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Preface
This thesis presents part of the work I have done during the five years of my
PhD studies in Professor Poul Nissen’s group, which is part of the PUMPKIN and
DANDRITE Centers of Excellence and of the Department of Molecular Biology
and Genetics at Aarhus University, Denmark. I have focused on performing
structural and functional characterization of heavy metal P-type ATPases of
subclass

1B,

particularly

of

the

Cu+-ATPase

LpCopA

from

Legionella

pneumophila and the Zn2+-ATPase SsZntA from Shigella sonnei. Although P1BATPases comprise about 44% of all known P-type ATPases, making them the
largest subclass of this superfamily, they have been poorly researched
compared to other proteins (e.g. the sarco(endo)plasmic reticulum Ca2+-ATPase
SERCA) belonging to the smaller P-type ATPase subclasses, with the first atomic
resolution structure of LpCopA published as recently as 2011. This thesis aims
at contributing to our better understanding of these abundant P-type ATPases.
Throughout my PhD, I have had the opportunity to work on a variety of projects
with broad aims and scope. In order to maintain a clear and abridged narrative,
I have chosen to focus here on a specific subset of the work performed. My
criteria for including material in this thesis were the following:


Has been or is about to be published in peer-reviewed journals.



Contains a high degree of personal contribution, as described in the
synopsis sections preceding the chapters.



Fits into a storyline compact enough for a PhD thesis.

Consequently, I have excluded part of the work I have performed during the
course of my PhD from the main sections of the thesis, although some of it is
mentioned in the discussion (Chapter 7). Part of this material, which is either
published, accepted for publication, or still in manuscript format, can also be
previewed in the section ‘Publications not included in this thesis’. It includes
multifaceted research performed on Cu+-ATPases, for instance the effect of
mutating a double glycine motif at the junction of helices MB and MB’, the
hydration state of metallofluorides interacting with the catalytic aspartate in the
P-domain, and the highly exciting discovery of an exclusively sulfur-based ion
transport pathway in these proteins involving only one high-affinity ion binding

v
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site (referred to in Chapters 6 and 7), as opposed the previous model that
suggested two high-affinity ion binding sites utilizing additional oxygen atoms.
Some non-included publications also deal with the possibility of using X-ray free
electron lasers as alternatives to synchrotrons for data collection, describing for
instance my collection of the very first XFEL diffraction data ever obtained from
a P-type ATPase using microcrystals produced from SsZntA during a visit to the
Linac Coherent Light Source X-ray Free Electron Laser (LCLS XFEL) in California.
Other data not yet drafted as manuscripts include the NMR structure of the
LpCopA heavy metal binding domain that possesses a unique fold (a
collaboration with PhD fellow Dennis Wilkens Juhl, Dr. Jakob Toudahl Nielsen
and Professor Niels Christian Nielsen), my experience with expressing NRAMP
proteins, and my ultimately unsuccessful attempts to crystallize LpCopA and
SsZntA in the E1 state (later continued by Drs. Henriette Autzen and Kaituo
Wang).
This thesis has been submitted for the degree of Doctor of Philosophy (PhD) to
the Faculty of Science and Technology, Aarhus University, Denmark.
April 2015, Aarhus
Oleg Sitsel

Signature

_
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Summary
Copper and zinc are trace elements that are crucial for the well-being of all cells
and are an indispensable part of many proteins. At the same time, the
intracellular levels of these metals require careful regulation, as an excess or
deficiency may be lethal. P1B-ATPases are key players in Cu+ and Zn2+
homeostasis that belong to the superfamily of P-type ATPases, transmembrane
proteins which are present in virtually all lifeforms, with functions ranging from
membrane potential generation to muscle relaxation.
The goal of this thesis is to improve our understanding of P1B-ATPases by
focusing on the bacterial proteins LpCopA and SsZntA, which represent Cu+and Zn2+-ATPases, respectively. The thesis first compares the recent pioneering
P1B-ATPase structure of LpCopA to that of the well-described Ca2+-ATPase
SERCA, showing how Cu+-ATPases have managed to adapt the general P-type
ATPase topology to handle heavy metal ions. LpCopA is then compared to its
two human homologues ATP7A and ATP7B, which cause the severe Menkes and
Wilson diseases when malfunctioning. The differences between the three
proteins are described and disease-causing mutations in the human proteins
are analyzed. The crystal structure of LpCopA in a new conformational state is
then presented and studied using a variety of methods, showing that Cu+ATPases use an ion release pathway unique for the P-type ATPase superfamily.
The next section introduces the two pioneering crystal structures of a Zn2+ATPase, SsZntA. Investigation of SsZntA using a broad range of techniques
reveals an array of unique Zn2+-ATPase features relating to ion uptake, binding,
discharge

and

comprehensively

countertransport.
compare

2+

These

Zn -ATPases

results
with

are
their

then

used

to

+

Cu -transporting

counterparts, showing how the two have managed to adapt to transport of
distinct ion types while still maintaining all the major features of the P1B-ATPase
subclass.
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Summary in Danish

Summary in Danish
Kobber og zink er sporstoffer, der er afgørende for trivsel af alle celler og er en
uundværlig del af mange proteiner. Overskud eller mangel på disse metaller
kræver omhyggelig regulering, da det ellers kan være dødeligt for cellen,
potentielt

set

organismen.

Zn2+ homeostase,

og

de

P1B-ATPaser

tilhører

er

centrale

superfamilien

aktører

P-type

i

ATPaser,

Cu+ og
der

er

transmembrane proteiner, som er til stede i stort set alle livsformer, med
fysiologiske

funktioner,

der

lige

fra

membranpotentiale

generation

til

muskelafslapning.
Målet med projektet er at forbedre vores forståelse af P1B-ATPaser ved at
fokusere på de bakterielle proteiner LpCopA og SsZntA, som repræsenterer
Cu+- og Zn2+-ATPaser hhv. Jeg har sammenlignet den første P1B-ATPase
struktur LpCopA med den velbeskrevne Ca2+-ATPase SERCA, der viser, at Cu+ATPaser har den generelle P-type ATPase topologi til at håndtere tungmetal
ioner. LpCopA er derefter sammenlignet med sine to humane homologer ATP7A
og ATP7B, som kan forårsager de alvorlige Menkes og Wilson sygdomme.
Forskellene mellem de tre proteiner er beskrevet og sygdomsfremkaldende
mutationer i de humane proteiner analyseret. Krystalstrukturen af LpCopA i en
ny

konformationel

tilstand

er

herefter

præsenteret

og

undersøgt

ved

+

anvendelse af en række fremgangsmåder, der viser, at Cu -ATPaser bruger
unik pathway til frigivelse af tungmetallet. Næste afsnit introducerer de to nye
krystalstrukturer af en Zn2+-ATPase, SsZntA. Ved hjælp af en bred vifte af
teknikker er SsZntA blevet undersøgt, og flere unikke funktioner for Zn2+ATPasens funktioner er afsløret så som ionoptagelse, -binding, -frigivelse og
modtransport. Jeg har brugt resultaterne til en omfattende sammenligning af
Zn2+-ATPases med deres Cu+-transport kolleger, der viser, hvordan de to har
formået at tilpasse sig transport af forskellige typer ioner og samtidig bibeholde
alle de store funktioner i P1B-ATPase underklasse.
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List of abbreviations and glossary
A-domain

Actuator domain of P-type ATPases

ab initio

From the beginning

ADP

Adenosine diphosphate, product formed upon ATP
hydrolysis

AfCopA

Cu+-ATPase AF_0473 from Archaeoglobus fulgidus

AlF4−

Aluminium fluoride, a phosphate-mimicking inhibitor

ATP

Adenosine triphosphate, energy-rich molecule powering
many cellular processes

ATP7A/B

Human copper-transporting P-type ATPase A/B

Baginski assay

Colorimetric assay used to determine amount of inorganic
phosphate in solution

BeF3−

Beryllium fluoride, a phosphate-mimicking inhibitor

BME

β-mercaptoethanol, a reducing agent

β-NAD

β-nicotinamide adenine dinucleotide, a coenzyme

C12E8

Octaethylene glycol monododecyl ether, a detergent

CopA

Cu+-transporting P-type ATPase

CopZ

Soluble copper chaperone responsible for ion delivery to
Cu+-ATPases; called ATOX1 in humans

DDM

n-Dodecyl β-D-maltopyranoside, a detergent

xiii

DOPC

List of abbreviations and glossary

1,2-Dioleoyl-sn-glycero-3-phosphocholine, an abundant
lipid in cell membranes

DTT

Dithiothreitol, a reducing agent

E1

Inward-facing conformation of P-type ATPases with high
affinity to the transported ion(s)

E1P

Phosphorylated conformation of P-type ATPases with the
transported ion(s) occluded

E2P

Phosphorylated outward-facing conformation of P-type
ATPases with high affinity to the counterion(s) (if any)

E2.Pi

Conformation of P-type ATPases undergoing
dephosphorylation, with counterion(s) (if any) occluded

E2

Fully dephosphorylated conformation of P-type ATPases
with counterion(s) (if any) occluded

EDTA

Ethylenediaminetetraacetic acid, a chelator

EGTA

Ethylene glycol tetraacetic acid, a chelator

ESRF

European Synchrotron Radiation Facility

Heavy metal

A metal or metalloid of environmental concern, mostly (but
not exclusively) belonging to the transition metal block

HiLiDe

A high lipid-detergent technique for membrane protein
crystallization

HMBD

Heavy metal binding domain, a (putatively) regulatory
domain specific to P-type ATPases of subclass 1B

ICP-MS

Inductively coupled plasma mass spectrometry, a very
sensitive method used to quantify element concentrations

In silico

In a computer
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In vitro

In a test tube

In vivo

In a living organism

LMCA1

Ca2+-ATPase lmo0841 from Listeria monocytogenes

LpCopA

Cu+-ATPase lpg1024 from Legionella pneumophila

M#

Transmembrane helix number #

MD

Molecular dynamics, computer simulations of atomic and
molecular movements

N-domain

Nucleotide-binding domain of P-type ATPases

NMR

Nuclear magnetic resonance spectroscopy, a technique to
for obtaining 3D structures of macromolecules

P-domain

Phosphorylation domain of P-type ATPases

PDB

Protein Data Bank, a repository of macromolecular 3D
structures

PEG 2000 MME

Polyethylene glycol monomethyl ether 2000

Pi

Inorganic phosphate, product formed upon ATP hydrolysis

Post-Albers cycle

The cycle describing the catalytic reaction mechanism of Ptype ATPases

PXY-Z-ATPase

P-type ATPase of class X, subclass XY, subgroup XY-Z

r.m.s.d.

Root-mean-square deviation, a measure of the average
distance between atoms in superimposed proteins

s.d.

Standard deviation
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1. Introduction

Copper and zinc are trace elements that are crucial for the correct functioning
of all cells and are indispensable components of many proteins. At the same
time, the intracellular levels of these metals require careful regulation: an
excess or a deficiency of copper or zinc may be lethal. This is evident from the
important role that alterations of the copper/zinc homeostatic balance play in
several human disorders. For instance, Menkes and Wilson diseases are caused
by disorders of copper metabolism1,2, and malfunction of zinc homeostasis is
suggested to be an important factor in the formation of amyloid beta deposits in
Alzheimer’s disease3, suppressed immune response, growth defects and
reproductive disorders4.
Although many proteins are involved in intracellular re-distribution of zinc and
copper, a particularly crucial homeostatic role belongs to those proteins which
coordinate the exchange of copper and zinc between the cell or its organelles
and the exterior environment. The lipid bilayers that cells and organelles use to
separate their internal environments from their immediate surroundings are
impermeable to most molecules and ions, including those of heavy metals.
Therefore, it is up to specific protein channels and transporters embedded in
these membranes to arrange the transfer of such ions from one side to the
other, with channels passing ions down their concentration gradient and
transporters moving ions against it using an alternating access mechanism.
Secondary transporters use pre-established electrochemical gradients to power
transport, whereas primary transporters like P-type ATPases utilize energy
derived from other sources such as ATP hydrolysis. P1B-ATPases represent the
subclass of P-type ATPases that specializes in the transport of heavy metals
across membranes and plays a crucial role in the detoxification of cells and
metalation/maturation of relevant proteins in organisms ranging from bacteria
to humans. Describing new findings on the structure and function of Cu+- and
Zn2+-transporting P1B-ATPases is the aim of this thesis.
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P‐type ATPases
Research of the P-type ATPase superfamily, to which Cu+ and Zn2+-transporting
P1B-ATPases belong, dates back to 1957 when Jens Christian Skou of Aarhus
University made the observation that a protein obtained from homogenized
shore crab nerves hydrolyzes ATP in a magnesium-, sodium- and potassiumdependent manner5. This discovery of the Na+,K+-ATPase earned him the 1997
Nobel Prize in Chemistry and uncovered a superfamily of proteins that now
encompasses more than 100000 members (UniProt database6, March 2015). Ptype ATPases can be divided into five classes and multiple further subclasses7
based on the ions they transport, which are as diverse as protons, transition
metals, and phospholipids (Table 1). Present in virtually all lifeforms, their
functions range from membrane potential generation and muscle relaxation to
heavy metal detoxification and formation of lipid bilayer asymmetry. Given the
wild diversity of P-type ATPase functions and transported ions, it is remarkable
that the overall topology and reaction cycle of these proteins remains the same.
Information on P-type ATPase topology and structure is derived from more than
half a century of characterizing members of different P-type ATPases classes,
with the last 15 years seeing more than 70 high resolution structures deposited
into the Protein Data Bank8-45. The vast majority of these belongs to the rabbit
sarco(endo)plasmic reticulum Ca2+-ATPase SERCA1a in various conformational
states, thereby also providing deep insight into the P-type ATPase catalytic
cycle.
P-type ATPases consist of four key domains (Figure 1). The transmembrane Mdomain is made up of multiple transmembrane helices which are typically
involved in ion entry from the intracellular side, occlusion and finally release
from the extracellular side, as well as counterion transport in the reverse
direction. Six helices are conserved throughout the whole superfamily, whereas
additional N- and C-terminal helices are appended in a subclass-specific
manner.
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Table 1. The diversity of P-type ATPases

Subclass

Transported ion(s)
per cycle

Transported
counterion(s) per
cycle

Number of
TM helices46

Present in47

P1A

Likely none48

2 K+, in complex with a
K+-channel subunit48

7

Bacteria, archaea

+

2+

P1B

1 or 2 Cu / 1 Zn /
Cu2+/ Co2+/ Ag+/ Cd2+/
Pb2+/ Mn2+/ Ni2+ 49,50

Likely none51,52

8

Bacteria, archaea,
fungi, plants, animals

P2A

2 Ca2+

53

2-3 H+

55

10

Bacteria, archaea,
fungi, plants, animals

P2B

1 Ca2+

56

0-1 H+

56,57

10

Fungi, plants, animals

P2C

3 Na+

58

10

Fungi, animals

P2D

1 Na+

62,63

1064

Fungi, animals

P3A

1 H+

None66

10

Bacteria, archaea,
fungi, plants

P3B

Unknown

Mg2+

10

Bacteria

P4

Unknown

Phospholipids68

10

Fungi, plants, animals

P5A

Unknown

Unknown

1269

Fungi, plants, animals

P5B

Unknown

Unknown

1169

Fungi, plants, animals

/ Mn2+

54

/ 1-2 H+ 59-61

65

2 K+

58

/ 1-2 K+

Possibly 1 H+

64

67

59-61

The cytoplasmic nucleotide-binding N-domain binds ATP and phosphorylates the
P-domain (Figure 1, step 1), as well as participates in binding of regulatory ATP
later in the transport cycle. The phosphorylation P-domain contains the
invariant aspartate that is reversibly phosphorylated (step 1) and autodephosphorylated (step 5) during the transport cycle, which is a hallmark
feature of P-type ATPases compared to other ATPases. The cytoplasmic actuator
A-domain is linked to the M-domain and undergoes a large rotational movement
upon P-domain phosphorylation (step 2), resulting in conformational changes of
the M-domain that drive ion translocation (step 3). Counterion binding to the Mdomain (step 4) leads to further rotation of the A-domain, which then
dephosphorylates the aspartate of the P-domain (step 5). This causes the Adomain to rotate back in the reverse direction, bringing the M-domain to its
initial state and driving counterion transport in the process (step 6). The three
cytoplasmic domains communicate their movements to the transmembrane
segment via 2-3 linkers from the A-domain and 2 linkers from the P/N-domain.

1. Introduction

5

Some P-type ATPases, such as those of the P1B and P2B subclasses, have
additional regulatory domains at the termini, which may have an autoinhibitory
function. Finally, several P-type ATPases act in concert with additional subunits,
e.g. CopZ-type metallochaperones in P1B-ATPases, sarcolipin in P2B-ATPases,
beta polypeptides in P2C-ATPases and P4-ATPases.

Figure 1. P-type ATPase topology and the Post-Albers catalytic cycle as
exemplified by SERCA.
The soluble domains are shown in red (nucleotide binding), blue (phosphorylation) and yellow
(actuation), and the transmembrane domain is shown in wheat. In case of SERCA, the
transported ions are Ca2+ and the counterions are protons. The insets provides a more detailed 2D
topology and 3D structure of SERCA (E2.Pi state, PDB ID 3N5K), with the six transmembrane
helices that are conserved in all P-type ATPases colored wheat, and the SERCA-specific C-terminal
helices colored green. The linker between M1 and the A-domain is another SERCA-specific feature.
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The reaction mechanism of P-type ATPases (Figure 1) is usually described in
terms of the alternating access70 Post-Albers cycle71,72. In the E1 state, the
transmembrane ion-binding site(s) is open to the cytoplasmic side and has high
affinity towards transported ions. Ion binding triggers occlusion of the site(s)
and hydrolysis of ATP, which phosphorylates the hallmark aspartate in the Pdomain (E1.Pi-ADP). Upon release of ADP (E1P), domain movements occur that
result in exposure of the ion-binding site(s) to the extracellular/luminal side
(E2P), now with reduced affinity to the transported ions and high affinity to
counterions (if any are required). Dephosphorylation of the P-domain aspartate
allows the ATPase to enter an empty/counterion-occluded state (E2.Pi to E2)
and reverting the ion-binding site to its original cytoplasmic-facing position.
Potential counterions are then released and the protein is once again in an E1
state, ready to perform another transport cycle.

P1B‐ATPases
The P1B subclass of P-type ATPases is responsible for heavy metal transport,
serving the dual role of protecting cells from toxic levels of transition metals
and donating some of these metals to metalloproteins that utilize them as
cofactors73,74. In higher organisms, they are also a crucial part of the machinery
that distributes heavy metals amongst different tissues75,76. P1B-ATPases are
found in all kingdoms of life and are the most abundant subclass of P-type
ATPases in prokaryotes46.
Based on conserved amino acid signatures in the M-domain (Figure 2), it is
possible to separate the P1B-ATPase subclass into several subgroups having
distinct transport specificities, with the first two being the topic of further focus
in this thesis:


P1B-1-ATPases: Cu+-ATPases, also transport the non-physiological ion Ag+
due to its significant similarity to Cu+.



P1B-2-ATPases:

Zn2+-ATPases, other transported ions include Cd2+ and

Pb2+.


P1B-3-ATPases: Cu+ and Cu2+-ATPases, also transport Ag+. Very similar to
P1B-1-ATPases,

but

a

histidine
2+

preferential transport of Cu

in

the

metal

binding
77

over monovalent ions .

site

allows
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P1B-4-ATPases: Ion specificity remains a matter of debate78-80, with some
of the proposed ions being Co2+, Ni2+, Mn2+ and Zn2+.



Orphan P1Bs: Occasionally referred to as P1B-5-, P1B-6- and P1B-7ATPases50,81, the signature sequences of these proteins do not fit into
the above subgroups. Their transported ions are unknown.

Figure 2. Topology of P1B-ATPases.
The P1B-specific extension to the N-terminus of M1 is shown in cyan. Note the variability of the
region to the N-terminus of MA between the subgroups. Metal binding motifs in M4 and M6 are
shown, as well as residues in M5 that may also be relevant for metal coordination. Key motifs in
the soluble domains are indicated.
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Evidence is accumulating that yet more P1B-ATPase subgroups may exist50. For
instance, a (unpublished) bioinformatic analysis I performed to find ATPases
with metal binding motifs in helix M6 similar to those of subgroup P1B-4 revealed
numerous variants of the other metal binding motif in helix M4. After classical
P1B-4-ATPases with the SPC motif in M4 and the HEGXT motif in M6 (597 of 1359
total sequences analyzed), the second largest subgroup (473 of 1359
sequences) with (F/Y)SC in M4 and HNXXT in M6 came from a subgroup that
has been completely undescribed to date. Such unexpected discoveries indicate
that there is much yet to be learned about the family of P1B-ATPases. The
significant diversity within this subclass compared to what is seen within other
subclasses may either mean that the P1B-ATPase design is particularly adaptive,
or that these proteins are amongst the most ancient P-type ATPases.
The overall architecture of P1B-1 and P1B-2 Cu+- and Zn2+-ATPases has been best
studied and is rather similar (Figure 2). While the N-terminus of P1B-3-ATPases is
histidine-rich and rather unstructured50, and P1B-4-ATPases lack any significant
N-terminal extension whatsoever82, the N-terminus in P1B-1- and P1B-2-ATPases
forms either a single or multiple (six in ATP7A and ATP7B) heavy metal binding
domains (HMBDs) that contain metal-binding CXXC motifs and typically possess
a ferredoxin-like βαββαβ fold. The HMBD is linked to transmembrane helix MA,
which is followed by helix MB. After a glycine-formed kink in MB, the helix
bends parallel to the membrane interface, forming an amphipathic “platform”
called MB’, which putatively allows docking of chaperones/HMBDs in the vicinity
of the ion entry site13,83. MB’ is linked to the universally conserved P-type
ATPase helices M1-M6, between which the intracellular A-, P-, and N-domains
are inserted. Such an arrangement means that M1 is not directly connected to
the A-domain as in the structurally characterized P2- and P3-ATPases, with
potentially interesting consequences for the proteins’ reaction mechanism. Both
Cu+- and Zn2+-ATPases use a CPC metal-binding motif in M4, while the metalbinding motifs in M5 and M6 differ.
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The first P1B-ATPase crystal structure determined was of LpCopA, a Legionella
pneumophila Cu+-ATPase, locked in the E2.Pi state13 (Figure 3). Although the
HMBD was not visible, this structure from 2011 provided much of the current
knowledge on the topology and mechanism of action of P1B-ATPases. This thesis
describes a novel E2P state structure of LpCopA in Chapter 4, and the
pioneering structures of a Zn2+-ATPase in the E2P and E2.Pi states in Chapter 5.
When combined with the performed complementary functional studies, these
new structures greatly contribute to our understanding of heavy metal P-type
ATPases.

Figure 3. The pioneering structure of a P1B-ATPase obtained from LpCopA.
The protein is in the E2.Pi state of dephosphorylation (PDB ID 3RFU). Note that the N-terminal
HMBD is not visible.

10

1. Introduction

Figure 4. Visible symptoms of Menkes and Wilson diseases.
a, In Menkes disease, copper deficiency leads to problems with keratin maturation, resulting in
kinky, brittle hair (this is compared to normal hair in the lower panel). Modified reproduction
from reference 1. b, In Wilson disease, copper overload leads to deposition of the metal in the
cornea, creating structures called Kayser-Fleischer rings (arrows). Modified reproduction from
reference 2.

Cu+-transporters from subgroup P1B-1 are the most ubiquitous P1B-ATPases,
which are present in all kingdoms of life and are the only heavy metal P-type
ATPases in animal cells. Humans possess two such proteins, ATP7A and ATP7B,
which upon malfunction cause the severe Menkes and Wilson diseases,
respectively (Figure 4). These two disorders provide well-studied examples of
how important P1B-ATPases are to the organisms that possess them. In the
incurable

Menkes

disease,

a

general

copper

deficiency

is

observed

(corresponding to the ubiquitous nature of ATP7A) which leads to early death in
classical forms of this disorder

84

. The dietary aspect of the deficiency stems

from the difficulty of copper uptake in the intestine, and the other effects are
mainly a result of poor cuproprotein metalation. The main visible symptoms are
kinky hair and abnormal connective tissue, coupled to developmental delay and
neurodegeneration85. Because ATP7A is located on the X chromosome, a single
defective copy of the gene is enough to cause Menkes disease in males,
significantly simplifying analysis of disease-causing mutations.
On the other hand, Wilson disease is characterized by a copper overload. The
localization of ATP7B in the liver and its primary function of copper excretion
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into bile86 make the effects of its impairment somewhat more contained, with
perhaps the main effect being hepatocyte death due to copper stress2. Other
symptoms include copper overload damage of the kidneys, visible deposition of
copper on the peripherally located surface of the inner cornea (Figure 4), and
neurological
administration

abnormalities2.
of

copper

Treatment

chelators

and

of
liver

Wilson

disease

involves

transplantation2.

Although

pinpointing mutations that cause Wilson disease is rather difficult due to its
autosomal recessive nature, this has been attempted in Chapter 3.
A notable role of Cu+-ATPases in disease, albeit from a different perspective,
comes from host-pathogen interactions. Due to the excellent bactericidal
qualities of copper, macrophages recruit ATP7A to phagosomes containing
encapsulated bacteria in order to induce lethal copper stress87. Bacteria attempt
to survive this assault by expressing their own Cu+-ATPases. In fact, many
pathogens that successfully manage to colonize macrophages after ingestion
(such as Legionella pneumophila and Mycobacterium tuberculosis) possess
multiple Cu+-ATPase copies.
P1B-2-type Zn2+-ATPases represent the second most common subgroup of these
proteins, being widespread in prokaryotes and plants. Although they have been
more poorly characterized than Cu+-ATPases, it is well known that upon
knockout of Zn2+-ATPases, prokaryotes become hypersensitive to an excess of
zinc, cadmium and lead salts88,89, providing a strong suggestion of what their
primary physiological role in these organisms is. Arabidopsis thaliana has been
the leading plant model organism for studying the role of Zn2+-ATPases,
possessing three such proteins designated as HMA2, 3 and 4. Simultaneous
knockout of the plasma membrane-localized HMA2 and HMA4 results in sterile
plants with a severely stunted growth phenotype which can be rescued by
supplementation with extra zinc salt90 (Figure 5). Analysis of zinc accumulation
patterns in tissues of the mutants showed that the problem was caused by a
deficiency in zinc translocation rather than with uptake, thus indicating that the
main role of these proteins in plants is to mobilize the ion from root to shoot90.
HMA3, on the other hand, localizes to the vacuolar membrane and enhances
plant tolerance of heavy metals, likely by sequesterization of excess ions91.
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Figure 5. Effect of double Zn2+-ATPase knockout in Arabidopsis thaliana.
a, When the A. thaliana HMA2, HMA4 knockout mutant is grown on soil supplemented with 1
mM extra zinc (left), it is able to grow similarly to the wild type. However, under normal
conditions the growth of this mutant is severely stunted (right). b, The same experiment
performed using agar mineral salts media instead of soil. Figure is reproduced from reference
90.

Heavy metal homeostasis
Cu+- and Zn2+-transporting P1B-ATPases form but a part of the extensive
machinery involved in the homeostasis of these metals, albeit a very important
one. This section describes the significance of copper and zinc in the cell and
the complexity of their trafficking mechanisms.
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Copper
Copper is an element that is crucial for all organisms. Its importance stems
from the unique properties of this metal: the redox potential of Cu+/Cu2+ is very
near to that of the cytoplasm92,93. This power has been harnessed by a
multitude of enzymes using copper as a cofactor to catalyze processes that
involve redox chemistry and/or electron transfer, such as protection against
free oxygen radicals (performed by superoxide dismutase), energy metabolism
(cytochrome c oxidase), and synthesis of collagen, dopamine and melanin (lysyl
oxidase, dopamine-β-hydroxylase and tyrosinase, respectively)94. Yet the same
properties that make copper useful can also make it deadly when uncontrolled.
The ease with which copper can cycle between the Cu+/Cu2+ redox states
means that even one free copper ion per cell can wreak havoc via radicalgenerating Fenton/Haber-Weiss reactions95, e.g. Cu+ + H2O2 → Cu2+ + OH- +
OH·. In addition, copper can disrupt protein function by binding ectopically96.
This dual nature of copper means that cells must tightly regulate its
concentrations and never allow it to be present in free ionic form. This is
accomplished by means of an elaborate system of proteins and small molecular
weight compounds (Figure 6a).
Copper is trafficked into the cell in the Cu+ state. Metalloreductases such as the
six-transmembrane epithelial antigen of the prostate (STEAP) proteins in
humans ensure the ion is in the correct redox state97, then (in the case of
eukaryotes) it is taken up by copper transporter (CTR) type high affinity
secondary transporters98 or by a poorly researched mechanism in prokaryotes99,
which possibly occurs via a porin protein100 or by active transport101, e.g. using
an NRAMP homologue102. Copper chaperones103,104 and compounds such as
glutathione105 receive the copper inside the cell and buffer/distribute it to its
target destinations. Perhaps one of the most significant buffering components in
eukaryotic cells is the metallothionein family of proteins, which are capable of
binding at least 7 Cu+ ions106 – a significant stoichiometry considering that their
molecular weight is in the range of 0.5-14 kDa. Another important intracellular
component in this system is Atox1/CopZ, a ferredoxin fold metallochaperone
that plays multiple important roles in cellular homeostasis, such as buffering,
modulation of downstream transcription and delivery of Cu+ to efflux machinery
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such as P1B-ATPases. Other soluble chaperones with more specific targets
include CCS1 that deliver copper to the eukaryotic copper/zinc superoxide
dismutase107 and the eukaryotic Cox17, which along with Cox11, Sco1 and Sco2
transfers copper to cytochrome c oxidase108-110. Eukaryotic Cu+-ATPases such as
human ATP7A and ATP7B participate in protein metalation in the trans-Golgi
network under normal circumstances, relocating to the plasma membrane at
elevated copper concentrations in order to purge the cell of the excess ion111.
Prokaryotic Cu+-ATPases are on the other hand permanently positioned in the
plasma membrane and shuttle Cu+ to the periplasm. Prokaryotes also possess a
Cue-type multicopper oxidase in the periplasm that converts extruded copper to
its less toxic Cu2+ form112, as well as a proton gradient-powered Cus-type
multimeric exporter that presumably exports Cu+ directly from the cytosol to
the extracellular space, bypassing the periplasm113. The directionality of these
transport pathways appears to be determined by a gradient of increasing
copper binding affinity, with experimentally derived KCu values being in the
pico- to femtomolar range105.
Copper is an interesting metal from the perspective of coordination by proteins:
when in Cu2+ form, the Irving-Williams series114 predicts it to form the tightest
complexes of all divalent metals, along with zinc. The Cu+ form is expected to
have similar affinity99. As a transition metal with weakly shielded d-electrons,
Cu+ acts as a soft acid and Cu2+ as a somewhat harder acid. In accordance to
the HSAB (Hard and Soft Acids and Bases) principle115,116, copper will seek out
other soft, easily polarizable bases to interact with, especially when it is in the
reduced state. In case of amino acid residues, this implies histidine, cysteine
and methionine, with Cu2+ having a slight preference for the former, and Cu+
preferring the two latter117. As a result of the difference in number of delectrons, the two oxidation states of copper also prefer to be coordinated in
distinct configurations: Cu+ uses 2-4 ligands in linear, trigonal planar or (less
commonly) distorted tetrahedral geometries, whereas Cu2+ uses 4-6 ligands in
square planar, square pyramidal or (axially distorted) octahedral geometries117.
The coordination centers themselves can be classified by their geometry,
reduction potentials, and number of copper ions participating, and in the case of
enzymes are typically divided into Types I, II, III, CuA, CuB, and CuZ.
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Transcription factors and proteins where copper is a cofactor are at the
receiving end of copper transport pathways and typically have a high binding
affinity. Cu+ trafficking proteins, on the other hand, possess a lower binding
affinity and utilize linear/trigonal coordination geometries that allow them to
pass the ion further117.

