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Abstract

The Cu*-ATPase CopA from Archaeoglobus fulgidus belongs to the P1g family of the P-type
ATPases. These integral membrane proteins couple the energy of ATP hydrolysis to heavy metal
ion translocation across membranes. A defining feature of P1g.1-type ATPases is the presence of
soluble metal binding domains at the N-terminus (N-MBDs). The N-MBDs exhibit a conserved
ferredoxin-like fold, similar to that of soluble copper chaperones, and bind metal ions via a
conserved CXXC motif. The N-MBDs enable Cu* regulation of turnover rates apparently through
Cu-sensitive interactions with catalytic domains. A. fulgidus CopA is unusual in that it contains
both an N-terminal MBD and a C-terminal MBD (C-MBD). The functional role of the unique C-
MBD has not been established. Here, we report the crystal structure of the apo, oxidized C-MBD
to 2.0 A resolution. In the structure, two C-MBD monomers form a domain-swapped dimer, which
has not been observed previously for similar domains. In addition, the interaction of the C-MBD
with the other cytoplasmic domains of CopA, the ATP binding domain (ATPBD) and actuator
domain (A-domain) has been investigated. Interestingly, the C-MBD interacts specifically with
both of these domains, independent of the presence of Cu* or nucleotides. These data reinforce the
uniqueness of the C-MBD and suggest a distinct structural role for the C-MBD in CopA transport.
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INTRODUCTION

Copper is used as a cofactor in many key enzymes, including cytochrome ¢ oxidase,
superoxide dismutase, lysyl oxidase, and dopamine p-monooxygenase.l Although copper is
essential, it can be toxic in excess through the formation of radicals via the Haber-Weiss
reaction.? For these reasons, copper concentrations are tightly regulated inside the cell by a
variety of proteins including metallochaperones and copper transporting ATPases.3 The
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copper transporting ATPases belong to the P11 subgroup of the P-type ATPase family.4:°
P-type ATPases are integral membrane proteins that use the energy of ATP hydrolysis to
transport substrates across membranes.®:” The P1g.1-type ATPases consist of 8
transmembrane helices, an actuator domain between helices 4 and 5 (A-domain), an ATP-
binding domain between helices 6 and 7 (ATPBD), and soluble metal binding domains at
the N-terminus (N-MBDs). The number of N-MBDs ranges from one or two in bacteria and
archaea to six in the human Wilson and Menkes disease Cu*-ATPases.* Their catalytic
mechanism follows the Albers-Post cycle in which metal ion translocation is facilitated by
conformational changes in the ATPBD and A-domain coupled to ATP hydrolysis and
enzyme phosphorylation.8 Transmembrane metal binding sites involve residues from helices
6, 7, and 8.9 In contrast to the Po-type Ca2*-ATPases for which multiple crystal structures
have been solved,10 the molecular basis for metal transport by P1g-type ATPases is not well
understood.

CopA from Archaeoglobus fulgidus is a Cu™ efflux pump that has been studied as a model
system for the Wilson and Menkes disease proteins.11~16 Besides serving as a simpler
model for the human Cu*-ATPases, A. fulgidus CopA is of interest because it has both an N-
MBD and an MBD at the C-terminus (C-MBD). The only other P1g_1-type ATPase
sequence to contain a C-MBD is one from the termite gut bacteria Sebaldella termitidis
ATCC 33386. The MBDs in Cu*-ATPases consist of approximately 70 residues, including a
highly conserved CXXC copper binding motif.17:18 A number of these MBDs have been
structurally characterized and exhibit a conserved ferredoxin-like Bafpof fold similar to that
of the yeast copper chaperone Atx1 (Atx1-like).3 The copper binding and structural
properties of N-MBDs are well understood. Bacterial N-MBDs can exchange metal ions
with Atx1-like metallochaperones called CopZ proteins'2:19 and may function as Cu*
sensors, regulating transport activity.12:20-22 CopA variants from several species with
truncated or mutated N-MBDs are active, although disruption of N-MBDs does affect the
enzyme kinetics20=23 and abrogates inhibition at high copper concentrations.2! Co-
purification studies indicated that the N-MBD binds the ATPBD of the enzyme.24 This
domain-domain interaction is prevented by the presence of either Cu* or nucleotides.
Limited proteolysis2® and cryoelectron microscopy® data have suggested that the N-MBD
may also interact with the A-domain. These observations support a mechanism in which the
N-MBD interacts with catalytic components of the enzyme in the absence of metal, slowing
the enzyme turnover rate. It is hypothesized that upon Cu* binding, the interaction is
prevented and the enzyme reaches full activity.

