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SUMMARY

P-type ATPases play an important role in Cu homeostasis, which provides sufficient Cu for
metalloenzyme biosynthesis, but prevents oxidative damage of free Cu to the cell. The Pg group of
P-type ATPases includes ATP-dependent pumps of Cu and other transition metal ions; this group is
distinguished from other family members by the presence of N-terminal metal binding domains
(MBD). We have determined structures of two constructs of a Cu pump from Archeaoglobus
fulgidus (CopA) by cryoelectron microscopy of tubular crystals, which reveal the overall architecture
and domain organization of the molecule. By comparing these structures, we have localized its N-
terminal MBD within the cytoplasmic domains that use ATP hydrolysis to drive the transport cycle.
We have built a pseudo-atomic model by fitting existing crystallographic structures into the
cryoelectron microscopy maps for CopA, which suggest a Cu-dependent regulatory role for the
MBD.

INTRODUCTION

Copper is an essential cofactor for many enzymes but can also be toxic due to its potential to
drive oxidation/reduction reactions and to form free radicals. Therefore, all living cells from
bacteria to mammals have developed mechanisms to finely control intracellular Cu
concentration (Vulpe and Packman, 1995). P-type ATPases compose one of the principal
protein families involved in Cu homeostasis, which comprise a variety of ATP-dependent,
transmembrane ion pumps and has been divided into a number of subgroups, denoted P|-Py/
(Axelsen and Palmgren, 1998). Cu transport is handled by the P,g group, which also includes
transporters of other transition metal ions, such as Zn2*, Cd2*, Co?* and Pb2* (Lutsenko and
Kaplan, 1995; Williams and Mills, 2005). The best characterized P-type ATPases come from
the Py, group and include mammalian Ca2*-ATPase and Na*/K*-ATPase, which have been the
subject of numerous cell biological, biochemical and structural studies (Kuhlbrandt, 2004).

In humans, two P;g ATPases are responsible for maintaining appropriate Cu concentrations
and, when defective, give rise to Menkes (MNK) and Wilson’s (WNDP) diseases (DiDonato
and Sarkar, 1997). They are found in the membrane of the trans golgi network but can be
targeted to different cellular membranes in response to a variety of cellular signals (Lutsenko
etal., 2007). In yeast, Ccc2p pumps Cu into the golgi (Yuan et al., 1997) and homologues have
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also been characterized from plants to bacteria, for example OSHMAS9 in O. sativa (Lee et al.,
2007), CUA-1 in C.elegans (Yoshimizu et al., 1998), and either CopA or CopB in a variety of
bacteria (Mandal etal., 2002; Odermattetal., 1993; Rensing etal., 2000). In most cases, soluble
metallochaperones have also been identified, which play a role in chelating free Cu in the
cytoplasm and delivering it to the transporters (Pufahl et al., 1997).

Members of the P-type ATPase family are characterized by the formation of a phosphorylated
intermediate during the enzymatic cycle, by a common membrane topology and domain
organization, and by conserved sequence motifs implicated in ATP hydrolysis and
phosphorylation (Kuhlbrandt, 2004; Moller et al., 1996). Based primarily on studies of Py,
ATPases, the reaction cycle involves alternation between E1 and E2 states, in which
transmembrane ion sites are oriented towards the intracellular or the extracellular milieu,
respectively. A catalytic aspartate within the cytoplasmic domains can be phosphorylated in
either state, which has a long-range conformational effect on the transmembrane domain and
thus modulates accessibility of the ion transport sites therein. X-ray structures of the
sarcoplasmic reticulum Ca2*-ATPase (SERCA1a) have defined three cytoplasmic domains
and demonstrated the conformational changes that accompany principle steps of enzymatic
cycle (Moller et al., 2005; Toyoshima and Inesi, 2004). In particular, the N-domain binds ATP,
the P-domain contains the catalytic aspartate, and the A-domain helps couple phosphorylation/
dephosphorylation with ion site gating. P;g ATPases retain these characteristics and are
additionally equipped with a specialized N-terminal domain that carries characteristic metal
binding domains (MBD). Although there are several atomic structures of P|g ATPases, they
all represent isolated cytoplasmic domains, i.e., N-domain (Dmitriev et al., 2006; Haupt et al.,
2004), composite N- and P-domain (Lubben et al., 2007; Sazinsky et al., 2006b), A-domain
(Sazinsky et al., 2006a), and N-terminal MBDs (Banci et al., 2002a; Banci et al., 2002b; Banci
et al., 2004; Gitschier et al., 1998). To date, there is no structural information for an intact
P,g ATPase to elucidate the interaction of the MBDs with the rest of the molecule.

