available with DM (36). Using this extended phase information,
initial model building was performed automatically using ARP/WARP
version 5.1 (37). After 50 cycles of refinement and 10 cycles of building,
93% (479 of 513 possible) of the protein residues were found, and placed
in seven chains, with a global connectivity index of 0.97. At the end of
the automatic building procedure, the refinement converged to an R
factor of 20.2% and an Ry, factor of 24.5%. The amino acid side chains
built with the side_dock script included in the ARP/WARP suite, had a
confidence factor of 0.95. After this process, manual intervention was
required to complete the model. Missing sections were built from 2F, —
F, maps using Xtalview (38). The Xtalview suite was also employed to
complete the solvent boundary of the protein model, including four
glycerol molecules belonging to the crystallization buffer and located
mainly at the surface of the protein.

Protein chain and solvent molecules were input to REFMAC5 for
refinement (39). Positional and isotropic thermal parameters were re-
fined individually for each atom to a resolution limit of 1.7 A. During
the initial refinement steps, isotropic thermal parameters of atoms
belonging to the type II and III copper centers refined to values close to
80 A2, probably because of the low copper content of the protein crystals.
For this reason, occupancies for atoms belonging to the trinuclear T2/T3
copper center were maintained at 0.5. After several cycles of refinement
and model checking the refinement converged to a R factor of 17.7% and
a Ry, factor of 19.8%. No electron density was visible in the region
comprising residues 90-96, which lie in an apparently disordered loop,
the initial methionine, and also the C-terminal last three residues. The
final model contained 502 of the 513 residues in the primary sequence
of CotA. The stereochemistry of the final model was analyzed with
PROCHECK (40) and WHATIF (41). The overall mean B factor of the
structure after refinement was 25.82 A2, and root mean square devia-
tions from ideal values were 0.019 A for bond lengths, and 1.837° for
bond angles (see Table I for additional details of the refinement).

Other Methods—Surface calculations were performed by MSMS (42),
and putative substrate binding pockets were determined using the
CASTP server (43). All the graphical representations of CotA or other
multicopper oxidases were made using PyMol (44). Domain analysis
based on the quantification of local atomic interactions was performed
by using DOMID server (45). Residue packing in CotA was estimated by
calculating the normalized occluded surface packing value (OSP) using
by the program OS (46). Fig. 2 was prepared by ESPript (47) using
MULTALIN as alignment program (48).

RESULTS

Overall Structure of CotA—CotA is a monomeric protein (16)
and has the overall dimensions 70 X 50 X 20 A (Fig. 1, panel A).
The overall CotA fold comprises three cupredoxin-like domains,
as shown in Figs. 1 (panel A) and 2. This fold was first observed
in the small blue copper proteins plastocyanin and azurin (49),
and subsequently detected in other more complex multicopper
enzymes (21, 27). The cupredoxin fold is mainly formed by an
eight-stranded Greek key B-barrel, comprising two B-sheets
composed by four strands, arranged in a sandwich conforma-
tion (50). The first (N-terminal, domain 1; represented in blue
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TABLE I
Refinement statistics obtained using REFMAC_5 (39) for the final CotA model

Values in parentheses correspond to the last resolution shell.

Spacegroup

P3,21

Cell dimensions

No. of reflexions 86,412
No. of protein atoms 4044
No. of solvent atoms 480
No. of heterogen atoms 30

Resolution range for refinement A)
Completeness for range

Rcryst

free R
Overall B value of the model (A%) 25.82
Correlation coefficient ¥, — F, 0.965
Correlation coefficient F, — F, Free . 0.959
Root mean square bond lengths deviation (A) 0.019
Root mean square bond angles deviation (degrees) 1.837

a = 102.051, b = 102.051, ¢ = 136.393, a = 90.00, B = 90.00, y = 120.00

87.71-1.70 (1.78-1.70)
99.8 (89.5)

17.76 (19.85)

19.85 (22.10)