The role of the A. fulgidus CopA C-MBD has not been explored in detail. In addition to its
unique location at the C-terminus, the CXXC motif is atypical in that the highly conserved
cysteines flank two histidine residues. Although BLAST searches indicate that a CXHC
motif occurs fairly frequently, only one other sequence contains a CHHC motif, a soluble
metallochaperone homolog from Thermosipho melanesiensis B1429. The CopA C-MBD
binds Cu* with high affinity, but neither mutation of its CXXC motif2° nor its deletion?!
significantly affects enzyme activity. Toward understanding the structural role of the CopA
C-MBD, we have determined the crystal structure of the metal free (apo) domain.
Surprisingly, the structure is a domain-swapped dimer, an arrangement not observed
previously for an Atx1-like domain. In addition, we investigated the interactions of the
CopA C-MBD with the A-domain and ATPBD. Distinct from the N-MBD, the C-MBD
interacts with both catalytic domains in a ligand (Cu* or nucleotide) insensitive fashion.

Proteins. Author manuscript; available in PMC 2011 August 15.
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MATERIALS AND METHODS

Cloning, expression, and purification

Recombinant C-MBD (residues 736-804) from A. fulgidus was expressed as a C-terminal
streptactin tagged protein (tag has sequence SAWSHPQFEK) using the pBR-IBAL vector
(IBA).12 BL21(DE3) pLysS competent cells carrying the rare codon encoding plasmid
pSJS124026 were transformed with the C-MBD pBR-IBA1 construct. Colonies were grown
in Luria broth containing 100 pg/mL ampicillin, 34 ug/mL chloramphenicol, and 70 pg/mL
spectinomycin at 37 °C to an ODggq of 0.6-0.8. Protein expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside for 3 hrs at 37°C. Cell cultures were harvested by
centrifugation at 5000g for 15 min, flash frozen in liquid nitrogen, and stored at —80°C.

Cells were thawed in a buffer containing 20 mM MOPS, pH 7.0, 20 mM NacCl, 5% glycerol.
After addition of 50 units of DNase, 1 mM PMSF, and 1 mM EDTA, the cell paste was
resuspended in a metal beaker and lysed by sonication in an ice water bath for 10 min (30 s
pulse and 30 s rest). The cell lysate was then centrifuged at 163,0009 for 1 hr after which the
supernatant was filtered using a 0.22 um membrane filter. Purification was carried out using
a streptactin column (Qiagen) according to the manufacturer’s protocol, and the purified
material was exchanged into 10 mM MOPS, pH 7.0, 10 mM NaCl, 5% glycerol. A
Centriprep device (Millipore) with a cutoff of 5 kDa was used to concentrate the protein to
21.7 mg/mL. The protein was diluted to 20 mg/mL for crystallization screening. Protein
concentration was determined by UV-spectroscopy using a calculated eygo = 8605 M1
cm™ 1L,

Crystallization, data collection, and structure determination

Crystallization screens in 96-well sitting drop trays gave an initial hit using 0.1 M citrate, pH
5.0, 30% PEG 6000 as a precipitant. Optimization in 24 well hanging drop trays at room
temperature using 1 uL of 20 mg/mL C-MBD and 1 pL precipitant was performed. Long
rod-like crystals were obtained using 0.1 M citrate, pH 4.5, 30% PEG 6000. Crystals were
flash frozen in liquid nitrogen using 0.1 M sodium citrate, pH 4.5, 30% PEG 6000, 25%
glycerol as a cryoprotectant. Diffraction data were collected at DND-CAT beamline 5ID at
the Advanced Photon Source at a wavelength of 1.376 A.

