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ABSTRACT ATP7A and ATP7B are structurally similar but functionally distinct active copper transporters that regulate copper
levels in the human cells and deliver copper to the biosynthetic pathways. Both proteins have a chain of six cytosolic metal-bind-
ing domains (MBDs) believed to be involved in the copper-dependent regulation of the activity and intracellular localization of
these enzymes. Although all the MBDs are quite similar in structure, their spacing differs markedly between ATP7A and
ATP7B. We show by NMR that the long polypeptide between MBD1 and MBD2 of ATP7A forms an additional seventh meta-
stable domain, which we called HMA1A (heavy metal associated domain 1A). The structure of HMIA1A resembles the MBDs
but contains no copper-binding site. The HMA1A domain, which is unique to ATP7A, may modulate regulatory interactions
between MBD1-3, contributing to the distinct functional properties of ATP7A and ATP7B.

SIGNIFICANCE Human copper transporters ATP7A and ATP7B control copper levels in the cell and assist in
incorporating copper as a cofactor into maturing metalloproteins. Mutations in ATP7A and ATP7B cause severe disorders
of copper metabolism, Menkes disease and Wilson disease, respectively. Enzymatic activity and intracellular localization
of ATP7A and ATP7B are regulated by copper through the complex dynamics of the chain of six highly mobile metal-
binding domains. We have identified a new and, to our knowledge, previously uncharacterized metastable domain within
this chain in ATP7A and solved its structure by NMR. The new domain, HMA1A (heavy metal associated domain 1A),
which is absent from ATP7B, may participate in the regulation of ATP7A activity and serve as a structural determinant of

the major functional distinctions between the two human copper transporters.

INTRODUCTION

Copper is an essential but potentially toxic biometal (1) that
readily interacts with proteins and enters damaging chemi-
cal reactions in the cell. To control biochemical fate of cop-
per, the metal is delivered to its intracellular destinations
and excreted from the cell along complex specialized path-
ways that involve many interacting proteins. The two active
copper transporters ATP7A and ATP7B receive copper from
the cytosolic chaperone ATOX1 and then translocate it
across the cell membranes for incorporation into the newly
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synthesized proteins as a cofactor or for excretion of the
excess copper from the cell.

ATP7A and ATP7B are structurally very similar proteins,
with ~60% amino acid residue sequence identity, belonging
to the large family of P-type ATPases. The copper ATPases
share much of the domain structure and the fundamental
features of the catalytic mechanism with the better
studied members of the family, such as Ca’*-ATPase and
Na®,K*-ATPase (2-8). A unique structural feature of
ATP7A and ATP7B is the N-terminal chain of six metal-bind-
ing domains (MBDs) located in the cytosol (Fig. 1 A). Each
domain is ~70 amino acids long and has a conserved ferre-
doxin-like fold with the invariant dicysteine (CxxC) motif,
which binds copper (9,10).

In contrast to their structural similarity, tissue distribu-
tion, functional roles, and regulation of ATP7A and
ATP7B are rather different (12). Although both enzymes
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FIGURE 1 The MBD chains in human copper ATPases. (A) A composite
model of the human copper transporter ATP7A. The MBDs (MBD1-
MBDG6) are in orange, the ATP-binding domain comprising the nucleotide
binding (N) and phosphorylation (P) domains is in cyan, the actuator (A)
domain is in yellow, and the transmembrane domain is in red. The model,
excluding the MBDs, was generated using Robetta. The NMR structures of
the individual MBDs were positioned manually based on the previously
published models (11). (B) Spacing of the MBDs in the human copper
transporters ATP7A and ATP7B. Residue number scale is shown below.
To see the figure in color, go online.

participate in copper delivery to the biosynthetic pathways,
ATP7B appears to be particularly important for the removal
of excess copper by excreting it from hepatocytes into the
bile. ATP7A, on the other hand, is required for copper up-
take in the intestine, where it transports copper across the
basolateral membrane of enterocytes into the bloodstream.
These distinct physiological functions result in either severe
copper deficiency or, conversely, copper toxicosis when
ATP7A or ATP7B is impaired by mutations in Menkes dis-
ease or Wilson disease, respectively.