As many as six MBDs are arranged in tandem on the N-terminal tail of P;g ATPases, which
have a conserved sequence motif (GMTCxxC) and structural fold also found in the soluble
metallochaperones (Arguello et al., 2007). The role of these MBDs is uncertain though there
is evidence for their contribution to protein targeting in mammalian cells (Forbes et al.,
1999; Petris et al., 1996; Schaefer et al., 1999) and to regulation of transport activity (Huster
and Lutsenko, 2003). Their structural homology to soluble Cu* metallochaperones has lead to
the idea that MBDs mediate transfer of Cu* from chaperone to the transport site on the pump.
Although transport has indeed been demonstrated between metallochaperones and MBDs
(Achila et al., 2006), no definitive evidence exists for transfer to the membrane transport sites.
In fact, many bacterial pumps appear to be minimally affected by removal of their respective
MBDs (Fan and Rosen, 2002; Mana-Capelli et al., 2003; Mandal and Arguello, 2003; Rice et
al., 2006).

CopA is a Cu*-dependent P\g ATPase present in a variety of bacteria, which typically has a
single MBD in the N-terminal tail. CopA from Archaeoglobus fulgidus is unusual in having a
second MBD on its C-terminal tail (Mandal et al., 2002); however, truncation or mutation of
this C-terminal MBD does not have a significant affect on activity (Mandal and Arguello,
2003; Rice et al., 2006). In the current study, we have determined the structural location of the
N-terminal MBD of CopA from A. fulgidus using cryoelectron microscopy to analyze tubular
crystals of two different constructs. In particular, we have compared structures of a construct
lacking the C-terminal MBD (AC-CopA) with another construct lacking both N- and C-
terminal MBDs (ANAC-CopA). Thus, we have identified the location of the N-terminal MBD
relative to the N-, P- and A-domains that have been shown to drive catalysis. In particular,
difference maps show that the N-terminal MBD of CopA straddles the N-domain and the A-
domain. By using the X-ray structure of Ca2*-ATPase as a template, we docked atomic
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coordinates corresponding to CopA cytoplasmic domains into our map and created a pseudo-
atomic model for the intact CopA molecule. This model reveals a conformational change in
CopA that is consistent with the use of a phosphate analogue (MgF42") for crystallization of
ANAC-CopA. Inaddition, the model suggests how the N-terminal MBD may be auto-inhibitory
in the Cu-free state, leading to a model for Cu-dependent regulation of CopA activity.

Crystallization of CopA

The two constructs of CopA used for crystallization are shown schematically in Figure 1
together with a polyacrylamide gel of the respective protein preparations. One construct
produced a truncation of the C-terminal tail immediately after the last transmembrane helix
(AC-CopA), whereas the other produced truncations of both N-terminal and C-terminal tails
(ANAC-CopA). Previous studies have documented that various constructs of CopA from A.
fulgidus, including those studied here, require elevated temperatures for maximal levels of
ATPase activity, an observation which is consistent with their derivation from the genome of
an extreme thermophile (Mandal et al., 2002;Rice et al., 2006). Similarly, we found that
elevated temperatures (~50°C) greatly favored the production of tubular crystals with helical
symmetry. Although 2D arrays were also observed at room temperature, the proportion of
tubular crystals was far lower. For AC-CopA, tubular crystals were grown in the presence of
the Cu* chelator BCDS at pH 6.1, which is analogous to the conditions used to stabilize the
E, enzymatic state of SERCA1 (Takahashi etal., 2007; Toyoshima and Nomura, 2002). Tubular
crystals of ANAC-CopA grew under similar conditions with the addition of MgF42", a
phosphate analogue that has been shown to stabilize the E,-P state of SERCAL (Toyoshima et
al., 2004). In both cases, tubes were >10 um long and were rather narrow, with diameters of
30 nm and 35 nm for AC- and ANAC-CopA, respectively (Figure 2).