The data were processed in space group P2 with unit cell dimensions a = 40.13, b = 35.99, ¢
=51.26, and p = 104.89° (Table ). The data were integrated and scaled using HKL2000.2’
The program MrBUMP28 was used to obtain a molecular replacement solution using MerP
from Ralstonia metallidurans CH34 (PDB accession code 10SD)2? as a search model. An
initial model of the CopA C-MBD was built with Coot3C and refinements were carried out
with CNS (Table 1).31 Refinement of the domain swapped model gave values of R and Ryree
of 0.223 and 0.238 as compared to 0.249 and 0.259 for a backswapped model.
Ramachandran plots calculated with PROCHECK32 indicate that 95.7% of the residues are
in the favored regions and 4.3% are in the allowed regions. Structural figures were generated
with PyMOL .33

Gel filtration chromatography

Analytical size exclusion chromatography was performed on a 111 ml prepacked HiLoad
16/60 Superdex 75 pg column equilibrated with 20 mM MOPS, pH 8.0, 0.2 M NaCl, 1 mM
EDTA, 5 mM DTT. Samples of the C-MBD were injected in 1 ml aliquots at ~50mg/ml, and
the molecular masses were determined using the following standards: blue dextran (void
volume), conalbumin, 75 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 29 kDa; RNase A,
13.7 kDa; aprotinin, 6.5 kDa.

Proteins. Author manuscript; available in PMC 2011 August 15.
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Crosslinking experiments

The crosslinking assay was performed as described with some modifications.3# Cross-
linking reactions were carried out in a buffer containing 15 mM sodium phosphate, pH 7.5,
150 mM NaCl, 0.125 mM tris(2,2'-bipyridyl)ruthenium(ll) chloride. C-MBD were used at a
concentration of 40 uM. Ammonium persulfate (APS) was added to final a concentration of
2.5 mM immediately before irradiation. The reaction mixture was irradiated for 30 sec with
a 100 W white lamp. Reactions were quenched with 10 ul of 100 mM TrisCl, pH 6.8, 5%
SDS, 2% B-mercaptoethanol, 20% glycerol, 0.2% bromophenol blue. Samples were
subjected to SDS-PAGE and protein bands were visualized by Coomassie Brilliant Blue
staining. To carboxymethylate the cysteines, C-MBD (1 mg/ml) was incubated with 10 mM
dithiothreitol in 100 mM Tris, pH 8.5, 150 mM NaCl buffer for 20 min at room temperature
to reduce disulfide bonds. The reduced protein was incubated with 20 mM iodoacetic acid
(IAA) for 1 hr at room temperature in the dark. The protein was then washed in an Amicon
Ultra-5 Centricon (Millipore) with 15 volumes 100 mM Tris, pH 8.0. The remaining free
thiol was measured by the DTNB colorimetric assay as described previously.3°

Domain-domain co-purification assays

Interactions between the C-MBD and the ATPBD and A-domain were investigated by batch
affinity chromatography as described previously for the CopA N-MBD.24 Samples of the
ATPBD and A-domain were prepared according to published protocols.14:15 The C-MBD
was loaded with Cu* using the same method as for the N-MBD.24 The effects of nucleotide
binding were tested by including 5 mM ADP-MgClI, in the assay media. For experiments in
the absence of Cu*, 200 uM bathocuproine disulfonic acid (BCS) was added to the reaction.
Briefly, samples were incubated with 20 L Ni2*-nitrilotriacetic acid resin (Qiagen) for 10
min at room temperature and centrifuged at 14,000 rpm for 5 min to collect the unbound
proteins in the supernatant (FT fraction). The bound proteins were eluted with imidazole (E
fraction), and the fractions analyzed by SDS-PAGE. Control experiments using the
individual domains were performed in an identical fashion.

Additional control experiments included co-purification of the C-MBD with BSA and the
Na*/K*-ATPase ATPBD. For BSA, interactions were characterized as described above
except that samples were incubated with 100 pL of pre-equilibrated streptactin resin for 10
min at room temperature with gentle agitation and then centrifuged at 14,000 rpm for 5 min
to collect the unbound proteins in the supernatant (FT fraction). The proteins bound to the
resin were washed with 1 mL of 100 mM Tris, pH 8.0, 150 mM NaCl followed by elution
with 500 pl of 2.5 mM desthiobiotin in the same buffer (E fraction). The vector carrying the
coding sequence for the His-tagged ATPBD of the Na*/K*-ATPase was a gift from Dr.
Craig Gatto (lllinois State University, Normal, 1L).36 Co-purification of this domain with the
C-MBD was attempted as described above for the CopA ATPBD and C-MBD.