At the basal copper levels in the cell, ATP7B and ATP7A
are located in the trans-Golgi network, where they deliver
copper to the maturing copper-containing proteins. As the
copper level in the cell increases, both proteins relocate to
the cytosolic membrane vesicles and to the plasma mem-
brane and export copper from the cell (13,14). In polarized
cells, ATP7B is usually found in the apical membrane and
ATP7A in the basolateral membrane. Thus regulation of
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copper transporters is rather complex and involves both
the enzyme turnover rate and protein trafficking.

The mechanism of regulation of copper ATPases activity
and intracellular localization is still mostly a subject of
hypotheses. Several lines of evidence suggest that the N-ter-
minal chain of six MBDs plays the main role in the copper-
dependent regulation of ATP7A and ATP7B. Domain
truncations and mutational inactivation of the copper-bind-
ing sites in ATP7B showed that either MBD5 or MBD6 is
required for copper transport (15,16), whereas only MBD6
was required for copper-dependent trafficking to the cyto-
plasmic vesicles. The first three MBDs could not function-
ally replace MBD4-6 (15). MBD1-4 have been proposed
to regulate copper transport and trafficking of ATP7B by
gating copper access to MBD5 and MBD6 (17). Thus,
MBD5 and -6, which are closest to the membrane, are
believed to be involved in the copper transfer to the trans-
membrane site, whereas MBD1—4 play a regulatory role.

NMR shows that the MBD1-6 chains in both ATP7B and
ATP7A do not fold into stable compact structures, and the
individual MBDs experience a large degree of independent
mobility restricted by the flexible interdomain linkers of
various length (18-20). However, in ATP7B, MBD5-6
interact with each other (21), and MBD1-3 form a dynam-
ically correlated domain group because of the relatively
weak interactions between MBD1 and MBD3 (22). MBD4
does not appear to interact with the other domains and likely
serves as a structural link between the two domain groups.
Biochemical data support interactions between the MBDs
(23-26). Copper transfer from ATOX1 breaks up MBDI1-
3 interactions, increasing domain mobility (11). A struc-
ture-based mechanism of ATP7B regulation through
transient domain interactions and copper-dependent dy-
namics of MBD1-3 has been proposed (11,27).

Differences between the functional roles of ATP7A and
ATP7B suggest distinct features of the regulation mecha-
nisms in these two enzymes, and the MBD chains in
ATP7B and ATP7A show notable differences in domain
spacing, even though all the individual MBDs share
high sequence and structural similarity. One major differ-
ence between ATP7A and ATP7B is the length of the con-
necting segment between MBD1 and MBD2. In ATP7A,
MBDI1 and MBD?2 are separated by 95 amino acid resi-
dues (H76-V171), whereas in ATP7B, the MBDI-
MBD?2 linker is less than 20 amino acids long (Fig. 1
B). Such a major difference in the linker length should
have a major effect on the dynamic properties of the first
three MBDs and, consequently, on the regulation of
ATP7A and ATP7B. Moreover, sequence analysis of the
MBD chain of ATP7A, e.g., by ScanProsite (28), shows
a weak match for an additional heavy-metal-associated
domain including residues 1103-E152. We have investi-
gated the structure of the region between MBDI1 and
MBD?2 of ATP7A by NMR and discovered, to our knowl-
edge, a new metastable domain that has a ferredoxin-like

Biophysical Journal 120, 4600—-4607, October 19, 2021 4601



Uhlemann et al.

fold, similar to the previously known MBDs, but lacks a
copper-binding site. We propose that reversible folding
and unfolding of this domain is involved in the regulation
of ATP7A activity.

