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across diverse biologicalmembrane systems.Manymembers of the P-type ATPase protein family, such as the
Na+,K+-, H+,K+-, Ca2+-, and H+-ATPases, are involved in the development of pathophysiological conditions or
provide critical function to pathogens. Therefore, they seem to be promising targets for future drugs and
novel antifungal agents and herbicides. Here, we review the current knowledge about P-type ATPase
inhibitors and their present use as tools in science, medicine, and biotechnology. Recent structural
information on a variety of P-type ATPase family members signifies that all P-type ATPases can be expected
to share a similar basic structure and a similar basic machinery of ion transport. The ion transport pathway
crossing the membrane lipid bilayer is constructed of two access channels leading from either side of the
membrane to the ion binding sites at a central cavity. The selective opening and closure of the access
channels allows vectorial access/release of ions from the binding sites. Recent structural information along
with new homology modeling of diverse P-type ATPases in complex with known ligands demonstrate that
the most proficient way for the development of efficient and selective drugs is to target their ion transport
pathway.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Membrane proteins are in general regarded as extremely potent
drug targets due to their role as transporters and mediators in the
interaction of the cell with the surrounding environment, between
cells, and between cellular compartments. This role, and their highly
exposed position in the cell, renders them of utmost importance in
cellular physiology. P-type ATPases form a superfamily of cation
transporters of various biological membranes. These enzymes are
found in all kingdoms of life and pump specific ions through the
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lipid bilayer at the expense of one ATP molecule per cycle [1–6].
Thus, P-type ATPases maintain steep electrochemical gradients and
cell homeostasis [1–6]. Sequence motifs define five subfamilies, P1
through P5-type ATPases, with further subclassifications A, B, C, and
D. These classifications also correlate with specific transport
activities. P2B pumps for example include the sarco(endo)plasmic
reticulum Ca2+-ATPases.

Maintenance of the proper gradients for essential ions across
cellular membranes makes P-type ATPases crucial for cell survival.
Indeed, Ca2+, Na+, K+, and H+ gradients control numerous secondary
transport processes and impose a stringent regulation on diverse
signaling pathways. Because of their pivotal role, these pumps have
been linked to disorders displaying various degrees of severity. The
Menkes and Wilson diseases arise from mutations in copper-
transporting P1B-type ATPases [7]. Neurodegenerative disorders are
related to mutations in brain Na+,K+-ATPase, such as the migraine
subtype familial hemiplegic migraine type 2 [8] and the movement
disorder familial rapid-onset dystonia parkinsonism [9]. Aggravated
parkinsonism is also linked to mutations within the lysosomal
ATP13A2, a neuronal P5-type ATPase [10]. Mutations in sarcoplasmic
reticulum Ca2+-ATPases (SERCA) isoforms can cause recessive Brody
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myopathy (SERCA 1) or Darier disease (SERCA 2) [11]. Abnormal cell
proliferation resulting in malignant tumors can also be induced by a
dysfunction of different pumps [12,13] and impairment of SERCA
function has been linked to apoptotic events which are triggered by a
rise in cytoplasmic calcium concentration [14]. P-type ATPases
therefore appear as attractive drug targets in a broad range of
pathologies and pharmacological settings. In this context, the cardiac
Na+,K+-ATPase and the gastric H+,K+-ATPase already have a long
history of therapeutic application. Inhibition of the Na+,K+-ATPase by
cardiotonic steroids is used in the medical treatment of congestive
heart failure [15], whereas inhibition of the gastric H+,K+-ATPase is
part of the treatment of dyspeptic conditions [16]. Other members of
the family are considered as prominent targets for future drug
development. For instance, the inhibition of the human Ca2+-ATPases
by thapsigargin-derived prodrugs has been described as a promising
tool in prostate cancer therapy [17] and fungal H+-ATPases are
regarded as potential targets for the development of novel antifungal
medication and fungicides [18].

An abundant literature is available to describe the mode of action of
each class of inhibitors on their respective target. However, a more
global approach may be required if one aims at expanding the list of
inhibitors to target new categories of pumps. A thorough analysis of the
general mechanisms governing pump inhibition would therefore be
particularly useful to define common principles applicable to the
selection and design of second generation and newclasses of inhibitors.

In the last couple of years, structural information on diverse P-type
ATPases has emerged with an increasing pace. Crystal structures are
now available for the Ca2+-ATPase in nearly all conformations relating
to the functional cycle [19–24] or as complexeswith inhibitors [27–29],
and the first structures of the Na+,K+-ATPase and the H+-ATPase have
Fig. 1. Post-Albers scheme of the transport cycle for P-type ATPases. Following this scheme, a
the cell, respectively. The two states represented in boxes correspond to the two cation occ
dashed state corresponds to an occluded state for the Na+,K+-ATPase. Structures of SERCA
general. Inhibitors that are known to target individual forms are indicated for each state (SE
green; inhibitors common to the three pumps in light purple).
been determined [25,26]. Most importantly, these structure deter-
minations and insight on conformational changes together with a
wealth of biochemical data have brought valuable information on
how to address the future development of efficient and selective
inhibitors leading theway to newdrugs. In this context, and in light of
the new structures available, the purpose of this review is to compare
the mode of action of different classes of inhibitors and to draw
general conclusions on how pumps are targeted and inhibited.
Finally, perspectives in the application of these general principles to
the design of new inhibitors – in particular for pumps with no
selective inhibitors knownyet such as the fungal H+-ATPases –will be
discussed.