Zinc
Although zinc is sometimes also referred to as a trace metal, in reality it is
much more abundant in living organisms than copper. For instance, the human
body contains 30-40 mg of zinc per kilogram of body mass, a number roughly
on par with that for iron118. Compare this with the estimated 1.6 mg of copper
per kilogram of body mass119, and it becomes evident that this is a much more
widely used metal. In fact, the human genome alone encodes for more than
2800 Zn2+-binding proteins120. Zinc has three primary roles as a protein
cofactor: catalytic, co-catalytic and structural. Additionally, zinc has other
regulatory and signaling uses such as in neurotransmission121. Examples of
proteins using zinc for enzymatic catalysis include alcohol dehydrogenase
(interconversion of alcohols and aldehydes/ketones) and carbonic anhydrase
(interconversion of water and carbon dioxide into bicarbonate and protons).
Proteins using zinc alongside other metals for co-catalytic functions include
superoxide dismutases (conversion of superoxide radicals into O2 or H2O2) and
phosphatases (phosphomonoester hydrolysis). Finally, zinc fingers represent
the best known motif to utilize Zn2+ for structural purposes, and are widespread
amongst e.g. transcription factor proteins.
The redox potential in the cell means that only the Zn2+ oxidation state is
possible, thereby avoiding the problems posed by copper. This allows less tight
regulation of zinc compared to copper, with intracellular levels of free Zn2+
being in the pico- to nanomolar range122 as opposed to “less than one free ion
per cell”123 in the case of Cu+. Nonetheless, excessive levels of free zinc are
toxic and have been shown to cause redox damage. This is proposed to occur
by zinc-dependent inactivation of enzymes involved in antioxidant protection,
such as glutathione peroxidase124.
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As is the case for copper trafficking, zinc transport also occurs via a complex
network of proteins (Figure 6b), however the role of cytoplasmic chaperones is
diminished and the diversity of transmembrane transporters is increased. In
prokaryotes, a high-affinity Zn2+ uptake system of the ATP-binding cassette
(ABC) family and a low-affinity one of the ZRT, IRT-like protein (ZIP) family are
responsible for importing the ion into the cell, assisted by periplasmic
chaperones125. Eukaryotes do not use ABC transporters for Zn2+ uptake,
focusing instead on the ZIP family: humans alone possess 14 isoforms of these
proteins126. The major dedicated cytoplasmic Zn2+-buffering protein components
are metallothioneins, which are able to bind up to 7 Zn2+ ions per protein127. As
most prokaryotes lack metallothioneins, this suggests that cytoplasmic Zn2+
buffering occurs by means of additional components such as glutathione and
cysteine. Prokaryotes and eukaryotes utilize cation diffusion facilitator (CDF)
type ZnT proteins (10 isoforms in humans128) for distribution of zinc into various
subcellular compartments and cellular efflux. Whereas most of the subcellularly
distributed zinc is directly used for protein metalation, certain compartments
such as the vacuole in plants and fungi129, and “zincosomes” in mammals130 and
certain fungi131 are used for zinc storage. Last but not least, Zn2+-transporting
P1B-ATPases play crucial roles in bacteria and plants by allocating the ion to the
necessary subcellular compartments and pumping it out of the cell for tissue
distribution and/or detoxification132,133.
Like copper, the Irving-Williams series places zinc amongst the divalent cations
that form the tightest complexes. According to the HSAB principle, zinc is
positioned at the boundary of soft and hard acids. This allows zinc to be
coordinated by a wide variety of ligands such as histidine, glutamate, aspartate,
cysteine, tyrosine, glutamate, glutamine or even the carbonyl oxygen from the
protein backbone134. The structures of zinc sites are correlated to the function
that the metal performs. In catalytic zinc sites, a water and three amino acid
ligands (nitrogens/oxygens/ sulfurs) are used, with a preference for histidine135.
The coordination number is 4-5, and a trigonal bipyramidal or distorted
tetrahedral geometry is used. Structural zinc sites use four amino acid ligands
with a strong preference for cysteine135, typically in a tetrahedral geometry136.
Finally, co-catalytic zinc sites have two of the metals bridged via a water
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molecule or an amino acid, preferentially aspartate or histidine. Here zinc
prefers to use a distorted tetrahedral coordination geometry137.

Figure 6. Simplified schemes of copper and zinc metabolism in animal cells.
a, Copper trafficking involves the usage of specific chaperones to deliver the ion to its cellular targets.
b, Zinc trafficking is more dependent on multiple transporter isoforms for correct distribution. In both
cases, metallothioneins and small molecular weight compounds are responsible for cytoplasmic
buffering (not shown). Bacterial and plant cells have certain differences from the schemes shown here,
e.g. use of Zn2+-ATPases. The figure is a modified reproduction from reference 104.
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Aim and outline of this thesis
The work described in this thesis aims at improving our understanding of heavy
metal P1B-ATPases from a structural and biochemical perspective by focusing on
the proteins LpCopA and SsZntA. These represent Cu+- and Zn2+-ATPases,
respectively, which taken together comprise 36% of all known P-type ATPases
to date. The first structure of LpCopA in 2011 provided an invaluable initial
insight into the three-dimensional architecture of P1B-ATPases, fueling a
multitude of new hypotheses on how these proteins function.
With an initial focus on Cu+-ATPases, Chapter 2 provides a useful comparison of
LpCopA to SERCA, which is the P-type ATPase from which the most structural
information regarding the superfamily has been derived. New ideas about how
Cu+-ATPases have adapted to their transported ions are also presented.
Chapter 3 assesses how well the first LpCopA structure describes the two
human homologues ATP7A and ATP7B. Disease mutations, inter-protein
variations affecting enzyme function, and the relative importance of the
multiple heavy metal binding domains of ATP7A and ATP7B are analyzed based
on the produced homology models. Chapter 4 presents a large, crossdisciplinary study of the release pathway of LpCopA. This work reveals that
Cu+-ATPases utilize a unique conduit for discharging the ion that is not seen in
any other P-type ATPase, a conclusion confirmed by molecular dynamics
simulations, crystal structures, in vitro and in vivo studies.
Chapter

5

introduces

the

first

structures

of

a

Zn2+-ATPase

and

its

characterization by a broad array of techniques. I consider this study to be the
most valuable one presented in this thesis, and a source of considerable
satisfaction: my initial (unsuccessful) foray into the field of membrane proteins
started in 2009 with nothing other than a Zn2+-ATPase. The first structures of a
Zn2+-ATPase opened the path for the Chapter 6 comparison between this type
of P1B-ATPase and the aforementioned Cu+-ATPases.
Chapter 7 discusses the most thought-provoking issues of P1B-ATPase research
and shows how the results obtained fit into a broader context. Chapter 8 serves
as the conclusion of the thesis.
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Synopsis
P-type ATPases perform active transport of various compounds across biological
membranes

and

are

crucial

for

ion

homeostasis

and

the

asymmetric

composition of lipid bilayers. Although their functional cycle shares principles of
phosphoenzyme intermediates, P-type ATPases also show subclass-specific
sequence motifs and structural elements that are linked to transport specificity
and mechanistic modulation. Here we provide an overview of the Cu+transporting ATPases (of subclass P1B) and compare them to the well-studied
sarco(endo)plasmic reticulum Ca2+-ATPase (of subclass P2A). Cu+ ions in the cell
are delivered by soluble chaperones to Cu+-ATPases, which expose a putative
“docking platform” at the intracellular interface. Cu+-ATPases also contain
heavy metal binding domains potentially providing a basis for allosteric control
of pump activity. Database analysis of Cu+ ligating residues questions a two-site
model of intramembranous Cu+ binding, and we suggest an alternative role for
the proposed second site in copper translocation and proton exchange. The
class-specific features demonstrate that topological diversity in P-type ATPases
may tune a general energy coupling scheme to the translocation of compounds
with remarkably different properties.
My contribution to this study was to analyze and summarize available
information in the literature on the roles of the unique N-terminal elements of
SERCA and Cu+-ATPases: TM helices MA/MB/MB′, the A-domain/M1-linker, and
the HMBD. The role of the HMBD remains particularly elusive, as no structure is
yet available of the ATPase core domains interacting with it. My inquiry into
biochemical evidence seems to indicate that it is not necessary for ion delivery
to the entry site, yet at the same time mutating the metal binding residues of
the HMBD or deleting it altogether significantly reduces the activity of the
protein. This paradoxical behavior could perhaps be explained by the HMBD
performing an autoinhibitory role in the absence of Cu+, dissociating from the
ATPase core once Cu+ levels are high enough to bind to the domain. Later in the
cycle it could imitate the function of the M1-linker/N-terminus of the SERCA Adomain, which is crucial for the correct operation of Ca2+-ATPases.
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Introduction
In 1957, Jens Christian Skou discovered the Na+,K+-ATPase1. Later, it became
evident that this crucial membrane transporter represented a large superfamily,
referred to as P-type ATPases2,3. These proteins may be divided into five classes
(1-5) according to their transport specificity3, ranging from protons and
abundant metal ions (e.g., Na+, K+ and Ca2+) to less abundant heavy metals
(e.g., Cu+ and Zn2+) and phospholipids. Underscoring their significance, all
organisms except for a few archaea and parasitic bacteria encode a selection of
P-type ATPases4-6.
Albers et al. and Post & Sen outlined the transport mechanism for Na+,K+ATPases7,8, and de Meis & Vianna outlined that for Ca2+-ATPases9, pointing to a
functional cycle associated with so-called E1 and E2 states and phosphoenzyme
intermediates that are observed for all P-type ATPases. The E1/E2 cycle follows
the “alternating access” transport mechanism for membrane transporters
(Figure 1a)10 that has been depicted in detail for the Ca2+-ATPase11. The E1
state exchanges ions at intramembranous sites exposed to the intracellular
environment. High-affinity binding of the extruded ion stimulates ATP-driven
auto-phosphorylation of a conserved aspartate residue leading to the E1P state
with

ions

occluded

in

the

transmembrane

(TM)

transport

pathway.

A

conformational change leads to the E2P state associated with ADP release and
opening of an extracellular ion pathway with low affinity for the extruded ion.
Binding of countertransported ions to the membranous sites stimulates reocclusion coupled to auto-dephosphorylation, and phosphate release yields the
E2 state. ATP binding then stimulates the E2 to E1 shift, initiating a new
reaction cycle11,12.
For the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA; P-type ATPase
subclass 2A), several structures of E1/E2 cycle intermediates have been
characterized by X-ray crystallography11-18. With additional structures of
Na+,K+-ATPase (subclass 2C)19, H+-ATPase (3A)20 and Cu+-ATPase (1B)21, it has
become evident that the P-type ATPase core is highly conserved. The core
structure includes the intracellular domains for nucleotide binding (N-domain),
phosphorylation (P-domain) and dephosphorylation/actuation (A-domain) linked

34

to a
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TM

domain

(M-domain)

encompassing

six

topologically

conserved

membrane-spanning segments (M1–M6) that determine transport specificity
and display many of the subclass-specific sequence motifs (Figures 1b-e)22,23.
These four core domains are tightly coupled in their function and primarily
responsible for the vectorial transport activity19. Further subclass-specific
structural elements are present ranging from separate proteins that donate or
accept transported compounds (e.g., copper chaperones) to additional TM
segments and soluble domains (Figures 1d and e), which associate to the Ptype ATPase core and add functional and allosteric capacities24-27.
The crystal structure of the Cu+-transporting P1B-type ATPase (CopA) from
Legionella pneumophila, LpCopA (Figures 1c and e), revealed the topology of
two additional N-terminal TM segments (MA and MB) associated with M1–M621.
Compared to P2-ATPases and P3-ATPases that have the N-terminal part of the
A-domain linked to M1 and contain additional C-terminal segments M7–
M1013,19,20, P1B-ATPases typically contain a heavy metal binding domain (HMBD)
or several in tandem preceding MA (Figures 1c and e)28. A putative ion
transport pathway was observed in LpCopA and includes sites for ion entry,
intramembranous binding (overlapping with SERCA sites I and II) and release
as defined by highly conserved residues in CopA sequences21,29.
Cu+- and Ca2+-transporting P-type ATPases thus show very distinct classspecific structural features and unique sequence motifs. However, their function
is also very different considering the chemistries and biological availabilities of
the ions being transported; free levels of calcium are sparse yet significantly
higher than those for copper (0.1 μM range versus “less than one free ion per
cell” for calcium and copper, respectively, in Escherichia coli)30,31. Rather,
intracellular Cu+ is associated with proteins, such as CopZ-type chaperones and
metallothioneins, as well as small chelators such as glutathione32,33. In the
following, we compare P1B- and P2-ATPases focusing on how differences in
sequence and structure may influence function. We discuss why certain motifs
and structural elements are required only in some classes and how they may
regulate transport. This analysis addresses how topological diversity in P-type
ATPases tunes the Post–Albers cycle for diverse transport chemistries.
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Figure 1. P-type ATPase catalytic cycle and structures of Ca2+- and Cu+-ATPases.
The common soluble domains are shown in red (nucleotide binding), blue (phosphorylation) and yellow
(dephosphorylation/actuation). The common area of the transmembrane domain is indicated in light
purple, and elements specific to classes 2 and 1B are shown in green and cyan, respectively. a, The
Post–Albers cycle allows alternating access for transported compounds (transported ion: yellow,
counterion: purple) to the intra- and extracellular sides through conformational changes (arrows) of
soluble and membrane-spanning domains. b, Structure of SERCA (PDB ID 3N5K). c, Structure of
LpCopA with an approximate position of the class-specific N-terminal HMBD indicated by a cyan sphere
(PDB ID 3RFU). d, Cartoon representation of SERCA highlighting the distinct ion recognition motifs of
the M-domain. Soluble domain insertions are dark gray and the M1/A-domain linker is orange. e,
Cartoon representation of LpCopA highlighting the conserved motifs in the M-domain of Cu+-ATPases.
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Heavy metal binding domain
HMBDs are typically situated at the N-terminus of P1B-ATPases and constitute an
integral, intracellular component not present in other subclasses (Figures 1c
and

e).

They

frequently

have

a

ferredoxin-like

fold

(βαββαβ),

which

encompasses a solvent-exposed, N-terminal copper-binding CXXC motif34.
However, a second type of HMBD was recently identified and sequence analyses
also suggest a third and hitherto uncharacterized fold, such as in LpCopA, in
which the ion-binding residues (again a CXXC motif) are positioned toward the
C-terminal end21,35,36. It remains unknown how exactly the HMBD interacts with
the ATPase core, but electron microscopy studies indicate three possible
locations37,38. The LpCopA crystal structure showed a plausible binding site
adjacent to the N-terminus of the M-domain, marking the linker to the MA helix
and consistent with one of the electron microscopy locations21. While the
available biochemical data on HMBD function are not conclusive14,39-41, an
impaired activity is typically observed when the HMBD is removed or the metalbinding motif (CXXC) mutated39,41,42. Thus, it is evident that the domain is
required for full activity.
When CopA is supplied with free Cu+ rather than Cu+-loaded chaperones, only a
reduced level of ATPase activity is achieved, even at relatively high levels of
Cu+41. This, and the very low levels of free Cu+ in the cell, indicates that Cu+binding proteins or molecules with similar properties most likely deliver ions to
this ATPase in vivo. Do these Cu+ chaperones then donate ions to the M-domain
directly or to the HMBD? It is known that CopZ-type chaperones are able to
transfer Cu+ to HMBDs in vitro and that an NMR structure of such a complex is
available43,44. However, CopZ also stimulates Cu+ transfer to a HMBD-truncated
form

of

Archaeoglobus

fulgidus

CopA

(AfCopA)41.

Taken

together,

this

information indicates that the HMBD does not play a role in the direct metal
transfer to the entry site of the ion transport pathway but rather displays an
allosteric function, stimulating activity of a Cu+-loaded form and possibly autoinhibiting the ATPase in the absence of heavy metal ions.
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TM helices MA/MB, MB′ and the A‐domain/M1‐linker
Ca2+ uptake to intramembranous sites of SERCA is assisted by M1 residues at
the cytoplasmic interface (Figure 2a)45. An equivalent Cu+ entry route is likely
present in CopA, where a putative entry site is formed by the three highly
conserved residues (Figure 2b), M148 (M1, LpCopA numbering), E205 (M2) and
D337 (M4)21. However, compared to SERCA, this cytoplasmic entry area is
structurally different as the N-terminal part of the A-domain and its linker to M1
are absent in CopA.
In SERCA, the cytoplasmic domains rearrange as a result of phosphorylation
and dephosphorylation, affecting M1–M2, M3–M4 and M5–M6 and thereby
controlling access to the intramembranous ion sites. Cytoplasmic ion uptake
occurs through a hydrated pathway, which was only recently revealed from a
crystal structure of the open E1 state of SERCA46,47. It is less clear how Cu+
transport takes place, but the overall conformational changes of conserved
domains are assumed to apply also for CopA48. It is possible that the HMBD
mimics the role of the N-terminal part of the A-domain present in SERCA and
thus assists in orchestrating M1 (and indirectly M2–M3) in the transport
activity21.
The N-terminal membrane-spanning segments MA and MB, which are added in
P1B-type ATPases, are of particular interest. MA forms a long, continuous helix
while the MB segment consists of two helices separated by a highly conserved
glycine, dividing the segment into a short, membrane-spanning helix (MB) and
a perpendicular amphipathic helix at the cytoplasmic interface, MB′ (Figure 1e).
Although conserved by topology, the MA and MB sequence is overall poorly
conserved among P1B-ATPases and displays no obvious candidate residues for
ion coordination; these segments are unlikely to be directly involved in highaffinity intramembranous ion binding. However, a role in controlling the intraand extracellular ion pathways is plausible, with well-conserved residues in MA
(extracellular side) and MB (intracellular) being significant for transport21.
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Notably, the amphipathic helix MB′ displays positively charged residues toward
the cytoplasmic environment and precedes the M1 segment with the entry
site21,49. Thus, MB′ constitutes a putative docking platform for CopZ-like copperdonating chaperones, which frequently contain a negatively charged surface
(Figure 2c)21,40,50. In contrast, although most HMBDs share the same or similar
folds with CXXC motifs, the opposite surface is typically negatively charged in
HMBDs, and thus, they may dock differently to MB′ using complementing
electrostatic interactions. We therefore favor a model where the access of
chaperones to the ion entry site of the M-domain is auto-regulated by HMBD
blockage (Figure 2c). When Cu+ is donated to the cytoplasmically exposed
CXXC motif of the HMBD, it may disengage or change binding site thereby
granting access for chaperones to position their Cu+-loaded CXXC motif toward
the ATPase entry site (Figure 2d)50-53. The location of the HMBD was not fully
evident in the LpCopA crystal structure of the Cu+-free transition state of
dephosphorylation (E2.Pi)21. Either it is an intrinsically disordered domain, a
transient interaction or the auto-regulatory HMBD interaction manifests itself
only in the fully dephosphorylated, Cu+-free E2 state or during the E2/E1
transition

(as

also

postulated

previously)37,38,

allowing

subsequent

E1-

+

associated Cu binding to the ATPase. A similar feedback mechanism, although
significantly more complex35,54, has also been proposed for the six sequential
HMBDs of the human Cu+ pumps ATP7A and ATP7B55. The lack of HMBDs and
soluble carrier proteins for other P-type ATPases may also explain why MA and
MB are only present in P1B-ATPases. The auto-regulatory function allows for
fine-tuning the activating levels of Cu+ and bears resemblance to the activation
of the plasma-membrane Ca2+-ATPase (PMCA) by Ca2+-bound calmodulin;
PMCA is blocked by an auto-inhibitory domain and activated by Ca2+-calmodulin
binding to this domain, at one or two sites (depending on PMCA splice variants)
controlling the basal level of Ca2+ in the cell56. Furthermore, the C-terminal tail
of a barley Zn2+/Cd2+-ATPase, rich in cysteine and histidine residues, has been
associated with such a sensory function57.
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Figure 2. A putative mechanism and pathway for ion uptake and transport in
P-type Cu+-ATPases. HMBD-mediated allosteric regulation of Cu+-ATPases.
a, Conserved amino acids that are critical for extrusion along the Ca2+ export pathway of
SERCA. b, The proposed transport pathway of LpCopA includes sites of entry (M148, E205 and
D337), intramembranous high-affinity binding (S271, C382, C384, Y688, N689 and M717) and
exit (M100, E189 and M711) associated with conserved residues important for Cu+
translocation. c, Cu+ delivery from CopZ-like chaperones to the HMBD may be facilitated by
oppositely charged areas (red, negative; blue, positive), stimulating Cu+ binding and HMBD
dissociation from the docking platform. d, When the HMBD is Cu+-occupied, CopZ-like
chaperones may donate Cu+ to the entry site (black), triggering the transport cycle.
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The P‐type ATPase core domains
The conformational changes associated with the E1/E2 reaction cycle are
controlled by interactions of the core domains (A, P, N and M) in all subfamilies
of P-type ATPases through allosteric coupling between the phosphorylation site
and the intramembranous binding site58,59. In addition, the ion translocation
pathways and binding sites for Ca2+ and Cu+ in SERCA and CopA (putative) are
centered on M1–M6 segments of the M-domain. Nevertheless, several features
of the core show large sequence variations among subclasses, such as the
linkers of M4 and M5 to the P-domain, suggesting subclass-specific modulation
of the core activity.
How then can Ca2+- and Cu+-ATPases adapt for the transport of very different
ions through a largely common M-domain? Being a strong Lewis acid with a
small radius-over-charge ratio (~50 pm/elemental charge), Ca2+ strongly favors
coordination by “hard” donors with high preference for oxygen ligands providing
a high (6–8) coordination number60. This is reflected in Ca2+-bound structures
of SERCA where the ion at site I, occupied before site II through a cooperative
mechanism61, is hepta-coordinated by side-chain oxygens of N768 and E771 (in
M5), T799 and D800 (M6) and E908 (M8), as well as by two water molecules
(Figure 3a). Similarly, site II is coordinated by main-chain carbonyls provided
by V304, A305 and I307 (M4), as well as the side-chain oxygens of N796 and
D800 (M6), while E309, a gating residue of M4, provides two oxygens13. Thus,
helices M4–M6 (together with the auxiliary helix M8) serve in ion recognition
and transport in accordance with the chemical preferences for Ca2+ (Figures 3a,
b and d)62. Similarly, the Na+,K+-ATPase accommodates either two Na+ or K+
ions in the E1 and E2 conformations, respectively, using residues from only M4–
M619,63. This protein also provides an additional unique site III for Na+64. No ionbound structures are currently available for P1B-ATPases, and even the transport
stoichiometry of Cu+ per ATPase cycle remains unclear. However, similar
principles as those observed for SERCA must apply, with M4–M6 most likely
involved in ion binding and transport.
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Figure 3. Cation coordination in Cu+-ATPases and Ca2+-ATPases.
a, The intramembranous ion-binding sites of SERCA with bound Ca2+ at sites I and II (PDB ID
1SU4). b, The ion-binding residues of SERCA in the Ca2+-free E2.Pi state (PDB ID 3N5K). c,
The proposed membrane binding residues of LpCopA in the equivalent Cu+-free E2.Pi state
(PDB ID 3RFU). d, The most frequent amino acids involved in Ca2+-coordination in known
protein structures are aspartates, glutamates and asparagines. e, The equivalently prevalent
residues for Cu+-binding are histidines, cysteines and methionines. The statistics were
gathered from PDBeMotif on November 7, 2012, based on 6093 entries for Ca2+ and 122
entries for Cu+.

Contrary to Ca2+, Cu+ is a weak Lewis acid showing a preference toward easily
polarizable (“soft” or “intermediate”) electron donors such as from cysteine,
methionine, and histidine65. The electronic properties of Cu+ allow linear,
trigonal planar, pseudo-tetrahedral, and trigonal bipyramidal coordination
depending on the coordination number offered by the protein matrix65,66. Six
invariant residues constitute a signature motif for Cu+ P1B-ATPases29 and have
been suggested to encompass two trigonal planar ion-binding sites: one binding
site formed by C382 and C384 (in M4, LpCopA numbering) and Y688 (M5) and
a second one consisting of N689 (M5) and M717 and S721 (M6) (Figure 3c)67.
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Indeed, these residues overlap structurally with the known Ca2+-binding
residues in SERCA and the region contains no other residues that candidate for
direct Cu+ interaction21.
However, considering that Cu+ coordination by sulfur (or histidine side chains)
is expected to be much more likely over other ligating residues (Figure
3e)65,68,69, the suggested second site containing AN689, M717, and S721
appears unique as a high-affinity Cu+-binding site. Generally, serine and
tyrosine residues show low frequencies in the database of Cu+-binding sites and
asparagine residues have not been observed at all (Figure 3e). Thus, an
alternative model might involve only one cysteine-containing site in high-affinity
Cu+ binding of CopA.
Earlier studies in which mutants abolished Cu+ binding to one site, without
preventing binding to the other, suggested that the two putative Cu+ sites in
CopA can be loaded independently41; the ion binding cooperativity observed in
SERCA1a is thus not preserved in CopA. Nevertheless, mutations of the two
cysteines in the TM binding site I of ATP7B eliminate charge displacement,
suggesting that transport is abolished, even though the second ion-binding site,
unlike SERCA1a, would still bind copper independently70. In light of these
differences between CopA and SERCA1a, it remains to be understood how ATP
hydrolysis and subsequent ion transport are triggered exclusively when the two
distinct Cu+-binding sites have been independently and not cooperatively
loaded, as proposed for AfCopA53,71. Further studies are required to provide
more

detailed

information

about

the

coordination

chemistry,

binding

stoichiometry, and mechanism involved in Cu+ binding and translocation.

Proton transport and countertransport
Counterion transport has not been observed for P1B-type ATPases but cannot be
excluded. Differences in ion-coordinating residues involved in Cu+ and Ca2+
binding (e.g., C382 and C384 in M4 of LpCopA; Figures 3c and e) may support
a different type of counter flux.
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Figure 4. A potential Cu+ translocation mechanism across the lipid bilayer.
a, A chaperone docks to the N-terminal TM segment (MB′) and delivers Cu+ to a single sulfurcontaining intramembranous ion-binding site via the CXXC motif of the chaperone and an entry
site methionine (M148). This assures proper Cu+ coordination in all stages of transport. b,
S721, N689 and Y688 are possibly not engaged in Cu+ binding but rather translocation and
wiring of protonation/deprotonation of the cysteines of the CPC motif.

The high pKa for thiolate groups of cysteine side chains (pKa ~8.4) suggests
that, unlike carboxylate groups, these residues are significantly protonated
when solvent exposed and no Cu+ is present65. However, Cu+ binding favors
cysteine side chain deprotonation65 and the reaction cycle of Cu+-ATPases may
involve proton flux, either as a vectorial transport or as proton exchange
through only one side of the membrane. This is yet to be demonstrated, but the
human Cu+-ATPases ATP7A/B show a distinct net charge transfer attributed to
vectorial Cu+ transport, which is not pH or K+ dependent70,72. This indicates that
if protons participate in ion transport they will be exchanged on the
extracellular or intracellular side only, perhaps by a hydrogen bond network
also known as the Grotthus mechanism73,74. Ultimately, protons could be
exchanged in and out of the Cu+-binding site with the contribution from the side
chain of the conserved site I tyrosine (Y688 in LpCopA) and water molecules
present in the transport pathway. Additionally, the invariant asparagine and
serine residues of “site II” might serve in charge stabilization. In agreement
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with this model, mutation of these residues (Figure 4) significantly affects Cu+
transport67. Furthermore, a fully conserved acidic amino acid (E189 in LpCopA)
in M2 of Cu+-ATPases would favor water access from the extracellular side and
possibly stimulate proton transfer. Thus, Cu+ release may not be coupled to a
net proton countertransport but rather to a proton titration process mediated by
conserved M-domain residues (Y688, N689 and S721 for LpCopA), an additional
feature of importance for metal binding and release in Cu+-transporting proteins
that would distinguish P1B-type ATPases from SERCA and the Na+,K+-ATPase75.