MATERIALS AND METHODS
Protein expression and purification

DNA sequence encoding residues 76—170 of ATP7A were codon optimized
for Escherichia coli expression and prepared by chemical synthesis (Gen-
Script, Piscataway, NJ). The ATP7A7¢_170 and HMA1A(heavy metal asso-
ciated domain 1A) protein constructs were expressed as fusions with the
chitin-binding domain and intein using vector pTYB12 (New England Bio-
labs, Ipswich, MA). ATP7A¢ 170 was expressed in E. coli strain
BL21(DE3). HMAI1A expression and purification was tested in E. coli
BL21(DE3) and in three strains coexpressing various folding chaperones,
BL21(DE3)-pG-KJE7 (TaKaRa Bio, Mountain View, CA) coexpressing
dnaK, dnal, and grpE; BL21Gold (DE3)/pTf16 (TaKaRa Bio) coexpressing
the tig trigger factor; and ArcticExpress (DE3) (Agilent Technologies,
Santa Clara, CA) coexpressing cpnl0 and cpn60 from Oleispira antarctica.
The proteins were isotopically labeled with >N and '*C and purified by
chitin affinity chromatography combined with intein self-cleavage, essen-
tially as described previously (29), except that HMA1A expression was
induced in ArcticExpress (DE3) cells (Agilent Technologies) in the M9
medium by adding 0.5 mM isopropylthio-@-galactoside, followed by incu-
bation at 10°C for 24 h. HMA1A was additionally purified by size-exclu-
sion chromatography on a Superdex 75 10/300 GL Increase column (GE
Life Sciences, Marlborough, MA) in a buffer containing 50 mM HEPES-
Na (pH 7.4), 150 mM NaCl, and 5 mM tris-(2-carboxyethyl)phosphine
and concentrated by membrane filtration.

NMR experiments and structure determination

NMR samples contained 0.1-0.2 mM protein in 50 mM HEPES-Na (pH
7.4), 150 mM NaCl, 5 mM tris(2-carboxyethyl)phosphine, 5% v/v 2H20,
and 0.25 mM 2,2-dimethyl-2-silapentane-5-sulfonate. Data for HMAIA
backbone chemical shift assignment and structure determination, including
two-dimensional heteronuclear single quantum coherence spectra ('H,'”N-
HSQC,) three-dimensional (3D) HNCA, 3D HNCACB, 3D CBCA(CO)
NH, and 3D NOESY-'°N-HSQC spectra, were collected with a uniformly
13C,">N-labeled sample on a 600-MHz Bruker Avance III spectrometer
(Billerica, MA) equipped with a cryogenic triple-resonance probe at a sam-
ple temperature of 298 K. To reduce the acquisition time, all 3D spectra
were recorded using nonuniform sampling with a sampling rate of 32%,
with the exception of the 3D NOESY, which was recorded using a sampling
rate of 36%.

NMRPipe (30) and SMILE packages were used to process and recon-
struct the nonuniform sampling data (31). The automation and visual veri-
fication plugins in NMRFAM-SPARKY were used to obtain resonance
chemical shifts (32). Peaks in two-dimensional 'H,'’N-HSQC, 3D
HNCA, 3D HNCACB, and 3D CBCA(CO)NH spectra were picked with
the automated peak-picking program APES and inspected via strip plots
(33). The initial assignments were obtained using the I-PINE web server
(http://i-pine.nmrfam.wisc.edu) with PINE-SPARKY.2 plugin (34,35) and
then verified visually with the help of PINE-SPARKY plugins PINE Graph
and PINE Assigner (34).

To obtain the 3D structure of HMAIA, we employed a method
combining chemical shift-based structure prediction with sparse restraint
structure calculation. The initial fold was calculated on the Biological Mag-
netic Resonance Data Bank CS-Rosetta web server (https://csrosetta.bmrb.
i0) with 10,000 starting structures. The best structure from CS-Rosetta was
used as input to Ponderosa Client to assist 3D-NOESY assignments by AU-
DANA algorithm and generate distance restraints using PONDEROSA-C/S
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package (36-39). As a final step, we used Xplor-NIH software with the
generated distance, angle, and hydrogen bond restraints to calculate and
refine 2000 structures. The 20 best structures, based on the lowest energy
criteria, were additionally refined in a TIP3P water model box (40). Second-
ary structure was detected using STRIDE software tool (41). Structure qual-
ity was evaluated with Protein Structure Validation Software (PSVS) 1.5
(42). The final structure ensemble has been deposited in the Worldwide Pro-
tein Data Bank (43) (PDB: 7LUS). The associated chemical shift data have
been deposited in the Biological Magnetic Resonance Data Bank (44)
(BMRB: 30866).