Fourier transforms from tubular crystals preserved in the frozen-hydrated state are
characterized by a set of layer lines reflecting an underlying helical symmetry (Figure 2).
Initially, these layer lines were assigned an arbitrary set of Miller indices and, ultimately, their
helical selection rule was established by assigning a consistent set of Bessel orders (DeRosier
and Moore, 1970). Similar to tubular crystals of SERCAL and the nicotinic acetylcholine
receptor, each construct of CopA produced a range of helical symmetries (Toyoshima and
Unwin, 1990;Xu et al., 2002). For 3D reconstruction, we selected a group of tubes conforming
to a single selection rule: for AC-CopA tubes the (1,0) and (0,1) layer lines had Bessel orders
of 5 and -8 respectively, whereas for ANAC-CopA tubes, these primary layer lines had Bessel
orders of 7 and -11. Although the axial positions of layer lines were somewhat variable, the
corresponding changes in unit cell parameters were less than 2% (Table 1), indicating that
Fourier-Bessel components of tubes within these respective symmetry groups could be
averaged prior to 3D reconstruction. In the averaged data sets from both AC-CopA and
ANAC-CopA tubes, the phase residuals were consistent with two-fold symmetry, which we
therefore used to derive statistical measures of resolution. In particular, we used both two-fold
related phase residuals and the Fourier Shell Correlation after applying a 180° rotation to the
unit cell. Table 1 indicates that averaged data from AC-CopA tubular crystals have slightly
better resolution than ANAC-CopA, which we would judge to be ~17 A.

Structure of CopA

Structures of both AC-CopA and ANAC-CopA are characterized by a closely associated dimer
(Figure 3 and Supplementary Figure 1). The physiological significance of this dimeric
arrangement is uncertain as other members of the P-type ATPase family are known to be fully
functional in the monomeric state (Jorgensen and Andersen, 1988). The boundaries of the
bilayer were determined from the mean radial density distribution, which reveals two strong
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peaks arising from the electron-dense phosphates composing the lipid headgroups
(Supplementary Figure 2). The AC-CopA dimer (Figure 3A-C) fits within a cylinder 76 A in
diameter and 108 A long. The cytoplasmic domains extend ~78 A above the bilayer surface,
whereas the extracellular domains are not resolved from the inner leaflet of the bilayer. The
shape of the cytoplasmic domains is generally reminiscent of both Na*,K*-ATPase (Rice et
al., 2001) and Ca2*-ATPase (Zhang et al., 1998) in the E, conformation. Indeed, the
cytoplasmic head-piece of all three molecules is roughly pear-shaped, though in the side view
of AC-CopA (Figure 3B) there is a low-density hole appearing at the center of the cytoplasmic
domains. A similar, though smaller hole was previously seen in Ca2*-ATPase that had been
labeled by FITC prior to crystallization (Xu et al., 2002). Although the dimensions of the
ANAC-CopA dimer are similar, the cytoplasmic domains are more closely associated, thus
filling this hole and reducing the length of the pear-shaped cytoplasmic headpiece (Figure 3D-
F).

Model for CopA

Our goal was to use these structures to build a pseudo-atomic model for CopA and thus to
define the location of the N-terminal MBD. As a first step, we calculated a difference map
between the cytoplasmic domains of AC-CopA and ANAC-CopA. When plotted at 2.50, this
difference map revealed three positive densities, labeled D1, D2 and D3 (Figure 4A-C), and
one negative density occupying the hole in the middle of the headpiece (Figure 4G-1). Next,
we fit atomic models derived from X-ray crystal structures of isolated CopA cytoplasmic
domains to the maps (Figure 4D-F). To guide this fit, X-ray structures for the isolated N-/P-
domain pair (Sazinsky et al., 2006b) and for the isolated A-domain (Sazinsky et al., 2006a)
were aligned with a structure of Ca?*-ATPase in the analogous E, conformation (Takahashi
et al., 2007). After this alignment, these three cytoplasmic domains were then fitted as a rigid
body into the cytoplasmic region of our AC-CopA (Supplemental Figure 3). To optimize this
fit, the N-domain was rotated slightly (<10°) away from the A-domain to produce the structure
shown in Figure 4D-F. A similar procedure was used for fitting ANAC-CopA, except that the
structure of Ca2*-ATPase in the E,-P conformation (Toyoshima et al., 2004) was used as a
template for rigidbody docking and, in this case, the N-domain was rotated ~10° toward the
A-domain (Supplementary Figure 3). These small adjustments to the N-domain are consistent
with the demonstrated flexiblility of the loops connecting it to the P-domain and with the wide
variety of angles observed in structures of Ca2*-ATPase (Kuhlbrandt, 2004; Toyoshima and
Inesi, 2004). Although we attempted automated docking of these domains using the program
Chimera (Pettersen et al., 2004), it produced a non-physiological rotation of the N-/P-domain
pair relative to the A-domain.