FiG. 1. Overall structure and putative substrate binding pock-
ets of selected multicopper oxidases. Surface calculations were
performed by MSMS (42) and putative substrate binding pockets were
determined using the CASTP server (43) as described under “Experi-
mental Procedures.” All the molecular representations were generated
using PyMol (44). Left column, a rainbow-colored (from N terminus in
blue to C terminus in red) ribbon representation of CotA (A), CcLa (B),
and CueO (C) is shown, including the localization of the copper atoms
within the structure (plotted as orange balls). In panel A, the lidlike
structure over the putative substrate-binding site in CotA is visible to
the right. Right column, molecular surface representation of CotA (D),
CcLa (E), and CueO (F) with the putative substrate binding pocket
colored in green. The view in panels D and E represents a 45° clockwise
rotation relative to the left column view, and was intended to facilitate
the observation of the putative substrate binding site cavities.

in Fig. 1A) cupredoxin-like domain of CotA (residues 2-176;
Fig. 2) has a somewhat distorted conformation in comparison
with the equivalent domain in other multicopper oxidases. It

comprises eight strands organized in a B-barrel form, starting
with a coiled section (residues 2-25; Fig. 2) that connects do-
mains 1 and 2, and is stabilized by hydrogen bonds, contribut-
ing to the packing between these domains. This coiled section is
absent in plant and fungal multicopper oxidases such the lac-
case from C. cinereus (CcLa; Fig. 1B) (27) and ascorbate oxidase
(Asox) (18). However, a similar coiled section is present in the
E. coli CueO protein (Figs. 1C and 2) (21).

The overall fold of the second cupredoxin-like domain of CotA
(domain 2, represented in green in Fig. 1A) comprises a B-barrel
composed by 12 strands (residues 183-340; Fig. 2), very similar
to the fold of domain 2 in Asox (18). Domain 2 of CotA acts as
a bridge between domains 1 and 3 (Fig. 1A4), but a short a-hel-
ical fragment, encompassing residues 177-182, makes the con-
nection between domains 1 and 2, whereas a large loop seg-
ment including residues 341-368 links domains 2 and 3 (Figs.
1A and 2). In both the structures of CotA and CueO, this region
represents an external connection between domains 2 and 3,
whereas in plant and fungal multicopper oxidases the corre-
sponding link is made through an internal connection (compare
the structures of CotA and CueO in Fig. 1 (A and C, respec-
tively) with that of CcLa in Fig. 1B). Therefore, this feature
may be a characteristic of the prokaryotic variants of these
enzymes. Together with the coiled section that links domains 1
and 2 of CotA (which also has an equivalent in CueO; see
above), this external loop motif contributes decisively to the
closer resemblance between the overall folds of the prokaryotic
proteins CotA and CueO, relative to other structurally charac-
terized multicopper oxidases (see also below).

Finally, domain 3 of CotA (in red in Fig. 1A; residues 369—
501 in Fig. 2) not only contains the mononuclear copper center,
but also contributes to the formation of the binding site of the
trinuclear copper center, which is located in the interface be-
tween domains 1 and 3 (Fig. 1A). Moreover, domain 3 includes
the putative substrate binding site, located at the surface of the
protein, close to the type I mononuclear copper center (see Fig.
1, A and D). A protruding section formed by a loop and a short
a-helix (Fig. 1), comprising amino acids from 434 to 454 (Fig. 2),
forms a lid-like structure over the substrate binding site. No
similar element has been found in the previously analyzed
multicopper oxidases with known three-dimensional structure.
Therefore, this structural elemental represents a distinctive
feature of CotA.

Comparison with Other Multicopper Oxidases—The primary
sequence of CotA was aligned with that of all the monomeric
multicopper oxidases of known three-dimensional structures:
CueO (PDB code 1KV7), the laccases CcLa (PDB code 1A65),
TvLa (PDB code 1KYA), MaLa (PDB code 1GWO0), and Asox
(PDB code 1AOZ) (Fig. 2). The copper binding motives are
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FiG. 2. Sequence alignment by MULTALIN (48) of monodomain multicopper oxidases containing four copper atoms and with
known three-dimensional structure. Highly conserved regions are boxed. Within those, invariant residues are represented against a red
background, whereas conserved residues are shaded. The secondary structure of CotA as derived from the three-dimensional data is represented
in the upper part of the alignment. The CotA domains are also represented as different colored solid bars over the secondary structure.