RESULTS AND DISCUSSION

We have first expressed and purified the entire fragment
connecting MBD1 and MBD2 of ATP7A (Fig. 1), including
residues H76-E170 (ATP7A76_170). The protein was
expressed as a fusion with the chitin-binding domain
and intein and purified by chitin affinity chromatography
combined with thiol-induced intein self-cleavage. The
'H,'N-HSQC spectrum of ATP7A,4_170 revealed a largely
disordered protein (Fig. 2 A). However, a pattern of small
but narrow and well-dispersed peaks indicated the presence
of a well-folded domain in a fraction of the protein, with an
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FIGURE 2 Structural propensity of the polypeptide connecting the first
two MBDs of ATP7A. (A) A 'H,"’N-HSQC spectrum of the protein frag-
ment corresponding to the complete region between MBD1 and MBD2
(ATP7A76-170)- (B) The top five structure models of ATP7A7¢_7¢ predicted
by Robetta, with the N- and C-terminal residues labeled and the a-helices
shown in aquamarine, B-strands in magenta and loop regions in salmon. To
see the figure in color, go online.
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estimated size of 50-70 amino acid residues, similar to the
size of the MBDs in ATP7A.

Unlike the MBDs, ATP7A7¢_ 170 does not contain the
copper-binding CxxC motif and does not interact with the
copper chaperone ATOX1 in either copper-free, or copper-
bound form (Fig. S1). To determine the location of the
folded core in the ATP7A;¢_170 sequence, we performed
ab initio structure modeling with Robetta (45). The top
five models consistently showed a characteristic ferredoxin
fold encompassing residues 85-156 (Fig. 2 B). Residues 76—
84 were disordered, and residues 157—-185 included a loop
region and a short (1.5-2 turns), randomly oriented «-helix.

We then expressed and purified the ATP7A fragment en-
compassing residues 85—-156. The standard expression proced-
ure in BL21(DE3) strain yielded a mostly disordered protein
(Fig. S2 A). Expression in the strains producing various chap-
erone proteins significantly improved protein folding (Fig. S2,
B-D). The best results were obtained using protein expression
atalow temperature in the ArcticExpress strain, which also ex-
presses chaperonins Cpn10 and Cpn60 from the psychrophilic
bacterium Oleispira antarctica. Additional purification by
size-exclusion chromatography produced a well-folded mono-
meric protein (Fig. 3 A), which we designated HMAI1A to
emphasize its predicted fold and to distinguish it from the
neighboring functional MBDs, MBD1 and MBD2.

Our attempts to crystallize HMA1A were unsuccessful,
and its propensity to aggregate in a time-dependent manner
at higher protein concentrations prevented structure deter-
mination by the conventional protein NMR approach, which
requires complete chemical shift and NOE assignment.
Nevertheless, we were able to make the backbone chemical
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shift assignments of HMA1A (Fig. 3 A) from HNCA,
HNCACB, and CBCA(CO)NH experiments and to record
a 3D 'H,'”’N-HSQC-NOESY spectrum. From these data,
we have determined the HMA1A structure using chemical
shift-based and sparse restraint structure calculation
methods (Table S1). This method is sufficiently robust to
accurately determine the global fold of HMAI1A, but addi-
tional NOE restraints, beyond those between the backbone
amide protons, would be required to achieve higher resolu-
tion and improve reliability of the structure details.