In light of these atomic models, the difference densities labeled D2 and D3 in Figure 4 are
consistent with a conformational change in the N-domain, caused by its movement relative to
the A-domain. This movement also contributes to the hole observed in the middle of the AC-
CopA cytoplasmic headpiece and the corresponding negative difference density in that
location. However, this conformational change fails to account for the larger difference density
D1, which we believe to reflect the presence of the N-terminal MBD in AC-CopA but not in
ANAC-CopA. Indeed, unoccupied density is present in this region of the AC-CopA map (Figure
4D-F) but not in the density map of ANAC-CopA (Figure 5G-1). To explore the plausibility of
this assignment, we docked the X-ray structure for the N-terminal MBD from Bacillus
subtilis CopA (Banci et al., 2002a) next to the A-domain of AC-CopA. Orientation of the C-
terminus of this MBD towards the transmembrane represented an important constraint for this
docking, though the shape of the MBD itself largely dictated its final orientation (Figure 5).

The transmembrane region in our maps was consistent with the presence of eight
transmembrane helices, as predicted for CopA. Sequence analysis of of P;g ATPases suggests
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that six of these helices correspond to the first six transmembrane helices of P;; ATPases and
that two additional helices have been added to the N-terminal end of the molecule (Lutsenko
and Kaplan, 1995). Thus, we built the transmembrane portion of our CopA model by placing
the first six transmembrane helices of Ca2*-ATPase in locations dictated by an alignment of
P-domains. Overall, these six helices fit relatively well within the transmembrane density of
CopA, but left empty density within the transmembrane envelope. We were then able to fit two
additional helices within this envelope near the Ca2*-ATPase M1 helix. Based on sequence
alignments, these extra two helices were initially assigned as M1-M2, but a recent study of
CopA proteolysis suggests that they might instead follow the first transmembrane helix of
P11 pumps, making them M2-M3 (Figure 1) (Hatori etal., 2007). Accordingly, we have assigned
these additional helices as M2 and M3 in Figure 6, which shows the fit at two different sections
through the membrane for both CopA constructs.

DISCUSSION

We have presented structures of two CopA constructs at 17 A resolution which we have used
as templates for constructing pseudo-atomic models. The structures differ in two respects,
namely the ligands used for crystallization and the presence of the N-terminal MBD.
Comparison of these two structures suggests that the N-terminal MBD is located within the
cytoplasmic head and further suggests that CopA undergoes a conformational change that may
be related to the presence of a phosphate analogue at the catalytic site.

Based on the modeling of our two structures, the N-terminal MBD of CopA appears to lie in
between the N- and A-domains (Figure 7), which are conserved cytoplasmic domains found
in all P-type ATPases. Although MBDs are unique to the P|g subfamily, a small N-terminal
domain precedes the first transmembrane helix of other P-type ATPases and generally consists
of a pair of a-helices. In the x-ray structures of Ca2*-ATPase (Toyoshima et al., 2000), Na*/
K*-ATPase (Morth et al., 2007) and H*-ATPase (Pedersen et al., 2007), this pair of a-helices
binds to the distal part of the B-barrel that constitutes the A-domain (e.g. Supplementary Figure
3E). An 10-15 residue unstructured loop connects these two a-helices to M1. This N-terminal
domain forms an integral part of the A-domain and does not become displaced during the
various conformational changes that accompany the catalytic cycle of Ca?*-ATPase. Indeed,
flexibility in the unstructured loop is essential for the dramatic movements of the A-domain
during this cycle. On the other hand, the tugging of this loop on M1 is thought to initiate closing
of the cytoplasmic ion gate upon formation of the high-energy phosphoenzyme (E1~P)
(Sorensen et al., 2004; Toyoshima and Mizutani, 2004). A recent proteolysis study of CopA
from T. maritima, suggested that its N-terminal MBD also formed an integral part of the A-
domain and that the first transmembrane helix was analogous to the bent M1 helix seen in
structures of Ca2*-ATPase, Nat/K*-ATPase and H*-ATPase (Hatori et al., 2007). This study
also concluded that the two extra transmembrane helices at the N-terminus of CopA are inserted
between M1 and M2 of Ca2*-ATPase. Our structural analysis of CopA from A. fulgidus is
consistent with these hypotheses, though the binding site of the N-terminal MBD on the A-
domain is quite different from the two N-terminal helices of the other P-type ATPases. Our
sequence alignments indicate that there are ~11 residues between the last p-strand of the N-
terminal MBD from A. fulgidus CopA and the bent M1 helix (Supplementary Figure 4), which
if extended could readily span the corresponding distance in our model. It should be noted,
however, that the putative locations of M2 and M3 in our model could also be reached by this
linker and that this plausible assignment for M1 must therefore remain tentative.