conserved in all sequences. Further similarities are more sig- insertion between residues 80 and 90, which unfortunately
nificant in the N- and C-terminal regions, corresponding to could not be structurally characterized because of the lack of
domains 1 and 3 in the CotA structure (see above). CotA has an electron density in this region. A C-terminal extension of ~30
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TaBLE II
Statistics of three-dimensional alignment by least squares superposition of C-a atoms, of selected monomeric multicopper oxidases with four
copper atoms, as performed by MODELLER version 6 (51)

Diagonal bold row, total number of residues on each PDB file; rows above diagonal, root mean square (A) of the alignment; rows below diagonal,

number of residues in equivalent spatial positions.

CotA CueO CcLa TvLa MaLa Asox
CotA 502 1.639 1.879 1.949 2.084 2.109
CueO 404 463 2.042 1.979 2.097 2.045
CcLa 371 365 504 0.949 1.614 1.587
TvLa 370 363 489 499 1.565 1.586
MaLa 364 355 447 449 559 1.770
Asox 369 362 428 431 458 463

residues present in the fungal and plant variants of these
proteins is absent from the two bacterial multicopper oxidases,
CotA and CueO. To determine the structural similarities
among the analyzed enzymes, a Ca alignment was generated
with version 6 of MODELLER (51). The results of this compar-
ison are presented in Table II. In agreement with the conser-
vation of particular structural elements between CotA and
CueO (see above), these results indicate that from a structural
point of view, CotA is more closely related to the E. coli CueO
protein (21), with a root mean square of 1.639 A for the super-
position of Ca carbons, than to the other analyzed monomeric
multicopper oxidases.

Copper Centers—The copper sites in multicopper oxidases
are classified into three main classes on the basis of their
spectroscopic properties. Type I copper has a distorted bipyra-
midal trigonal coordination, with two histidines and a cysteine
as conserved ligands and one position usually vacant. The axial
ligand is usually a methionine or an aliphatic amino acid, and
is a major determinant in the redox potential of the site (52).
Type I copper is also termed the “blue” copper site, as it confers
the typical blue color to proteins of this family. This results
from the intense (¢ ~ 5,000 M '-cm™?!) electronic absorption
around 600 nm wavelength that originates from the highly
covalent Cud,”? _ ,* Cys S p,, bond. Type I copper is paramag-
netic, with an EPR spectrum characterized by an unusually low
value of the copper hyperfine coupling constant in the parallel
region. Type II copper does not appreciably contribute to the
absorption spectrum of the protein, and its EPR profile shows
magnetic parameters in line with those of the vast majority of
copper complexes. In multicopper oxidases, type II copper is
strategically positioned close to the third type (type III center)
of copper, a binuclear center, spectroscopically characterized by
an electronic absorption at 330 nm and by the absence of an
EPR signal as the result of the antiferromagnetic coupling
between two copper ions. Type II and type III copper can be
regarded as a whole, and for this reason they are often referred
to as a “trinuclear cluster.” From the functional point of view,
the various copper centers within multicopper oxidases act to
drive electrons from a reducing substrate to molecular oxygen,
in a controlled manner, without releasing potential toxic inter-
mediates such as O, or Hy,O, (53). This task is accomplished
through monoelectronic oxidations of the substrate catalyzed
by the type I copper center, that shuttles electrons from the
substrate to the trinuclear cluster, where reduction of molecu-
lar oxygen and release of water takes place (30).

The geometry and electron density defining the copper cen-
ters in CotA can be seen in Fig. 3. Table III lists the bonding
distances in the CotA structure and the other proteins herein
used for structural comparisons: CueO, CcLa, TvLa, and Asox
(18, 21, 27-29, 54). The mononuclear type I copper site in CotA
has the typical geometry found for this site in other multicop-
per oxidases, with two histidines, one cysteine, and a methio-
nine displaying a distorted bipyramidal geometry and an ad-
ditional vacant axial position for the binding of the reducing