RESULTS AND DISCUSSION

Domain-swapped dimer

The apo C-MBD structure was determined to 2.0 A resolution (Table 1) and contains two
molecules per asymmetric unit. Most of both chains were visible in the electron density
maps with the exception of part of the C-terminal streptactin tag used for purification. The
overall pappop fold resembles that of other MBDs and Atx1-like chaperones.3 There are
extensive interactions between the two monomers mediated by a domain swap of the N-
terminal g strand (residues 1-15) [Fig. 1(a)]. The electron density clearly indicates the
presence of this domain swap [Figs. 1(c), (d)]. This domain swap is stabilized by salt bridges
and hydrogen bonding between monomers. Specifically, residues 5-12 from one monomer
interact via regular B sheet hydrogen bonds with residues 64-68 and 40-46 from the second
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monomer. In addition, residues 14 and 16 from each monomer form a short antiparallel
sheet interaction. A salt bridge between residue Glu5 on one monomer and Lys48 from the
second provides additional stabilization. The cysteines from the CXXC motifs are oxidized
and form intramonomer disulfide bonds, resulting in a ring-like structure for residues 16-19
[Fig. 1(b)]. A citrate molecule derived from the crystallization solution interacts with the
amide nitrogen atom of His 17 and the carbonyl and side chain oxygen atoms of Ser 15 from
one monomer, further locking the swapped conformation in place. Ordered water molecules
also link the citrate molecule to the protein via a network of hydrogen bonds. The core
regions of the two monomers superpose well with an rmsd of 0.67 A for residues 12-68.
There is significant divergence in the position of the swapped strand and also at the C-
terminus, which includes the first four residues of the streptactin tag.

Domain-swapped structures have been observed for a number of proteins, although this is
the first of an Atx1-like MBD. Domain swapping is believed to occur at hinge regions that
unfold locally prior to complete unfolding.3” The hinge is the region of the domain swapped
structure that differs from the non-swapped monomer and links the exchanging domains.
38,39 structural weakness, defined as a sequence that is not optimal with respect to the fold,
is typically located in or near the hinge region.38 In the C-MBD structure, residues 14-16
comprise the hinge loop. By deleting these residues and reconnecting the appropriate
secondary structure elements, it is possible to construct a “backswapped” monomer that
closely resembles other MBD and copper chaperone proteins. This monomer superposes
with oxidized apo MerP with an rmsd of 1.3 A for 64 Ca coordinates and with oxidized apo
Atx1 with an rmsd of 1.9 A for 59 Ca coordinates (Fig. 2).

The relationship between sequence and the propensity to domain swap is not well
understood, but several factors likely contribute to the observed structure. Oxidation of the
two cysteine residues may impart significant steric strain. However, three other structures
exhibit intramonomer disulfide bonds that are not accompanied by a domain swap. These
structures include apo oxidized yeast Atx140, oxidized R. metallidurans CH34 MerP,29 and
the Atx1-like domain of the yeast copper chaperone for superoxide dismutase (yCCS).41
One difference between the C-MBD and these structures is strong interaction between a
citrate molecule from the crystallization buffer and residue Ser15 in the hinge region. The
sequence of the CXXC metal binding motif also differs. In the C-MBD, the two cysteines
are separated by two histidine residues (CHHC) whereas the corresponding sequences are
CSGC in yeast Atx1, CSAC in MerP, and CENC in yCCS. The SG and SA sequences may
be more flexible than the two histidines and thus able to accommodate disulfide formation
without drastic conformational rearrangement. In the case of yCCS, a domain swap is
precluded by the presence of additional domains. Interestingly, a Ramachandran plot of the
backswapped C-MBD model shows that residues 15 and 16 fall within the disallowed
regions. These two residues would thus be under extreme stress in the back swapped
structure if an orientation similar to that of previously characterized MBDs was maintained.
Given that the domain swap is probably related to the presence of exogenous citrate and to
cysteine oxidation, which would not occur in the cell, it is likely an artifact of
crystallization. Nevertheless, it is intriguing that such an arrangement is possible. There may
be conditions in vivo that favor domain swapping, perhaps involving the multiple MBDs of
the human Cu* ATPases.