Although the resolution of our map is relatively low, the envelope constrains the location of

the N-terminal MBD relative to the other cytoplasmic domains to a considerably higher degree.
The legitimacy of this modeling approach has been demonstrated for both Ca2*-ATPase (Xu
etal., 2002) and Na*/K*-ATPase (Rice et al., 2001), for which pseudo-atomic models created
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in a similar fashion were subsequently confirmed by X-ray crystallographic structures. The
Bappap fold of MBDs consists of two a-helices packed against a four-stranded B-sheet and fits
nicely within unoccupied density between the N- and A-domains (Figures 4 and 5). The Cu-
binding GMTCxxC motif lies in the loop following the first a-helix, which caps a hydrophobic
core between the sheet and the helices. According to our fit, the side of the N-terminal MBD
packs against the side of the A-domain and the Cu-binding GMTCxxC loop interacts with the
N-domain (Figure 7). Interestingly, the site of this N-domain interaction involves the
ERRSEHP463 Joop, which is highly homologous in MNK and WNDP pumps, where it has
been implicated in ATP binding (Dmitriev et al., 2006; Morgan et al., 2004). The a-helical
surface of the MBD is solvent exposed, which would potentially allow for its interaction with
metallochaperones. Indeed, charged residues on this surface have been implicated in mediating
the interaction and defining the specificity of MBD with its corresponding metallochaperone
(Arnesano et al., 2004; Arnesano et al., 2002; Wernimont et al., 2000).

Previous work on Pjg ATPases have proposed two different roles for the MBDs. The human
MNK and WNDP pumps have six tandem MBDs (MBD1-6). The first four appear to regulate
activity by modifying the binding of ATP to the pump in a Cu-dependent manner (Huster and
Lutsenko, 2003). Specifically, direct binding has been shown between the N-terminal MBDs
and the ATP-binding domain of WNDP in a way that suggests autoinhibitory behavior of these
MDB:s in the absence of Cu and relief from this inhibition in the presence of Cu (Tsivkovskii
et al., 2001). In contrast, mutations to MBD5 or 6 alter the apparent affinity of the
intramembrane Cu transport sites (Huster and Lutsenko, 2003), though the mechanism for this
effect is unclear. Cu transfer has been demonstrated from the metallochaperone Atox1 to
MBD1-4 and also from MBD4 to MBD5,6 (Achila et al., 2006) and can be explained by a
sequential exchange of cysteine ligands at the exposed Cu-binding sites (Wernimont et al.,
2000). However, the transport sites are buried within a group of packed transmembrane helices
and it is hard to envision how direct transfer from an MBD could be accomplished.
Furthermore, all the bacterial P;g ATPases appear functional in the absence of their N-terminal
MBDs (Bal et al., 2001; Fan and Rosen, 2002; Mana-Capelli et al., 2003; Mandal and Arguello,
2003; Mitra and Sharma, 2001; Rice et al., 2006), suggesting that the more likely explanation
is that Cu binding to these MBDs exerts an allosteric effect on global protein conformation,
thus facilitating Cu binding to the transport sites.

Considering this work in the context of our CopA structure leads us to propose the following
model. Like other P-type ATPases, the N-terminal MBD appears to be an integral part of the
A-domain. In the Cu-free state, the MBD interacts with the N-domain and either prevents ATP
binding or prevents the domain movement necessary to transfer the y-phosphate to the catalytic
aspartate, thus producing an autoinhibited state. Recognition of the MBD by Cu-loaded
metallochaperone disrupts this interaction and leads to transfer of Cu to the MBD. Once loaded
with Cu, the MBD is no longer able to interact with the N-domain, thus allowing ATP-binding,
transfer of y-phosphate and subsequent steps for Cu transport. This could explain the
observation of substantially reduced activity of CopA caused by mutations in the CxxC motif
that presumably prevent binding of Cu to the N-terminal MBD (Mandal and Arguello, 2003).
It is not clear from our work so far whether the MBD remains associated with the A-domain
in the Cu-bound state, or is able to swing down and dock at some location next to the membrane
in order to deliver its Cu to the transport sites.