substrate (Fig. 3A). The fungal laccases have an aliphatic res-
idue as the distant axial ligand in contrast with the situation
observed in CotA, Asox, and CueO, where this residue is a
methionine. The trinuclear copper center is normally coordi-
nated by eight histidines, using a pattern of four His-X-His
motifs. In CotA, the type III copper atoms (Cu2 and Cu3) are
coordinated by six of these histidines, and the remaining two
histidines are involved in the coordination of type II copper
(Cu4) (Fig. 3A). In terms of geometry, the coordination of type
IIT copper atoms by three histidines is comparable to that
observed in other multicopper oxidases. It is interesting to note
that one of these ligands (His!°” in CotA) is bound in all the
known structures to Cu2 through its N6 atom. The CcLa lac-
case has, however, a unique situation regarding the type III
site, as its Cu3 atom shows a fourth coordinating histidine and
an asymmetric hydroxyl bridge between Cu2 and Cu3 (27). The
strong antiferromagnetical coupling between the two type III
copper atoms is maintained by an hydroxyl ligand, which acts
as a bridge between the copper atoms (52).

The hydroxyl bridge between the type III copper atoms is
(Fig. 3A) in an almost linear arrangement as observed in the
structures of TvLa and CueO (21, 28, 54). Quite interestingly,
the type II Cu atom (Cu4) in the CotA structure (Fig. 3A) is at
a significantly longer distance to the two type III coppers than
in all other structures listed in Table III. Even in the case of the
MalLa laccase structure, which displays a dioxygen molecule in
the middle of the trinuclear copper center, the corresponding
distances are comparable to those observed in all other struc-
tures (18, 21, 27-29, 54). These long distances between Cu4
and its neighboring Cu atoms in CotA, coupled with a typical
oxidized Cu2 ... Cu3 distance, may be an indication of a re-
duced state on this copper site. This inference is in agreement
with the EPR spectra of CotA, which shows no signal caused by
the copper type II site.? Longer Cu ... Cu distances were ob-
served in the case of the reduced structure of Asox (55) with
Cu. .. Cu distances in the trinuclear center of 4.1, 4.5, and 5.1
A, this latter corresponding to the Cu2 . . . Cu3 distance. Also,
in the structure of CcLa, where only type I and III copper atoms
are present, the distance between the Cu atoms in the type III
center is 4.9 A, an observation that prompted the authors to
assume a reduced state for this pair (55).

Solvent Channels—Laccases catalyze the oxidation of differ-
ent substrates via monoelectronic oxidations at type I copper
center. These electrons are transferred to a dioxygen molecule
to generate water by the trinuclear copper center (30). In all
available laccase structures, the trinuclear copper center is
located in a central cavity of the enzyme formed at the interface
between domains 1 and 2 (27, 28). The access of molecular
oxygen to the trinuclear copper center in CotA is granted by the
presence of at least two clear solvent channels formed mainly
by polar and neutral residues (Fig. 4). One of the solvent

2 M. M. Pereira and M. Teixeira, personal communication.



Bacillus subtilis CotA Laccase Structure

B

HOH

19421

) %
(¢ < (&
£ S Y ”
& &
b,
B N - ;:"'.' b -
| L] A
g -~ g =
3 5 h 3 ) 3
(ie ra Lig £
=Wk . | &
% > 2
e 2 - =
& (4
 § ‘d 4 f&
- (‘ (4'

Fic. 3. CotA copper centers. A, schematic representation of the two copper centers, including interatomic distances among all the relevant
atoms; B, stereo representation of the electronic density, resulting from the final refinement and contoured at 1.50, around the monuclear copper
center; C, stereo representation of the electronic density, resulting from the final refinement and contoured at 1.50, around the trinuclear copper
center. In panels B and C, copper atoms and water molecules are represented as green and red balls, respectively.

TaBLE IIT
Comparison of copper coordination distances among selected multicopper oxidases containing four copper atoms, and of known three-
dimensional structure

MalLa structure was omitted because the presence of a dioxygen molecule as a bridge between Cu, and Cu, instead of an hydroxyl group.