Summary
Decades of structural, biophysical and biochemical work have provided a
detailed mechanistic insight of how P-type Ca2+-ATPases and Na+,K+-ATPases
couple ATP hydrolysis to selective ion transport and countertransport across a
lipid bilayer. However, significant structural differences among P-type ATPase
subclasses invoke questions on how the general transport mechanism is
adapted to allow translocation of chemically diverse moieties. As exemplified
here for Cu+-transporting P-type ATPases, the structural framework for
transported ion adaption and allosteric regulation of the catalytic scheme is
provided by class-specific, auxiliary structural elements that complement the
conserved core of P-type ATPases, as well as by conserved ion-specific
recognition

motifs. Future biophysical and

biochemical studies

such as

structures of heavy metal bound P1B-ATPases and structures of lipid flippases
(P4-ATPases) can shed light on how structural tuning translates into allosteric
regulation and diverse transport specificities. This will noticeably increase our
understanding of how P-type ATPases evolved as one of the most versatile
superfamilies of active transporters.
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Synopsis
The human copper exporters ATP7A and ATP7B contain domains common to all
P-type ATPases, as well as class-specific features such as six sequential heavy
metal binding domains (HMBD1-HMBD6) at their N-termini and a type-specific
constellation of transmembrane helices. Despite the connection of ATP7A and
ATP7B to the medically significant Menkes and Wilson diseases, respectively,
structural information has only been available for isolated, soluble domains.
Here we present homology models based on the existing structures of soluble
domains and the recently determined structure of the homologous LpCopA from
the bacterium Legionella pneumophila. The models and sequence analyses
show that the domains and residues involved in the catalytic phosphorylation
events and copper transfer are highly conserved. In addition, there are only
minor differences in the core structures of the two human proteins and the
bacterial template, allowing protein-specific properties to be addressed.
Furthermore, the mapping of known disease-causing missense mutations
indicate that among the heavy metal binding domains, HMBD5 and HMBD6 are
the most crucial for function, thus mimicking the single or dual HMBD(s) found
in most copper-specific P-type ATPases. We propose a structural arrangement
of the HMBDs and how they may interact with the core of the proteins to
achieve auto-inhibition.
My role in this study was to create reliable homology models of ATP7A and
ATP7B, utilizing experimentally determined domain structures when available.
Thereafter, I located and analyzed protein-specific elements that could explain
different

properties

of

these

proteins

such

as

kinetics

and

subcellular

localization. In an attempt to compensate for the autosomal nature of Wilson
disease, I investigated the evidence for missense mutations and compiled those
sites where at least two independent studies have implied their relevance to the
disease, an effort of potential use to medical doctors and genetic counselors.
Finally, an analysis of the distribution of disease-causing mutations led me to
postulate the relative functional importance of the most core-proximal HMBD
relative to the others.
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Introduction
Copper is a trace element that is essential for survival of probably all
organisms. However, while required for many metalloenzymes such as in
oxidative phosphorylation, only minute amounts are freely available in cells due
to high toxicity1. Critical components of the copper homeostasis machinery in
humans

include

sequestering

glutathione

and

metallothioneins

and

metallochaperone proteins, such as ATOX1. Furthermore, proteins responsible
for transport across the membranes of cells and their compartments assist in
this process, most notably the importers CTR1 and CTR2 (Copper Transport
Protein) as well as the exporters/sub-cellular distributors ATP7A and ATP7B2.
ATP7A and ATP7B share a high degree of sequence conservation (55.6 %
identity) and provide copper to proteins in the trans-Golgi network at low or
normal copper concentrations while relocalizing to the plasma membrane for
metal export from cells at elevated copper levels. Their expression profiles are
different, with ATP7A being ubiquitously expressed except for the liver, while
ATP7B is found mainly in this organ3.
Emphasizing their significance, malfunction of ATP7A and ATP7B is the direct
cause of the rare but severe Menkes and Wilson diseases, respectively. Defects
in ATP7A lead to the inability to take up dietary copper from the intestine
yielding a general copper deficiency in most tissues and in turn symptoms such
as neurodegeneration, kinky hair and typically early death4. In contrast,
patients with Wilson disease have impaired copper export from their livers
leading to general copper overload and e.g. Kayser-Fleischer rings, cirrhosis
and Parkinsonism, but the disorder is treatable using copper chelators or
supplementation of zinc to induce metallothionein expression5. In addition to
these genetic conditions, the upregulation of ATP7A and ATP7B has also been
linked to resistance to some chemotherapeutic drugs, and ATP7A may even
promote tumor growth6,7.
ATP7A and ATP7B are primary transporters belonging to the P1B subclass of
heavy metal pumps of the P-type ATPase superfamily. Common to all P-type
ATPases is an invariant DKTGTXT motif, which includes an aspartate residue
that undergoes autophosphorylation and dephosphorylation during the catalytic

56

3. LpCopA as a model for human Cu+-ATPases

cycle. Their mechanism is summarized by the so-called Post-Albers scheme
describing

a

cycle

through

four

principal

conformations

including

phosphoenzyme (EP) intermediates8,9: E1, E1P, E2P and E2, where E1 and E2
denote high and low affinity for the exported ion, associated with binding at the
cytoplasmic side and release at the opposite side, respectively. Structurally this
is controlled by autophosphorylation and dephosphorylation events which are
catalyzed by the soluble A- (actuator), P- (phosphorylation) and N- (nucleotide
binding) domains and coupled to the ion binding sites in the transmembrane
domain (M) through tertiary interactions (Figure 1). The N-domain contains a
binding pocket for ATP which provides the phosphate moiety to the reactive
aspartate in the P-domain for phosphorylation, while the conserved, surface
exposed, TGE loop in the A-domain mediates dephosphorylation. The large
conformational changes of these domains are communicated to more subtle
changes of the ion-binding pathway and its one to three ion binding site(s) in
the M-domain.
Also known as CopA proteins, the copper pumps are the most prevalent P1BATPases and are characterized by eight transmembrane spanning helices, MA,
MB and M1 to M6, where the A-domain constitutes the “loop” between M2 and
M3 and the P- and N-domains are positioned between M4 and M5 (Figure 1). In
addition, they typically contain amino- and/or carboxy-terminal heavy metal
binding domains (HMBDs) each with a βαββαβ ferredoxin fold harboring a
solvent-exposed copper-binding CXXC motif; ATP7A and ATP7B contain six such
domains in sequential order in the amino-terminus. The role of these domains is
most likely autoinhibitory rather than being involved in copper transport10;
transfer to the ATPase M-domain is believed to be achieved directly from Cu+chaperones such as ATOX1 with an identical fold as the HMBDs. However,
ATOX1 also delivers the metal to the HMBDs and experimental data suggests
that is achieved by their CXXC motifs11.
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Figure 1. Overview of the human ATP7A and ATP7B ATPases.
The proteins contain six heavy metal binding domains (H1–H6, green and cyan) that may play
a

regulatory

role,

A-

(yellow),

P-

(blue),

and

N-

(red)

domains

associated

with

auto(de)phosphorylation and a transmembrane domain with eight membrane spanning helices
(note that several helices protrude further into the cytoplasm, not shown for clarity) – the
class-specific MA and MB (cyan) and the M1–M6 (wheat) of the general P-type ATPase core.
However, in comparison to other classes of P-type ATPases, the amino-terminal fraction of the
A-domain and transmembrane helices M7–M10 are absent. Most likely, copper is delivered to
the proteins by chaperones such as ATOX1 (green), with a similar fold as the HMBDs. Proposed
copper binding residues in regulatory subunits, in the copper transport pathway, as well as
residues involved

in auto(de)phosphorylation

are

denoted

in

white,

black,

and

red,

respectively. The relative position of the HMBDs represents a possible tertiary arrangement.

Recently we reported the first structure of a full-length CopA enzyme
determined by X-ray crystallography providing an atomic model that consists of
the M-domain and the cytoplasmic A-, P- and N-domains (from now on referred
to as the core), but excluding the HMBD. The structure was derived from the
Legionella pneumophila gene product lpg1024, coined LpCopA12, which was
stabilized in a copper-free transition state of dephosphorylation (mimicking the
E2.Pi state). In short, the structure demonstrated that the P1B-ATPases share a
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basic architecture with other P-type ATPases despite a low degree of sequence
identity (e.g. 15% identity to the well-studied sarco(endo)plasmic reticulum
Ca2+-ATPase SERCA1a from rabbit) although with noteworthy differences. A
novel finding was that the P1B-specific transmembrane helix MB was kinked by a
conserved GG motif and formed a platform at which copper presumably is to be
loaded to the membrane binding sites, most likely from copper chaperones. The
location of six invariant residues of CopA proteins (the cysteines in a CPC motif
in M4 as well as YN and MXXXS motifs in M5 and M6, respectively; Figure 1)
also showed resemblance to the configuration of equivalent Ca2+ binding
residues in SERCA1a, in agreement with previous studies implicating this sextet
in the formation of possibly two membranous ion-binding sites13. In addition,
the structure revealed a conserved carboxyl group in M2 that may serve to
stimulate release from the internal sites for further transport to the extracellular side.
With the medical relevance of ATP7A and ATP7B, there is a significant interest
in detailed structural information for these proteins of the CopA family, but only
structures of individual soluble domains of ATP7A (HMBD1 through HMBD6 as
well as the A- and N-domains) and ATP7B (complexes of HMBD3-HMBD4 and
HMBD5-HMBD6 as well as the N-domain) exist14-23. However, with a significant
level of sequence identity between LpCopA and ATP7A/ATP7B (35.4 and 36.3%
identity to core residues 79 to 731 of LpCopA) and with no sequence
gaps/inserts except for the extracytosolic loops, in the M2:A-domain linker and
in the structurally characterized N-domains (see later), the conditions are met
for obtaining reliable homology models of the core of the human ATP7A and
ATP7B.
In this study, we have produced homology models of ATP7A and ATP7B using
existing experimentally determined structural information of the proteins and
homologues, displaying the catalytic cores of the proteins. We describe in detail
the differences between the two copper pumps and why their catalytic
properties may be unique. Furthermore, the six-module HMBD is analyzed on
how it may assemble and interact with the protein core and we present a model
for how the entire enzyme is assembled.
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Results and discussion
ATP7A and ATP7B core structures
As expected from sequence alignments (Figure 2), the homology models of
ATP7A and ATP7B can be threaded on the bacterial LpCopA core structure with
only small deviations (Figure 3). In the soluble A-, P- and N-domains
responsible for auto(de)phosphorylation, amino acids critical for establishing the
phosphorylation

site

comprise

(with

ATP7A/ATP7B

numbering)

the

DKTGTXT1044-50/1027-33, D1301/1267 and ND1304-5/1270-71 motifs, while
the TGE dephosphorylation loops are formed by 875-77/858-60 (Figure 4a).
The ATP binding pocket in the N-domain is achieved by EXXSEHPL1081-8/106471, G1116/1099, G1118/1101, GN1184-5/1150-1 and D1256/1222, thus
including the site of the most widely observed Wilson disease mutation,
H1069Q22,24,25.In the modeled transition state of dephosphorylation, the TGE
loop is positioned adjacent to the catalytic aspartate. At the phosphorylation
site (Figure 4a), AlF4- interacts with multiple residues in the A- and P-domains
mimicking the phosphoryl transfer of hydrolysis, most likely catalyzed by the
glutamate side chain of the TGE loop. The site is stereochemically defined by
coordination to a magnesium ion, which also helps to reduce electrostatic
repulsion in the phosphoryl transfer reactions; P-type ATPases are indeed
magnesium dependent26.
The M-domains of human ATP7A and ATP7B display a high degree of similarity
to LpCopA even in the extracytosolic loops between M1/M2 and M5/M6. MB,
second of the two class-specific amino-terminal transmembrane helices, kinks
at the GG-motif (727-8/710-1) and forms an amphipathic and interfacial helix
with positively charged residues facing the cytoplasm (Figure 4b).
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Figure 2. Sequence alignment of the human copper pumps.
The alignment displays the human protein ATP7A (A) and ATP7B (B) as well as LpCopA (L) and the consensus
sequence for the selected ATP7A (Ac) and ATP7B (Bc) ATPases, respectively. HMBD1-HMBD5 are shown with
dark green background, HMBD6 and the P1B-specific TM helices MA and MB in cyan, TM helices M1-M6 in
wheat, the A-domain in yellow, the P-domain in red, and the N-domain in blue (continued on next page).
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Figure 2. Sequence alignment of the human copper pumps.
(Continued from previous page). Black background signifies major insertions as compared to the
structurally determined LpCopA structure. Boxes indicated CXXC motifs in the HMBDs (red) as well as
important residues at the catalytic phosphorylation site (orange), ATP-binding (gray), positively charged amino
acids at the platform (black) and the putative copper transport pathway (brown). Underscored residues display
positions that are target by missense mutations causing Menkes (green) and Wilson (purple) diseases,
respectively. The experimentally determined (black) and predicted (PSIPRED, maroon) secondary structure is
also shown above the corresponding sequences. The figure is derived and improved from a previous sequence
alignment of 1713 CopA proteins12. Separately, vertebrate ATP7A (from D. rerio, O. beta, O. niloticus, S.
aurata, M. domestica, C. griseus, R. norvegicus, M. musculus, L. africana, B. taurus, E. caballus, O. cuniculus,
H. sapiens, P. abelii, T. guttata, G. gallus, M. gallopavo) and ATP7B (from T. guttata, E. caballus, G. gallus, M.
domestica, C. familiaris, M. gallopavo, A. melanoleuca, N. leucogenys, M. musculus, C. porcellus, A.
carolinensis, R. norvegicus, H. sapiens, B. taurus, C. jacchus, O. cunilicus, O. aries) ATPases were aligned
using MUSCLE and their consensus sequence extracted using JALVIEW. Insertions in the consensus sequences
have been removed.
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With a suggested metal entry site at this platform, a putative copper pathway is
maintained, including: M746/M749, E798/E781 and D935/D918 forming the
suggested entry site, C1000/C983, C1002/C985, Y1365/Y1331, N1366/N1332,
M1393/M1359 and S1397/S1359 at the internal membranous high-affinity
sites, as well as D782/D765 (and possibly M668/668 and M1388/1354) at the
putative exit site (Figure 4b). The significance of these sites is underscored by
several residues in this region being targeted in both Menkes and Wilson
disease mutations: the two GG-motif residues, the S761/744 and P1386/1352
residues of M1 and M6 at the exit site, as well as the T994/977 and G1005/988
residues on M4 at the CPC-motif12 (Table 1 and Figure 2). The number of
common Menkes and Wilson disease-causing mutations in this region is
significant, considering that only 13 shared disease-causing mutations are
known in total between ATP7A and ATP7B (Figure 2). In addition, the most
common cause of Wilson disease in the Asian population, an R778L mutation, is
located in close vicinity of the entry site27.
Compared to LpCopA four notable insertions are present in ATP7A and ATP7B:
in the extracytosolic loops connecting MA/MB and M3/M4 as well as in a β-turn
in the A-domain and in the N-domain (Figures 2 and 3). Of these the M3/M4
insertion and the extended β-turn in the A-domain are relatively well conserved
among vertebrate ATP7A and ATP7B ATPases yet their importance remains
poorly understood. The M3/M4 loop in ATP7A has been proposed as a site for
ATP7A-specific glycosylation on N97528. However, ATP7B is not glycosylated
suggesting that the extended M3/M4 loop may also serve other purposes, for
example assisting in copper release29 (Figure 3).

ATP7A/ATP7B‐specific elements
The major differences between the core structures of the human copper pumps
are found in two regions (Figure 2). The connecting loop between MA and MB is
significantly larger in ATP7A, consisting of 40 residues (670-710) compared to
23 residues in ATP7B (670-693).
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Figure 3. Homology models of ATP7A and ATP7B in a transition state of
dephosphorylation stabilized by the phosphate mimic AlF4-.
HMBD5 (H5), HMBD6 (H6), and the A-, P-, and N-domains are shown in green, cyan, yellow,
blue, and red, respectively. The P1B-specific TM helices MA and MB, connected to HMBD6, are in
cyan, TM helices M1-M6 in wheat, whereas black and gray indicate less reliable insertions. Black
portions also display the major differences between ATP7A and ATP7B. a, Overview of the human
ATP7A model. Green spheres mark positions of missense mutations that cause Menkes disease
(numbers as in Supplementary Table 2 of reference 12), whereas brown spheres represent
glycosylation sites (N686 and N897). b, Overview of the human ATP7B model in an the identical
orientation. Magenta spheres represent Wilson disease mutations (numbers as in Table 1), and
the orange sphere marks the noncatalytic phosphorylation site on S1121.
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Figure 4. Details of ATP7A.
Annotation of known disease-causing mutations in ATP7A and ATP7B also follows that of Figure 3;
orange asterisks mark the residues that are targeted in both proteins. a, Close view of the
phosphorylation site of ATP7A in the copper-free E2 conformation. The phosphate mimic AlF4- at the
catalytic phosphorylation site and the adjacent, functionally relevant, Mg2+ are shown as pink and
green spheres. Residues known to be involved in auto(de)phosphorylation are shown as sticks with
large and bold labels. b, Close view of the linker connecting HMBD6 and the core. The platform with
its positively charged surface exposed residues, as well as the putative copper pathway of ATP7A, are
shown as sticks with large orange labels. A copper ion at the putative exit site is indicated.

Furthermore, an extended loop of the N-domain (1124-78/1106-1142) has
been shown to be flexible by NMR studies17,22 and is within reach of the Adomain in the modeled E2.Pi state. These two regions are obvious candidates as
determinants of specific properties such as the faster phosphorylation kinetics
observed for ATP7A compared with ATP7B30,31 and/or the different subcellular
localizations of the proteins32. Disease-associated mutations such as M687V in
ATP7A12 and P690L, G691R, and G1111D in ATP7B support that they are
important for function (Figures 3b, 4b and Table 1). Indeed, biochemical
experiments have implicated that the MA/MB loop influences the rate of copper
release and dephosphorylation in ATP7A29. It has been similarly suggested for
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ATP7B that the insert is involved in allosteric regulation of a putative
modulatory

ATP-binding

site

defined

by

Mg2+

binding

to

E1186/1152,

D1201/1167, and D1205/1171 on the surface of the N-domain33.
Interestingly, the extracytosolic MA/MB loop harbors a putative ATP7A specific
glycosylation site on the disease targeted NMS686-8 motif28. The motif is
conserved in many vertebrate ATP7A but not in ATP7B. Similarly, ATP7B is
exclusively phosphorylated on S1121 in the N-domain insertion, which is a
conserved residue in many vertebrate ATP7B but not in ATP7A34. Thus, it is
possible that differential catalytic properties and/or subcellular localization
patterns

of

ATP7A

and

ATP7B

can

be

ascribed

in

part

to

different

posttranslational modification patterns in the two mentioned regions.
However, there are also notable differences between ATP7A and ATP7B in Nand C-terminal regions. ATP7B harbors an amino-terminal extension before
HMBD1, which is known to be important for cellular localization35, whereas
secondary structure predictions indicate that an α-helix is present at the
carboxy-terminus of ATP7A (Figure 2), which contains several ATP7A-specific
phosphorylation sites highly conserved among vertebrates (S1463, S1466, and
S1469)36.
The function of another ATP7A-unique phosphorylation motif remains to be
elucidated. It is located in the HMBD1/HMBD2 linker, which is extended in
ATP7A

compared

with

ATP7B.

Finally,

both

proteins

share

a

serine

phosphorylation site at the C-terminus, in ATP7A being at the end of the
aforementioned predicted C-terminal α-helical structure and close to the
downstream

di-leucine (LL). This highly conserved LL

motif37, typically

immediately preceded by a phosphorylation site28, is present in the carboxyterminus of both ATP7A and ATP7B (1488–9/1454-5) and it is known to be
involved in relocalizing proteins from the plasma membrane (e.g., for class 2
SPCA P-type ATPases)38.
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Table 1. Positions of Wilson disease-causing missense mutations in ATP7B.
Only positions identified in two independent studies were selected in order to filter against
polymorphisms, although neither false positives nor false negatives can be excluded. For each
position, two selected references to the original studies linking the specific residue to disease are
indicated. Initial data acquired from http://www.wilsondisease.med.ualberta.ca/database.asp.

#

Mut.

Example references

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

G85
L492
G591
A604
R616
G626
L641
D642
M645
P690
G691
S693
C703
L708
G710
G711
T737
S744
I747
A756
P760
D765
T766
P768
M769
L776
R778
L795
A803
K832
P840
D842
I857
G869
A874
V890
G891
D918
R919

Loudianos et al. Hum Mutat. 12, 1998; de Bie et al. Gastroenterology 398, 2007
Loudianos et al. Hum Mutat. 12, 1998; de Bie et al. Gastroenterology 398, 2007
Vanderwerf et al. J Biol Chem. 276, 2001; de Bie et al. Gastroenterology 398, 2007
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HMBD6 and the core‐connecting linker
We have previously shown that many of the known missense mutations that
cause Menkes disease are positioned in the core12. Now we extend this analysis
for ATP7A and reveal the positions of equivalent mutations in ATP7B that are
associated with Wilson disease in the modeled structures, respectively (Figure
2). In contrast to the X-linked recessive character of Menkes disease, the
phenotype of Wilson disease depends on the integrity of two copies of ATP7B,
which, together with extensive polymorphisms in the gene, complicates the
genetic analysis and the interpretation of the effects of Wilson mutations. To
establish a robust subset of Wilson disease missense mutations, reduced for the
bias of general polymorphism, we collected those sites that are found in at least
two independent studies (Figures 3b, 4 and Table 1). First of all, we find 13
Wilson mutations from this subset that target a residue that is also affected by
Menkes disease mutations: the mutations in the M-domain described earlier as
well as I874/857 at the TGE loop, T1048/1031 in DKTGT motif, L1100/1083 on
the surface of the N-domain as well as G1300/1266, D1301/1267, N1304/1270,
and G1315/1281. The latter seven positions are all near the catalytic
phosphorylation site in the P-domain (see Supplementary Table 2 in reference
12 and Table 1). The residues of the filtered subset of Wilson mutations
generally cluster in the core, but some are also found in HMBD6 (G591S/D,
A604P, R616Q/W, and G626A) and the linker between these entities (L641S
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and D642H). A similar pattern emerges for additional Menkes mutations in
ATP7A flanking the core, which map to the carboxy-terminal end of HMBD6
(E628V and A629P) or the linker to the core (K633R and S637L)12 (Figures 3a
and 4). Unless related to impaired biogenesis, this may suggest an important
role for the HMBD6 and the core-connecting residues for the protein function
coinciding with an almost invariant primary structure in this region among
known vertebrate ATP7A and ATP7B ATPases, which gradually diminishes
toward the amino-terminus. Oppositely, the general absence of disease causing
missense mutations in HMBD1-HMBD5 and in the carboxy-terminus may
indicate that these are not strictly required for function, as also indicated by
e.g.

deletion

studies

of

HMBD1-HMBD4

where

ATP7B

function

is

not

abolished10,39. Exceptions are P1413R in the carboxy-terminus of ATP7A as well
as ATP7B mutations G85V in HMBD1, L492S in HMBD5, and the C-terminal
T1434M, where G85V and L492S have been shown to impair interactions with
ATOX140.
To add additional insight into this matter, we performed a sequence analysis of
1599 P-type ATPases currently available in the P-type ATPase database with the
characteristic motifs for copper specificity (see Materials and methods). Overall,
more than 70% of these entries contain one or two CXXC motifs in the aminoterminus and, consequently, most likely one or two HMBDs (Table 2). Although
it should be noted that 75 proteins were deficient of CXXC motifs N-terminal to
the core (and manual inspection only suggested functional replacements such
as SXC, CSXXC, or SXXS for 49 of these), it favors a notion that the two HMBDs
closest to the core represent a conserved and important functional role in most
copper transporting P-type ATPases. Re-sequencing and/or analysis of the
origin genomes of the 26 entries for accessory ferredoxin folds may further
show

that

at

least

one

amino-terminal

HMBD

is

strictly

required

for

autoinhibition in the absence of copper; in contrast, carboxy-terminal HMBDs
appear to be optional and always in combination with a corresponding aminoterminal unit.
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A short length of the linker between HMBD6 and the core appears to be a
conserved feature in most P1B-ATPases specific for copper, independently of the
number of HMBDs present, and ranging in median length of 14–22 amino acids
(Table 2). With a proximity to the membrane interface, the possible locations
for HMBD6 (or the equivalent domain in proteins with fewer HMBDs) to interact
with the core and exert its function are, in fact, quite limited. Interestingly, the
surface from which the carboxy-terminal part of HMBD6 protrudes from the
ferredoxin fold is positively charged, and as a consequence, it may be repulsed
by the positive charges on the MB platform nearby (K737/720, K740/R723,
H741/724, and K742/R725) (Figure 4b).
In contrast, on the opposite side of the linker between M2 and the A-domain,
there is a highly conserved surface in CopA proteins, exposing functionally
important amino acids in the P-domain and adjacent regions12. Keeping in mind
that surface-exposed residues are generally less conserved unless they form
binding interfaces41, this region of the core constitutes a putative interaction
surface for HMBD6 and hence the entire six-module HMBD entity of ATP7A and
ATP7B. Indeed, the surface of this region of the P-domain is highly negatively
charged, and may thus attract HMBD6. Furthermore, a large portion of the
surface-exposed and disease-causing missense mutations of ATP7B are found in
this particular area, possibly explaining their impairing phenotype through
prevention of the interaction with the HMBDs. Guided by these arguments, we
manually placed the structurally determined HMBD5/HMBD6 pair of ATP7B (and
the modelled equivalent of ATP7B, respectively) adjacent the amino-terminus of
the core and the discussed portion of the P-domain at a likely spatial position
relative to the core. We have also attempted virtual docking procedures,
including ab initio docking of the HMBD5/HMBD6 complex using ClusPro42
(http://cluspro.bu.edu/login.php) and refinement of the suggested complex
position using the RosettaDock42 server (http://rosettadock.graylab.jhu.edu/),
but we reached only nonrealistic solutions.
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Table 2. Sequence analysis for strict CXXC motifs from 1599 putative Cu+-ATPases
Selection was based on presence of the subgroup specific sequence motifs CPC, YN and MXXSS
(see Materials and Methods for details). The number of entries (# Sequences) with a certain
amount of CXXCs (# CXXCs) is indicated as well as the distance of the first motif from the aminoterminus (Nterm). The linkers between HMBD1/HMBD2 (L1/2), HMBD2/HMBD3 (L2/3) etcetera have
been using the formula: Linker length=”CXXC position X” – “CXXC position X-1” – 67 (67 being the
length of one classical ferredoxin fold). For the core linker between the core and the last HMBD the
same formula has been employed, except that 67 was replaced for 53 (the distance from the last
CXXC motif to the start of the core). The negative linker length suggests that the HMBD may be
absent or smaller than typical.

# CXXCs

# Sequences

0

75

1

697

Nterm

L1/2

L2/3

L3/4

L4/5

L5/6

26

2

518

16

3

205

14

4

42

24

5

34

40

6

28

32

core L
14

18
18

1

15

‐5

6

15

45

17

18

37

16

17

18

22

43

33

60

9

15

Our manually assigned position corroborates with a number of experimental
observations for the ATP7A, ATP7B, and bacterial CopA proteins. We also
suggested a similar position for the atypical HMBD of LpCopA based on
additional features of the experimental electron density maps12. In addition,
cross-linking experiments using bifunctional reagents to map the approximate
distances between separate parts of the core and the single HMBD of
Enterococcus hirae CopA43 as well as recent electron microscopy data for
Archeaoglobus fulgidus CopA44 agree with this assignment of the HMBD
location. Importantly, the position is also in accordance with the observed
copper-dependent interaction of the HMBDs with the P- and N-domains of
ATP7B45.
It is generally accepted that the HMBDs are autoinhibitory32. In agreement with
this hypothesis, the HMBDs may inhibit the pump’s function at our suggested
position by blocking the conformational changes associated with the reaction
cycle.

Binding

and

inhibition

might

be

associated

with

the

fully
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dephosphorylated E2 conformation or (an) E1 state(s) and not in the modelled
transition state of dephosphorylation. This would explain why the HMBD is not
clearly observed in the LpCopA crystal structure. The concept of inhibition
through suppression of conformational changes is further supported by the
observed increase in ATP affinity when copper is present31 and that the HMBDs
of ATP7B interact more tightly with the core in the absence of copper45.

Six heavy metal binding domains may arrange in pairs
With the produced homology models and the experimentally determined
structures of the HMBDs, about 30% of human ATP7A and ATP7B remain to be
structurally characterized. Limited to the linkers between the HMBDs, the
carboxy-termini and the few insertions in the cores, these portions are
nonetheless important, as they establish how the flanks, with their multiple
motifs for targeting and post-translational modifications, are positioned relative
to each other and the core. Despite the absence of structural data on the spatial
arrangements of HMBD1-HMBD6, which is not alleviated by our homology
models, some data may still be retrieved from the complex structures of
HMBD5/HMBD6 of ATP7B and sequence analysis.
The short distance of eight residues between HMBD5 and HMBD6 (555/555 564/564)

combined

with

the

stabilized

complex

structures

of

the

HMBD5/HMBD6 complex of ATP7B14 and the dual HMBD of Bacillus subtilis46
suggest that HMBD5 and HMBD6 are associated as a pair. Extending on this
hypothesis, it has previously been suggested based on a limited number of
sequences that an even number of HMBDs are frequently

observed in

47

eukaryotic genomes , such as two in Saccharomyces cerevisiae CCC2, four in
Drosophila melanogaster ATP7 and Caenorhabditis elegans CUA-1, and six in
mammals. The general matter of HMBD pairs has also been discussed by
others32. Overall, our analysis of 1599 proteins displays a somewhat different
pattern (Table 2), with three and five HMBDs in 205 and 34 sequences,
respectively. For comparison, 42 and 28 proteins with four or six HMBDs were
found, assuming one ferredoxin fold per CXXC motif. However, conclusions are
complicated by the fact that sequences with three to six CXXCs were typically
associated with an unusual length between at least one pair of CXXCs possibly
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affecting the actual number of available HMBDs; two CXXC motifs may be
present in one ferredoxin fold or one CXXC motif missing in one of two
connected folds (for proteins with a significantly shorter or longer distance
between HMBDs than expected). However, there is another trend that is in
agreement with the notion that the dual complexes of HMBDs are a common
structural theme. Examination of the putative linker lengths between predicted
HMBDs suggests that the medians of the stretches between HMBD2/3 and
HMBD4/5 in proteins with six CXXCs and between HMBD2/3 in sequences with
four CXXCs are significantly longer than others. For example, the inter-domain
linkers between HMBD1 and HMBD2, between HMBD3 and HMBD4, and
between HMBD5 and HMBD6 in human ATP7B are limited to 18, 32, and 8
residues, respectively. This significantly decreases the possible structural
orientations of the two folds within each putative pair and mimics the observed
complex of two HMBDs14,46. In contrast, the median of the segments between
HMBD2 and HMBD3 and between HMBD4 and HMBD5 in vertebrates are 43 and
60 amino acids long, respectively, which may allow the pairs to achieve a
preferred spatial orientation relative to the core and the other HMBD pairs.
The peripheral localization of the CXXC motifs at the HMBD-to-HMBD interaction
interface in the NMR structures of the dual HMBD complexes14,46 disfavors direct
copper transfer between the CXXC motifs of the putative pairs. With the termini
of the dual HMBDs pointing toward the shared interacting surface in accordance
with the NMR structures as well as the observed communication between CXXC
motifs recorded using circular dichroism data48,49 and the proximity of some
copper binding sites identified using X-ray absorption spectroscopy50, strong
restraints on how the putative pairs may be structurally arranged are provided.
We propose that the six HMBD domains arranged in three pairs might appear as
two sets of stacked logs with CXXC motifs at their ends, three and three (Figure
1), in accordance with, e.g., the suggestion that ATOX1 interacts only with
HMBD2 and HMBD414. The tight and conserved connecting loop between HMBD5
and HMBD6 would enable communication between the two stacks, explaining
the observed copper-induced rearrangements of the HMBD cluster48,51 and
displacement of the autoinhibitory HMBD6 from the ATPase core in the presence
of copper as discussed above. An apparent contradiction with many of the
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studies covering copper exchange in separate HMBDs is that the ferredoxin fold
remains virtually unaltered regardless of whether the binding site is metallated
or not20,23,52. The HMBD5/HMBD6 linker working as a hinge between the two
stacks may however solve this dilemma, propagating the small changes in the
CXXC-containing loops associated with copper binding or release. The reason
that higher organisms display multiple copies of HMBDs could be that it allows
more fine-tuned regulation and trafficking.