We used different conditions for crystallization of our two CopA constructs, which can be
expected to induce different intermediates in the reaction cycle. In particular, AC-CopA was
crystallized in the presence of Cu chelator (BCDS), whereas ANAC-CopA required the addition
of the phosphate analogue MgF42- in addition to this chelator. These conditions were chosen
empirically in order to optimize crystallization, but they also allow us to evaluate potential
conformational changes of CopA that accompany the transition between the respective reaction
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intermediates. In the case of Ca?*-ATPase, X-ray crystal structures have been reported for the
analogous intermediates, termed E2 for the chelator (EGTA) alone (Takahashi et al., 2007;
Toyoshima and Nomura, 2002) and E2-P upon the addition of MgF,2- (Toyoshima et al.,
2004). Although the membrane domains of the two structures are comparable, there are distinct
differences in the cytoplasmic domains caused by the presence of the phosphate analogue.
Specifically, the A- and P-domains are more tightly packed in the E2-P conformation due to
the role of the conserved TGES loop within the A-domain in orienting a water molecule for
hydrolysis of the aspartyl phosphate in the P-domain. In the absence of phosphate, there are
no specific ligands holding the A-domain close to the catalytic site, allowing the two domains
to move apart (Moller et al., 2005; Toyoshima and Inesi, 2004). Comparison of our CopA
structures reveals a similar structural difference, with the cytoplasmic domains of ANAC-CopA
in the presence of MgF42" being tightly packed whereas the structure AC-CopA actually has a
low-density hole separating the A- and P-domains. The presence of the MBD in the latter
structure is also likely to influence the domain interactions and, in the latter case, to pry to A-
domain away from the N- and P-domains. MgF,2- substantially improved crystal order of
ANAC-CopA, suggesting that its ability to stabilize the A-/P-domain interface was an important
factor. In contrast, MgF 42" interfered with crystallization of AC-CopA, implying a competition
between MgF 42" binding and the MBD-stabilized state. Such a competition is consistent with
our proposed role for the Cu-free MBD in preventing the necessary domain interaction and
thus promoting an autoinhibited state.

EXPERIMENTAL PROCEDURES

CopA constructs

Two CopA constructs were used for crystallization (Figure 1). The first involved truncation of
68 residues from the C-terminus (AC-CopA) and the other involved a double truncation of the
C-terminus together with 95 residues from the N-terminus (ANAC-CopA). These truncations
were designed to interrupt the native protein immediately adjacent to the respective
transmembrane helix. Expression plasmids (pBAD) containing CopA constructs with histidine
tags were obtained as described previously (Rice et al., 2006).

Protein expression and purification

E.coli (LMG1940) transformed with plasmids containing CopA constructs was cultured in LB
broth with 0.1 mg/ml ampicillin at 37°C. After growing to an OD of 1, expression was induced
with 0.02% arabinose for 2 h at 30°C before harvesting cells by centrifugation at 10,0009 for
10min at 4°C. The pellet was suspended in a buffer composed of 50 mM Tris-Cl, pH 7.5, 20%
glycerol, 50mM NaCl, 2mM B-mercaptoethanol, 0.05 mg/ml DNAse | and complete protease
inhibitor cocktail (Roche) according to manufacturer’s instructions. Cell membranes were
broken by French Press at 20,000 psi and debris was removed by centrifugation at 12,0009 for
20min at 4°C. Membranes were then collected by centrifugation at 150,000g for 1h at 4°C and
stored at -80°C.

Membrane pellets were resuspended in a standard buffer (25 mM Tris-Cl, pH 7.5, 100mM
NaCl, 10% glycerol, 2mM B-mercaptoethanol) with 20mM imidazole, EDTA-free protease
inhibitor cocktail and 10 mg/ml dodecylmaltoside (DDM) at a total protein concentration of
10mg/ml. After gently mixing for 30 min at 4°C, insoluble material was removed by
centrifugation at 150,000g for 30min at 4°C. The protein supernatant was then loaded onto a
5 ml HiTrap Chelating HP column (GE Healthcare), which was charged previously with 0.1
M NiCl, and equilibrated with standard buffer supplemented with 20mM imidazole and 0.1
% DDM. After washing, purified CopA protein was eluted with standard buffer supplemented
with 400mM imidazole and 0.1 % DDM. The His-tag was removed from CopA by overnight
incubation with 1 unit thrombin per mg of protein at 4°C. Thrombin was then removed with a
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benzamidine-Sepharose column (Amersham Biosciences) equilibrated with standard buffer
with 0.1 % DDM. Finally, CopA was dialyzed against 25mM Tris-Cl, pH7.5, 100mM
NapSOy4, 10% glycerol, 2mM DTT and 0.1% DDM. Protein concentration was determined by
absorbance at 280 nm. This procedure typically produced 5-8 mg of purified protein from 6 L
of bacterial media. SDS-PAGE showed that the samples were >95% pure and thus suitable for
crystallization trials (Figure 1).