Protein
Copper center
CotA CueO CcLa TvLa Asox
Mononuclear copper center Cu(1)
Ligand 1 His*'? (2.05) His**? (2.02) His**7 (1.87) His®% (2.36) His®'2 (2.05)
Ligand 2 Cys*92 (2.20) Cys®%° (2.19) Cys*5? (2.28) Cys*? (2.20) Cys®°7 (2.13)
Ligand 3 His*?7 (2.06) His®%® (1.98) His® (1.91) His*?® (2.23) His*** (2.09)
Ligand 4 Met®°? (3.27) Met?®° (3.23) Leu®? (3.49) Tle*®® (3.51) Met?'7 (2.90)
Trinuclear copper center
Type 2 copper Cu(4)
Ligand 1 His'® (1.85) His**6 (1.84) Absent His® (2.11) His®° (2.00)
Ligand 2 His*?? (1.92) His'%! (1.92) Absent His®%® (1.97) His**® (2.09)
Ligand 3 HOH (2.07) HOH (2.96) Absent HOH (2.58) HOH (2.02)
Type 3 copper (binuclear)
Cu(2)
Ligand 1 His'%7 (1.85) His'%® (1.96) His®® (2.05) His®® (2.30) His*° (2.06)
Ligand 2 His'®® (2.09) His'*! (1.97) His'% (1.98) His'% (2.53) His'%¢ (2.16)
Ligand 3 His*?® (2.10) His**! (2.08) His*%® (2.26) His*** (2.28) His®%¢ (2.07)
Ligand 4 OH (2.19) OH (2.43) OH (2.13) OH (1.98) OH (1.99)
Cu(3)
Ligand 1 His'?® (2.05) His'*? (2.02) His''! (2.08) His''! (2.28) His®*® (2.14)
Ligand 2 His*?* (2.05) His**® (1.94) His**! (2.06) His*% (2.11) His®2 (1.98)
Ligand 3 His** (2.03) His*® (2.03) His**' (2.14) His*%2 (2.24) His'%* (2.19)
Ligand 4 OH (2.11) OH (2.29) OH (3.12) OH (1.97) OH (2.06)
Cu(2)-Cu(3) 4.28 4.70 4.28 3.81 3.68
Cu(4)-Cu(2) 4.64 3.98 3.78 3.66
Cu(4)-Cu(3) 4.67 3.54 3.97 3.79
Cu(2)-0-Cu(3) Angle 168.5° 169.3° 139.9° 164.7° 130.9°

channels allows the communication between type II copper
center and the protein surface, whereas the other one makes
the connection between one of the copper atoms belonging to
the type III copper center and the surface (Fig. 4). Messer-
schmidt et al. (18) described a similar configuration of solvent
tunnels in the ascorbate oxidase structure. With the exception
of MaLa laccase, in which a C-terminal plug occludes the exit of
the solvent channel connecting type III copper center with the

protein surface (29), in all other analyzed multicopper oxidases
the communication of the trinuclear copper center with the
surface is mainly made by these two solvent tunnels. In CotA,
the narrower channel connecting type II copper center with the
protein surface, is slightly longer than in the other multicopper
oxidases, with an overall length of ~13 A.

CotA Substrate Binding Site: Insights into Substrate Speci-
ficity—The active centers of multicopper oxidases are cavities
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protein surface. Two water channels are characterized within the structure of CotA, establishing communication between the Cu, (panel A) and
Cu, atoms (panel B) and the protein surface. These solvent channels are mainly surrounded by hydrophilic residues, which adopt a tunnel-like
arrangement. Copper atoms and water molecules are represented as orange and red balls, respectively. The represented water molecules are

related by hydrogen bonds.