Materials and methods
The canonical FASTA sequences of ATP7A (isoform 4, Q04656-1, 1500 residues)
and ATP7B (isoform 1, P35670-1, 1465 residues) were retrieved from the
UniProt database, and these are hereafter simply denoted ATP7A and ATP7B.
They were used separately in MODELLER version 9.953 using LpCopA (PDB ID
3RFU) and the alignment in Figure 2 as input parameters for modelling. The
best-scored models were selected for further processing. The unbiased scores
from MODELLER for ATP7A were 9591 (molpdf), -100518 (DOPE), and 1.0
(GA341), whereas they were 8159 (molpdf), -98036 (DOPE), and 1.0 (GA341)
for ATP7B, suggesting that, overall, the homology models were of genuine
quality. The experimentally characterized structures for available soluble
domains (PDB IDs 2KIJ and 2KMV for ATP7A, as well as 2KIJ and 2ARF for
ATP7B) were then used to replace the corresponding portions of the model,
following alignment using SSM in COOT54, except for the linkers that were
truncated from the experimentally determined structures. In compliance with all
other experimentally determined P-type ATPase structures and the sequence
alignment of ATP7A and LpCopA, a surface exposed helix in 2ARF was
reoriented to mimic the corresponding in 2KMB (residues 1196-1207 in ATP7A
and 1163-1174 in ATP7B). For the major insertion in the N-domain, one
separate conformation from the NMR structures was selected that did not yield
clashes with the generated model. To further improve the models and remove
artifacts in the extracytosolic loops of ATP7A and ATP7B generated by
MODELLER, alanines were introduced into the LpCopA portion of the alignment
such that no gaps between the template and the target proteins remained in
these loops. As a consequence, the extracytosolic loops between MA/MB and
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M3/M4 have been generated de novo and are therefore only included to
illustrate their relative sizes.
Although not present in the LpCopA structure, we have also included the
experimentally determined structure of the HMBD5/HMBD6 complex, 2EW914, in
the ATP7B model as well as a modeled equivalent in ATP7A (Figure 3). Given
the short distance between the final residue of the ferredoxin fold of HMBD6
and the first residue in the LpCopA structure (corresponding to S630-H643 in
ATP7A and ATP7B) as well as the limitations imposed by the adjacent
hydrophobic membrane interface, approximate positioning of HMBD6 (and with
that also HMBD5) relative to the core has been attempted. Despite that the
approximate spatial position of the HMBD5/HMBD6 complex is likely to be
rather accurate, specific details certainly remain undetermined. The final
coordinate files for the homology models have been deposited at the PUMPKIN
website (http://www.pumpkin.au.dk/atp7ab). Figure 1 was generated using
PowerPoint, Figure 2 using JALVIEW55 and ESPript 2.256 (http://espript.ibcp.fr/),
and Figure 3 using PYMOL (The PyMOL Molecular Graphics System, Version 1.3,
Schrodinger, LLC) (http://www.pymol.org).
For sequence analysis, a sequence alignment of full-length P1B- type ATPases
(all containing the CPC motif in M4, YN in M5, and MXXSS in M6 motifs
associated with Cu+ /Ag+ pumps56) was established using entries found in the
P-type ATPases database (http://www.pumpkin.au.dk/pump-classifier/p-typeatpase-database/) and MUSCLE57, in accordance with our previous work12. This
set was extended with new vertebrate sequences available in the latest Uniprot
database version (http://www.uniprot.org/) and with the same motifs58. After
removal of 21 entries for which the amino-terminus of the core relative to
LpCopA could not be ascertained, a total of 1599 proteins remained. The
positions of each CXXC motif of these sequences were extracted using a shell
script and used to estimate the lengths of the linkers between the ferredoxin
folds, assuming a typical fold size of 67 amino acids with the CXXC motif at
residues 15-18.
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Synopsis
Heavy metals in cells are typically regulated by P1B-type ATPases. The first
structure of the class, a Cu+-ATPase from Legionella pneumophila (LpCopA),
outlined a copper transport pathway across the membrane, which was inferred
to be occluded. Here we show by molecular dynamics simulations that
extracellular water solvates the transmembrane (TM) domain, results indicative
of a Cu+-release pathway. Furthermore, a new LpCopA crystal structure
determined at 2.8 Å resolution, trapped in the preceding E2P state, delineated
the same passage, and site-directed mutagenesis activity assays support a
functional role for the conduit. The structural similarities between the TM
domains

of

the

two

conformations

suggest

that

Cu+-ATPases

couple

dephosphorylation and ion extrusion differently than the well-characterized P2type ATPases. The ion pathway explains why certain Menkes and Wilson disease
mutations impair protein function and points to a potential site for inhibitors
acting as antibiotics to target pathogenic Cu+-ATPases which act as virulence
factors.
My role in this large, cross-disciplinary investigation was to create mutants of
LpCopA and assay their activity in vitro and in vivo. While the in vitro assay
required only slight modifications to the usual procedure to take protein
concentration variations into account, the in vivo assay demanded a protocol to
be developed de novo. I did this by creating plasmids containing mutant
variants of the LpCopA gene under control of a native Escherichia coli promoter
and transforming them into CopA-deficient E. coli cells. The system proved
capable of rescuing the Cu+-intolerant phenotype in the case of WT LpCopA,
allowed assessment of the impact of mutations on the proposed Cu+-ATPase ion
release pathway and confirmed its physiological relevance. Additionally, I
performed a residue conservation analysis of P1B-1-, P1B-2-, and P1B-4-ATPases
based on a large number of input sequences, which pinpoints amino acids that
are critical for the differentiation of these three subtypes. Finally, using up-todate secondary structure prediction software, I have shown that P1B-4-ATPases
also possess helices MA-MB/MB’, thereby contesting earlier literature and
establishing this as a common structural motif of P1B-ATPases.
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Introduction
P1B-type ATPases that perform active transport of heavy metals across cellular
membranes are of crucial importance for heavy metal homeostasis1-3. The Cu+ATPase subgroup (CopA), the most widespread among P1B-type ATPases, has
attracted particular attention because malfunction of the human members
ATP7A and ATP7B is the direct cause of the severe Menkes and Wilson diseases,
respectively4,5. To understand the underlying mechanisms of heavy metal
transport and disease, the transport pathway and its coupling to the ATPase
reaction cycle must be described. The mechanistic view of how P-type ATPases
mediate ion flux across the membrane has emerged primarily from studies of
P2-type ATPases, such as the sarco(endo)plasmic reticulum Ca2+-ATPase
(SERCA)6-15 (Figure 1a). The E1 state binds intracellular ions with high affinity,
and then occlusion and phosphorylation (forming the E1P state) trigger
conformational changes and access to the extracellular/luminal environment
thus

forming

the

extracellular/luminal

E2P

state.

counterions

The
bind

ions
and

are

then

stimulate

released,

and

re-occlusion

and

dephosphorylation, during which the E2.Pi transition state is formed. Release of
bound phosphate yields the fully dephosphorylated E2 conformation, which then
shifts into the inward-facing E1 conformation to initiate a new reaction cycle. As
a result, SERCA transports two calcium ions and countertransports two to three
protons, accompanied by ATP turnover and structural rearrangements16.
However, it is not clear whether a similar E1↔E2 reaction scheme applies to
other classes of P-type ATPases, particularly those for which countertransport
may not apply, such as the P1B-type ATPases17.
Recently, the structure of a Cu+-exporting P1B-type ATPase from Legionella
pneumophila (LpCopA) was determined in a Cu+-free transition state of
dephosphorylation (E2.Pi), as mimicked by addition of AlF4− (PDB ID 3RFU18).
The structure demonstrated a preserved P-type ATPase core structure with
intracellular actuator (A), phosphorylation (P) and nucleotide-binding (N)
domains and a TM domain. Thus, the regions responsible for phosphorylation
and dephosphorylation in CopA are similar to those of SERCA.
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Figure 1. MD simulations suggest the E2.Pi state to be open in CopA.
a, Schematics of the classical P-type ATPase reaction cycle, known e.g. for Ca2+-transporting
SERCA. The intracellular A, P and N domains are colored yellow, blue and red, respectively, and the
M domain is gray. Ions are shown in purple, and arrows indicate structural rearrangements. b,
Features unique to CopA (HMBD-MA-MB, cyan) and SERCA (N-terminal section of A domain and M7M10, green). c, Average representation from the simulation of the CopA E2.Pi state (PDB ID 3RFU).
The transmembrane domain is shown with MA, MB and M1-M6 depicted as in b. Functionally
relevant residues are shown as sticks. Lipid phosphates and water are shown as orange and red
density surfaces at 5% and 20% occupancies, respectively (the fraction of presence in simulation
frames). d, Density plot for the water distribution of the E2.Pi MD simulation showing the number of
water molecules within 7 Å from the protein relative to bulk solution along the membrane normal
(intracellular side is positive). The centers of mass with corresponding error bars are depicted for
C382, M717, E189 and A714. Error bars, s.d. (n = 100000).
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Moreover, putative Cu+ sites of intracellular entry at M148 (LpCopA numbering),
internal coordination (involving the 382-4 motif) and extracellular exit (at E189)
suggested a three-stage transport pathway across the TM domain that would be
sensitive to conformational changes similar to those observed for P2-type
ATPases18. However, the intramembranous ion-binding cluster of CopA19 lacks
carboxylate residues, whereas in SERCA the equivalent region encompasses
several negatively charged residues that participate in both calcium transport
and H+ countertransport8-13,16. Furthermore, the CopA topology is considerably
different from that of the P2-type ATPases: it contains P1B-specific helices MA
and MB and lacks helices M7 through M10 (Figure 1b). Thus, it is possible that
Cu+ transport operates through a unique and class-specific mechanism. Here, to
characterize CopA-mediated ion transport, we used a multidisciplinary approach
combining molecular dynamics (MD) simulations, X-ray crystallography and
mutational studies in vitro and in vivo. We determined an LpCopA crystal
structure of the state associated with extracellular release in SERCA: the E2P
conformation preceding E2.Pi in the forward direction of the reaction cycle
(Figure 1a). The observed structural similarity between the two LpCopA TM
domains indicates that CopA couples the dephosphorylation event and occlusion
of the TM domain differently than do the P2-type ATPases, for which this state is
associated with closure of the extracellular pathway. The MD simulations and
crystal structure showed overlapping water molecules that indicate that the TM
domains of the E2.Pi and E2P states are both open toward the extracellular
side, thus suggesting a class-specific ion release pathway originating from ionbinding residues deep within the TM domain. These results may also explain
why multiple Menkes and Wilson disease mutations are found in the equivalent
regions of the human ATP7A and ATP7B transporters.

Results
MD simulations suggest the E2.Pi state is open
By means of an MD simulation of the LpCopA E2.Pi structure embedded in a
dioleoylphosphocholine (DOPC) lipid bilayer, we searched the TM domain for
pathways that link suggested areas of Cu+ entry, intramembranous binding and
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exit. Surprisingly, we observed extracellular bulk water entering the TM domain
and solvating the putative exit site region at E189, occasionally reaching as far
as the intramembranous copper-binding residues C382, C384 and M717 (Figure
1c,d). The open E2.Pi state hints at a class-specific release mechanism distinct
from the one observed for SERCA, in which the corresponding state is closed
(Figure 1a). As for Ca2+ release in SERCA, Cu+ must pass more than half of the
membrane from the intramembranous ion-binding residues C382 and M717 to
be released to the extracellular side. However, the LpCopA extrusion pathway
involving TM helices M2 (with E189), M6 and the P1B-specific N-terminal MA
(Figure 1b)2, appears to be unique.

Crystal structure of the E2P state
The results of the MD simulation led us to crystallize LpCopA in a copper-free
E2P state using the phosphate analog BeF3−, which in SERCA yields the
phosphoenzyme state that exposes the extracellular/luminal release pathway13.
The structure, determined at 2.8 Å resolution (Figure 2 and Table 1), revealed a
configuration of the intracellular domains similar to the corresponding E2P
conformation of SERCA (Figure 2b and Supplementary Figure 1a). The TGE loop
of the A domain interacts with the phosphorylated D426 (mimicked by BeF3−
binding, Supplementary Figures 1b-e) but is not primed for dephosphorylation.
However, in contrast to SERCA, in which the E2P to E2.Pi transition is
accompanied by structural changes of helices M1-M4 relative to the M5-M10
bundle that occludes protons from the extracellular side in the structure
(backbone r.m.s.d. 1.7 Å, Figure 3a), the TM domain of LpCopA remained
almost unchanged in the shift from E2P to E2.Pi (backbone r.m.s.d. 0.6 Å,
Figure 3b). Furthermore, two independent E2P crystal forms yielded similar
crystal structures, so the structural differences between SERCA and LpCopA are
not likely to be due to crystal packing effects (Supplementary Figure 2 and
Table 1).
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Figure 2. Crystal waters of the E2–BeF3− structure support the copper release
pathway.
a, The E2–BeF3− structure determined in this work. Black arrows mark the direction of Cu+
transport. Crystal waters located in close vicinity to C382, M717 and E189 are shown as red
spheres. b, Superimpositions of the TM domains of the E2P (purple) and E2.Pi (green) states
of LpCopA. Intracellular domains change their configuration from the E2P to the E2.Pi state
(black arrows) while the TM domains remain rigid. c, Close-up view of the extrusion pathway
with residual Fo-Fc electron density (green mesh at 2.5 σ, before modelling) of BeF3−-bound
LpCopA, with key residues labeled. The opening from the high-affinity Cu+-coordinating
residues C382, C384 and M717 in the E2P conformation is displayed as a red surface, as
obtained with CAVER, and overlays with crystallographic water molecules as red spheres.
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Figure 3. The CopA release pathway is unique and able to accommodate Cu+
ions.
a, View of the transmembrane domains of the E2P (PDB ID 3B9B, purple) and E2.Pi (PDB ID
3B9R, green) structures of SERCA and its release pathway (white). Black spheres indicate the
movements of one Cα atom in each helix, and transmembrane helices M7–M10 have been
removed for clarity. Pronounced shifts of helices M1-M2, M3-M4 relative to M5-M6 occlude
SERCA between E2P and E2.Pi. b, Equivalent view as in a for CopA with its release pathway
(purple), showing that CopA remains rigid in the E2P to E2.Pi (PDB ID 3RFU) transition. c,
Number of water molecules associated with the release pathway in the E2P and E2.Pi
simulations. d, LpCopA pore radii of the E2P (black) and E2.Pi (red) crystal structures (straight
lines) and average structures from the last 10 ns of the corresponding simulations (dotted
lines) compared to the size of Cu+ (black) and Ca2+ (blue). The corresponding radius in the E2P
crystal structure of SERCA (PDB ID 3B9B) is shown in blue. No pore was found in the SERCA
E2.Pi state (PDB ID 3B9R). The cutoff value for all analyses was set at a pore radius of 2.5 Å.
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Table 1. Data collection and refinement statistics.
Outer-shell statistics are in parentheses. The structures are based on a single crystal each.

Data collection

High-resolution structure

Low-resolution structure

Space group

C2

P212121

a, b, c (Å)

242.0, 71.4, 72.4

73.0, 85.0, 342.4

α, β, γ (°)

90, 100.01, 90

90, 90, 90

Resolution (Å)

48.2-2.7 (2.8-2.7)

85.6-7.11 (7.3-7.11)

Rmerge

12.3 (96.7)

27.8 (125.6)

I/σI

21.3 (2.0)

7.9 (3.5)

Completeness (%)

96.6 (94.1)

98.7 (99.6)

Redundancy

7 (7.2)

12.5 (12.2)

Resolution (Å)

48.2-2.75

85.6-7.1

No. reflections

30867

3468

Rwork / Rfree

0.199 / 0.247

0.305 / 0.333

Protein

4945

9890

Ligand/ion

92

2

Water

59

Cell dimensions

Refinement

No. atoms

B factors
Protein

66.4

Ligand/ion

116.1

Water

53.8

r.m.s.d.
Bond lengths (Å)

0.010

Bond angles (°)

1.23

The pathway coincides in the structures and simulations
Interestingly, multiple crystal waters in the new E2P structure delineated a
pathway (Figures 2a,c), flanked by transmembrane helices MA, M2 and M6, that
coincided with the hydration patterns derived from the MD simulation of the
E2.Pi structure. This extracellular water cleft was also reproduced in an MD
simulation of the E2P structure (Figures 3c and 4a), in which bulk water
established a link between the putative exit site at E189 and the extracellular
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environment. Our combined simulation and crystallographic data therefore
indicate the E2.Pi and E2P conformations of LpCopA to be equally open toward
the extracellular side with water reaching the internal ion-binding sites deep in
the TM domain. At the same time, the protein remained closed toward the
intracellular side, as required for an alternating access mechanism20.
We then asked whether the observed water-filled pathway could accommodate
Cu+ ions, which is a prerequisite for ion transport. We calculated an outline of
the pore radii in LpCopA from the C382, C384 and M717 high-affinity ionbinding cluster to the extracellular side, using CAVER21. Indeed, both crystal
structures as well as average structures from the simulations reported pathway
dimensions

compatible

with

passage

of

Cu+

ions22

(Figure

3d

and

Supplementary Figures 3h,i). To enable a comparison to the LpCopA crystal
structures,

we

stripped

hydrogens

from

average

structures

from

the

simulations. Even so, the release pathway radius in the simulated hydrogenated
average structures was wider than was the Cu+ ion radius. Similarly, analyses
of the pore radii of the corresponding E2.Pi (PDB ID 3B9R) and E2P (PDB ID
3B9B) SERCA states (without hydrogens), with the origin set close to the
internal ion-binding sites defined by I307, E309 and L797, displayed an open
E2P state in agreement with ion extrusion (Figure 3d), whereas we found no
pores for the E2.Pi state, in accordance with a proton-occluded configuration.

The identified conduit allows for transfer of Cu+
We observed pronounced side chain dynamics of M717 and E189 that could be
attributed to a possible role in shuttling of Cu+ ions from the internal binding
residues via the exit site to the extracellular compartment (Figure 4a). To
investigate the role of M717 and E189 and the energetics involved in ion
passage, we positioned a Cu+ ion between the intramembranous high-affinity
ligands C382 and M717 and simulated its release. Even though the force
applied on the ion was strictly perpendicular to the membrane, the ion followed
our proposed release pathway, involving a 10 Å traverse movement in the
membrane plane (Figure 5). M717 shuttled Cu+ to E189, which then released
the ion to the water-filled extracellular cavity. We detected no major energy
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barriers along the pathway, and the passage between M717 and E189 was
associated with favorable energetics (Figure 5).

An intramembranous Cu+ site
Comparison of the crystal structure and MD simulations revealed additional
details of the exit pathway, including preferred locations for water molecules.
Two crystallographic water molecules were located adjacent to critical residues
implicated in high-affinity copper binding19 and contributed to water pockets
that were continuously occupied in the E2P simulation. Importantly, water
pockets were also present at similar locations in the E2.Pi simulation. Even
though water molecules associated with the release pathway in the E2.Pi
simulation displayed high exchange rates as defined by short residence times
(<20 ps, Figure 4a and Supplementary Figures 3f,g), the water pockets
remained occupied throughout the simulation. Crystal waters and simulated
water dynamics have been used previously to probe ion-binding sites23 and,
remarkably, the internal water pockets in the simulations correspond by
structural alignment to calcium site I of the occluded Ca2+-bound E1P
conformation of SERCA (Figure 4a). Therefore, the internal water pockets hint
at a role of this site in copper transport.

Residues along the ion conduit are critical for function
To further validate the proposed ion conduit and mechanisms involved in ion
release, we performed in vitro activity measurements of CopA point mutants,
using a well-established ATPase assay18 (Figure 4c, Supplementary Figure 4a
and Supplementary Table 1). This assay showed M717 to be crucial for function
and identified both side chain size and charge to be important at position E189,
which in the human copper pumps is conserved as an aspartate. The
substantially reduced activity for the A714T mutation can be explained by direct
steric hindrance of the observed pathway.
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Figure 4. Copper transfer from the high-affinity binding sites and the extracellular
release pathway.
E2P crystal waters are marked as solid red spheres. Asterisks mark residues included in the
functional analysis summarized in c. Water pockets in the ion-binding region are encircled in red.
a, The E2P state simulation. Crystallographic and simulated (averaged over the last 20 ns) side
chain configurations are shown for M717 and E189, and the E2P crystal structure represents C382,
C384, Y688, N689, A714 and S721 because they do not rearrange extensively during simulations.
Green, transparent spheres represent the approximate locations of the SERCA calcium sites (PDB
ID 3BA6). b, An average from the last 20 ns of the E2.Pi simulation (transparent) superimposed
on the E2.Pi (PDB 3RFU) structure (solid). Arrows show movements of Cα atoms in MA and M6. c,
Relative in vitro (black) and in vivo (blue) activity of LpCopA copper release pathway mutants
compared to wild type protein and the inactive D426N mutant (black). ND, not determined. Error
bars, technical s.d. (n = 9) for the in vitro data and biological s.d. (n = 3) for the in vivo data. d,
Missense mutations causing Menkes (red spheres) and Wilson (blue spheres) disease, located in
the in extrusion pathway region, plotted on the new E2P structure of LpCopA. Asterisks as in a.
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Furthermore, although M100 and M711 are both positioned at the proposed exit
site, only M711 displays mutational sensitivity, results consistent with the
peripheral locations of M100 and M711 relative to the pathway, with M100
being the most distant (Figure 4b). All considered, the release pathway is
supported by mutational effects, as probed by the ATPase activity, and provides
a possible structural basis for the impaired copper transport function resulting
from previously perplexing missense mutations associated with Menkes and
Wilson diseases, which are located in the vicinity of the extracellular cleft lined
by MA, M2 and M618,24 (Figure 4d). Consistently with our findings, the
extracellular loop connecting MA and MB has been implicated in copper
discharge in the human copper pump ATP7A25.

Figure 5. Energy barriers associated with the release pathway.
a, The release pathway as sampled by application of a force to a Cu+ ion initially placed in the
suggested ion-binding site at z = 0 Å, displayed by snapshots of the ion during the steered MD
simulation (yellow spheres). b, The accompanying potential of mean force profile, with the
uncertainty given by the s.d. of 100 bootstrapped PMF profiles36.
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Conserved prolines may control Cu+ release
By tracking interhelical distances in the TM domain by means of Cα-to-Cα
distances between helices MA and M6, M1 and M4, and M4 and M5 in the E2.Pi
MD simulation, we observed a shift of 3-5 Å of the extracellular ends of TM
helices MA and M6 (Figure 4b and Supplementary Figures 5a,b). This structural
rearrangement originated from the well-conserved P94 and P710, thus
suggesting a possible role for these residues in the opening of the release
pathway to the exit site at E189. Moreover, the CAVER analyses showed
average structures from the MD simulations to be more opened toward the
extracellular side as compared to the corresponding crystal structures, results
consistent with the observed shifts of the extracellular ends of TM helices MA
and M6 (Figure 3d).
In agreement with a proline-dependent opening mechanism, the in vitro assay
reported impaired CopA activity for the P94A and P710A mutations (Figure 4c
and Supplementary Table 1). Moreover, two separate MD simulations of the
proline mutants showed markedly distorted hydration patterns compared to
those of wild type, thus providing a possible structural explanation for the
observed phenotypes (Supplementary Figures 5f,g). CAVER results on average
structures from the mutant simulations predicted a misdirected pathway for the
P94A mutant (Supplementary Figures 5c–e,f). In the P710A simulation, the
pathway from E189 was largely maintained, but the release pathway and water
pockets at the intramembranous ion-binding ligands contained a larger amount
of water compared to that of the wild type simulation (Supplementary Figures
5c-e,g). Together, the in vitro data and accompanying MD simulations support
P710 and P94 as key players for pore opening and ion release. Thus, whereas
the intracellular segment of helix MB appears critical for copper uptake18, an ion
extrusion function can be attributed to the extracellular part of MA (including
P94), which is well conserved in Cu+-ATPases (Supplementary Figure 6a).

The exit pathway is physiologically relevant
To investigate the physiological significance of the proposed release pathway
and

mutations,

we

assessed

the

CopA

mutations

in

vivo

by

LpCopA
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complementation of a CopA-deficient Escherichia coli strain, using LpCopA
constructs controlled by the CopA promoter of the host (Figure 4c and
Supplementary Figures 4b,c). A possible caveat with this approach is that
extracellular Cu+-accepting partners may be missing or incapable of recognizing
the recombinant ATPase. However, because the D426N dead mutant (with no
phosphorylation site) and wild type LpCopA switched the copper tolerance of
the E. coli strain, it was possible to use the assay as a proxy for functional Cu+
transport in vivo. Overall, the general trends from ATPase activities in vitro
were reproduced in vivo, albeit less pronouncedly (Figure 4c). Strikingly, the
two most potent in vitro mutations of the region, A714T (steric block of the
conduit) and P710A (opening to the extracellular compartment), also conferred
a remarkable susceptibility to copper in vivo, thus substantiating the relevance
of the release pathway for CopA copper transport in cells.

Discussion
The combined results from our experiments and simulations map a putative
release pathway in Cu+-transporting P1B-type ATPases, which appears to be
available both in the E2P and E2.Pi states. The structural boundaries and
chemical characteristics of this pathway, as well as the actual release
mechanism, seem to be unique for the subclass. By analogy to SERCA16, the
CopA transport mechanism might also involve counterions such as protons.
However so far counterion requirements have not been observed for any P1Btype ATPase, and currents observed for the human copper transporter ATP7B
are not sensitive to pH26,27. The unexpected open configuration of the E2.Pi
structure also disfavors coupled countertransport of e.g. protons, for which
occlusion of the TM domain would be expected (Figure 6). Further supporting a
distinctly tuned reaction cycle for Cu+-ATPases, ATP-induced phosphoenzyme
formation has been observed in both the presence and absence of the
transported ion, unlike results for SERCA28. The unique features accompanying
P1B-type ATPase function can be explained in terms of substantial structural
differences between P2- and P1B-type ATPases. For instance, the A domain-M1
linker that controls the Ca2+-entry region in P2-type ATPases is lacking in CopA.
Because the A domain has a key role in transmitting conformational changes in
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the intracellular domains to changes in the TM domain, the missing linker might
therefore offer a structural explanation to the differently tuned coupling
between dephosphorylation and TM occlusion. The presence of the two
additional TM helices MA and MB in CopA may also explain why their main
interaction partners, M1 and M2, are prevented from undergoing the major
structural rearrangements observed in SERCA. Furthermore, CopA lacks the
M7-M10 bundle, which in P2-type ATPases (SERCA and Na+,K+-ATPase) contains
a solvated channel in the E2 and E2.Pi states that presumably supports proton
exchange29 (Figure 1b). This mechanistic differentiation may also apply within
the P1B-type ATPase subgroups; the MA helix in Zn2+- and Co2+-ATPases is
lacking the corresponding P94, and the extracellular portion is less conserved
compared to that of Cu+-ATPases (Supplementary Figure 6). Notably, distinct
mechanisms within subfamilies are also observed in e.g. ABC transporters30.
Our E2P crystal structure and MD simulations of LpCopA in combination with
mutational analyses support a unique release mechanism for Cu+ P1B-type
ATPases. The observed extracellular release pathway is likely to be involved in
specific and controlled delivery to Cu+-acceptor chaperones31, thus preventing
detrimental effects of free copper in the extracellular space, or to other
cuproproteins that need the ion for function32,33. The pathway further explains
why Menkes and Wilson disease mutations in this region impair the function of
ATP7A and ATP7B. The high prevalence and critical function of P1B genes in
pathogenic bacteria for intraphagolysosomal copper defense34,35 and the
sensitivity of the exit pathway towards mutations point to a putative site for
inhibitor binding with favorable access from the outside of the cells, similar to
cardiotonic steroids and omeprazole, which are clinically used inhibitors of the
Na+,K+-ATPase and H+,K+-ATPase.36
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Methods
Sample preparation
LpCopA mutants were generated with Agilent Technologies' QuikChange
Lightning site-directed mutagenesis kit with the full-length non-tagged lpg1024
gene in pET22b(+) (Novagen). Cell growth to solubilization, in the detergent
C12E8 (octaethylene glycol monododecyl ether), and ultracentrifugation were
conducted as described previously18. For crystallization, the sample was further
purified according to this protocol, whereas each construct for in vitro
characterization was loaded onto a separate pre-equilibrated 5 ml affinity
column, either GE Healthcare HisTrap HP or Qiagen Ni-NTA Superflow Cartridge,
washed with 20 mM Tris-HCl, pH 7.6, 200 mM KCl, 1 mM MgCl2, 20% glycerol,
5 mM β-mercaptoethanol (BME) and 0.28 mM C12E8, and eluted with 500 mM
imidazole. The buffer of the concentrated protein was thereafter exchanged
with a GE Healthcare HiTrap Desalting column to 20 mM MOPS-KOH, pH 6.8, 80
mM KCl, 1 mM MgCl2, 20% glycerol, 5 mM BME and 0.28 mM C12E8. The
constructs were concentrated and the purity estimated with SDS-PAGE. To
assess relative protein concentrations, the intensity of individual LpCopA bands
at

~75

kDa

were

quantified

with

ImageJ37.

A

second

SDS-PAGE

gel

(Supplementary Figure 4a) was generated with equal protein amounts, as
calculated from the first gel. The protein concentration of the D426N mutant
was determined with light absorbance at 280 nm and used as reference in the
activity assay (described below).

In vitro characterization
The Baginski method with arsenic detection under aerated conditions was used
to assess ATPase activity38. Measurements were conducted with equal amounts
of

protein

for

each

construct

as

judged

by

ImageJ

(and

shown

in

Supplementary Figure 4a), corresponding to 3.8 μM for D426N, 40 mM MOPSKOH, pH 6.8, 150 mM NaCl, 5 mM KCl, 5 mM MgCl2, 20 mM (NH4)2SO4, 20 mM
L-cysteine, 5 mM NaN3, 0.25 mM Na2MoO4, 1.2 mg/ml L-α-phosphatidylcholine
lipids from soybean and 3.7 mM C12E8 in a total volume of 50 μl. 10 μM
ammonium tetrathiomolybdate was added to prevent activity from background
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copper contaminants, and the protein was incubated for 15 min with 1 mM
CuCl2 (reduced to Cu+). Reactions were started by addition of 4.8 mM ATP,
incubated at 37 °C with shaking for 25 min and stopped by addition of 50 μL of
freshly made stop solution (0.083% SDS, 417 mM HCl, 142 mM L-ascorbic acid
and 4.72 mM (NH4)6Mo7O24•4H2O). After 10 min of incubation at 19 °C, 75 μL
stabilizing solution (154 mM NaAsO2, 68 mM Na3C6H5O7•2H2O and 349.4 mM
CH3COOH) was added and incubated for 30 min at 19 °C. Absorbance was
measured at 860 nm with a PerkinElmer VICTOR3 multilabel plate counter. The
raw

output

data

(Supplementary

Table

1a)

were

thereafter

scaled

(Supplementary Table 1b) to account for the subtle variations in the relative
intensities of Supplementary Figure 4a. These data were then plotted on a scale
of 100% (wild type LpCopA activity) to 0% (D426N mutant activity), through
removal of the background of the D426N dead mutant (Figure 4c). One
experiment with nine replicates was done for the in vitro activity data. To
assess the reproducibility of our assay, two mutations were tested with an
additional independent experiment (Supplementary Figure 4d).

In vivo characterization
The E. coli CopA-deleted strain CN2328, its progenitor strain CN1709 and the
plasmid pCN2345 containing the native E. coli CopA promoter used here have
been described previously39. pCN2345 was mutated to allow replacement of E.
coli CopA with LpCopA with maintained promoter and wild type and mutant
LpCopA incorporated separately. The plasmids were then transformed into
CN2328, and an empty pET22b(+) vector was transformed into CN1709 cells
and used as a control. Precultures were grown overnight and their OD600nm
adjusted to 1.0 before inoculation. 10 μl of cells were used to inoculate 190 μl
of LB medium with 100 μg/ml ampicillin, and CuCl2 concentrations were
adjusted to 0 and 3 mM. The inoculated media were grown in 96-well plates in
a shaking incubator at 37 °C, and OD560nm was measured in hourly intervals
with a PerkinElmer VICTOR3 multilabel plate counter. The growth curves of the
cells at different CuCl2 concentrations are shown in Supplementary Figures 4b,c,
and the final time point for 3 mM CuCl2 is shown in Figure 4c. Three
independent experiments were conducted, with 3 replicates each for the first
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and third experiments, and 15 replicates for the second experiment. The
averaged value of the averages for each mutant in every independent
experiment at the final time point for 3 mM CuCl2 was used in Figure 4c, and
wild type LpCopA activity was set as 100%. Error bars were calculated by three
data points per mutant per experiment. The three data points of the second
experiment were selected by taking the lowest, highest and most average value
for each mutant from the 15 replicates. M100L was not cloned for the in vivo
assay.