Crystallization and electron microscopy

Tubular crystals of AC-CopA were grown by adding dioleoylphosphatidylcholine (0.4 mg per
mg protein) and dialyzing the resulting protein mixture (0.5mg/ml total protein in 50ul dialysis
button ) against 50mM MES, pH 6.1, 25mM NaySO,, 25mM K,SOy4, 200uM BCDS, 10mM
MgSO,4 and 2mM B-mercaptoethanol for 5 days at 45-55°C. Tubular crystals of ANAC-CopA
were grown under similar conditions except that ImM NaF was added to the dialysis buffer.
For electron microscopy, a suspension of crystals was deposited on a holey carbon grid and
rapidly frozen in liquid ethane. Samples were imaged at -175°C with a CT3500 cryoholder
(Gatan UK) at 50kx magnification with a CM200 FEG electron microscope (FEI Corp.)
operating at 200 kV. Defocus values ranged from 9000 — 25000 A. Electron micrographs were
recorded on film and, after screening by optical diffraction, suitable images were digitized at
14-um intervals with a Zeiss SCAI microdensitometer (Intergraph Corp.).

Image analysis

Helical reconstruction was carried out as previously described (Stokes et al., 2005; Xu et al.,
2002). The helical symmetry was determined by assigning Bessel orders to principal layer lines
labeled as (1,0) and (0,1) in Figure 2. The initial assignment was based on the expected location
of the first maximum of the corresponding Bessel function J,(2zRr), where n is the Bessel
order, R is the observed distance of the first maximum along the layer line from the meridian,
and r is the radius of the tube in real space. These initial assignments were checked in several
ways. First, the phases of peaks across the low-lying layer lines should be equal for even Bessel
orders or differ by 180° for odd Bessel orders. Second, the Bessel orders for other layer lines
could be predicted from the principal layer lines and the distance of their initial peaks from the
meridian should be consistent with these predictions. Finally, the determination of out-of-plane
tilt is sensitive to these Bessel order assignments and the correct indexing scheme inevitably
produced the lowest phase residual after applying the corresponding corrections (DeRosier and
Moore, 1970). Handedness of the helical lattice was determined by tilting samples ~30° about
an axis normal to the long axis of the tubes and analyzing the diffraction patterns from the left-
half and right-half of the resulting images (Finch, 1972). Thus, the layer line designated as 1,0
(Figure 2) was determined to be right -handed. Several helical symmetry groups were found
for both AC-CopA and ANAC-CopA tubes (Toyoshima and Unwin, 1990) but only those with
the selection rules shown in Figure 2 were used for further analysis. Each of these datasets
were analyzed by the methods of Beroukhim and Unwin (Beroukhim and Unwin, 1997).
Correction for the contrast transfer function was based on an amplitude contrast of 7%
(Toyoshima et al., 1993). For the final maps, a Butterworth filter was applied using SPIDER
(Frank et al., 1996) with pass-band and stop-band frequency of 13.3 A and 9.5 A respectively.

For calculation of a difference map, the cytoplasmic domains of the two maps were isolated
and an isodensity contour was chosen to provide the expected volume for AC-CopA, assuming
the value of 1.21 A3 per dalton (Harpaz et al., 1994). The density values for ANAC-CopA were
then scaled such that the same isodensity contour gave the expected volume, taking into account
the missing N-terminal MBD. After scaling, the dimer was masked from each map, aligned
and a simple subtraction was performed using SPIDER.
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Docking of atomic coordinates