The HMA1A structure shows a Sa38a-fold, rather similar to
the ferredoxin archetype-BaBBaf, but with the segment corre-
sponding to 34 in a disordered state (Fig. 3 B; Fig. S3). Overall,
the HMAI1A structure is quite similar to the adjacent MBD1
(46) and MBD2 (47) (Fig. 3 C), even though the sequence of
HMAI1A does not show any significant homology to the
MBDs, which are quite similar among themselves (Fig. S4).
The experimentally determined HMA 1A structure is also quite
similar to the top Robetta models, with the main difference
found in the C-terminal region, where Robetta predicts a short
B-strand comprising residues D149-T152 (Fig. S5).

Alignment of the ATP7A sequences across various ani-
mal taxa does not reveal any universally conserved motifs
in the region corresponding to HMAI1A in the human
ATP7A that could give a clue to HMA1A function, but there
are several regions of relatively high sequence conservation,
notably residues 111-117 and 127-132, which include parts
of the 2 and (3 strands and the adjacent loops (Fig. 4 A).

Over the course of evolution, divergence of a single active
copper transporter into ATP7A and ATP7B appears to have
first occurred in chordates (48). To test if HMAI1A is a salient

FIGURE 3 NMR structure determination of
HMAIA. (A) A 'H'N-HSCQC spectrum of
HMAIA with the sequential residue assignments
shown. Residue numbering corresponds to the full-
length protein. (B) The 20 lowest energy structures of
HMAIA with the N- and C-terminal residues labeled.
(C) Structures of MBD1, HMAIA, and MBD2 of
ATP7A. The N- and C-terminal residues are labeled,
and the o-helices are shown in aquamarine, B-strands
in magenta and loops in salmon.The cysteine residues
in the copper-binding CxxC motifs in MBD1 (PDB:
1KVI) and MBD2 (PDB: 1S60) are shown as orange
spheres and labeled. To see the figure in color, go
online.
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variability is shown below the alignment. The structure models were calculated using Robetta. The a-helices are shown in aquamarine, B-strands in magenta
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structural feature of ATP7A proteins from evolutionary
distant species, we have performed a Robetta structure predic-
tion on the sequences corresponding to the human HMAT1A in
ATP7A from several species randomly chosen from various
vertebrate taxa, including the domestic pig (Sus scrofa),
platypus (Ornithorhynchus anatinus), Agassiz’s desert tor-
toise (Gopherus agassizii), zebra finch (Taeniopygia guttata),
zebrafish (Danio rerio), and the electric eel (Electrophorus
electricus). Although these sequences share only four iden-
tical residues (sequence identity 6%), all of them form rather
similar predicted folds (Fig. 4 B). This finding suggests that
HMAT1A is not just a vestige of the multiple gene duplication
and recombination events that were likely involved in the for-
mation of the chain of the MBDs in the copper transporters
during evolution but may have a defined functional or struc-
tural role. It also indicates that the protein fold rather than a
specific sequence motif defines the function of HMA1A.
The high content of disordered protein in the initial prep-
arations (Fig. S2 A) suggested that the HMA1A domain is
unstable. We have tested thermal stability of HMAIA
(Fig. 5 A) in comparison with the MBD2 of ATP7B
(Fig. 5 B), monitoring the peak volume of the amino acid
residue signals of the folded form of the protein (Fig. 5 C).
MBD?2 unfolded as a single unit with a melting tempera-
ture of ~330 K (§7°C) (Fig. 5 D). The protein largely re-
folded upon cooling the sample back to 298 K (25°C), as
shown by the restoration of the normal 1H,ISN-HSQC
fingerprint of the native protein (Fig. S6, A and B). Based
on the high sequence and structural similarity, such high sta-
bility is likely typical for all the MBDs of ATP7A and
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ATP7B. In contrast, HMAI1A displayed much more com-
plex temperature-dependent dynamics with the reporter
groups in various elements of the secondary structure
showing different temperature-dependent transitions in the
range 310-320 K (37—47°C), with a nearly complete protein
unfolding at 323 K (50°C) (Fig. 5 D). Although no visible
precipitation was observed, upon cooling the sample back
to 298 K, the NMR spectrum showed only a few signals,
indicating a disordered and aggregated protein (Fig. S6, C
and D). Thus, HMA1A is quite unstable and may easily un-
fold at the physiological temperature of 37°C. Because, at
~500 copies per cell, ATP7A is a very low abundance pro-
tein (49), HMAI1A self-aggregation observed in vitro is un-
likely to happen in the cell, and HMAI1A unfolding may
well be reversible in the intracellular environment. Stability
and folding behavior of HMA1A may also be affected by
the neighboring MBDs. In the previous NMR study of the
complete MBDI1-6 chain from ATP7A (18), backbone
chemical shifts of most amino acid residues belonging to
HMA1A were not assigned, possibly indicating complex dy-
namics of this domain in the MBD1-6 context.