Crystallization, data collection and model building
Crystallization of the LpCopA E2-BeF3− complex was performed by hanging-drop
vapor diffusion. 0.15 ml of 10 mg/ml LpCopA was relipidated for 16 h according
to the HiLiDe method40 with 0.5 mg DOPC and between 5 μl and 12 μl 100
mg/ml C12E8. The sample was centrifuged for 10 min at 100,000g and incubated
with 10 mM NaF, 3.2 mM EGTA, 10 μM ammonium tetrathiomolybdate (TTM)
and 2 mM BeSO4. The best crystals (in the space group C2) were found after
two days with 5 mM β-NAD in the protein solution and a precipitant solution
containing 10% glycerol, 200 mM KCl, 3% t-BuOH, 14% PEG 2000 MME and 5
mM BME mixed 1:1 with the protein solution. The P212121 crystal form,
displaying a different packing, grew by addition of 36.7 mM Fos-choline-10 to
the protein solution. Screening of diffraction properties was conducted at
Maxlab, SLS and ESRF, and final data were collected at ID29 at ESRF with a
wavelength of 0.9763 Å, a temperature of 100 K and a pixel detector (Pilatus
6M), and scaled with XDS41. Initial phases were obtained by molecular
replacement with Phaser42 with the E2-AlF4− structure of LpCopA (PDB ID 3RFU)
as a search model. Iterative refinement and model building were performed
with Phenix43 and the molecular graphics program Coot44. The low-resolution
E2-BeF3− structure (P212121 crystal form) was determined with Phaser with the
above high-resolution structure as a search model (PDB ID 4BBJ) and subjected
to rigid-body refinement in Phenix. Structures were analyzed with MolProbity,
which indicated that 96.2, 3.0 and 0.8% of the residues were in the favored,
allowed and nonfavored regions, respectively, for the high-resolution structure
(in space group C2).
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Building the MD systems
For the E2.Pi state (based on the E2-AlF4− structure, PDB ID 3RFU, chain A) and
E2P state (E2-BeF3−, PDB ID 4BBJ), proteins with ligands were inserted into the
lipid bilayer by alignment of the centers of mass of the TM region and a 500molecule DOPC bilayer (built with the CHARMM-GUI membrane builder45) and
solvated in excess water. Alternative docking methods resulted in similar
insertion depths (data not shown)46,47. Electric neutrality was achieved by
addition of seven and nine Na+ counterions to the E2.Pi and E2P system,
respectively. The E2.Pi P94A and P710A mutants, generated with the VMD
plugin psfgen48, were constructed in a similar fashion.

MD simulation
After a 10000-step conjugate-gradient energy minimization and gradual heating
from 0 to 310 K over 120 ps, two consecutive 1-ns simulations at constant
temperature (310 K) and volume (NVT ensemble) equilibrated lipids and water
molecules, respectively. The protein was then progressively released from its
initial configuration over seven 1-ns simulations, and this was followed by a
production run at constant temperature (310 K) and pressure (1 atm) (NPT
ensemble). The production runs for the wild type, P94A and P710A E2.Pi states
were 100 ns, and for the E2P state was 85 ns. Molecular dynamics simulations
were run with the NAMD 2.7 package49. The CHARMM22 including CMAP
correction and CHARMM36 force fields50,51 were used for protein and lipids,
respectively, and the TIP3P model was used for the water molecules52. A time
step of 1 fs was used to integrate the equations of motion, and a reversible
multiple-time-step algorithm53 of 4 fs was used for the electrostatic forces and 2
fs for short-range, nonbonded forces. The smooth particle mesh Ewald
method54,55 was used to calculate electrostatic interactions. The short-range
interactions were cut off at 12 Å. All bond lengths involving hydrogen atoms
were held fixed with the SHAKE56 and SETTLE57 algorithms. A Langevin
dynamics scheme was used for thermostating, and Nosé-Hoover-Langevin
pistons were used for pressure control58,59. Molecular graphics and simulation
analyses were generated with the VMD 1.8.7 package48. The evolution of the
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simulation cell dimensions shows the simulations to equilibrate within 20 ns
(Supplementary Figures 3a,b). The r.m.s.d.’s for the E2.Pi state simulations
were relatively high (>4 Å), whereas the E2P state was less flexible, with an
r.m.s.d. of ~2 Å (Supplementary Figures 3c,d). The relatively high values of
r.m.s.d.’s for the E2.Pi state simulations stemmed from the large soluble
headpiece: the TM domain displayed substantial stability, reaching a plateau at
~2 Å after 20 ns. To account for the underlying structural factors for the large
r.m.s.d., we measured the evolution of the centers of mass (COM) for the A/N/P
domains (Supplementary Figure 3e). We note substantial COM stability in all
dimensions for the individual domains and conclude that the large r.m.s.d.
stems from inherent flexibility of the domains and loop regions rather than from
rigid-body motions.

MD simulation with Cu+
To describe the energy barriers involved in transport of Cu+ along the waterfilled pathway, the potential of mean force (PMF) was calculated with GROMACS
4.6.360 and the ffGromos53a6 force field61, which contains Cu+ parameters. The
last frame of the CHARMM E2.Pi simulation was formatted according to the
Gromos force field, and a Cu+ ion was placed between ion-coordinating residues
C382 and M717. The DOPC lipids and water molecules were described by
parameters derived from the ffGromos53a6 force field62 and the simple point
charge (SPC) water model63, respectively. The system was first energyminimized according to a steepest descent algorithm for 5,000 steps. The
GROMACS pull code was used to generate configurations for the umbrella
sampling with a 1,000 kJ mol-1 nm-2 force constant applied on Cu+ in the z
dimension directed toward the extracellular side. A pull rate of 2.5 Å/ns was
applied for 10 ns. The Cα atoms of six remote residues (111, 115, 169, 367,
706 and 709) were restrained to keep the system from drifting when applying
the force. A 2-fs time step was used, and short-range nonbonded interactions
were cut off at 1.4 nm, with long-range electrostatics calculated with the
particle mesh Ewald (PME) algorithm54,55. The temperature of the system was
maintained by independent coupling of the protein and nonprotein atoms to an
external temperature bath at 310 K with a Nose-Hoover thermostat64,65, and the
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Parrinello-Rahman barostat66,67 was used to isotropically regulate pressure. The
length of all bonds within the protein was constrained with the LINCS
algorithm68. Snapshots spaced by 1 Å were taken from the pulling simulation to
generate the starting configurations for the umbrella-sampling windows. Each
window was equilibrated for 100 ps and was followed by 5 ns of umbrella
sampling and then extraction of the PMF with the weighted histogram analysis
method implemented in the GROMACS package36. Statistical errors were
quantified by bootstrap analysis.

Figures
Main text Figures 1c,d, 4a,b and 5 were made with VMD. Figures 1a,b were
made using Microsoft PowerPoint. Figures 2, 3a,b and 4d were made with
PyMOL (http://www.pymol.org/).
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Supplementary information

Supplementary Figure 1. Comparison of the E2.Pi and E2P states of LpCopA
and SERCA.
a, Domain arrangements in the E2P states of LpCopA and SERCA. LpCopA is shown as in
Figure 1b and SERCA (PDB ID 3B9B) in green. Superimpositions were made of the intracellular
domains using super in PyMOL. TM helices MA and MB, M7-M10 as well as SERCA insertions
have been removed for clarity. b-e, Close-up views of the phosphorylation site of LpCopA and
SERCA. The A and P domains (LpCopA and SERCA) are indicated by colors as in Figure 1a and
the

catalytic

aspartate

(D426

in

LpCopA)

and

selected

residues

important

for

-

(de)phosphorylation are shown as sticks. b, The E2P state in complex with BeF3 (Be in black, F
in pink) and the Mg2+ ion (green) associated with D426. c, The subsequent (forward reaction)
E2.Pi conformation with AlF4- (Al in brown, F in pink) and the Mg2+ ion (green) associated with
D426 (PDB ID 3RFU). Note the shift in the position of the A domain relative to the P domain
between the conformations. d, Equivalent view as in b for the E2P state of SERCA (PDB ID
3B9B). e, Equivalent view as in c for the E2.Pi state of SERCA (PDB ID 3B9R).
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Supplementary Figure 2. Two E2P crystal forms of LpCopA.
a-d, Crystal packing with the domains are colored as in Figure 1b. The proteins are arranged
as stacked bilayers, held together by hydrophobic interactions between their membranespanning regions, typical of the HiLiDe crystallization method41. a, View along the membrane
bilayer for the C2 (high-resolution) crystal form. b, Equivalent view for the P212121 crystal
form. c,d, Approximate perpendicular views of a and b, respectively. Note the more loose
packing of the C2 lattice. The unit cell parameters can be found in Table 1. e, Electron density
maps of the low resolution P212121 form of the E2-BeF3- complex. The search model is based
on the high-resolution structure (C2 space group) and is colored as in Figure 1b. The 2mFo-DFc
(blue, 1σ contour level) and mFo-DFc (±14σ contour levels, green and red, respectively)
electron density maps were derived upon rigid body refinement and indicate no major
deviations from the high-resolution structure.
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Supplementary Figure 3. MD simulation analyses.
a, Evolution of the simulation box cell height. b, The corresponding relative cell area (X,Y) evolution. c,
Backbone r.m.s.d. measured over the MD trajectory for states E2.Pi and E2P, and E2.Pi mutants P94A and
P710A in the full protein. d, Equivalent to c, but for the TM domain only. e, Centers of mass in x, y and z
dimensions of the intracellular domains during the E2.Pi simulation. f, Residence times for water molecules
within 7 Å of E189 associated with the release pathway in the E2.Pi simulation. g, Equivalent to f, but in the
E2P simulation. Two crystal waters remained associated with the internal water pockets within the release
pathway for the entire E2P simulation and hence have residency times of 85 ns (not included). h-i, Radii
analyses. To determine structural variations of the release pathway within the 10 ns average from the MD
simulations presented in Figure 3d, the last 10 ns of the simulations were divided into 10 equally spaced 100
ps averages and subjected to Caver analyses. h, E2P simulation pore radius analysis. i, E2.Pi simulation pore
radius analysis.
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Supplementary Figure 4. Functional analysis of mutant LpCopA forms.
a, Purity of the assayed constructs used for the in vitro assay. SDS-PAGE gels of the purified LpCopA
constructs following a first round of scaling using ImageJ. Identical relative amounts of protein were used for
the Baginski assay38 for generating the raw data shown in Supplementary Table 1. b-c, The in vivo copper
susceptibility assay. E. coli growth complementation curves from three independent experiments for wild type
LpCopA (WT, red), the inactive D426N mutant (gray), the high-affinity coordinator mutant M717V (yellow) as
well as various release pathway mutants are displayed. Experiments 1 and 3 used three replicates each,
experiment 2 used 15 replicates. 0 and 3 mM copper (b and c, respectively) were used in the growth
medium. d, Assessment of the reproducibility of the in vitro assay. The in vitro data shown in Figure 4c are
based on a single experiment (experiment 1, with nine replicates), so wild type, D426N, A714T and M100E
LpCopA were reproduced in additional experiments (experiment 2, with six replicates). The two independent
sets of data are highly consistent (merged data).

4. The unique exit pathway of Cu+-ATPases

109

Supplementary Figure 5. Support of a proline-dependent opening mechanism.
a-b, Helix dynamics in the E2.Pi simulation with LpCopA colored as in Figure 1b. a, Calculated interhelical distances with spheres indicating Cα atoms. Three equally interspersed distances (along the
normal to the membrane) in the TM domain were measured for each TM helix pair: gray
(intracellular end), red and cyan (extracellular end) dotted lines between helices MA:M6, M1:M4
and M4:M5. b, The helix-pair distances in a plotted as gray (intracellular end), red and cyan
(extracellular end) lines. c-g, Altered hydration patterns for simulations of the P94A (purple) and
P710A (blue) mutants compared to wild type (black). c, Pore radius analyses of average structures
from the E2.Pi simulations. d, Structural representation of the pores predicted by CAVER. e,
Number of water molecules associated with the release pathway. f, Average representations from
the simulations of wild type (solid) and the P94A mutant (transparent) with the side chains of P94,
M717 and E189 pinpointed. Water is shown as red (wild type) and pink (mutant) iso-density
surfaces at 22% occupancy. g, Equivalent view as in f for wild type (solid, red water) and the
P710A mutant (transparent, blue water).
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Supplementary Figure 6. Sequence and secondary-structure conservation of the
P1B-1, P1B-2 and P1B-4 ATPases.
a, Alignment and sequence conservation of three representative members of the P1B-1-, P1B-2- and
P1B-4-ATPases. The sequences used have locus tags lpg1024 (CopA), JW3434 (ZntA) and
msmeg_5403 (CtpD). For analysis of conservation level, the ConSurf server was used69.
Determination of conservation was based on 617 sequences having a sequence identity below 95%
for P1B-1-ATPases, 520 sequences below 99% identity for P1B-2-ATPases and 607 sequences below
99% identity for P1B-4-ATPases. Information from b was used for adjusting the alignments of helices
MA and MB due to poor sequence conservation in this region. The black box indicates the position of
P94 in LpCopA. b, Secondary structure based alignment of the N-terminal segment of the ATPase
core of P1B-1-, P1B-2- and P1B-4-ATPases. Ten weakly redundant members of each subgroup were
selected and aligned based on secondary structure prediction using the PSIPRED server70. Only the
region from the start of helix MA to MB' is shown. The UniProtKB entries of the sequences are
indicated to the left. The first sequence in each subgroup is also used in a. Previous literature has
not indicated the presence of MA, MB/MB’ in P1B-4-ATPases71.
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Supplementary Table 1. The in vitro data processing pipeline.
The averaged values from the raw data (colored) are calculated. The LpCopA bands from the SDS-PAGE
(Supplementary Figure 4a) are quantified using ImageJ by calculating their integrated band intensities.
This allows a scaling factor to be derived, by which the raw absorbance signal averages are divided in
order to obtain the scaled absorbance averages. Thereafter the background (the absorbance measured
for the D426N dead mutant) is removed. The final data, displayed in Figure 4c, is obtained by dividing the
resulting background compensated values with the average absorbance for the wild type (WT).

D426N M717V P94A P710A M711L A714T M100L M100E E189N E189Q

WT
1.483

0.393

0.358

0.615

0.355

0.637

0.492

1.130

0.743

0.564

0.805

1.466

0.389

0.357

0.603

0.351

0.631

0.498

1.141

0.700

0.568

0.817

1.308

0.362

0.322

0.582

0.338

0.565

0.474

1.020

0.729

0.533

0.732

1.479

0.393

0.342

0.615

0.337

0.642

0.503

1.121

0.758

0.533

0.886

1.395

0.388

0.360

0.596

0.342

0.662

0.507

1.155

0.768

0.540

0.921

1.588

0.368

0.319

0.632

0.329

0.626

0.501

1.080

0.758

0.519

0.874

1.649

0.336

0.330

0.588

0.315

0.598

0.481

1.148

0.784

0.564

0.942

1.659

0.373

0.340

0.588

0.317

0.599

0.496

1.148

0.752

0.557

0.910

1.708

0.338

0.322

0.534

0.291

0.547

0.480

1.100

0.770

0.511

0.796

1.116

0.751

0.543

0.854

6654735

6480825

6877605

7787190

0.770

0.750

0.796

0.902

1.448

1.001

0.682

0.947

Averages:
1.526

0.371

0.339

0.595

7722675

8637304

5480970

6723758

0.331

0.612

0.492

Integrated band intensities:
4578525

7638705

6626940

Signal scaling factor:
0.894

1.000

0.635

0.778

0.530

0.884

0.767

Scaled averages:
1.707

0.371

0.534

0.764

0.624

0.692

0.642

Scaled between WT (100 %) and D426N (0 %), based on scaled averages:
100 %

0%

12 %

29 %

19 %

24 %

20 %

81 %

47 %

23 %

43 %
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Synopsis
Zinc is an essential micronutrient for all living organisms, required for signaling
and proper functioning of a range of proteins involved in e.g. DNA binding and
enzymatic catalysis. In prokaryotes and photosynthetic eukaryotes, Zn2+transporting P1B-type ATPases (ZntA) are crucial for cellular redistribution and
detoxification of Zn2+ and related elements. Here we present crystal structures
representing the phosphoenzyme ground state (E2P) and a dephosphorylation
intermediate (E2.Pi) of ZntA from Shigella sonnei, determined at 3.2 Å and 2.7
Å resolution, respectively. The structures reveal a similar fold to Cu+-ATPases,
with

an

amphipathic

helix

at

the

membrane

interface.

A

conserved

electronegative funnel connects this region to the intramembranous highaffinity ion-binding site and may promote specific uptake of cellular Zn2+ ions by
the transporter. The E2P structure displays a wide extracellular release pathway
reaching the invariant residues at the high-affinity site, including C392, C394
and D714. The pathway closes in the E2.Pi state, in which D714 interacts with
the conserved residue K693, which possibly stimulates Zn2+ release as a built-in
counterion, as has been proposed for H+-ATPases. Indeed, transport studies in
liposomes

provide

experimental

support

for

ZntA

activity

without

countertransport. These findings suggest a mechanistic link between P1B-type
Zn2+-ATPases and P3-type H+-ATPases and at the same time show structural
features of the extracellular release pathway that resemble P2-type ATPases
such as SERCA and the Na+, K+-ATPase. These results considerably increase our
understanding of zinc transport in cells and represent new possibilities for
biotechnology and biomedicine.
I have contributed to this large, cross-disciplinary study in multiple ways. First,
I produced and screened numerous ZntA constructs to assess expression yields,
ease of purification and propensity to crystallize, which ended with S. sonnei
ZntA being selected for further work. I then took part in the crystallization and
data collection steps, obtaining data used for the processing stage. In parallel, I
conducted activity measurements of the wild type and mutant versions of the
protein in solution, elucidating the ZntA ion transport pathway. Finally, I
investigated the binding mechanism of the HMBD by in silico docking.
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Introduction
Zinc is an abundant transition metal in life, serving multiple functions1, yet
elevated concentrations of Zn2+ are toxic, as are its heavy metal mimetics such
as Cd2+ and Pb2+ 2. Zn2+-transporting P-type ATPases (the P1B-2-ATPases ZntA
and CadA) are active transporters that are crucial for the cellular detoxification
of

these

elements3,

as

well

as

for

the

subcellular

redistribution

of

micronutritional zinc4. The significance of Zn2+-ATPases is further underscored
by the presence of multiple and occasionally redundant genes encoding these
enzymes in higher plants such as Arabidopsis thaliana4. The lack of ZntA in
animals, the prevalence of such enzymes in pathogens, and the fact that zinc is
exploited in the host-microorganism arms race (for example, to inactivate vital
virulence determinants of Streptococcus pneumoniae5) make these P1B-ATPases
attractive targets for new antibiotics and herbicides. ZntA couples ATP
hydrolysis

at

the

intracellular

A

(actuator/dephosphorylation),

P

(phosphorylation) and N (nucleotide binding) domains to ion efflux through the
M (transmembrane) domain (Supplementary Figure 1a). The mechanism is
schematically described by the “Post-Albers” cycle6, which has four principal
states

(E1,

E1P,

intramembranous

E2P

and

high-affinity

E2)

that

define

ion-binding

site7

alternating
(Figure

access

1a,

to

center,

an
and

Supplementary Figure 1b). However, the only structures that have been
determined for this class of protein are for the related Cu+-transporting P1BATPase CopA8,9 and for a ZntA domain10, limiting the functional and mechanistic
understanding of this class of proteins. Fundamental questions that remain to
be answered include how zinc transport is accomplished across the membrane
and coupled to ATPase activity and how sequence motifs that are specific to
Zn2+-ATPases relate to structure and function.
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Figure 1. Structures of the S. sonnei Zn2+-ATPase.
a, The E2-BeF3− (E2P, left) and E2-AlF4− (E2.Pi, right) structures with class-specific helices MA, MB and MB′
colored in cyan, helices M1-M6 colored in beige, and the A, P and N domains colored in yellow, blue and
red, respectively (domain names are highlighted in bold). Key residues for function are highlighted. An
extracellular release pathway (white surface) is present only in the E2P state, as computed with CAVER. A
schematic Post-Albers reaction cycle for ZntA is shown (center) with the experimentally determined
structures marked in red. b, Close view of the intramembranous ion-binding region in the E2.Pi state
(colored as in a), displaying the proposed Zn2+-binding residues C392 and C394 (in M4), K693 (M5) and
D714 (M6). c, Equivalent view to b of the Legionella pneumophila Cu+-ATPase CopA (PDB ID 3RFU). Critical
CopA residues overlie equally important residues of Zn2+-ATPases (see also Supplementary Figure 2). Side
chain atoms are depicted in yellow (sulfur), blue (nitrogen) and red (oxygen).
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Results
We have determined the crystal structures of two reaction cycle intermediates
of ZntA from S. sonnei, which is 99.2% identical to the Escherichia coli ZntA
(the best characterized member of the family) and is stimulated by the
equivalent ions in vitro (Figure 1a and Supplementary Figures 2, 3, 4a).
Crystals were obtained using a modified HiLiDe technique11 (see Methods) and
in the presence of the zinc chelator TPEN plus either BeF3− or AlF4−, mimicking
the

zinc-free

phosphoenzyme

ground

state

(denoted

E2P)

and

a

dephosphorylation intermediate (E2.Pi), respectively. The structures were
determined at 3.2 Å and 2.7 Å resolution (Supplementary Table 1) and reveal a
P1B-type ATPase fold reminiscent of CopA, with intracellular A, P and N domains
and eight similarly arranged transmembrane segments (MA, MB and M1-M6),
albeit with shorter extracellular loops (Supplementary Figure 5). The heavy
metal

binding

domain

(HMBD),

a

characteristic

feature

of

P1B-ATPases

(Supplementary Figure 1a), was however not visible in the electron density
maps, as was also the case for CopA8. The intracellular domains are arranged
differently in the two S. sonnei ZntA structures, in agreement with the
equivalent states of CopA and SERCA8,9,12: BeF3− mimics the phosphorylation of
D436 (S. sonnei ZntA numbering throughout), which is buried and protected by
the catalytic TGE loop of the A domain in this E2P-like state, whereas the TGE
motif

activates

a

water

molecule

coordinated

to

AlF4−,

imitating

dephosphorylation at D436 as in an E2.Pi-like state (Supplementary Figure 6).
The single intramembranous high-affinity Zn2+-binding site of ZntA7 deserves
particular attention. Biochemical studies have indicated that Zn2+ binding
depends on C392 and C394 (in the CPC motif of the M4 segment), K693 (M5)
and D714 (M6)7,13. In the structures, these four residues overlap well with the
equivalent cysteines, asparagine and methionine in the corresponding E2.Pi
state of Cu+-ATPases8 (Figure 1b,c). Further supporting an important functional
role of these four residues, the only other conserved side chains in the region
that may participate in Zn2+ binding are those of M187 and Y354, but our
mutations of these residues do not affect function (Figure 2a). However, the
K693 side chain would be an unexpected ligand for Zn2+

14,15

, and indeed Zn2+
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binding is unaffected by the mutation of lysine to alanine at this position
(K693A) (Figure 2b), suggesting that binding is instead established by the two
cysteine thiolates and two oxygen ligands, possibly from D714 in a bidentate
fashion, which is a recurrent coordination motif of Zn2+-binding sites14,15.
Congruent with this role, the relative activity of the D714E mutant decreases
with the increasing ionic radii and coordination distances of Zn2+, Cd2+ and Pb2+
(Figure 2a).
So what is the role of the essential K693? One striking difference between the
ion-binding region (between M4, M5 and M6) of CopA and ZntA is the
aforementioned D714 in S. sonnei ZntA. The side chain of D714 is stabilized by
K693 in the E2.Pi state (Figure 3a and Supplementary Figure 7a). This
interaction potentially has important functional implications, with the chargestabilizing lysine residue possibly acting as a built-in counterion in zinc-free
states (that is, as observed here). Such a mechanism was proposed earlier for
plasma membrane H+-ATPases16 (Figure 3c). Indeed, residues R655 and D684,
which form this pair in the Arabidopsis thaliana H+-ATPase AHA216, are located
at positions that almost overlap the positions of K693 and D714 of S. sonnei
ZntA, pointing to common principles of ion transport in P1B- and P3-type
ATPases.
Transport

and

putative

H+

countertransport

were

then

analyzed

in

proteoliposomes. Whereas Zn2+ accumulated in vesicles (Figure 2c), we were
unable to detect any changes in intravesicular pH (Figure 2d). As a positive
control, we used the Ca2+-ATPase LMCA1 from Listeria monocytogenes, which
showed clear H+ antiporter activity17 (Figure 2d). Furthermore, while the
electron density maps allowed the identification of several water molecules in
the E2-AlF4− structure, no sites were detected that could be ascribed to e.g. K+,
Na+, Ca2+ or Mg2+ counterions, and these cations were also not required for
ZntA

activity

(Supplementary

Figure

4b,

see

Methods

for

details).

All

considered, our observations support zinc flux without associated counterion
transport.
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Figure 2. Functional studies of zinc, cadmium, lead and counterion transport in
S. sonnei ZntA.
a, ATP turnover associated with different S. sonnei ZntA constructs in detergent-lipid solution,
relative to wild type activity with each ion. The specific activities of wild type (WT) S. sonnei
ZntA with Zn2+, Cd2+ and Pb2+ were 592 ± 23, 491 ± 10 and 813 ± 23 nmol Pi mg−1 min−1,
respectively; the mean + s.d. of technical replicates is shown (n = 3). b, Zn2+ binding to
different S. sonnei ZntA constructs, as determined using the dye Zincon. ZntA binds to two
Zn2+ ions: one binds to the high-affinity site in the transmembrane domain, and one binds to
the HMBD. The mean + s.d. of biological replicates is shown (n = 3). c, Zinc transport by wildtype and D436N S. sonnei ZntA proteoliposomes as monitored using the zinc-selective chelator
FluoZin-1. d, Measurements of H+ counterion transport by wild type S. sonnei ZntA and Ca2+ATPase LMCA proteoliposomes as monitored using the pH indicator pyranine (see also
Supplementary Figure 4c and Methods). exc., excitation; em., emission.
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In Cu+-ATPases, ion release has been proposed to occur via a pathway lined by
MA, M2 and M6 that remains open in the E2P and E2.Pi states9. We were
consequently surprised to find that no extracellular pathway was evident in the
E2.Pi state of S. sonnei ZntA in contrast to CopA, and that instead substantial
conformational changes occurred in the M domain during the E2P to E2.Pi state
transition. By contrast, these conformational changes resemble those of SERCA,
in which a wide opening appears between M1-M2, M3-M4 and M5-M6 in the E2P
state12,18 and reseals in the occluded E2.Pi state (Figure 3d and Supplementary
Figure 1). In ZntA, the extracellular portions of M5-M6 shift away from the
Zn2+-binding CPC motif, and rearrangements (less pronounced than those of
SERCA) in M2 and M3-M4 expose the high-affinity site to the extracellular side
(Figure 3d and Supplementary Figure 7a). This SERCA-like pathway must allow
release of free zinc into the extracellular environment, as further supported by
an observed reorientation of the sulfur side chains of the CPC motif away from
the ion-binding site between the E2P and E2.Pi states. With K693 being flexible
without a strong interaction with D714 in the E2P state (Figure 3b), it is
possible that K693 has an additional role: electrostatic repulsion against the reentry of Zn2+, possibly further stimulated by E202 guiding Zn2+ into the
extracellular environment. The equivalent residue to E202 in SERCA and L.
pneumophila CopA (E90 and E189, respectively) has been proposed to serve a
similar purpose8,19, and supporting this notion, E202 is critical for enzyme
function20 (Figure 2a). Furthermore, E202 showed considerable conformational
flexibility in a 60-ns molecular dynamics simulation of the open E2P structure,
linking the intramembranous ion-binding site to the extracellular environment,
as is also supported by steered molecular dynamics simulations of Zn2+ passage
from the CPC motif to the extracellular environment (Supplementary Figures
7b-e).
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Figure 3. Details of the S.sonnei ZntA structures.
The blue mesh represents the final 2Fo-Fc electron density, contoured at 1σ (other colors as in Figure
1a unless noted). See Methods for additional details on figures. a, Close view of K693 and D714 in the
E2.Pi state. b, Close view of K693 and D714 in the E2P state. c, Comparison of the transmembrane
regions of S. sonnei ZntA-AlF4− in the E2.Pi state, A. thaliana AHA2 H+-ATPase in the E1-ATP state
(gray, PDB ID 3B8C) and an E1-ATP model of S. sonnei ZntA (brown). Inset: identical view of the
equivalent region of the E1-ATP (black) and E2.Pi (orange) states of SERCA (PDB IDs 1T5S and 3B9R,
respectively). d, Structural differences between the extracellular portions of the E2P (colored as in
Figure 1a) and the E2.Pi structures (black) (see also Supplementary Figure 7a). e,f, The MB′ platform
of the E2.Pi state of S. sonnei ZntA. g, The MB′ platform of the E2.Pi state of L. pneumophila CopA.
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One important consideration is how Zn2+ is initially delivered to ZntA from the
intracellular milieu. Although the current structures of Zn2+-free states are
outward-oriented

and

therefore

closed

towards
2+

(Supplementary Figure 1b), they hint at how Zn

the

intracellular

side

entry may take place. The

uptake of intracellular cations by P-type ATPases is expected to occur at the
membrane interface at M18,12,16,18,21,22, and in CopA through an entry site with
an invariant methionine. Sequence analyses show that M1 segments in Zn2+ATPases also harbor a conserved methionine (M187), although this residue is
located closer to the CPC motif in ZntA (Figures 1b,c and Supplementary Figure
2), but mutational studies indicate that this residue alone is not essential
(Figure 2a). However, in contrast to CopA, the entry area in Zn2+-ATPases
displays a conserved and negatively charged funnel structure (lined by E184,
E214 and D348 at the membrane interface) that stretches towards the
intramembranous ion-binding site and that is plugged by M187 and F210, the
latter of which is conserved as a phenylalanine or tyrosine in ZntA (Figures 3e,f,
Supplementary Figure 8a and Supplementary Table 2). Whereas the activity of
the F210A mutant is only moderately affected in vitro, the M187A and F210A
double mutant is inactive, with less zinc binding than the wild type (Figures
2a,b). We note that the equivalent residue to S. sonnei ZntA F210 in H+ATPases, N106, is a gatekeeper for H+ entry16,23 (Figure 3c). With the
conformational changes anticipated for the shift to the E1 states, Zn2+ may thus
be guided by M187 through the funnel and led directly to C392 in the highaffinity site, which is capped by M148 and F210. Because the funnel is narrow
and negatively charged, we find it likely that free Zn2+ ions and not a
glutathione-ligated complex will interact with the funnel, unlike the proposed
uptake

mechanism

of

the

heavy-metal

ABC

exporter

Atm1

from

Novosphingobium aromaticivorans24.
The role of the HMBD of P1B-ATPases is puzzling8,25,26. In Cu+-ATPases, a
platform formed by an amphipathic helix, MB′, at the intracellular membrane
interface (Figure 3g) has been proposed to serve as an interaction site for
HMBDs, as well as for metal-donating chaperones, allowing allosteric regulation
and copper supply to the ATPase core. The MB′ platform and its amphipathic
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character are maintained in ZntA, exposing several positively charged residues
to the intracellular side (Figures 3e, f and Supplementary Table 2). However, as
no equivalent chaperones are known for zinc, the metal is most likely delivered
by chelators such as glutathione, rendering the HMBD the most likely
interaction candidate for the MB′ platform in ZntA. Using a known structure of
the almost identical HMBD of E. coli ZntA10, the ClusPro docking server docks
the domain immediately at MB′, stabilized by charge complementation (as was
also proposed for CopA26,27) with the metal-binding CXXC motif being solvent
accessible in the vicinity of the entry funnel (Supplementary Figures 8b-d).
Truncations and mutations of the HMBD retain a functional ZntA, only with
reduced activity13,28 (Figure 2a), and we therefore favor an autoregulatory role
for this domain.
The first atomic structures of a Zn2+-transporting P1B-type ATPase reveal unique
features. These include an intracellular, negatively charged and presumably ioncatching funnel, a high-affinity Zn2+-binding site with a putative lysine switch
acting as a built-in counter ion (with an unexpected similarity to P3-type plasma
membrane H+-ATPases) and an extracellular Zn2+-release pathway (which
resembles that of the classical P2-type ion pumps rather than of coppertransporting P1B-type ATPases). These findings significantly increase our
understanding of zinc transport in cells (Figure 4) and represent new
possibilities for biotechnology and biomedicine. Detailed insight into the
transport mechanism and specificity determinants may, for example, aid in
using plant biotechnology to accumulate valuable zinc in edible plants or to
decontaminate heavy metals in soil, and the release pathway may be a
favorable target site for new antibiotics and herbicides.
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Figure 4. Putative zinc transport mechanism of ZntA.
A transport cycle based on schematic models of the E1 and E1P states and the E2P and E2.Pi
structures. Upon exceeding threshold intracellular concentrations, Zn2+ enters the ATPase
through the electronegative funnel (red) at the MB′ platform (1). Upon Zn2+ binding (2) to the
intramembranous ion-binding site (grey circle), F210 and M187 occlude the ion entry funnel
(3), preventing backflow of Zn2+. Substantial domain rearrangements in transition to the E2P
state open the extracellular pathway (4), lowering the affinity for Zn2+ and mediating Zn2+
release (5), possibly stimulated by K693 (6). Dephosphorylation triggers closure of the
transmembrane domain, in which K693 (as a built-in counterion) forms a salt bridge with
D714. Upon dephosphorylation, the side chains move to their initial positions (7) before an E2
to E1 transition is stimulated by the presence of intracellular Zn2+.
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Methods
Protein expression and purification
Several ZntA homologues from different prokaryotes were cloned and tested for
expression, purification and crystallization in a parallel approach. S. sonnei ZntA
(UniProt ID Q3YW59) was cloned into pET-52 with a carboxy-terminal
hexahistidine tag and transformed into the C41(DE3) E. coli expression strain.
Cells were grown in LB medium at 37 °C to OD600 = 1.0, and the shaker flasks
were cooled for 30 min with iced water. Expression was then induced with 1 mM
isopropyl-β-D-thiogalactoside (IPTG) (final concentration) at 20 °C for 20 h.
Harvested cells were resuspended in buffer (17 g cells per 100 ml buffer)
containing 20 mM Tris-HCl, pH 7.5, 200 mM KCl and 20% (v/v) glycerol and
then frozen at -20 °C. Before cell rupture, the following components were
added (final concentrations indicated): 5 mM MgCl2, 5 mM β-mercaptoethanol
(BME), 2 μg ml−1 DNase I, 1 mM phenylmethanesulphonyl fluoride and Roche
protease inhibitor cocktail (1 tablet per 200 ml). The cells were lysed using a
high pressure homogenizer (three times, 15,000-20,000 p.s.i.). The sample
was then kept at 4 °C throughout the entire purification procedure until
crystallization. Cell debris was removed by centrifugation at 23,000g for 20
min, and membranes were isolated by ultracentrifugation at 250,000g for 3 h.
The membrane pellet was resuspended in 20 mM Tris-HCl, pH 7.5, 200 mM KCl,
20% (v/v) glycerol, 5 mM MgCl2 and 5 mM BME, to a final concentration of 12
ml buffer per gram of membranes and then exposed to 10 mg ml−1 (final
concentration) octaethylene glycol monododecyl ether (C12E8) for 1 h with
gentle stirring. Unsolubilized material was removed by ultracentrifugation at
250,000g for 30 min. The supernatant was supplemented with imidazole and
solid KCl (final concentrations of 50 and 500 mM, respectively), filtered (0.22
µm) and then applied to several sequential 5 ml pre-packed Ni2+-chelating
columns (HisTrap HP, GE Healthcare; material from 4 liters cells per column).
The columns were washed with buffer containing 20 mM Tris-HCl, pH 7.5, 200
mM KCl, 20% (v/v) glycerol, 5 mM MgCl2, 5 mM BME, 0.15 mg ml−1 C12E8 and
50 mM imidazole until the absorption at 280 nm reached the baseline, and
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elution was achieved with an additional 450 mM imidazole (final concentration).
The S. sonnei ZntA-containing fractions were pooled, and the protein was
concentrated

to

20

mg

ml−1

and

then

subjected

to

size

exclusion

chromatography. Protein (50 mg) was injected into an XK16/100 column
prepared with a 100 ml column volume of Superose 6 Prep Grade (GE
Healthcare) equilibrated with 20 mM MOPS-KOH, pH 6.8, 80 mM KCl, 20% (v/v)
glycerol, 5 mM MgCl2, 5 mM BME and 0.15 mg ml−1 C12E8. The resultant main
peak from each run was pooled and concentrated to 12 mg ml−1, aliquoted,
flash frozen in liquid nitrogen and stored at -80 °C. Yields exceeded 10 mg
purified protein per liter of E. coli cell culture. The final protein purity was
monitored using SDS-PAGE, and the protein concentration was assessed by
measuring absorption at 280 nm.