An initial model for CopA was created by superimposing atomic coordinates of N-/P-domain
pair (2B8E) (Sazinsky et al., 2006b) and the A-domain (2HC8) (Sazinsky et al., 2006a) onto
the X-ray crystallographic structure of Ca2* ATPase in either the E2 (2EAR) (Takahashi et al.,
2007) or E2-MgF 42" (IWPG) (Toyoshima et al., 2004) conformation (Supplemental Figure 3)
using the MatchMaker routine in Chimera (Pettersen et al., 2004). The transmembrane domain
was initially modeled as the first six helices from Ca%*-ATPase. The resulting CopA models
were then docked manually into the density maps. To optimize the fit, the N-domain and A-
domain were adjusted slightly to match the map density and two additional helices, derived
from Ca2*-ATPase M7 and M10 were placed into the transmembrane domain. Finally, the N-
terminal MBD from B. subtilis (LJWW) (Banci et al., 2002a) was placed into the map to occupy
unassigned density in the cytoplasmic headpiece. The model was initially fitted to a monomer
of CopA, whose boundaries were quite evident from the map (see Figure 3). The model was
then duplicated and manually manipulated to fit into the two-fold related symmetry partner.
No significant steric clashes resulted from placing this second molecule within the dimeric
density, providing added confidence in the fit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Constructs of CopA used for crystallization. (A) Domain organization of constructions with
MBDs indicated by diamonds, transmembrane helices by rectangles and cytoplasmic domains
by ovals. Residues at the beginning and end of each construct are indicated, with AC-CopA
and ANAC-CopA being used here for crystallization. (B) Coomassie stained SDS
polyacrylamide gel of the purified protein used for crystallization.
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Figure 2.

Tubular crystals of CopA. (A,B,C) Raw data for AC-CopA with a low magnification image of
negatively stained samples (A), a higher magnification image of an individual frozen-hydrated
tube and (C) its Fourier transform. (D,E,F) Analogous data for ANAC-CopA. Scale bar in
negatively stained images corresponds to 0.5 um. Numbers beside the Fourier transforms
indicate the Miller indices of selected layer lines together with their assigned Bessel order,
which are visible to ~25 A.
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Figure 3.

3D reconstruction of CopA. (A,B,C) Three orthogonal views of the AC-CopA dimer that
composes the unit cell. (D,E,F) Analogous views of the ANAC-CopA dimer. The boundary of
the membrane is indicated in side views with “outer leaflet” referring to the outer surface of
the tube (Supplementary Figure 1). The dotted line in ¢ and f shows the boundary between the
monomers.
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Figure 4.

Difference map for AC-CopA minus ANAC-CopA. (A,B,C) Positive difference densities (light
blue) plotted at 2.5¢ superimposed on the envelope of AC-CopA (grey mesh). (D,E,F) Fitting
of cytoplasmic domains to the envelope of AC-CopA, revealing an unoccupied region that
likely corresponds to the N-terminal MBD (red asterick). (G,H,l) A single negative difference
density at 2.5¢ from the difference map (dark blue). Views are as in Figure 3.
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Figure 5.

Atomic model for CopA docked to the maps. (A-F) Model for AC-CopA. (G-L) Model for
ANAC-CopA. Domains have been colored as follows: transmembrane helices (cyan), P-/N-
domain (green), A-domain (yellow), N-terminal MBD (magenta).
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Figure 6.

Location of the transmembrane helices of CopA. (A,B) Helices are shown fitted to one
monomer of the AC-CopA dimer in two sections near the top (A) and bottom (B) of the
membrane. (C,D) ANAC-CopA helices at similar locations in the membrane, which are
indicated in the inset to each panel. The arrangement of helices and their location relative to
the P-domain was the same in both models and slight differences in appearance reflect a slightly
different depth of the respective sections within the membrane.
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Figure 7.

Interactions between the cytoplasmic domains. The N-terminal MBD (magenta) is shown
interacting with both the A-domain (yellow) and the ATP-binding N-domain (green). Several
residues from the MBD implicated in recognizing the metallochaperone are shown in ball and
stick representation in magenta and the conserved, metal-liganding cysteine residues from the
MBD are shown in ball and stick representation in yellow (sequence numbers corresponds to
B. subtilis). The conserved Glu and His from an ATP-binding loop of the CopA N-domain are
also shown in ball and stick representation in green, near the site of interaction with the MBD
(sequence numbers corresponds to A. fulgidus). This view is roughly the same as Figure 5f.
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Table |
Statistics of data averaging
AC CopA ANAC CopA
n(1,0) 5 7
n(0,1) -8 -11
no. of tubes 11 13
no of dimers 2397 5873
a(A) 75+1.1 71.2+15
unit cell
dimensions b (A) 4707 474+07
6 69.9+0.8 65.9+0.9
0-35A (°) 7.9 6.5
35-25A (°) 10.4 10.0
two-fold phase o
residuald 25-20A (°) 29.5 313
20-17.5A (°) 39.0 38.9
17.5-15A (°) 40.2 41.6
FscP 0.5 (A) 173 175
0.3 (A) 14.8 15.9

a . . . . .
Phase residual in the indicated resolution bins.

bResolution at which the Fourier Shell Coefficient falls to the indicated value.
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