close to the exposed mononuclear type I copper, responsible for
the monoelectronic oxidations of a reducing substrate. A cavity
analysis was performed with CASTP server (43), for CotA and
for all other monomeric multicopper oxidases with known
three-dimensional structures. Table IV lists the results of this
analysis for six proteins in terms of the molecular and solvent-
accessible areas and molecular and solvent-accessible volumes
whereas Fig. 1 (panels D-F) depict a surface representation for
CotA, CcLa, and CueO. The putative CotA substrate-binding
site cavity has the largest values among the analyzed struc-
tures for all the calculated parameters. This is not surprising,
because in CotA the cavity is not occluded by secondary struc-
ture elements (note that the lid-like structure mentioned above
does not mask the substrate-binding site in the structure; Fig.
1, A and D). The opposite situation occurs in CueO, where this
cavity has the lower values for any of the parameters listed in
Table IV, as clearly visualized in Fig. 1C. Access to the copper
I center in CueO is blocked to high molecular weight com-
pounds because of the presence of a short a-helix segment
belonging to domain 2 (21). This helix defines a methionine-
rich region proposed to provide binding sites for exogenous
copper ions and with a role in the formation of a substrate-
specific binding site (21). The putative substrate-binding cavity
in CotA is mainly formed by apolar amino acids as in the CcLa
laccase. This is in sharp contrast with the situation in the Asox
and CueO proteins, in which substrate specificity imposes the
presence of charged and polar residues in the active center of
the enzymes (21). One possibility is that CotA functions to
promote the cross-linking of small hydrophobic endospore coat
protein components (see also “Discussion”).

Thermostability Versus Structure—Factors enhancing pro-
tein thermostability have been extensively reviewed elsewhere
by the study of test case thermophilic proteins in comparison
with their mesophilic counterparts (56). Several factors includ-
ing hydrogen bonds and salt bridges, distribution of charged
residues on the surface, protein packing, and amino acid com-
position have been postulated to be involved in the increased
thermostability properties of some enzymes belonging to ther-
mophilic microorganisms (57). In the particular case of CotA,
all these factors were carefully analyzed in comparison with
other monomeric multicopper oxidases of known three-dimen-
sional structure. One feature that we analyzed was the proline
content, which appears to be associated with increased protein
thermostability (56). CotA contains 46 proline residues (8.9% of
the total number of residues sequence), a number that does not
differ greatly from that observed for other laccases of known
structure (8% for TvLa, 7.5% for CcLa, and 8.2% for Mal.a), all
of which are considerable less thermostable than CotA (see Ref.
16 and references therein). However, the protein with the clos-
est fold to CotA is not one of the structurally characterized

TABLE IV
Analysis of surfaces and volumes of the putative substrate binding
pockets of monomeric multicopper oxidases containing four copper
atoms, as calculated by the CASTP server (43)

Solvent- Molecular Solvent-

F F Molecular
accessible surface accessible
are; 1zlirea volunlae volume
A? A? A’ A’
CotA 468 743 508 1346
CueO 28 138 6 116
CcLa 206 383 143 546
TvLa 112 285 49 268
MaLa 74 336 14 268
Asox 60 255 12 214

laccases, but the copper tolerance protein CueO (21, 58). Even
taking into account the differences in experimental details,
CueO does not appear to be as thermostable as CotA (59). CueO
has a significantly lower proline content (6.2%) when compared
with CotA. Thus, for a very similar fold, the higher proline
content of CotA may be a factor promoting increasing thermo-
stability (see also below).

On what concerns surface charge distribution, the majority
of the analyzed structures showed a preferential presence of
negatively charged residues on the surface, with no significant
differences among them. However, CotA has a positive patch in
the surface region located at the interface between domains 1
and 2. The significance of this positively charged patch is
presently unknown, but we speculate that it may be involved in
the recruitment of CotA to the coat structure (see “Discussion”).
In some well documented cases, domain packing has been
described as a major factor related with protein thermostability
(60). A domain analysis carried out using the DOMID server,
based on the quantification of local atomic interactions (45),
was performed for CotA and for all the multicopper oxidases of
known structure. In the eukaryotic proteins (Asox, CcLa, and
TvLa), the overall fold determines the presence of three struc-
turally independent cupredoxin-like domains (see above). How-
ever, in the bacterial multicopper oxidases (CueO and CotA),
the overall arrangement of the cupredoxin-like domains sug-
gested by this analysis corresponds to a highly packed struc-
ture in which only domain 3, containing the type I mononuclear
copper center, can be clearly defined as an independent do-
main. A larger number of hydrophobic interactions between
putative domains 1 and 2 are responsible, in the bacterial
proteins, for the higher degree of domain packing in these
enzymes. Moreover, and as pointed above, external connections
contribute to the overall packing of both the CotA (this work)
and CueO structures (21) (Fig. 1, A and C).