Crystallization
S. sonnei ZntA aliquots were thawed and supplemented with 4 mg ml−1 (final
concentration) C12E8 and incubated without stirring for 16 h at 4 °C, reaching a
modified HiLiDe condition11. The sample was then ultracentrifuged at 100,000g
for 10 min, diluted to a final concentration of about 6-8 mg ml−1 protein and
treated with 10 mM NaF, 2 mM AlCl3 or BeSO4, 2 mM EGTA and 10 µM TPEN
(final concentrations) for 30 min. Crystals were grown using the hanging drop
vapor diffusion method at 19 °C. The best S. sonnei ZntA E2-AlF4− crystals were
grown using a reservoir with 300 mM lithium acetate, 3% (v/v) t-butanol, 14%
PEG 2000 MME, 7% (v/v) sorbitol, 10% (v/v) glycerol and 5 mM BME. By
contrast, the best S. sonnei ZntA E2-BeF3− crystals were obtained using a
reservoir with 100 mM MgCl2, 200 mM lithium acetate, 17% (v/v) PEG 2000
MME, 10% (v/v) glycerol and 5 mM BME. More than 1,000 crystals were fished
with litho-loops, flash cooled in liquid nitrogen and tested at synchrotron
sources. The final data sets were collected at the Swiss Light Source, Villigen,
Switzerland, using the X06SA beam line and a wavelength of 1.0000 Å (0.9787
Å for Se-E2.Pi[AlF4−]), a temperature of 100 K and the Pilatus 6M pixel
detector.
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Data processing and structure determination
Data were processed and scaled with the program XDS29 to 2.7 Å and 3.2 Å
resolution. The E2-AlF4− and E2-BeF3− crystals belonged to space groups C2221
and P21, respectively. Initial phases for the E2-AlF4− form were obtained with
molecular replacement using Phaser30, and monomer A of L. pneumophila CopA
(PDB ID 3RFU) was used as a search model. Anomalous peaks in a Se-SAD (Se
single-wavelength anomalous diffraction) data set of the E2-AlF4− form were
calculated using the molecular replacement phases, and the Se-Met positions
were used to guide model building. Model building was performed with Coot31,
using the L. pneumophila CopA structure as a template. Model refinement was
carried out using phenix.refine32, applying TLS parameters in the late stages of
refinement only, reaching Rcryst/Rfree values of 20.7/24.0 (E2-AlF4−) and
21.0/28.1 (E2-BeF3−). The E2-BeF3− form was also determined by molecular
replacement using the refined S. sonnei ZntA E2-AlF4− structure as a search
model and refined using a similar procedure. The final refinement statistics are
listed in Supplementary Table 1. Structures were analyzed using MolProbity,
indicating that 96.35/94.42, 3.49/5.08 and 0.17/0.51% of the residues were in
the favored, allowed and non-favored regions, with 6.64/10.91% rotamer
outliers and 6.48/10.11% as clash scores, respectively, for the E2.Pi and E2P
states.

Functional characterization
Mutations were introduced into S. sonnei ZntA by use of Agilent Technologies'
QuikChange Lightning site-directed mutagenesis kit. A construct lacking the
first 103 residues was also made (∆HMBD). The purification protocol for
functionally assessed S. sonnei ZntA constructs was similar to the one described
for crystallization. However, following affinity chromatography, the samples
were treated with 1 mM EDTA and then subjected to a 5 ml HiTrap desalting
column

(GE

Healthcare)

using

the

equivalent

SEC

buffer

to

that

for

crystallization. Release of inorganic phosphate (Pi) associated with ATPase
activity was assessed using the Baginski assay33. The reaction system contained
5 µg protein, 40 mM MOPS-KOH, pH 6.8, 150 mM NaCl, 5 mM KCl, 5 mM MgCl2,
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3.0 mg ml−1 C12E8, 1.2 mg ml−1 soybean lipid, 20 mM cysteine, 5 mM NaN3 and
0.25 mM Na2MoO4 in a total volume of 50 µl. This solution was first incubated
with different transition metal ions or EGTA, supplemented with 3 mM ATP (final
concentration) to start the reaction and then incubated for 10 min while shaking
at 37 °C. Freshly prepared stop solution (50 µl) (2.5% (w/v) ascorbic acid, 0.4
M (v/v) HCl, 0.48% (w/v) (NH4)2MoO4 and 0.8% SDS) was then added to stop
the reaction and start color development. After 10 min incubation at 18 °C, 75
µl colorimetric solution (2% (w/v) arsenite, 2% (v/v) acetic acid and 3.5%
(w/v) sodium citrate) was added to the mixture and incubated for another 30
min at 18 °C. Absorbance was measured at 860 nm. One experiment with three
replicates was performed for each construct and ion.

Reconstitution in proteoliposomes
E. coli polar lipids (25 mg ml−1) and egg-yolk phosphatidylcholine (25 mg ml−1)
in chloroform were mixed at a 3:1 (w/w) ratio and dried under a nitrogen
stream and continuous rotation to form a homogeneous thin film in a glass
balloon. Lipids were desiccated overnight under vacuum (protected from light)
and suspended in 1 mM dithiothreitol (DTT) to a final concentration of 25 mg
ml−1. A concentrated stock (10×) was used to bring the suspension to a final
concentration of 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT. Lipids
were

subjected

to

three

rounds

of

freeze-thawing

in

liquid

nitrogen.

Proteoliposomes were prepared by extrusion (11 times) through 0.2 μm
polycarbonate filters to form large unilamellar vesicles (LUVs) using a mini
extruder (Avanti Polar Lipids) equipped with two 1 ml gas-tight syringes.
Proteoliposomes were destabilized by the addition of n-dodecyl-β-D-maltoside
(DDM) to a final concentration of 0.02% (w/v) and tilting for 1 h at 18 °C and
were subsequently placed on ice for 10 min. Wild type and D436N S. sonnei
ZntA, as well as LMCA1, were added (1-2 mg ml−1, purified essentially as
described for crystallization) to a final protein-to-lipid ratio of 1:20 (w/w), and
the mixture was incubated for 1 h at 4 °C under tilting. Control liposomes were
prepared using the same procedure without the addition of protein. Detergent
was removed through consecutive incubations with activated Bio-Beads SM-2
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(Bio-Rad), by exchanging the beads after 1, 16, 18 and 20 h. The Bio-Beads
were subsequently removed, and the proteoliposomes were collected by
ultracentrifugation at 163,000g for 45-60 min at 4 °C and resuspended in 20
mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT (Buffer PL) to a final protein
concentration of 1 mg ml−1.

Zinc transport assays using FluoZin‐1
Wild type and D436N S. sonnei ZntA proteoliposomes were diluted 1:2 in 20
mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT to a protein concentration of
0.5 mg ml−1. A stock of the fluorescent Zn2+ chelator FluoZin-1 (2 mM in H2O)
was added to a final concentration of 200 µM. FluoZin-1 encapsulation was
performed by three freeze-thaw cycles and subsequent extrusion through 0.2
μm polycarbonate filters. Proteoliposomes were collected by ultracentrifugation
at 163,000g for 45-60 min at 4 °C, and the supernatant containing excess
FluoZin-1 was removed. Proteoliposomes were washed with 1 ml Buffer PL,
collected by ultracentrifugation and suspended in the same buffer (1 ml).
Transport assays were performed in the presence of a final concentration of 10
mM MgCl2 on 100 µl samples. The reactions were initiated by the addition of
concentrated stocks of ZnCl2 (1 mM) and ATP (10 mM) stock to final
concentrations of 40 µM ZnCl2 and 1 mM ATP. A fluorescence time course was
measured in a 96-well plate reader using an excitation wavelength of 485 nm
and an emission wavelength of 520 nm. Experiments in the absence of ATP
were performed in parallel as controls. The ATP-dependent Zn2+ transport was
determined as ∆F/F0, where ∆F is the difference between the fluorescence
measured in the presence and the absence of ATP, and F0 is the fluorescence
recorded immediately after ATP addition. Each condition was tested at least in
duplicate, and one representative trace is shown for each.

H+ counterion transport assays using pyranine
S. sonnei ZntA (wild type) and LMCA1 and control proteoliposomes were diluted
1:2 to final concentration of 20 mM MOPS, pH 7.0, 250 mM NaCl, 100 mM KCl,
10 mM MgCl2 and 1 mM DTT (Buffer Counter). A stock of the fluorescent pH
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indicator pyranine (0.1 M in H2O) was added to a final concentration of 10 mM.
Pyranine encapsulation was performed using three freeze-thaw cycles and
subsequent extrusion through 0.2 µm polycarbonate filters. Proteoliposomes
were collected by ultracentrifugation at 163,000g for 45-60 min at 4 °C, and
the supernatant was removed. Proteoliposomes were washed with 1 ml Buffer
Counter, collected by ultracentrifugation and suspended in the same buffer. The
reactions were initiated by the addition of concentrated stocks of ZnCl2 (1 mM)
or CaCl2 (2.5 mM) and ATP (10 mM) to obtain a final concentration of 40 µM
ZnCl2 (for S. sonnei ZntA) or 100 μM CaCl2 (for LMCA1), and 1 mM ATP.
Experiments in the absence of ATP were performed in parallel, as well as
experiments on control liposomes. A fluorescence time course was measured in
a 96-well plate reader using an excitation wavelength of 450 nm and an
emission wavelength of 520 nm. The ATP-dependent H+ counter-ion transport
was determined as ∆F/F0, where ∆F is the difference between the fluorescence
measured in

proteoliposomes

and in

control liposomes and F0

is the

fluorescence recorded immediately after ATP addition. Each condition was
tested at least in duplicate, and one representative trace is shown for each.

Effect of Na+ or K+ on S. sonnei ZntA activity
To investigate the effect of Na+ or K+ on the activity of wild type S. sonnei ZntA
in detergent micelles, the buffer in S. sonnei ZntA stock solutions was
exchanged using 5 ml HiTrap desalting columns packed with Sephadex G-25
resin with a K+-depleted solution (20 mM MOPS, pH 6.8, 250 mM NaCl, 1 mM
DTT, 0.01 mg ml−1 C12E8 and 20% (v/v) glycerol) or a Na+-depleted solution (20
mM MOPS, pH 6.8, 250 mM KCl, 1 mM DTT, 0.01 mg ml−1 C12E8 and 20% (v/v)
glycerol). To exchange the buffer in proteoliposome preparations, 100 µl stocks
were diluted in 1 ml 20 mM MOPS, pH 6.8, 250 mM NaCl and 1 mM DTT or 20
mM MOPS, pH 6.8, 250 mM KCl and 1 mM DTT and regenerated by using three
freeze-thaw cycles. Proteoliposomes were collected by ultracentrifugation,
washed with 1 ml of the corresponding buffer and regenerated by using three
freeze-thaw cycles. This procedure was repeated, and the proteoliposomes were
subsequently extruded through 0.2 µm polycarbonate filters. Proteoliposomes
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were collected by ultracentrifugation and suspended in a final volume of 100 μl.
The ATPase activity was determined using the Baginski method described above
in the presence of a final concentration of 40 µM ZnCl2 or 1 mM EDTA for
background correction. One experiment with three replicates was performed for
each of the ions tested (Na+ and K+).

Effect of Mg2+ on S. sonnei ZntA activity
The buffer was exchanged by diluting proteoliposome stocks in 20 mM MOPS,
pH 6.8, 250 mM NaCl, 80 mM KCl, 5 mM MgCl2 and1 mM DTT (Buffer MCA) or
20 mM MOPS, pH 6.8, 250 mM NaCl, 80 mM KCl and 1 mM DTT (Buffer MCB)
followed

by

three

freeze-thaw

cycles

and

extrusion

through

0.2

µm

polycarbonate filters. Proteoliposomes were collected by ultracentrifugation at
163,000g for 60 min at 4 °C and suspended in the corresponding buffer. The
ATPase activity was determined using the Baginski method as described above.
As the buffer used in the assays contains ATP and MgCl2 (required for ATP
hydrolysis), the ATPase activity is stimulated exclusively for correctly oriented
S. sonnei ZntA (N-domain facing outside). The presence or absence of Mg2+ in
the proteoliposome lumen (buffer MCA or MCB) allows the identification of the
putative requirement of Mg2+ counterion transport for activity. One experiment
with three replicates was performed.

Determination of Zn2+‐binding stoichiometry using Zincon
S. sonnei ZntA and ZntA mutants were titrated with 5-6 ZnCl2 equivalents per
mol (using a 10 mM ZnCl2 stock) and subsequently desalted in 20 mM MOPSKOH, pH 6.8, 80 mM KCl, 100 mM NaCl, 3 mM MgCl2, 0.15 mg ml−1 C12E8 and 1
mM TCEP using a HiTrap desalting column packed with Sephadex G-25 resin to
remove free or loosely bound metal. The Zn2+ content of the samples was
determined by colorimetric quantification upon complex formation with 2-[5-(2hydroxy-5-sulphophenyl)-3-phenyl-1-formazyl]benzoic

acid

(Zincon).

Metal

release was achieved upon incubation in a final concentration of 30 mM HCl.
Subsequently, samples were diluted to a final concentration of 100 mM borate,
pH 9, and 4 M guanidinium chloride, followed by the addition of Zincon to a final
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concentration of 40 μM. The quantification of Zincon-Zn2+ complexes was
performed in a 96-well plate reader (Perkin Elmer) by measurement of the
absorbance at 630 nm using a calibration curve obtained by the addition of an
increasing amount of ZnCl2 in the same buffer. The protein concentration was
determined by a modified Bradford assay. Protein solutions (10 μl) were
incubated with 10 μl 1 M NaOH. Subsequently, 500 μl Bradford reagent was
added, and quantification was performed in a 96-well plate reader by
measurement of the absorbance at 600 nm using a calibration curve obtained
with BSA standards. Three independent experiments with three replicates for
each experiment were conducted.

ClusPro docking
S. sonnei ZntA in the E2P state and the E. coli ZntA HMBD fragment containing
residues 46-118 (PDB ID 1MWY) were chosen. The sequence identity of the E.
coli ZntA HMBD with the corresponding residues of the S. sonnei ZntA HMBD
was 97%. Docking was done using the ClusPro server34. The best model in the
van der Waals + electrostatics scoring scheme was selected, as judged by
cluster size scores.

Molecular dynamics simulations
Two 60 ns atomistic molecular dynamics simulations were run, one for each of
the two ZntA structures. AlF4− bound to the E2.Pi structure was modelled as
H2PO4− as described previously35. D436-BeF3− in the E2P structure was modelled
as a phosphorylated aspartate using CHARMM27 parameters36. The bound Mg2+
was

retained

in

both

structures.

ZntA

was

embedded

in

a

dioleoylphosphatidylcholine (DOPC) membrane based on the coordinates of a
pre-equilibrated slab multiplied eight times from the Laboratory of Molecular &
Thermodynamic Modelling, and the proteins were positioned according to
transmembrane alignment with the Orientations of Proteins in Membranes
database coordinates of the E2.Pi Cu+-ATPase structure (PDB ID 3RFU)37. Lipids
with atoms within 0.8 Å of any protein atom were deleted. Finally, the protein-
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membrane systems were further solvated with TIP3P38 water and neutralized
with sodium.
Molecular dynamics simulations were run using the NAMD 2.8 program39
employing the CHARMM27 force field for proteins40 and the CHARMM36 force
field for lipids41. Before simulation, the systems were subjected to 2000 steps of
conjugate gradient minimization. Then, a 0.5 ns molecular dynamics simulation
was performed where everything but the lipid tails was kept constant (NVT
ensemble, T = 298 K), allowing the lipids to adapt to the protein to some
extent. Next, the systems were minimized for 1,000 steps after which all atoms
were allowed to move freely for 0.5 ns (NPT ensemble, T = 298 K, P = 1 atm)
except for the protein backbones, which were held fixed. Finally, all atoms were
allowed to move freely in a production run of 60 ns. The temperature was
controlled by Langevin dynamics, and the Nosé-Hoover-Langevin piston method
was used for controlling the pressure42,43. The electrostatics were fully
accounted for by applying the particle mesh Ewald method with periodic
boundary conditions44. The van der Waals interactions were truncated at 12 Å,
applying a switching function at 10 Å. The neighbor list containing all pairs of
atoms for which non-bonded interactions are calculated included atoms within
14 Å of each other and was updated for every 20 steps. Bonded interactions
were evaluated every 1 fs, while electrostatic and van der Waals interactions
were evaluated every 4 and 2 fs, respectively. Each production run was for 60
ns, producing 60000 frames, of which 2000, evenly spread over the simulation
time, were used for analysis.
To describe the release pathway and accompanying Zn2+-protein interactions, a
steered molecular dynamics (SMD) approach was used45,46. A divalent Zn2+ was
placed between the ion-coordinating residues C392, C394 and D714 in the E2P
state, and this was followed by deletion of three clashing water molecules and a
10000-step conjugate-gradient energy minimization. A force constant of 5 kcal
mol−1 Å−2 and velocities of 10–20 Å ns−1 were applied to the ion directed from
the inside out in the z-direction in ten independent 1 ns simulations. Similar
release pathways were observed in the ten SMD simulations, and the number of
Zn2+-protein interactions within a 5 Å cutoff were calculated. The Cα atoms of
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six remote residues (148, 198, 367, 383, 385 and 705) were restrained to keep
the system from drifting when applying the force.

Figures
Structural representations were generated using PyMol47. Helices MA, MB and
MB′ have been removed for clarity in Figures 1b, c, and helices M3-M4 of L.
pneumophila CopA and S. sonnei ZntA were aligned to generate Figure 1c. In
Figure 3c, the structures were aligned using the M4-M6 transmembrane helices,
and the view is from the extracellular side. Taking the E1-E2 conformational
changes into account, K693-D714 (S. sonnei ZntA) and R655-D684 (A. thaliana
AHA2) almost overlap. In H+-ATPases, A. thaliana AHA2 D684 participates in H+
transfer to the extracellular side, and R655 has been proposed to stimulate H+
release from D684 and prevent re-protonation16. F210 of S. sonnei ZntA
separates the electronegative ion entry funnel from the membranous Zn2+ site
and overlaps with A. thaliana AHA2 N106, which stabilizes the protonated AHA2
D68416 and blocks intracellular H+ exchange23. In Figure 3d, the electron
density

is

provided

for

the

E2P

state.

A

deep

pathway

intramembranous high-affinity ion-binding site and may allow Zn

reaches
2+

the

release via

E202. In Figure 3e, the view is from the intracellular side. Ion entry to S. sonnei
ZntA may occur through negatively charged residues placed inside the
periphery of the positively charged residues of MB′. The view in Figure 3f is
identical to that in Figure 3e, displaying a highly electronegative funnel
(negative surface in red and positive in blue) formed by the residues of M1, M2
and M3. The funnel extends towards the ion-binding CPC motif and is
constricted by M187 and F210, presumably guiding ions to the membranous
high-affinity ion-binding site and excluding non-transported compounds (see
also Supplementary Table 2b). The view in Figure 3g is identical to that in
Figure 3e but for the Cu+-ATPase CopA of L. pneumophila, for which ion uptake
has been proposed to occur instead through a transient Cu+-binding site.
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Supplementary information

Supplementary Figure 1. Topology and reaction cycle of P-type ATPases.
a, Topology of ZntA, CopA and SERCA. Key residues in the HMBD and A, P, N and M domains are
highlighted. In ZntA, the negatively charged ion entry funnel and release pathway are outlined. b, The PostAlbers (E1 to E2) reaction cycle of Zn2+-transporting P-type ATPases. Phosphorylation events in the
intracellular domains drive large conformational changes that permit alternating access to transport sites in
the membrane about 50 Å from the ATP-targeted catalytic aspartate. According to the model, a high-affinity
state (E1), which is open to the intracellular space, binds to Zn2+ and enters an occluded state. This state
then undergoes phosphorylation. Completion of this event (E1P) triggers the release of the Zn2+,
establishing an outward-facing, low-affinity state (E2P). Release of the inorganic phosphate (Pi) yields the
fully dephosphorylated conformation (E2), which is followed by restoration of the inward-facing
conformation (E1), which initiates a new reaction cycle.
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Supplementary Figure 2. Structure-based sequence alignment of S. sonnei ZntA and
L. pneumophila CopA.
Helix positions are indicated for S. sonnei ZntA, and noteworthy residues are highlighted. Four of seven amino
acid positions in which ZntA differs between S. sonnei and E. coli and that are likely to be functionally irrelevant
are highlighted in grey. The high-affinity ion-binding residues C392, C394 and D714 are indicated in purple; the
catalytically phosphorylated aspartate and the dephosphorylating TGE motif are highlighted in green. E202 and
K693, which are possibly involved in ion release, are marked in black. The alignment was performed using
SALIGN48.
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Supplementary Figure 3. Electron density of the determined E2.Pi state of S. sonnei ZntA.
a, Final 2Fo-Fc electron density of S. sonnei ZntA in the E2.Pi state. The density is contoured at 1σ, and the
view is equivalent to that shown in Figure 1a. b, c, Se-Met peaks calculated using Se-SAD (Se singlewavelength anomalous diffraction) data and using phases obtained from molecular replacement guided model
building. The anomalous difference Fourier map is contoured at 3σ. A view of the entire protein (b), and a view
of the M domain (c) are shown.
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Supplementary Figure 4. Functional assays of S. sonnei ZntA.
a, Wild type and ∆HMBD (inset) S. sonnei ZntA ATPase activity is stimulated by Zn2+, Cd2+ and Pb2+. ATPase
activity (normalized; the activity in the presence of Zn2+ is set at 100% for the wild type and ∆HMBD,
respectively) was determined using the Baginski assay (see Methods for details). This ion stimulation profile
matches the one observed for ZntA from E. coli49. The mean + s.d. of technical replicates is shown (n = 3). b,
Effect of K+, Na+ and Mg2+ on S. sonnei ZntA activity. The ATPase activity of wild type S. sonnei ZntA in
detergent micelles or upon reconstitution in proteoliposomes, in buffers containing exclusively Na+ or K+, as
determined by the Baginski assay, is shown. For Mg2+, the activity was in the proteoliposomes for internal
buffers with or without MgCl2. The mean + s.d. of technical replicates is shown (n = 3). c, Zn2+ and H+
transport across vesicle membranes. Zn2+ transport of wild type and D436N S. sonnei ZntA proteoliposomes
monitored using the zinc-selective chelator FluoZin-1 (left). H+ counterion transport in wild type S. sonnei ZntA
or Listeria monocytogenes LMCA Ca2+-ATPase proteoliposomes monitored using the pH indicator pyranine
(right).
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Supplementary Figure 5. Structural comparison of ZntA and CopA.
a, Difference between the extracellular loops of S. sonnei ZntA and L. pneumophila CopA. S. sonnei ZntA is
colored as in Figure 1a and L. pneumophila CopA is in dark green, and the proteins have been aligned on
helices M5 and M6. Note that the loops are substantially longer in L. pneumophila CopA than in S. sonnei ZntA,
which is a conserved difference between Cu+- and Zn2+-transporting P-type ATPases (see also b). b, c,
Comparison of the extracellular loop lengths of ZntA (b) and CopA (c). The lengths of the loops in S. sonnei
ZntA and L. pneumophila CopA are shown, as well as averages based on 521 ZntA-type proteins and 617
CopA-type proteins (with less than 99% and 95% sequence identity within the ZntA and CopA sequences,
respectively).

148

5. The first structure of a Zn2+-ATPase

Supplementary Figure 6. The phosphorylation site of S. sonnei ZntA.
The domains are colored as in Figure 1a. AlF4−/BeF3− (Al in orange, Be in green and F in cyan) and the Mg2+ ion
(grey) are associated with D436 (in the DKTGTXT motif of the P domain) at the interface between the A and P
domains. D436, T438, T583, D628, N631 and D632 (in the P domain), as well as T288, G289 and E290 (the TGE
motif in the A domain that is associated with dephosphorylation), are shown as sticks. Water molecules are
shown as red spheres (not modelled for the E2P state). a, The E2P-BeF3−-bound state. The catalytic D436 is
protected from the TGE loop. b, The E2.Pi-AlF4−-bound state. E290 of the TGE loop probably activates a water
molecule for dephosphorylation as observed in the equivalent E2.Pi state of SERCA1A and CopA8,12,18.
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Supplementary Figure 7. The extracellular pathway.
a, The extracellular fraction of the E2-AlF4− crystal structure. Functionally important residues are shown as
sticks, and the protein is colored as in Figure 1a. The final 2Fo-Fc electron density is contoured at 1σ. The view
is equivalent to the one in Figure 3d. b, Dynamics of E202 in a 60 ns molecular dynamics simulation of the E2BeF3− structure in a dioleoylphosphatidylcholine (DOPC) membrane in the absence of zinc. Selected residues
are shown as sticks. Representative E202 conformations were captured at 16, 25 and 30 ns from snapshots
aligned according to backbone Cα atoms of M1-M4. The orientation of E202 at 16 ns resembles how this side
chain appears in the E2-AlF4− state, while the flexibility observed throughout the simulation agrees with the
observed poor electron density of the side chain in the E2-BeF3− state (see Figure 3b). Note that there are two
distorted lipids at the release pathway that may assist in Zn2+ release (vdW spheres represent lipid
phosphates). c, Distance between the center of mass of the Cδ of the E202 side chain and the NZ of the K693
side chain during the 60 ns simulations of the E2-AlF4− and E2-BeF3− S. sonnei ZntA structures in the absence
of zinc, as a running average over five consecutive frames of each trajectory. d, The release pathway and
accompanying protein interactions experienced by Zn2+ in a steered molecular dynamics simulation originating
from the center of mass of residues C392, C394 and D714. The transmembrane domain, lipid phosphates and
water within 7 Å of the protein are colored as in b. e, The number of Zn2+-protein interactions with a 5 Å cutoff
during steered molecular dynamics (SMD) simulations. Error bars correspond to counts from ten independent
simulations with pulling speeds on Zn2+ of 10–20 Å ns−1.
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Supplementary Figure 8. Surface charge distribution and docking of the HMBD to S. sonnei
ZntA.
a, Four views of the overall structure of E2-AlF4−. The view to the left is equivalent to that in Figure 1a. The
charge distribution complies with the positive-inside rule for membrane proteins50. The putative ion entry funnel
is indicated with a black arrow. b-d, Docking of the HMBD to S. sonnei ZntA. b, The apo-HMBD of E. coli ZntA
(PDB ID, 1MWY) docks to the entry site region of S. sonnei ZntA using electrostatic complementation and van
der Waals interactions, as predicted by the ClusPro 2.0 server34. c, Equivalent view to that in a of S. sonnei ZntA
without the HMBD. d, View of the isolated HMBD, rotated 180° relative to a to show the surface complementary
to S. sonnei ZntA. The ion-binding cysteine residues C15 and C18 are highlighted.
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Supplementary Table 1. Data collection and refinement statistics.
Outer-shell statistics are in parentheses. CC1/2 values were calculated using the program XDS.