The marginal stability of HMA1A suggests its possible
role in modulating dynamic interactions between MBDI,
MBD2, and MBD3. In ATP7B, MBD1-3 associate with
each other in the copper-free form, but copper transfer
from ATOX1-Cu breaks up the domain-domain interactions,
an observation that led us to a model of ATP7B regulation
through copper-dependent MBD dynamics (22,11). The
length of the segment connecting MBD1 and MBD?2 in
ATP7A and ATP7B is very different, which should result
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see the figure in color, go online.

in different dynamics of MBD1-3 domain groups in these
two proteins and may affect domain-domain interactions
within the group. Another structural feature related to the
mechanism of regulation is the disordered N-terminal pep-
tide, which precedes MBD1 in ATP7B (ATP7B;_¢3) but is
completely absent from ATP7A, where MBD1 starts at the
very N-terminus. The ATP7B;_g; peptide was shown to
interact with the N-domain and was implicated in the regu-
lation of ATP7B activity and trafficking (11,50,51). These
structural differences, along with the distinct functional
roles and distinct cell and tissue distribution of ATP7A
and ATP7B, suggest significant differences in the molecular
mechanism of regulation between these two proteins. Yet,
conservation in the sequence, structure, and the number of
the MBDs indicates that this mechanism shares some funda-
mental features, such as the crucial role of domain-domain
interactions in the MBD1-3 group.

We hypothesize that MBD1-3 interactions in ATP7A are
modulated by the reversible folding-unfolding of the

HMAT1A domain. Because there are no copper-binding sites
in HMAT1A and it does not interact with either ATOX1 or
ATOX1-Cu, HMA1A folding state cannot be directly regulated
by copper. However, there are two kinase phosphorylation sites
in HMAL1A, S147 and T152. The T152 residue, in particular,
appears to be phosphorylated in a copper-dependent manner
(52). Phosphorylation of T152, and perhaps S147 in the pres-
ence of copper could facilitate unfolding of HMAIA,
increasing MBD1-MBD2 freedom of motion and, conse-
quently, promoting dissociation of the MBD1-3 domain group

(Fig. 6).

CONCLUSIONS

We have described, to our knowledge, a new metastable
folded domain in the region between the MBDI and -2 of
ATPTA, revealing a remarkable difference in the domain
composition between the two copper-transporting ATPases
in human cells. The structure of this domain, HMAIA,
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FIGURE 6 Proposed mechanism of ATP7A regulation by the reversible
unfolding of the HMA1A domain. MBD1-3 associate in the inhibited state
of the enzyme, by analogy with ATP7B (11). This association is stabilized
by the folded HMAIA (7). Increased copper level in the cell leads to
HMAT1A unfolding, possibly via kinase signaling resulting in the phosphor-
ylation on T152, and, perhaps, S147 (2). HMA1A unfolding, in turn, desta-
bilizes MBD1-MBD3 interaction, leading to MBD1-3 domain group
dissociation and, consequently, to the enzyme activation (3). To see the
figure in color, go online.

resembles the MBDs but lacks the copper-binding site. We
show that HMAI1A is present in ATP7A proteins across
evolutionary distant vertebrate species. We hypothesize
that reversible unfolding of HMAI1A is part of the mecha-
nism of regulation of ATP7A through the copper-dependent
dynamics and interactions of the MBDs.
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