Oligomerization state of C-MBD in solution

To assess whether the C-MBD dimerizes in solution, gel filtration chromatography and
chemical crosslinking experiments were performed. The theoretical molecular mass of the
C-MBD with the streptactin tag is 8579.7 Da. Three peaks eluted from the gel filtration
column, one with the void volume, one at 27,247 Da and one at 11,672 Da (Fig. 3). The
latter two peaks likely correspond to the dimeric and monomeric forms of the C-MBD. The
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elution volume is smaller than expected, likely due to the unstructured 10 amino acid
streptactin tag. The peak at high molecular mass is not always observed and indicates some
aggregation at the high protein concentration used. The observation that the dimer molecular
mass is somewhat higher than twice the monomer molecular mass is consistent with the
non-globular, elongated shape of the domain-swapped dimer [Fig. 1(a)]. Oligomerization is
also observed upon crosslinking (Fig. 4). Treatment with crosslinker yields aggregation,
probably due to reaction with the cysteine resides. However, carboxymethylation of the
cysteine residues gives two distinct crosslinked products. These products likely correspond
to dimers and tetramers of the C-MBD and are consistent with protein-protein interactions in
solution.

Metal binding loop

Although the C-MBD is structurally and sequentially similar to copper metallochaperones
and N-MBDs, there are some notable differences in the metal binding region. As mentioned
above, the CHHC sequence is unusual, and His 18 is oriented such that it could provide a
third ligand to Cu*. Coordination by both histidine and cysteine could account for the higher
affinity of the C-MBD for Cu™ as compared to the N-MBD as well as the high efficiency of
Cu* transfer from CopZ to the C-MBD.12 Residue Tyr63 is within hydrogen bonding
distance of the cysteine residues and may further stabilize the metal binding site. Instead of a
methionine at position 14 as observed in a number of homologous structures, the C-MBD
contains a leucine which fulfills the same role in hydrophobic packing. Electrostatic surface
complementarity is believed to play a role in copper chaperone-MBD interactions.*0:42
There are a number of lysine residues that create positively charged patches on the C-MBD
surface, including Lys24, Lys25, Lys33, and Lys36. There are also several regions of
negative charge (Fig. 5). These patches may interact with the CopZ chaperone, which is
predicted to have a negatively charged surface.1®

Domain-domain interactions

Domain-domain interaction studies were carried out with the C-MBD to probe its role in
CopA function. A batch affinity chromatography method2# was used to assess co-
purification of the C-MBD with the ATPBD and A-domain (Fig. 6). The C-MBD interacts
with both the ATPBD and A-domain. By contrast, the N-MBD only interacts with the
ATPBD using the same assay.24 The association of the C-MBD with the ATPBD and A-
domain is specific since control experiments performed with the unrelated proteins BSA and
the ATPBD from the Na*,K*-ATPase do not show co-purification (Supporting Information
Figs. S1 and S2). In the 17 A resolution cryoelectron microscopy structure of CopA lacking
the C-MBD, the C-terminus of the eighth transmembrane helix is hypothesized to lie near
the ATPBD, 16 and extension of this helix into the C-MBD would place it in position to
interact with the ATPBD. The molecular basis for the observed interaction of C-MBD with
the A-domain is not obvious from the cryoelectron microscopy model, however. Domain
interactions within A. fulgidus CopA have been proposed to involve complementary
electrostatic surfaces'#15 and the interactions observed here may be mediated by the
aforementioned acidic or basic patches on the C-MBD (Fig. 3)