Data collection

E2.Pi [AlF4-]

E2P [BeF3-]

Se-E2.Pi [AlF4-]

Space group

C2221

P21

C2221

a, b, c (Å)

77.6 83.6 319.8

54.5 61.0 141.5

76.1 82.2 314.8

α, β, γ (°)

90.0 90.0 90.0

90.0 96.0 90.0

90.0 90.0 90.0

Resolution (Å)

50-2.70 (2.80-2.70)

50-3.20 (3.30-3.20)

50-4.50 (4.62-4.50)

Rmerge

6.5 (126.7)

20.7 (115.3)

32.5 (99.1)

I/σI

15.5 (1.04)

8.07 (1.37)

8.74 (3.40)

Completeness (%)

99.7 (93.2)

99.7 (99.8)

99.8 (99.0)

Redundancy

4.60 (4.58)

4.60 (4.83)

7.69 (7.80)

CC(1/2)

99.9 (73.5)

99.0 (56.8)

99.1 (84.3)

Resolution (Å)

50-2.70 (2.75-2.70)

50-3.20 (3.40-3.20)

No. reflections

28862 (1294)

15448 (2437)

Rwork / Rfree

20.7/24.0 (25.9/48.7)

21.0/28.1 (26.9/33.9)

Protein

4448

4347

Ligand/ion

6

5

Water

56

0

Protein

77.9

92.4

Ligand/ion

46.3

76.4

Water

55.5

Cell dimensions

Refinement

No. atoms

B factors

r.m.s.d.
Bond lengths (Å)

0.005

0.004

Bond angles (°)

0.932

0.841
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Supplementary Table 2. Statistical analysis of the ion entry region of ZntA and
comparison to CopA.
a, Conservation of the electronegative ion entry funnel in ZntA. The negative charges are provided in
three blocks of surface-exposed residues in helices M1 (182, 183, 184), M2 (210, 211, 214, 215)
and M3 (345, 347, 348), in the vicinity of the negatively charged entry funnel of S. sonnei ZntA (see
also Figures 3e,f).. 521 ZntA-type proteins with less than 99% sequence identity, selected from the
latest UniProt database, were used for the analysis. b, The number of positively charged residues in
the MB′ helix of ZntA proteins using the same dataset as in a. c, Conservation of the CopA region
equivalent to the electronegative ion entry funnel in ZntA and the number of negatively charged
residues in the MB′ helix of CopA proteins. 617 CopA-type proteins with less than 95% sequence
identity, selected from the latest UniProt database, were used for the analysis.
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Synopsis
Copper and zinc are micronutrients essential for the function of many enzymes
while also toxic at elevated concentrations. Cu+- and Zn2+-transporting P-type
ATPases of subclass 1B are of key importance for homeostasis of these
transition metals, allowing ion transport across cellular membranes at the
expense of ATP. Recent biochemical studies and crystal structures have
significantly increased the understanding of the transport mechanisms of these
proteins, but many details about their structure and function remains elusive.
Here we compare the Cu+- and Zn2+-ATPases, scrutinizing the molecular
differences that allow transport of these two distinct metal types, and discuss
possible future directions of research in the field.
My contribution to this study was to design the manuscript and subsequently
implement it. I analyzed available literature for reported transport and
countertransport specificities/stoichiometries of P-type ATPase subclasses in
general and P1B-ATPase subgroups in particular. This information is now
conveniently categorized and provided in the form of two tables, which
researchers in the field will no doubt find useful. I then compared the
architecture of Cu+- and Zn2+-ATPases on a transport cycle basis. The section
on ion uptake demonstrates how the divergent chemistry of Cu+ and Zn2+
influences the way that these ions are handled by the ATPase prior to highaffinity binding, resulting in specific structural features at the entry site. The
subsequent section on the high-affinity ion binding site shows how the
coordination chemistry and geometry of Cu+ and Zn2+ differ, with the ion
binding stoichiometry of Cu+-ATPases being less clear than is the case for Zn2+ATPases. We argue for a single copper ion coordinated by sulfur ligands, which
is at odds with the two-ion mixed coordination model previously proposed. The
next section examines the striking differences in ion release by Cu+- and Zn2+ATPases, and indicates that an apparent lack of counterions forms a common
ground between the two. Finally, I point out several fascinating questions for
future researchers in the field to answer.
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Introduction to P‐type ATPases
All cells are separated from their extracellular environment by lipid membranes
to maintain a controlled internal chemical composition. Transmembrane protein
channels and transporters perform the crucial task of controlling the flux of ions
and molecules across the membrane, thereby maintaining cell homeostasis in a
responsive manner. Primary transporters utilize for example light or metabolic
energy to allow transfer against electrochemical gradients, whereas secondary
transporters couple pre-established gradients to transfer.
P-type

ATPases

are

a

large

family

of

primary

active

transmembrane

transporters found in virtually all life forms. They exploit energy from ATP
hydrolysis to catalyze ion or lipid transport across cellular membranes. Their
cellular function varies from generation of electrochemical gradients and
membrane potentials to ion clearance, transition metal detoxification and
establishment of lipid bilayer asymmetry. Since the Nobel prize winning
discovery of the Na+,K+-ATPase in 19571, the number of known P-type ATPase
proteins exceeds 100,000 entries (UniProtKB2, as of March 2015). P-type
ATPases fall into five classes (P1-P5) with up to four subclasses (A-D) based on
their transport specificity, which ranges from protons to phospholipids (Table
1). However despite substantial transport diversity, P-type ATPases share a
common topology and and are likely to exploit the same general reaction cycle.
In this review we focus on how Cu+- and Zn2+-ATPases have adapted the P-type
topology and reaction cycle for specific transport of transition metals.
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Table 1. Subclasses of P-type ATPases.
P-type ATPase subclasses, their structurally determined representatives, transported ions and
counterions, electrogenic properties and number of transmembrane helices.

Subclass

Structures

Transport

Electrogenic?

TM helices3

Yes

7

Likely none5,6

Yes

8

2-3 H+ per cycle9

Yes

10-11

0-1 H+ per cycle10,11

Yes

10

Countertransport
2 K+, in complex

P1A

Likely none4

N/A

with a KcsA-like K+4

channel subunit
P1B

CopA, ZntA

See Table 2.
2 Ca2+ per

P2A

SERCA1a

cycle7 or
Mn2+

P2B

8

1 Ca2+ per

N/A

cycle10
3 Na+ per

+

P2C

+

Na ,K ATPase

cycle12 or 1+

2 H per
13-15

cycle

+

P2D

N/A

P3A

H+-ATPase

P3B

N/A

P4

N/A

2 K+ per cycle
(Na+,K+)12, 1-2 K+
per cycle (H+,K+)13-15

10 (+ up to
Yes

2 from

No

additional
subunits)

+

1 Na per

Possibly 1 H per

cycle16,17

cycle18

(?)

10

None20

Yes

10

N/A

Mg2+

?

10

N/A

Phospholipids22

1 H+ per
cycle19

21

18

10 (+2 from
?

additional
subunit)

P5

N/A

N/A

N/A

?

11-12
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Catalytic cycle of P‐type ATPases
The mechanism of P-type ATPases is summarized by the so-called Post-Albers
cycle23,24, with structurally distinct E1 and E2 states, which were originally
recognized by changes of e.g. proteolytic patterns (Figure 1a). The cycle
describes

how

conformational

changes

orchestrated

by

ATP-driven

phosphorylation and dephosphorylation as well as transport site binding events
trigger an alternating access mechanism for transport and countertransport to
opposite sides of the membrane using four cornerstone intermediates: E1, E1P,
E2P, E225. The inward-open E1 state has high affinity for the extruded ion(s)
from the cytoplasmic side. Ion binding triggers phosphorylation in formation of
the occluded E1P phosphoenzyme state. Similarly, the outward-open E2P state
is in some P-type ATPases associated with counterion binding from the
extracellular/luminal side that triggers occlusion and dephosphorylation in
formation of the occluded E2 state. The E1P to E2P and E2 to E1 transitions are
associated with large conformational changes and release of the occluded
ions26.

P‐type ATPase topology
Information on the topology and three-dimensional structure of P-type ATPases
has arisen from decades of biochemical characterization of representative
members27, and from more than 70 high resolution structures deposited in the
PDB database within the last 15 years28-51. Most of this structural information
originates from rabbit fast-twitch muscle SERCA1a26, a Ca2+-transporting P2AATPase responsible for re-sequesterization of Ca2+ from the cytoplasm to the
sarco(endo)plasmic reticulum during post-contractional muscle relaxation.
SERCA1a transports two Ca2+ ions in exchange for two to three H+ per
hydrolyzed ATP molecule7,9.
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Figure 1. Schematic reaction cycle and topology of P1B-type ATPases.
The M (transmembrane, wheat/cyan), A (actuator, yellow), P (phosphorylation, blue) and N (nucleotide binding,
red) domains as well as a heavy metal binding domains (HMBDs) are depicted. a, The Post-Albers reaction cycle,
in which the proteins cycle between four main conformations: E1, E1P, E2P and E2. See description in text for
details. b, Topology with key residues in the domains highlighted. Structural features implicated in metal uptake
are shown in green. Highly conserved residues proposed to be involved in transmembrane metal binding, release
and other transport aspects are shown in bold, underscored and/or in italics.
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The successful crystallization of SERCA1a in different conformational states has
allowed visualization of a range of intermediate states sampling the entire
transport cycle, and has provided a wealth of information on how a P-type
ATPases functions as a molecular pump. Additional insight was obtained from
crystal structures of the P2C-type Na+,K+-ATPase, which has also been
determined in multiple conformations35,45,47,52. This protein maintains the
electrochemical gradients of sodium and potassium ions and is of fundamental
importance in animal cells. Thus, for SERCA1a and the Na+,K+-ATPase, both
archetypical P2-ATPases, countertransport is integral to the functional cycle12.
Another important and well-characterized P-type ATPase that is structurally
determined is the P3A-type plasma membrane H+-ATPase37, which generates pH
gradients and membrane potential in e.g. plants and fungi. In contrast to
subclass P2A, this enzyme exports a single H+ per cycle against a steep
concentration gradient and with no apparent countertransport53,54. Finally, the
most recently determined P-type ATPase structures belong to the Cu+- and
Zn2+-ATPases, which are the main topic of this review5,42,50.
The crystal structures and sequence analysis of P-type ATPases reveal four core
components: a membrane spanning domain (M-domain), which encompasses
the ion binding site(s), and the cytoplasmic actuator-, phosphorylation-, and
nucleotide binding domains (denoted A, P and N, respectively) responsible for
auto-phosphorylation (N and P) and -dephosphorylation (A and P) (Figure 1b).
Tight coupling of these domains, most notably via linkers connecting the Mdomain to the A- and P-domains and tertiary interactions through extended
helices of the M-domain, lies at the heart of P-type ATPase function (for recent
reviews on the conformational changes in SERCA1a see e.g. references 3 and
55).
The M-domain consists of seven to twelve transmembrane helices (eight in P1BATPases) and is responsible for ion uptake, translocation and release, as well as
countertransport in certain cases, and is thus evolutionary adapted for specific
functions. Six of these helices (M1-M6) are conserved throughout the P-type
ATPase superfamily, with an important feature being an omnipresent proline in
M4 that unwinds the helix, creating space for the bound ion(s) and allowing E1E2 transitions. Subclass-specific N-terminal and C-terminal transmembrane
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helices expand P-type ATPase diversity by providing additional ion/counterionbinding sites and pathways45,47,55,56. In addition, P1B-ATPases and also some
other P-type ATPases have additional domains at their termini that are likely to
have regulatory functions57, but unlike P1A-ATPases they seemingly have no
associated subunits.

P1B‐type ATPases
Cu+- and Zn2+-ATPases (commonly denoted as CopA and ZntA) belong to the
transition metal transporting subclass P1B, which is found in all three domains of
life and is most abundant in prokaryotes3. They are traditionally divided into
five subgroups (P1B-1 to P1B-5), based on conserved residues in M4-M6 predicted
to confer metal selectivity (Table 2), but the existence of at least two other
subgroups and additional orphan sequences have recently highlighted an even
higher degree of diversity58. P1B-1-ATPases transport Cu+ in addition to the nonphysiological Ag+ as a result of the similar chemical properties of these metals.
P1B-2-ATPases transport Zn2+, but can also translocate for example Cd2+ and
Pb2+. The remaining subgroups P1B-3 through P1B-7 occur less frequently and are
not as well-studied as the two first. P1B-3-ATPases are proposed to transport
Cu2+, P1B-4-ATPases are thought to translocate Co2+, Ni2+ and/or Zn2+, P1B-5ATPases may export Fe2+ or Ni2+, while the transport specificity of subgroups
P1B-6 and P1B-7 is still unknown (Table 2)58-61.
The primary physiological function of P1B-ATPases is to protect organisms
against excess transition metals and to supply essential transition metal ions for
transmembrane or periplasmic assembly of essential metalloenzymes, such as
cytochrome C oxidase62-65. In higher organisms, P1B-type ATPases perform these
functions through transfer of cytoplasmic metals to internal organelles such as
the trans-Golgi network as well as the extracellular milieu66,67.
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Table 2. Subgroups of P1B-type ATPases.
P1B-ATPases subgroups, subgroup-specific motifs in transmembrane helices M4-M6 (putative metal ion
binding residues are highlighted in bold), TM-MBS stoichiometry/coordination geometry, and PDB IDs of
the available structures derived from full length proteins.

Sub-

Transported

group

ions

P1B-1

Cu+, Ag+

Conserved residues58,59,68,69 in

TM-MBS
stoichio-

M4

M5

M6

metry

CPC

YN(X)4P

MXXSS

1 or 2

TM-MBS
geometry

PDB IDs

3RFU
70

Trigonal70

4BBJ
4BEV

2+

P1B-2

P1B-3

P1B-4

P1B-5

2+

Zn , Cd ,
Pb2+
Cu2+
Co2+, Ni2+
(?), Zn2+ (?)
Fe2+(?),
Ni2+(?)

CPC

T(X)6QN(X)7K

DXG(X)7N

1

71,72

CPH

GYN(X)4P

MSXST

1

73

SPC

HEGXT

1

68

PCP

QEXXD

TXXNHN

P1B-6

Fe2+(?)

SCA

P1B-7

?

CSC

Tetrahedral72
Square
pyramidal73

3UMV
3UMW
-

Tetrahedral68

-

?

?

-

?

?

-

?

?

-

Except for isolated cytoplasmic domains, the first and so far only crystal
structures of the P1B subclass are of a Cu+-ATPase from Legionella pneumophila
(LpCopA), and a Zn2+-ATPase from Shigella sonnei (SsZntA). They revealed a
number of subclass-specific structural features and provided novel insight to the
transport mechanism of P1B-ATPases.5,42. Notably, both LpCopA and SsZntA
could only be crystallized using variations of the high lipid-detergent technique
(HiLiDe)74, yielding crystals formed by stacked bilayers. The structures capture
the E2P outward-open phosphoenzyme state through co-crystallization with
beryllium fluoride, and the E2.Pi intermediate, a dephosphorylation transition
state mimicked by aluminum fluoride. Thus, structural information on the
metal-bound E1 and E1P states is still missing for the P1B-ATPases. The crystal
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structures display a unique, P1B-specific topology with two extra transmembrane
helices, MA and MB, positioned N-terminal of the M1-M6 core. This extension
and lack of the N-terminal part of the A-domain which is present in P2- and P3ATPases, results in the absence of the A-domain-M1 linker present in all other
structurally

determined

P-type

ATPases,

and

a

significantly

smaller

A-

domain28,35,37,57.
Furthermore, so-called heavy metal binding domains (HMBDs), rich in metalattracting cysteine and/or histidine residues, are frequently fused to the Nterminus or occasionally also to the C-terminus75. HMBDs typically possess
compact ferredoxin-like βαββαβ folds, but in multiple cases the structure is
either different76 or hitherto unknown42. These domains are not essential for
transport and likely act as regulatory and stimulatory sensors of cellular metal
levels77. They can thus be functionally compared to the so-called R-domains3 of
calmodulin-binding

Ca2+-ATPases78

and

plasma

membrane

H+-ATPases79.

Notably, the N-domain of P1B-ATPases is relatively poorly conserved compared
to other classes of the superfamily. Indeed, recognition of the nucleotide’s
adenine ring of ATP and coordination of the α- and β-phosphates in P1B-ATPases
occurs via a different mechanism than in P2-ATPases80. The alternative
configuration appears to be significantly less well suited for subsequent
destabilization of the protein-nucleotide complex following transfer of the γphosphate, likely resulting in a less efficient dissociation of ADP, and thereby
potentially explaining the observed two orders of magnitude slower turnover of
P1B-ATPases compared to P2-ATPases80.

Cu+‐ and Zn2+‐ATPases
Cu+-ATPases are the only P1B-type ATPases present in animals and are the most
numerous and perhaps the best studied proteins of the subclass. Malfunction of
the human Cu+-ATPases ATP7A and ATP7B causes the severe Menkes and
Wilson diseases, respectively. Classical Menkes syndrome is lethal at an early
age and is characterized by a general copper deficiency, as the ubiquitously
distributed

ATP7A

is

unable

to

deliver

copper

required

for

vital

81

metalloproteins . Due to the primarily hepatic distribution of ATP7B where it is
responsible for efflux of copper into the bile, Wilson disease predominantly
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affects the liver through copper overload that is usually manageable by a
combination of copper dietary restriction and copper chelating drugs82. Zn2+ATPases are the second largest subgroup of P1B-ATPases and are prevalent in
bacteria and plants. As with Cu+-ATPases83, knockouts of ZntA genes in plants
result in severely stunted growth that can be rescued by increasing the zinc
content of the growth medium84.
Cu+- and Zn2+-ATPases share a similar architecture (Figure 1b). In contrast to
P1B-4-type ATPases, the intracellular N-terminus forms either a single or multiple
(six in the human Cu+-ATPases) HMBDs connected to MA. The following helix,
MB, is kinked almost perpendicularly at one or two conserved glycine residue(s)
located in the cytoplasmic-membrane interface, and forms a “platform” dubbed
MB’. This structural feature is anchored to the membrane as an amphipathic
helix with positively charged side chains exposed to the cytoplasm, possibly
allowing interactions with the HMBD and/or metal-delivering chaperones, at
least in the case of the Cu+ ATPases42,85. Helix M4 contains the CPC motif, which
is characteristic of both Cu+- and Zn2+-ATPases as the central part of the
transition metal binding site together with group-specific motifs in M5 and M6
that are likely to impose Cu+ versus Zn2+ specificity.

The transport cycle of Cu+‐ and Zn2+‐ATPases
Details of the transport mechanisms and ion conduits of Cu+- and Zn2+-ATPases
diverge due to the significantly different chemical nature of copper and zinc ions
as manifested by the divergence in their coordination chemistries (see below).
Furthermore, the Cu+/Cu2+ redox potential is close to that of the cytoplasm,
implying that copper can redox-cycle between the +1 and +2 oxidation states if
unbound. This can result in free oxygen radical production via Fenton-type and
Haber-Weiss chemistry86 that together with ectopic metalation of iron-sulfur
clusters, may cause severe damage to the cell when excess levels are
present86,87. Therefore, copper levels are always kept under tight control by an
array of copper-binding protein chaperones and small molecular weight
compounds such as glutathione. As a result, hydrated copper ions have been
found to be practically nonexistent in Escherichia coli cells under normal
conditions88. On the other hand, Zn2+ has only one accessible oxidation state at
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biological redox potentials and is therefore not redox active. Consequently, Zn2+
is less toxic and a pool of free ions in the picomolar or low nanomolar ranges89
is constantly present in cells, but at higher concentrations free Zn2+ may also
cause damage90,91. The fact that both Cu+ and Zn2+ are much less abundant in
cells than the transported ions of other classes of P-type ATPases, together with
the distinct biological roles played by the different members of the superfamily
(e.g. transition metal homeostasis for P1B-pumps compared to fast Ca2+
reuptake in the sarco(endo)plasmic reticulum to induce muscle relaxation for
SERCA1a) provide a likely physiological explanation for the significantly higher
affinity for the transported compound and lower maximum transport rates
evolved in P1B-ATPases compared to other prominent P-type ATPases80.

Pre‐transport regulation of Cu+‐ and Zn2+‐ATPases
The unique properties of copper and zinc ions are likely to have a profound
effect on ion delivery to the ATPases. Prokaryotic CopA proteins often come in
three-component operons encoding the ATPase, a <100 amino acid ferredoxinlike metallochaperone dubbed CopZ, and a Cu+-sensing transcriptional regulator
termed CopY which controls the expression of the former two92. Upon metalinduced stress, CopZ binds Cu+ via a CXXC motif and likely delivers the ion to
the HMBD and the core of the Cu+-ATPase, allowing further transport to
occur57,77. Supplying CopA with DTT-bound Cu+ provides a lower level of ATPase
turnover77, reaffirming the notion that chaperones stimulate CopA-facilitated
Cu+-transport.
ZntA expression is regulated by the Zn2+-sensing transcriptional regulator
ZntR93, but no zinc chaperone protein has been identified. The set of genes
induced by high Zn2+ concentrations rather include elements of the cysteine
synthesis pathway94, indicating that cytoplasmic zinc buffering and transfer to
the P-type ATPase occurs via a different set of actors than in the case of Cu+
and involves metal binding, low molecular weight thiolates (e.g. cysteine and
glutathione).
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Ion uptake and the role of the HMBD
Based on structural analysis and analogy to P2-ATPases, ion uptake is expected
to occur adjacent to the MB’ platform in P1B-ATPases (Figure 2)42,48,49. Reflecting
the different nature of the copper and zinc complexes as metal donors, this
region is marked by distinct structural features in CopA and ZntA. In Cu+ATPases, the highly positively charged platform likely facilitates binding of
CopZ-type chaperones which possess complementing patches on their surface,
potentially in an orientation stimulating transfer to the Cu+-ATPase42,57,95. In
LpCopA, M148 (possibly assisted by E205 and D337) is believed to be
responsible for transfer of Cu+ from the CXXC motif of CopZ to the high affinity
transmembrane

metal

binding

site(s)

(TM-MBS)42,

and

these

sites

are

presumably coupled through ligand exchange as suggested by indications of a
M148-CPC-Cu+ complex96. In the case of SsZntA, this metal uptake mechanism
is replaced by a highly electronegative funnel-like structure that extends to the
CPC motif5, a mechanism well suited for uptake of weakly- or non-complexed
ions. Upon TM-MBS binding, Zn2+ is likely occluded by the M187-F210 residue
pair positioned at the CPC motif end of the funnel5, a gating mechanism
reminiscent of that proposed in H+-ATPases via an asparagine37,97.
What is the role of the HMBD, which has been proposed to interact with the MB’
platform through electrostatic interfaces5,42,95,98? While it remains elusive if the
HMBDs have one common function in P1B-ATPases, a functional study of the
interactions between the Archaeoglobus fulgidus CopZ, HMBD, and Cu+-ATPase
(AfCopA) core has provided some insight into this question77. The CopZ
chaperone is capable of donating Cu+ to both the HMBD and the ATPase core in
both the wild type and the HMBD-truncated form. However, a separate Cu+loaded HMBD cannot transfer the metal to the core and metal binding to this
domain also appears to be unnecessary for the in vivo Cu+ transport activity76,
whereas removing the HMBD generally reduces the activity of both Cu+- and
Zn2+-ATPases5,42,99, although the contrary has also been observed77.
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Figure 2. Ion entry.
The E2P states (linked to metal release) are displayed with overviews (insets). a,c Close view of the
entry pathway of CopA. In contrast to ZntA, the surface of CopA is less electronegative, and ion
uptake to the high-affinity binding sites (at C382, C384 and M717) has been suggested to be assisted
by M148, E205 and D337. b,d Close view of the entry pathway of ZntA. Uptake is likely facilitated by
a highly electronegative funnel (shown in red in c) rather than specific residues. M187 and F210 may
operate as gatekeepers, preventing backflow of ions from the high-affinity binding site (at C392, C394
and D714).
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The HMBD was not visible in the crystal structures of the E2P or E2.Pi states of
LpCopA or SsZntA5,42,50, indicating a high degree of flexibility and a lack of
interaction with the core in these states. Therefore, available data leads to the
conclusion that rather than transferring metal from chaperones to the ATPase
core57, the HMBD may play an indirect autoregulatory function: auto-inhibition
of the ATPase when transported ions are absent through pathway blockade, and
auto-stimulation when the ion is bound. The mechanism of this latter putative
function is not well understood, but it may be in cooperativity with the Adomain as proposed earlier5,42,100, in line with the N-terminal region of other Ptype ATPases being integral to the A-domain28,35,37. The HMBD might therefore
increase the phosphorylation (or less likely dephosphorylation) rates by
facilitating A-domain movements. This is in line with data demonstrating slower
dephosphorylation kinetics of ZntA when the HMBD is removed101. In the case
of Cu+-ATPases in higher organisms, which have up to six N-terminal HMBDs,
the complexity of regulation seems to be taken to even more sophisticated
levels102. Notably, it has been proposed that the HMBD of the Zn2+-ATPase
AtHMA4 of Arabidopsis thaliana not only serves a regulator of export, but also
as a sensor57,103.

High‐affinity ion binding in the transmembrane region
Once the metal has passed the entry region, it binds to the region with the CPC
motif. The affinity for the metal ions at this location have been reported to be
very high: in the femtomolar range for Cu+ in CopA77,104, and nanomolar range
for Zn2+, Cd2+ and Pb2+ in ZntA.71 The selectivity of transport may be
determined by the differences in the coordination chemistry of Cu+ and Zn2+ in
terms of coordination number, geometry and ligands as imposed by unique sets
of invariant residues in CopA and ZntA. According to the Pearson acid base
theory (also known as HSAB theory) transition metal binding depends on the
hardness as a Lewis acid. As a soft Lewis acid, Cu+ will preferably be
coordinated by soft Lewis bases such as cysteines and methionines105. On the
other hand, Zn2+ is a harder Lewis acid due to its higher charge density,
allowing coordination also by harder Lewis bases such as aspartates and
glutamates106. Furthermore, lower coordination numbers are expected for Cu+,
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which often has three ligands as opposed to Zn2+, which prefers tetrahedral
coordination. Indeed, for LpCopA a single Cu+ is coordinated in a trigonal planar
geometry by three sulfur ligands (Figure 3a), most likely C382 and C384 of the
M4 CPC motif, and M717 in M6107. However, a different copper binding model
containing two independent trigonal planar sites having mixed S and N/O
coordination was previously suggested for AfCopA70, with one site formed by
the two cysteine residues on M4 along with a tyrosine on M5, and a second site
with similar affinity centered on an asparagine on M5 together with a
methionine and a serine on M6, corresponding to C382, C384, Y688, and N689,
M717 and S721 in LpCopA, respectively70. Notably, all six residues are fully
conserved in P1B-1-ATPases, but the three latter may also have other functional
roles than copper binding, e.g. thiol/thiolate stabilization and proton shuttling57.
Considering the high degree of sequence conservation among CopA proteins, a
uniform mechanism should be anticipated, and additional experiments are thus
required to fully resolve this issue.

Figure 3. High-affinity ion binding.
a, Ion binding region of ZntA showing invariant key residues in the E2.Pi state (PDB ID 4UMW).
b, Identical view for CopA (PDB ID 3RFU). The single high-affinity site in ZntA is formed by
C392, C394 and D714. The number of ion binding sites in CopA is debated, but it is known that
C382, C384 and M717 are ligands. K693 has been proposed to operate as an in-built counterion
in ZntA, while the role of Y688, N689 and S721 in CopA remain unclear. The center of the green
sphere is located between the two calcium ions in SERCA1a (PDB IDs 3B9R and 3N8G).
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In Zn2+-ATPases, Zn2+ is bound with a tetrahedral coordination geometry
involving both sulfur and oxygen/nitrogen atoms5,72. The current model is that
the CPC motif (392-394 in SsZntA) again provides two metal-binding sulfurs
and forms the TM-MBS (Figure 3b) using oxygen coordination from likely one,
(D714 in SsZntA) or possibly two (the adjacent E202) carboxylate sidechains5,108,109. Similar to the residues of the putative second site in CopA, a
universally conserved lysine residue (K693 in SsZntA) is also located in the
direct vicinity of the CPC motif in Zn2+-ATPases5. However, this residue does not
appear to participate in coordination of the bound cation, but rather forms a salt
bridge with the coordinating D714 once Zn2+ is released, thereby possibly acting
as a built-in counterion. A similar mechanism was also proposed for P3AATPases, where a central aspartate is charge-compensated by an arginine at
the equivalent position37. Interestingly, these two subclasses therefore appear
to act as uniporters unlike the P2-ATPases, showing how different transport
mechanisms have adapted to the common overall topology of the P-type
ATPase superfamily (Table 1).

Ion release and absent counterions
How is the ion then released from the TM-MBS? The available E2P and E2.Pi
structures provide insights: according to the classical Post-Albers cycle, E2P
represents

the

state

in

which

the

ATPase

is

opened

towards

the

extracytoplasmic side for ion release and counterion uptake, and E2.Pi
represents the occluded state with bound counterions. The most striking feature
of the SsZntA structure in the E2P state is a wide opening extending from the
TM-MBS to the periplasmic side, formed by M5-M6 moving away from the rest
of the M-domain (Figure 4b), similar to e.g. SERCA1a where the ions are
released in free form36. A highly conserved glutamate, corresponding to E202 in
SsZntA, is located in the metal discharge conduit within reach of the TM-MBS.
Considering that mutation of this residue severely affects both protein activity
and metal-binding stoichiometry5, it may be speculated that E202 serves as a
transient ligand for the ion during release from the TM-MBS as also proposed
for the equivalent residue in SERCA1a110. With the M5-M6 cavity closed again in
the E2.Pi state of SsZntA, and the aforementioned salt bridge between the
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Zn2+-binding aspartate and the nearby lysine, there is no apparent need for
protons or other types of counterions. This conclusion is supported by functional
studies of SsZntA in proteoliposomes5.
The LpCopA crystal structure in the E2P state differs notably from the
corresponding SsZntA structure by having no opening via M5-M6, as confirmed
by two crystal forms of LpCopA of this state50. Instead, molecular dynamics
simulations suggest that the TM-MBS is accessible by a narrow, Cu+-passable
conduit lined by MA, M2 and M6 (Figure 4a)50. A different release mechanism
than for Zn2+ in ZntA appears justifiable, as Cu+ is strictly bound to protein
metallochaperones or low molecular weight chelators and not allowed to be in
free form111. It has recently been shown that in Escherichia coli, the soluble
periplasmic chaperone CusF is able to specifically interact with CopA and
unidirectionally accept extruded Cu+

112

. An in silico analysis of this interaction

shows that the metal binding residues of CusF may dock specifically to the
proposed exit pathway of CopA50,112. The conserved exit pathway glutamate
present in Zn2+-ATPases may also be important in Cu+-ATPases.

Figure 4. Ion release.
a, Close view of the release pathway of CopA in the E2P state associated with ion release.
Release of Cu+ from the high affinity binding residues C382, C384 and M717 likely occurs
through a narrow passage lined by MA, M2 and M6, shown in orange as calculated with
CAVER. b, Close view of the ZntA release pathway in the E2P state. In contrast to CopA, a
wide opening from the high-affinity ion coordinating residues C392, C394 and D714 is caused
by substantial movements of helices M5 and M6, shown in purple as calculated with CAVER.
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Molecular dynamics simulations and in vitro assays have indicated that E189,
the corresponding residue in LpCopA, play an important role in ion release from
the TM-MBS50. The E2.Pi structure of LpCopA shows that the cytoplasmic
domains reorient for dephosphorylation as expected upon transition from the
E2P state, yet the M-domain remains almost identical and depicts a narrow but
open release pathway. This may suggest that Cu+-ATPases stay outward-open
for a longer time with a different coupling of dephosphorylation to outward
occlusion, that a factor involved in a CopA release complex is missing, or that a
crystal packing artifact alters the M-domain conformation in the E2.Pi structure.