To allow a better understanding of these features, the atomic
packing in CotA was analyzed. Atomic packing has been rec-
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Fic. 5. Ribbon representation of the CotA structure, with the
localization of the residues with higher OSP values (repre-
sented in yellow). Residues showing higher OSP values are arranged
around the two copper centers, indicating that the protein core is tightly
packed. Copper atoms are represented as magenta balls.

ognized as an important measurement for characterizing pro-
tein structure, because the observation that the interior of
proteins is tightly packed with density similar to those ob-
served in the crystals of small organic molecules (61). Studies of
density within protein cores have implicated the so-called
“packing efficiency” as an important factor determining protein
thermostability (62). Several methods for determining atomic
packing have been described in the literature, but one of the
most widely employed is based on the calculation of the oc-
cluded surface for each protein residue, a powerful method that
provides information on all atoms defining the packing envi-
ronment of a particular atom (63). Following this method, the
OSP for each CotA residue was calculated using the OS pro-
gram (46). This parameter can be interpreted as a quantifica-
tion of the accessibility to the solvent of each particular protein
residue. This calculation was also performed, for comparison,
for CueO and CcLa, and plotted together against the residue
number (Fig. 5). OSP values for CotA protein showed three
intervals in which this value corresponded to a more packed
structure than in the other analyzed multicopper oxidases.
These intervals correspond to residues 140-165, 275-300, and
to the C-terminal segment containing residues 470-510 of
CotA (see Fig. 2). These highly packed residues are localized in
the interface regions between domains 1 and 2, and close to the
mononuclear copper center (Fig. 5). All together, they consti-
tute a pocket around the copper atoms, and contribute for the
overall structure packing of CotA protein.

DISCUSSION

Multicopper proteins are ubiquitous enzymes, which cata-
lyze oxidation reactions in organisms ranging from bacteria to
humans (52). Despite their wide taxonomic distribution and
diversity of substrates utilized, multicopper oxidases share a
common fold, mainly constituted by three blocks (see above),
which has probably evolved from a common monodomain an-
cestor (49). CotA from B. subtilis belongs to the multicopper
oxidase family and recently has been characterized as a ther-
mostable laccase (3, 16). The CotA structure solution by x-ray
crystallography has provided a method to determine the possi-
ble role of this enzyme within the endospore coat.

CotA folding determined from the crystallographic data is
very similar to the observed in other multicopper oxidases (27,
29, 58). An unique feature of CotA structure among the ana-
lyzed multicopper oxidases is the presence of a lid-like seg-
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ment, composed by a loop and a short helix fragment, over the
mononuclear copper center (Fig. 14). We note, however, that a
much shorter protruding coiled region of 6 residues was re-
cently described in the TvLa structure (28, 54). This external
loop is located surrounding the substrate binding site cavity
close to type I copper center, and has been postulated to be
involved in the closure of the substrate binding site induced
by the protein-substrate interaction (28). Similarly, the lid-
like segment in CotA, over the substrate binding cavity, may
be also involved in the substrate binding process. An alter-
native explanation is that this region of the protein is in-
volved in the assembly of CotA into the spore coat. However,
we favor the first interpretation, as an analysis of the B
values for this region is consistent with a flexible region
involved in substrate binding.

Detailed structural comparison of CotA model with other
monomeric multicopper oxidases has pointed out a larger num-
ber of hydrophobic interactions between the three constituting
cupredoxin-like domains, which could be involved in the in-
creased thermostability of the enzyme. Moreover, this charac-
teristic was also observed in CueO protein, in which only do-
main 3, containing the type I copper center, can be defined as
an independent domain (58). We suggest that the increased
packing of CotA mediated by the interface regions between
domains 1 and 2 and by the C-terminal end, is an important
determinant in the remarkable thermostability of CotA. In-
terestingly, these segments contain only 4 of the 46 prolines
present in CotA. Thus, if the proline content is a factor of
thermostability for CotA, then it may act in concert with the
increased packing of CotA to promote its thermostability (56,
57). In despite of this consideration, individual atomic oc-
cluded surface packing values showed unambiguously the
presence of a high packed atomic core around copper centers,
which could be also related with the increased thermostabil-
ity properties of the enzyme (62). Other as yet unidentified
factors may also contribute to the remarkable thermostabil-
ity of CotA.