The presence of Cu* or ADP in the assay media does not prevent interactions between the
C-MBD and the ATPBD or A-domain (Fig. 6). Thus, conformational changes upon
substrate (nucleotide to ATPBD) or regulatory ligand (Cu* to C-MBD) binding do not
strongly affect domain-domain interactions. By contrast, Cu* binding to the N-MBD
prevents interaction with the ATPBD?4 as does Cu™* binding to the N-MBDs of the Wilson
disease protein.*3 It is also possible that the ligands modulate interactions differently when
the C-MBBD is tethered to the transmembrane domain of CopA. C-terminal metal binding
domains are present in eukaryote P1g_o-type Zn?* ATPases,* including a novel regulatory
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metal binding domain at the C-terminus of the Arabidopsis Zn?*-ATPase HMA2.3%
Although these appear to play a similar autoinhibitory role in the absence of the transported
metal ion, they are structurally different from the Cu*-ATPase N-MBDs. Perhaps more
relevant is the autoinhibitory C-terminal domains present in plasma membrane Ca*- and H*-
ATPases.*445 In both cases, interactions with the ATPBD and A-domain have been
suggested as a mechanism of inhibition.#>=47 Interestingly, enzyme activation is dependant
on the interaction of the C-terminal domains with regulatory proteins: 14-3-3 for the H*-
ATPase and Ca-calmodulin for the Ca?*-ATPase. The CopA C-MBD could play a similar
role, modulating activity via interaction with regulatory proteins rather than Cu* binding,
particularly taking into account that the high affinity of this domain for Cu* precludes
“sensing” of available Cu*.12 The absence of in vitro kinetic effects upon mutation or
removal of the C-MBD, although puzzling, does not exclude this possibility.

Taken together, the structural and biochemical data reveal several unusual properties of the
CopA C-MBD. The observed domain swap is novel and suggests that MBDs and copper
chaperones may be able to access conformations beyond what has been observed previously.
The interaction of the C-MBD with the ATPBD and A-domain is consistent with a role in
the CopA function. However, it is likely that this putative function is mediated by other
factors rather than by Cu* binding. Since A. fulgidus is an anaerobic, sulfur-metabolizing
organism that grows at > 80 °C,*8 additional regulation or functionality may be required in
Vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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N-MBD N-terminal metal binding domain of A. fulgidus CopA
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Figure 1.

Structure of CopA C-MBD. (A) The domain swapped dimer. One monomer is shown in
ligth green and the other is shown in purple. (B) Close up view of the hinge region and
CXXC motif. (C) Superposition of the 2F,—F; (blue, contoured at 26) and Fy—F electron
density maps (positive density in green, negative density in red, both contoured at 3c) in the
region of the domain swap for the domain swapped dimer and (D) for a model in which the
domains are not swapped.
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Figure 2.

Superposition of backswapped C-MBD model (light green) with the apo oxidized structures
of R. metallidurans CH34 MerP (pink, PDB accession code 10SD) and yeast Atx1 (blue,
PDB accession code 1CC7).
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Figure 3.
Gel filtration analysis of the C-MBD. Inset shows plot of K, as a function of log(molecular
weight).
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Figure 4.

SDS-PAGE of a representative crosslinking assay of the C-MBD. Lane 1, 2 ug purified C-
MBD. Lane 2, crosslinking products of 2 pg C-MBD. Lane 3, crosslinking products of 2 ug
C-MBD after treating with iodoacetic acid to modify all the cysteines.
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Figure 5.

Surface of the backswapped C-MBD model colored according to electrostatic potential: red,
—60 KT; white, 0 KT; blue, +60 kT. The view on the right is rotated 180° around the vertical
axis from the view on the left.
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Figure 6.

Interactions of C-MBD with the other cytoplasmic domains of CopA. (A) SDS-PAGE of a
representative co-purification assay between ATPBD and C-MBD or Cu*-loaded C-MBD.
(B) SDS-PAGE of a representative co-purification assay between C-MBD and ATPBD in
the absence and in the presence of 5 mM ADP-Mg?*. (C) SDS-PAGE of a representative
co-purification assay between A-domain and C-MBD or Cu*-loaded C-MBD. 40% of
unbound protein (FT) or 40% of the bound protein (E) fractions were loaded in each lane.
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Data Collection and Refinement Statistics

CopA C-MBD

Data collection
Resolution (A) 27.3-2.0A
No. reflections 62387
Unique reflections 9568
Rsym 0.076 (0.245)
1/01 24.0(4.13)
Completeness (%) 97.3(81.7)
Redundancy 6.5(3.9)
Refinement
Ruork 0.22
Riree 0.24
No. atoms 1149

Water 44

Ligand/ion 1
R.m.s. deviations

Bond lengths (A)  0.016

Bond angles (°) 1.47
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