Future directions
Several major questions about transition metal transporting P1B-type ATPases
remain to be answered. How do Cu+-ATPases receive metal ions in organisms
that lack classical CopZ chaperones, as is the case for many bacteria? Do they
use a different set of metalloproteins for metal delivery (as was shown to be the
case for the Streptococcus pneumoniae Cu+-ATPase76), or do small compounds
such as cysteine and glutathione perform this role?
Other questions concern the role of the HMBDs. Why does deleting HMBDs
significantly reduce transport activity, even though they do not seem to
participate in metal transfer? When do these domains interact with the ATPase
core during the catalytic cycle? Why do vertebrate Cu+-ATPases have up to six
HMBDs, while some bacterial ATPases have none? What functions do the Cterminal and N-domain insertions in the human transporters serve?
Several questions regarding ion binding also remain to be answered. How are
selectivity, specificity and transport established? What is the transport
stoichiometry of Cu+-ATPases? Is it one or two metal ions that bind at their TMMBS? Which chaperones accept Cu+ from the ATPase on the extracytoplasmic
side, and how is transfer established?
These and many other questions stimulate further P1B-ATPase research and
promise to make the field an important and exciting one in the years to come.
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While the discovery of the Na+,K+-ATPase marked the first encounter with Ptype ATPases occurred back in 19571, it was only in 1981 that cadmium efflux
in Staphylococcus aureus was linked to ATPase activity2, and in 1989 that this
effect was confirmed to be the work of a P-type ATPase3. Historically, heavy
metal P-type ATPases have not received as much attention as their sodium-,
potassium-, calcium- and proton-pumping counterparts, although this has been
changing since the discovery that the Menkes and Wilson diseases in humans
are caused by malfunctions of copper pumps4-7. Nonetheless, these proteins
represent the largest subclass of P-type ATPases known to date. The highest
proportion (22%) of the 159 sequences used in the original five-class grouping
of P-type ATPases by Axelsen & Palmgren in 19988 clustered into heavy metal
ATPase subclass 1B. Since then, many more genomic sequences have become
available, with the total amount of proteins classified as P-type ATPases
increasing exponentially. The latest release of UniProtKB9 (as of March 2015)
marks about 106000 proteins as belonging to the P-type ATPase superfamily,
although this number may be slightly overestimated due to errors in automatic
annotation. How has the proportion of P1B-ATPases changed in comparison to
the 1998 study? A bioinformatic analysis searching for the metal-binding motifs
in M4 and M6 unique to subgroups P1B-1, P1B-2, P1B-3 and P1B-4, showed that in
fact approximately 46600 (44%) of the total 106000 sequences belong to P1BATPases! Of these, 28500 (27%) were P1B-1-ATPases, 9400 (9%) were P1B-2ATPases, 2500 (2%) were P1B-3-ATPases, and 6200 (6%) were P1B-4-ATPases.
The fact that P1B-ATPases comprise almost half of all known P-type ATPases
undeniably provides an additional incentive to investigate these exciting
proteins.

Special features of P1B‐ATPases
The crystal structures of SERCA10-35, the Na+,K+-ATPase36-44, and the H+ATPase45 have provided us with a wealth of information on how P-type ATPases
function, highlighting their common features and individual adaptations to their
transported ions. Following the general P-type ATPase research trend, the
structures of P1B-ATPases have been obtained significantly later than those of
P2- and P3-ATPases. The first crystal structure of the Cu+-ATPase LpCopA46 from
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2011 has shed some much-needed light onto the 3D architecture of P1BATPases, allowing a detailed comparison with the very well-studied SERCA in
Chapter 2. A further structure of LpCopA in a new conformational state has led
to further interesting discoveries in Chapter 4. The most recent major
breakthrough in the structural studies of P1B-ATPases occurred when the two
first structures of a Zn2+-ATPase were determined, as described in Chapter 5,
and allowing a detailed comparison with Cu+-ATPases in Chapter 6. While P1BATPases and the other structurally determined P-type ATPases share a common
core consisting of six transmembrane helices and three cytoplasmic domains,
several major elements are unique to P1B-ATPases, most notably an N-terminal
extension encompassing two transmembrane helices and the enigmatic HMBD.
The latter is disordered and hence invisible in all P1B-ATPase structures to date,
probably meaning that it interacts with the ATPase core in other stages of the
Post-Albers cycle than those the determined structures were trapped in.

The heavy metal binding domain and ion delivery
There have been numerous studies that deal with the structure and function of
the HMBD. The majority of the HMBDs characterized from both Cu+- and Zn2+ATPases possess a compact βαββαβ ferredoxin-like fold (Figure 1a), bearing a
striking resemblance to CopZ-type soluble metallochaperones that are capable
of direct interaction with these domains (Figure 1f). Given how similar classical
Cu+-chaperones and HMBDs are, it would appear likely that they perform
overlapping functions. For instance, one could imagine the HMBD collecting
excess copper within the vicinity of the Cu+-ATPase and rapidly delivering it to
the entry site of the protein, courtesy of the short HMBD-ATPase linker. In such
a scenario the ATPase-targeted CopZ chaperone could similarly participate in
direct ion transfer to the entry site, as well as create a local high copper
concentration around the protein that would increase the speed of HMBDassisted ion transfer. A study by Gonzalez-Guerrero & Arguello47 showed this
scheme to be incorrect in the case of AfCopA. Their experiments revealed that
truncated Cu+-loaded HMBDs are in fact not capable of transferring the ion to
this ATPase, whereas Cu+-loaded CopZ chaperones are. The same study
revealed that if the HMBD (within the CopA protein) was made incapable of
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binding copper by mutating the ion-binding CXXC motif, the effect of Cu+-CopZ
activation is abolished. Therefore it appears likely that the chaperone and the
HMBD compete for the same docking location, likely in the immediate vicinity of
the ATPase ion entry site, and that ion delivery by CopZ can only occur once the
HMBD is metal-loaded and displaced (Chapter 2, Figures 2c and d). It is worth
noting that to my knowledge no such experiments have been performed on
Zn2+-ATPases and their HMBDs, thereby not excluding the possibility of HMBDto-ATPase metal transfer in these proteins. The ion entry site is adjacent to the
kinked helix MB’, which has therefore been suggested to function as a “docking
platform” for both the HMBD and the chaperone. The cytoplasmic side of the
platform has a strong positive charge (Chapter 5, Supplementary Table 2b),
likely for electrostatic-based interaction with the HMBD and chaperones
(Chapter 2, Figures 2c and d). The interaction of the HMBD with this region has
been confirmed by chemical cross-linking48 and in silico docking (Chapter 5,
Supplementary Figure 8b).

Figure 1. Structures of various HMBDs and HMBD complexes from Cu+-ATPases.
a, Apo-state HMBD 5 from ATP7A (PDB ID 1Y3K). b, Cu+-bound HMBD 5 from ATP7A (PDB ID 1Y3J).
Note the lack of major conformational changes compared to the apo-state. c, Cu+-bound HMBD from
Streptococcus pneumoniae CopA (PDB ID 4F2F). d, Ag+-bound HMBD from LpCopA (unpublished). e,
Apo-state of the dual HMBD from Bacillus subtilis CopA (PDB ID 1P6T). f, Complex between HMBD 1
from ATP7A and the soluble CopZ-type copper chaperone ATOX1 (PDB ID 2K1R).
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The charge distribution is somewhat different in CopZ and the HMBD, which
may assist in differentiating their functions, for instance making it impossible
for the HMBD to dock in an orientation facilitating ion transfer to the ATPase
(Chapter 2). Furthermore, electrostatically complementary surfaces of CopZ
and the HMBD form an interface between the two that promotes metal transfer
(generating such complexes as in Figure 1f). It is worth noting that Zn2+ATPase HMBDs do not interact with CopZ-type chaperones, likely in order to
prevent loading of the wrong ion49. This selectivity is established by as few as
four charged amino acids in the vicinity of the CXXC motif, and can be reversed
when swapped with the corresponding residues from a Cu+-ATPase HMBD49.
Also, the affinity of the HMBD towards Zn2+ is often significantly improved by
including an aspartate immediately before the CXXC motif50,51 due to the
formation of a preferential zinc coordination site (see Chapter 1).
Not all HMBDs possess a ferredoxin fold. For instance, the (unpublished) NMR
structure of the LpCopA HMBD has a very minimalistic unique fold (Figure 1d).
The more thoroughly studied Streptococcus pneumoniae CopA shows a
cupredoxin-fold HMBD52 (Figure 1c). A striking consequence of this is that
instead of the ferredoxin-fold CopZ, S. pneumoniae uses the membrane-bound
metallochaperone CupA (PDB ID 4F2E) with a fold identical to the HMBD for ion
delivery. However, the charge distribution on this chaperone-HMBD pair is
divergent, and electrostatic complementarity is once again observed in the
metal-binding region52. Streptococcus pneumoniae is not the only organism that
lacks CopZ-type chaperones. A bioinformatic analysis showed that a high
percentage of prokaryotic organisms (including Legionella pneumophila) do not
possess these proteins, yet still have classical ferredoxin-fold HMBDs. This
indicates that either an unknown class of protein chaperones or small molecular
weight compounds donate Cu+ to the HMBD and the ATPase. The latter
hypothesis is supported by the observation that supplying Cu+ as a complex
with cysteine significantly increases turnover rate of Cu+-ATPases53. On the
other hand, Zn2+-ATPases have no known protein metallochaperones and due to
the structure of the ion entry funnel likely uptake Zn2+ from low affinity
glutathione or cysteine complexes, as discussed in Chapters 5 and 6.
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Multiple sequential HMBDs are typical for eukaryotes, and some prokaryotes
also possess two N-terminal HMBDs separated by a short linker. The
structurally determined example of such a pair (Figure 1e) shows inter-HMBD
stabilization by Van der Waals interactions and hydrogen bonding networks,
with the metal-binding CXXC-motifs facing opposite sides. In Chapter 3, an
analysis was undertaken to find out whether all HMBDs in multi-HMBD Cu+ATPases group into such pairs (Chapter 3, Table 2). Assuming a six-HMBD
system as in the human Cu+-ATPases ATP7A and ATP7B, the data indicated that
HMBDs 1+2, 3+4 and 5+6 indeed likely formed pairs as evidenced by the short
linkers between them. This led us to propose a “stacked log” model for such
proteins (Chapter 3, Figure 1), which possibly provides a mechanism for finetuning of copper sensing and ATPase trafficking. Interestingly, the vast majority
of Menkes and Wilson disease-causing mutations in the HMBD

region

exclusively target the most ATPase-proximal HMBD and the short linker
connecting it to the ATPase (Chapter 3, Figure 2), indicating that this single
domain which is universally conserved from E. coli to humans is also the most
important one.
The Gonzalez-Guerrero & Arguello study47 showed that when free Cu+ is used,
removing the HMBD of AfCopA does not significantly decrease the activity
compared to the wild type. This is at odds with the biochemical data that
accompanied the first structure of LpCopA46, which showed that removing the
HMBD produces an effectively inactive protein. One way of explaining this
discrepancy is that HMBDs may perform divergent functions in different Cu+ATPases. If so, HMBDs would perform a purely regulatory role in the AfCopACopZ system, and may directly participate in ion delivery in the case of LpCopA,
which lacks a CopZ metallochaperone partner. Further studies on the possibility
of ion donation by the LpCopA HMBD may help to resolve this issue.
As shown in Chapter 5 and two other studies54,55, maximum Zn2+-ATPase
activity is decreased roughly by 50% when the HMBD is removed or the CXXC
motif is mutated. While not producing such a dramatic effect as in LpCopA, it is
clear that the HMBD is similarly vital for the full activity of Zn2+-ATPases. While
the binding orientation of a Zn2+-ATPase HMBD derived by in silico docking
(Chapter 5, Extended Figure 8b) suggests that the domain may perform an
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autoregulatory function, the only definite way to exclude reduced activity in
Zn2+-ATPases due to abolishment of a potential HMBD-to-ATPase ion donation
mechanism would be to perform a study analogous to that done by GonzalezGuerrero & Arguello for AfCopA47.
As this section implies, the HMBD and its function remain amongst the hottest
topics in the field of P1B-ATPase research. While more biochemical studies of the
HMBD are definitely needed, perhaps the most valuable contribution possible
would come from a Cu+- or Zn2+-ATPase structure visualizing the HMBD-ATPase
interaction. This potentially transient interaction would likely occur in one of the
E1 states, as is also evidenced by the lack of a HMBD-ATPase complex in the
available ion-free structures of P1B-ATPases.

The transmembrane ion‐binding site
A P1B-ATPase structure in an E1 state would be of interest for more reasons
than to just elucidate HMBD function. Obtaining a Cu+- or Zn2+-ATPase E1
structure would provide invaluable information on how ion specificity and
uptake are established, whether conformational changes and domain movement
coupling are conserved relative to other P-type ATPases, and how ions are
bound at the TM-MBS. The latter has only been studied by indirect methods
such as XAS, and a crystal structure with the ion(s) bound would solve many
lingering questions, particularly in the case of Cu+-ATPases.
The ion binding stoichiometry and coordination of the Cu+-ATPase TM-MBS is a
matter of debate. The initial study on AfCopA revealed that the TM-MBS binds
two copper ions, which can be loaded independently (although ATP hydrolysis
occurs only when both sites are loaded)56. Based on a combination of ionbinding studies using a colorimetric assay and XAS measurements of AfCopA
mutants, the authors have concluded that the first trigonal binding site is
formed by the two cysteines from M4 plus a tyrosine from M5, and a second
trigonal binding site is formed by an asparagine from M5 and a serine and
methionine from M6 (Figure 2a).
However the proposed oxygen and nitrogen electron donors are very unlikely
ligands for Cu+, as discussed in Chapters 1 and 2. Our new study on LpCopA57
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used ICP-MS to reveal the presence of only one high-affinity ion binding site
which can be loaded independently of nucleotide binding, in a manner similar to
SERCA58. Further characterization of the Cu+-coordinating environment by XAS
revealed an exclusively sulfur-based trigonal planar coordination geometry at
this site, now proposed to be established by the M4 cysteines and the M6
methionine (Figure 2b). A weaker second binding site was also revealed when
experiments were performed in the absence of copper chelators. Based on data
from XAS and mutational studies, this was proposed to stem from transient Cu+
binding to the ion entry site methionine (M148 in LpCopA) and the M4
cysteines.
Considering that the residues proposed to partake in Cu+ coordination are
invariant in both proteins, it is unlikely that the mode of metal binding will differ
so radically between the two. Further studies will hopefully resolve this issue.

Figure 2. Putative configurations of ion coordination in the TM-MBS of Cu+- and Zn2+ATPases.
High-affinity coordination is marked by red dashes, whereas transient ion binding sites are greyed out.
Bond lengths are not shown to scale. a, The originally proposed dual Cu+ configuration of the AfCopA
TM-MBS56. Numbering is based on LpCopA. b, A new sulfur-based ion binding configuration proposed
for LpCopA (accepted for publication in EMBO Reports). c, A model for Zn2+ binding in SsZntA based
on data from Chapter 5.
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Much less controversy surrounds the binding stoichiometry of Zn2+-ATPases,
and it is generally accepted that these proteins bind one ion to the TM-MBS.
Mutational studies have implicated the two M4 cysteines59 and the M6
aspartate60 in metal binding. XAS data also points towards tetrahedral ion
coordination, with two ligands being sulfur atoms, and two being nitrogen or
oxygen61. As discussed in Chapter 5, the latter is likely due to bidentate
coordination by D714 in SsZntA. An interesting discovery in the SsZntA study
was that mutating the nearby E202 to an alanine causes the protein to bind less
metal ions on average than the wild type (Chapter 5, Figure 2b). One could
speculate that E202 is perhaps the ligand providing the second oxygen to
coordinate Zn2+ in the TM-MBS, although its more extracellular-proximal
position relative to the other TM-MBS residues and incomplete abolishment of
ion binding lends credence to the notion that E202 functions rather as a
transient Zn2+ ligand that may assist in ion release. This is another issue that
an E1-state structure could resolve. An important finding was that the
universally conserved K693 in the TM-MBS does not participate in ion
coordination, but is crucial for protein function (Chapter 5, Figures 2a and b),
likely by functioning as a built-in counterion or pushing the ion out of the TMMBS by electrostatic repulsion. Finally, an interesting discovery was that the
F210-M187 pair in SsZntA is likely responsible for occlusion of the ion in the
TM-MBS once it has passed through the negatively charged entry funnel
(Chapter 5, Figures 2a and b).
As far as practical endeavors with the E1 states are concerned, my attempts to
crystallize LpCopA in an ion-bound conformation have not been successful.
Diffracting crystal hits have been obtained from a BME-reduced environment
containing 100-1000 µM CuCl2, ADP, AlF4− and MgCl2, which was meant to
mimic the conditions that led SERCA to be crystallized in the Ca2+-bound E1-PADP transition state of phosphorylation24,30 (PDB IDs 1T5T and 2ZBD).
Unfortunately, the obtained structure turned out to be in the already
determined AlF4−-bound E2.Pi state. Although it had already been shown that
e.g. AfCopA does not bind Cu+ to the TM-MBS when in an AlF4−-bound state56,
these results add to our knowledge by demonstrating that the binding of AlF4−
takes priority over other ligands. Keeping this in mind, future P1B-ATPase
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researchers can focus on more productive approaches to crystallizing these
proteins in an ion-bound state. It is worth mentioning that my own attempt to
extrapolate these conclusions onto the Zn2+-ATPase SsZntA and crystallize it in
the Zn2+-E1 or Zn2+-E1-AMPPCP states has not produced satisfactory results
either.

Ion release and counterions
On the other hand, the determined E2P and E2.Pi structures are perfect for
studying the mechanism of ion release. Chapter 4 was entirely devoted to
elucidating the ion release pathway in LpCopA. By using a combination of
molecular dynamics simulations, crystal water observations, and in vitro / in
vivo studies of LpCopA mutants, we were able to conclude that Cu+-ATPases
release ions from the TM-MBS into the extracellular environment in a way that
is unique compared to all other P-type ATPases studied to date. The LpCopA
release pathway is wedged between M2, M6 and the P1B-unique helix MA
(Figures 3a and c), with two Cu+-ATPase-specific prolines (Chapter 4,
Supplementary Figure 6a) that may play a crucial role in ensuring correct
hydration of the pathway (Chapter 4, Supplementary Figure 5). Due to the
toxicity of Cu+, it is not expected that the ion will be extruded in free form into
the immediate extracellular vicinity of the cell, but will rather be picked up by
acceptor metallochaperones62. Indeed, a recent study63 has shown that the
soluble periplasmic copper chaperone CusF accepts the ion unidirectionally from
Cu+-ATPases. This interaction was shown to be mediated by electrostatic
interfaces between CusF and the CopA periplasmic loops that bridge MA and
MB, and (to a lesser extent) M1 and M2. The location of these loops (Figure 3c)
and subsequent in silico docking of CusF place the metallochaperone in the
immediate range of the proposed ion release pathway, thereby strengthening
the conclusions made in Chapter 4. While Legionella pneumophila does not
possess

the

CusF

protein,

it

is

easy

to

imagine

other

metallochaperones serving the same function in case of LpCopA.

periplasmic
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Figure 3. Ion release pathways in the E2P state of LpCopA and SsZntA.
The pathways from the TM-MBS (sticks) to the extracellular side have been outlined using
CAVER. a, The release pathway of LpCopA is formed by MA, M2 and M6. b, The release pathway
of SsZntA is formed by M2, M4, M5 and M6. c-d, Views of a and b from the extracellular side.

The TM-MBS of SsZntA is occluded in the succeeding E2.Pi state, thereby acting
in accordance to the classical Post-Albers scheme (Chapter 1, Figure 1). The
E2.Pi structure of LpCopA is however a great surprise in this regard, as its Mdomain remains virtually unchanged following the E2P-to-E2.Pi transition. MD
simulations (Chapter 4) show that the TM-MBS is solvent-accessible in this
state. One possibility to explain this is that due to the putatively slower
interaction kinetics with metallochaperones at the ion release site, Cu+-ATPases
stay open to the extracellular side for a longer time. On the other hand, it is
unclear why this would result in the E2.Pi state being opened, rather than the
E2P state being protracted. Perhaps a more likely explanation is that the
peculiar configuration of the M-domain in the original E2.Pi structure could be
due to a crystal artifact. The fact that extensive crystal contacts are formed
between the M-domains in this structure lends credence to this notion (see
Supplementary Figure 12 in reference 46). Such an explanation would avoid the
unprecedented

consequence

of

violating

the

basic

Post-Albers

scheme,
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something not seen even in the closely related Zn2+-ATPases. Perhaps the best
way to resolve this issue would be to crystallize the E2.Pi state of LpCopA in a
different crystal form with an alternative molecule packing by slightly adjusting
the crystallization conditions, as has been done for the LpCopA E2P state in
Chapter 4.
Finally, no evidence has so far been found in favor of P1B-ATPases having
counterions. While attempts to perform proteoliposome studies on Cu+-ATPases
have so far been unsuccessful due to proteoliposome instability in the presence
of Cu+ (Drs. Gabriele Meloni and Daniel Mattle, personal communication),
currents generated by ATP7B64 and LpCopA (our EMBO Reports study) in a
charge transfer measurement setup were not dependent on pH, thereby making
protons unlikely candidates for counterions. Chapter 2 however proposes a
Grotthus-like unilateral proton exchange mechanism as a possibility in the TMMBS of Cu+-ATPases. Such a scheme may involve the Y688, N689 and S721 of
LpCopA, which in case of this protein have now been shown to not participate in
ion coordination. More extensive research has been done regarding this topic on
Zn2+-ATPases (Chapter 5), not least because the proteoliposomes were stable
under experimental conditions. Our results showed that countertransport K+,
Na+, Ca2+ and Mg2+ were not required for SsZntA activity, and no change in the
internal pH of the proteoliposomes was observed, thereby likely excluding
protons as counterions. Electron density for any alternative ions was also not
observed in the crystal structures. The SsZntA structure showed a fascinating
possible explanation for this lack of countertransport: the extremely conserved
K693 forms a salt bridge with the ion-coordinating D714 in the occluded E2.Pi
state (Chapter 5, Figure 3a), thereby potentially acting as a built-in counterion.
This notion is supported by the fact that the lysine-aspartate pair in Zn2+ATPases overlaps with the position of the arginine-aspartate pair of H+-ATPases
(Chapter 5, Figure 3c), in which the arginine acts as a built-in counterion
essential to prevent proton backflow via the aspartate45. The energetical
benefits of Cu+- and Zn2+-ATPases having no counterions, as well as the
applicability of this uniporter-type transport scheme to other P1B-ATPase
subgroups remain topics for further investigation.
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Practical applications of P1B‐ATPase research
Elucidating the structural and functional characteristics of heavy metal ATPases
is undoubtedly a very stimulating task in itself, yet one may ask what practical
applications this research can be expected to produce.
As mentioned in Chapter 1, Cu+-ATPases play an important role in pathogens
attempting post-ingestion macrophage survival. The virulence of multiple
disease-causing bacterial species has been shown to be severely attenuated
when their Cu+-ATPases are knocked out due to decreased survival rates in
phagolysosomes65-68. While this certainly makes pathogen Cu+-ATPases an
attractive drug target, anti-infectives targeting these proteins may interfere
with human Cu+-ATPases due to their high similarity (Chapter 3), thereby
causing Menkes and Wilson disease-like symptoms upon prolonged treatment.
Therefore the probability of such drugs being developed is quite low.
However, Cu+-ATPase inhibitors can be developed with a slightly different
purpose in mind. Coating or impregnating hospital room surfaces with copper
has been shown to be one of the most efficient ways of preventing the spread
of dangerous nosocomial infections69, and is much more practical to use than
other contactless forms of disinfection such as UV irradiation and hydrogen
peroxide vaporization because it does not require patients and healthcare
personnel to be evacuated from the treated area70. Silver is also used for the
same purpose71. Unfortunately, utilizing copper for antibacterial purposes leads
to propagation of plasmids72,73 where Cu+-ATPases74 are key components that
provide resistance to elevated concentrations of this metal. Therefore, adding
Cu+-ATPase inhibitors to coatings such as Surfacine® that use copper or silver
as their primary antimicrobial components71,75 could help prevent such
resistance from occurring in a hospital setting.
The structure of the LpCopA ion release pathway in Chapter 4 provides a useful
starting point for structure-based design of drugs targeting this favorably
located conduit from the extracellular side. A compound that would efficiently
block the ion release pathway (and thereby interrupt protein function) may be
expected to have an effect similar to the sterically hindering mutation A714T
(Chapter 4, Figure 4c). Also, the novel in vivo assay described in Chapter 4
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could prove to be a highly useful platform for testing the effect of potential
inhibitors on Cu+-ATPases from a diverse set of pathogens by monitoring the
survival rates of recombinant E. coli when subjected to copper stress in the
presence of the candidate compounds.
This thesis also provides information that could be of use to medical doctors
diagnosing Wilson disease. Chapter 3 attempts to compensate for the
autosomal nature of this disorder by highlighting mutations of ATP7B that have
been confirmed to be involved in a Wilson phenotype by at least two
independent studies (Chapter 3, Table 1). Unfortunately, the widely scattered
locations of disease-causing mutations on the surface of the protein (Chapter 3,
Figure 3b) leave no doubt that the underlying causes of ATP7B malfunction are
numerous and have no single solution. Fortunately, there are medical treatment
protocols for Wilson disease that are successful regardless76. On a related note,
recent studies77 show that gene therapy may provide an effective way to rescue
patients with the related Menkes disease, which currently results in death at an
early age.
Zn2+-ATPases do not cause diseases in humans and have not been linked to
virulence in the same way as Cu+-ATPases. However, their use in practical
applications is potentially much more extensive than is the case for their Cu+transporting counterparts. This is due to the fact that overexpression of Zn2+ATPases in plants causes metal hyperaccumulation when combined with
elevated synthesis of metallothionein-like compounds78. Such behavior is seen
e.g. in the closely related species of Arabidopsis thaliana and Thlaspi
caerulescens. Whereas the former can accumulate approximately 100-300 µg
Zn2+ and 0.1-10 µg Cd2+ per gram of dry aerial tissue, the latter boosts these
numbers to 40000 µg and 10000 µg, respectively79. Heavy metal accumulation
in above-ground tissues is considered to be a very useful property because of
its

applications

in

phytoextraction80,

a

technique

that

aims

to

use

hyperaccumulator plants for removal of dangerous contaminants from soil. This
eco-friendly and supposedly inexpensive practice may prove to be an invaluable
countermeasure to the increasing amount of heavy metal polluted areas
worldwide, a problem exemplified by disasters such as the Itai-Itai disease case
of mass cadmium poisoning. During phytoextraction, heavy metals are taken up
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from the soil by a plant’s root system and translocated to the above-ground
organs. The aerial biomass can then be efficiently harvested and burned using
techniques that allow sequestration of the heavy metal fraction81.
However, only few hyperaccumulators occur naturally for the abundant and
extremely toxic element cadmium, of which even fewer have a broad habitat,
and none of these provide a sufficiently high crop yield and turnover rate to
make their use feasible. A possible solution to this issue would be to take plant
species that fulfil the above listed criteria and recombinantly force them to
overexpress (Zn2+-ATPase) genes responsible for e.g. T. caerulescens cadmium
hyperaccumulation. If concurrent uptake of zinc is undesirable, protein
engineering (Chapter 5, Figure 2a) could be undertaken based on the available
Zn2+-ATPase structure to reduce the specificity towards this ion.
In a surprisingly similar scenario, but with an entirely different purpose, the
Zn2+-ATPase could be engineered to transport zinc, but not its toxic mimetics
lead and cadmium, to the aerial tissues of engineered hyperaccumulator food
crops. Such crops could help alleviate zinc deficiency, a condition that manifests
itself in suppressed immune response, growth abnormalities and impaired
reproductive function, and which is estimated to affect up to 20% of the world’s
population82.
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8. Conclusion and future perspectives

The work described in this thesis aims at improving our understanding of heavy
metal P1B-ATPases by focusing on the proteins LpCopA and SsZntA. These
represent Cu+- and Zn2+-ATPases, respectively, which taken together comprise
36% of all known P-type ATPases to date. The first structure of LpCopA in 2011
provided an invaluable initial insight into the three-dimensional architecture of
P1B-ATPases, fueling a multitude of new hypotheses on how these proteins
function. A detailed comparison of the first LpCopA structure to the very wellstudied Ca2+-ATPase SERCA was presented in Chapter 2, showing how Cu+ATPases have adapted the general P-type ATPase topology and Post-Albers
transport scheme to handle a very challenging cargo. Chapter 3 compared the
bacterial LpCopA to its two human homologues ATP7A and ATP7B, highlighting
the differences between the three and analyzing disease-causing mutations in
the human proteins. Chapter 4 presented the structure of LpCopA in a new
conformational

state.

Subsequent

analyses

using

crystallographic

data,

computer simulations, in vitro and in vivo assays showed that Cu+-ATPases use
an ion release pathway unlike anything seen before in the P-type ATPase
superfamily. Chapter 5 described the first two crystal structures of a Zn2+ATPase, SsZntA, which represents a major breakthrough in P1B-ATPase
research. These two structures and the characterization of SsZntA using a
broad range of techniques revealed an array of unique Zn2+-ATPase features
pertaining to ion uptake, binding, extrusion and countertransport. Finally,
Chapter 6 used the results described in the previous chapters to provide a
comprehensive comparison of Zn2+- and Cu+-ATPases, showing how molecular
differences between the two have allowed transport of distinct ion types in
context of the same P-type ATPase subclass.
Several topics deserve attention in future studies of P1B-ATPases. The function
of the N-terminal heavy metal binding domain and its exact mode of interaction
with the ATPase core remain enigmatic. Given that no electron density for the
HMBD was seen in any of the ion-free P1B-ATPase structures to date, it appears
likely that this domain interacts with the rest of the protein in one of the ionbound E1 states. Obtaining an E1 state structure of a heavy metal ATPase
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would therefore likely elucidate the function of the HMBD. A Cu+-ATPase E1
state structure would also settle the debate of whether the transmembrane ion
binding site of these proteins accommodates one or two copper ions and which
ligands it uses for this purpose. In case of a Zn2+-ATPase, an E1 state structure
would specify whether the zinc ion is coordinated in a bidentate fashion by the
TM-MBS aspartate, or whether a nearby glutamate also assists with ion
coordination. An interesting (and seemingly easy) experiment to perform on
LpCopA would be to re-crystallize the E2.Pi state in crystal form that uses a
different mode of packing, in order to determine whether the open ion pathway
seen in this state is a crystal artifact. This would allow assessment of the
universality of the current Post-Albers scheme describing the P-type ATPase
reaction cycle. Establishing a working proteoliposome-based assay for Cu+ATPases would also be extremely useful, as the currently used in vivo and
charge transfer measurement assays represent indirect (and hence less
informative) methods of characterizing these proteins. Finally, my personal wish
is to see heavy metal ATPase research allowing manipulation of these proteins
to solve real-world issues, be that preventing infection-caused deaths in
hospitals, cleaning soil from dangerous heavy metals, or solving global health
issues caused by poor micronutrient intake.
While the knowledge presented in this thesis contributes valuably to our
understanding of heavy metal ATPases, the field is still in its infancy and
provides the opportunity for many exciting new discoveries. This is an inspiring
realization, for the only things better than heights are heights that no one has
yet reached.
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