Little is known about the in vivo substrate(s) of CotA. Ex-
pression of the cotA gene is required for the accumulation of a
dark, melanin-like pigment by sporulating B. subtilis (15, 31).
Laccases have been implicated in melanin biosynthesis in sev-
eral fungi (64—67), and CotA has been shown to have laccase
activity (3, 16). CotA may act as a classical laccase in the
context of the multiprotein coat structure. However, yet an-
other possibility is that CotA promotes the cross-linking of
other coat structural components. Laccases have been impli-
cated in the cross-linking of tyrosine-containing proteins (68).
Moreover, o,0-dityrosine cross-links have been detected in pu-
rified coat material (1, 2), and that oxidative cross-linking has
already been proposed for the tyrosine-rich CotG and CotC
proteins (2, 69), both of which are, like CotA, outer spore
components (8, 70). Another coat protein, CotU (71), is highly
similar to CotC. Both are tyrosine-rich (30.3 and 27.9%, respec-
tively) relatively small proteins (66 residues or 8.8 kDa for
CotC, and 86 residues or 11.6 kDa for CotU). It is tempting to
speculate that these proteins undergo cross-linking, and to
suggest the involvement of CotA. This notion is supported by
the architecture of the CotA active site, which seems designed
for the accommodation of apolar, relatively large compounds.
However, it is not presently known whether CotC or CotU
undergo multimerization, or whether their assembly is in any
way dependent on CotA.

In terms of three-dimensional structure, CotA is more simi-
lar to CueO from E. coli; however, both of the proteins have
unrelated functions. CueO is a protein secreted to the
periplasm of the Gram-negative cell, where it plays a role in
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copper homeostasis (21, 58) whereas CotA is produced in the
mother cell compartment of the sporulating Gram-positive cell
and is recruited for assembly into the coat soon after its syn-
thesis. Nevertheless, the two prokaryotic proteins share a very
similar overall fold (Fig. 1; see also above). We speculate that
CueO and CotA may be founding members of a prokaryotic-
type fold of multicopper oxidases, which in the case of CotA
may have been subjected to particular evolutionary con-
straints, as the protein has to fit into the highly ordered and
dense multiprotein coat structure. We note that, whereas the
bacterial spore is notorious for its heat resistance (1, 2), cotA
has no role in this spore property. A cotA null mutant shows
normal heat resistance (15). It is thus possible that the assem-
bly of CotA has imposed a specific surface pattern that has
translated into more internal changes that have increased the
packing of the protein. We speculate that the high thermosta-
bility exhibited by CotA is an indirect consequence of these
constraints. If so, then it may be possible to find other coat-
associated thermostable enzymes. That seems to be the case, as
highly stable spore-associated catalase isozymes have been
reported (72, 73).

In any case, the interactions involved in the recruitment of
CotA to the coat are unknown. Assembly of CotA may involve a
large number of contacts dispersed along its surface as implied
above, a specific region of the protein, or a combination of the
two mechanisms. The CotE morphogenetic protein is responsi-
ble for the assembly of the spore outer coat layer (8). The
available evidence indicates that residues in the C-terminal
region of the 181-amino acid-long CotE protein mediate inter-
actions with at least some of the proteins that are assembled in
a CotE-dependent manner (9). In particular, residues 155-158
of CotE have been shown to be important for the assembly of
CotA, as well as of other coat proteins (9). This region of CotE
is acidic and is embedded in a larger region containing a high
proportion of negatively charged amino acids (***DWEED-
DEEDWEDELDEE; residues 155-158 are underlined). It is
presently not known whether CotE directly interacts with
CotA, but we speculate that CotE may recruit CotA via an
interaction between the region centered in residues 155-158,
and the positively charged surface patch in CotA (see above).
These and other predictions can now be tested by appropriate
genetic screenings and site-directed mutagenesis.
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