2. General description of P-type ATPases

A hallmark of all P-type ATPases is the formation of a covalent
aspartyl-phosphate intermediate by autophosphorylation of the
pump catalytic subunit on a conserved aspartic residue — a
mechanism which distinguishes them from other ATPases such as F-
or V-type ATPases [2–4]. Many of the P-type ATPases perform two-
way transport, such as the Na+,K+-ATPase and the Ca2+-ATPase (in fact
Ca2+,H+-ATPase). The reaction cycle is traditionally described by the
Post-Albers scheme (Fig. 1) in which the pump oscillates between two
functional states, E1 and E2, related to the direction of the ion
transport, i.e. from the cytosol and into the lumenal/extracellular
environment, and counter-transport into the cytosol, respectively
[5,6]. The ion translocation proceeds through a Ping-Pongmechanism,
cation species being sequentially transferred in opposite directions
across the membrane. The opening and closure of the access channels
are tightly coupled to conformational changes within the cytoplasmic
ions of species X and b ions of species Y are transported out of and into the cytoplasm of
luded states where the access pathways to both sides of the membrane are closed. The
in the (Ca2)E1P [21], E2P [24] and E2 [78] states are included, representing pumps in
RCA inhibitors in red; Na+,K+-ATPase inhibitors in dark blue; H+,K+-ATPase inhibitors in
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domains induced by ATP binding, phosphorylation, subsequent
dephosphorylation, and phosphate release from the enzyme. Conse-
quently, ions are successively taken up at ion binding sites from one
side of the lipid bilayer, occluded within the transmembrane domain,
and then released on the other side of the membrane, in exchange for
the second ion species [2–6].

Of the P-type ATPase family, some members have been character-
ized more extensively. The Na+,K+-ATPase, originally discovered in
1957 [30], was the first one to be identified. This house-keeping
enzyme, found in various isoforms and in all animal cells, maintains
proper K+ and Na+ concentrations in the cells. The gradients are vital
for the processes of cell excitability and volume regulation and serve
as a driving force for the secondary transport of ions, sugars, and
amino acids [31,32]. The gastric H+,K+-ATPase is localized in the
plasma membrane of the parietal cells of the gastric mucosa. It is
responsible for the last step of acid secretion by actively exporting
protons into the stomach lumen along with Cl− anions extruded from
conductance channels to form the gastric juice [33]. The Ca2+-ATPase
from sarco(endo)plasmic reticulum (SERCA) is an important regulator
of intracellular calcium concentration. It enables muscle contraction/
relaxation and exerts a general tight control on calcium signaling
pathways whose abnormal regulation can lead to severe pathologies
[34]. Finally, H+-ATPases are responsible for the establishment and
maintenance of the electrochemical gradient across fungal and plant
plasma membranes, and thus play a vital role for secondary active
transport in these organisms, such as the up-take of nutrients [35].
Though serving distinct cellular functions, all these enzymes share a
high degree of resemblance, the Na+,K+-ATPase and the gastric H+,K+-
ATPase being close relatives with a sequence identity of 62% [36].

A huge step in the understanding of the intricate mechanisms
behind ion pumping was made when the first atomic structures of the
sarco(endo)plasmic reticulum Ca2+-ATPase from rabbit skeletal mus-
cle were determined [19–21]. These structures revealed the general
architecture of the catalytic subunit of P-type ATPases which
encompasses three cytoplasmic domains — the A (actuator), P
(phosphorylation), and N (nucleotide binding) domains — and a
transmembrane segment of 10 helices (TM1 to TM10) bearing the two
embedded Ca2+ binding sites. At present, nearly all of the functional
states of the SERCA pump (E1·ATP, E1P, E2P, E2·Pi, E2) have been
structurally characterized [19–24] (Fig. 1). More recently, two other
members of the P-type ATPase family have been structurally
described: the pig renal Na+,K+-ATPase in the [Rb2]E2·MgF42− occluded
state, representing the [K2]E2·Pi form [25], and the Arabidopsis
thalianaH+-ATPase in an E1·AMPPCP partially occluded state, probably
representing the protonated E1·ATP state [26]. These structures
enabled a direct comparison between three members of the P-type
ATPase family and shed new light on the general mechanism of cation
transport as well as the specific properties of each transporter. Indeed,
the H+-ATPase belongs to the subgroup III and displays an auto-
inhibitory mechanism provided by an extended C-terminal regulatory
(R) domain [35] while the Na+,K+-ATPase is one of the few oligomeric
P-type ATPases and performs an electrogenic transport reaction with
an additional Na+ site in the cation binding pocket [37]. These new
structures constitute a valuable source of information for the design of
inhibitors targeting specific P-type ATPases.

3. Pumps as drug targets

Historically the discovery of drugs for the treatment of diseases has
been based on trial and error principles. A vast number of plant,
animal or mineral products were applied to prevent, diagnose, and
cure illness. Some of them are still used by millions of people and a
few of those ancient drugs are nowadays shown to be inhibitors of the
ion transport systems, pumps included. In the past few decades, the
critical role of P-type ATPases in the regulation of cellular metabolism
attracted special attention to the design of new, highly specific
inhibitors of these proteins. To date, several inhibitory compounds and
families have been characterized for P-type ATPases. Table 1 presents
a list of the most important known inhibitors for the Ca2+-, H+,K+-,
and Na+,K+-ATPases. These molecules display various degrees of
potency and selectivity towards their cellular target. Thapsigargin,
for example, is a highly specific inhibitor of SERCA Ca2+-ATPase with
an IC50 in the subnanomolar range [38]. On the other hand, Br2-TITU
has a lower potency and binds to both the Ca2+-ATPase and the Na+,
K+-ATPase [39]. Some compounds can also target other cellular
proteins, such as celecoxib, a non-steroidal anti-inflammatory agent
originally identified as a blocker of the cyclo-oxygenase-2 [40]. The
principles of inhibition are quite well understood for the best
characterized inhibitors, in particular for SERCA inhibitors thapsigargin
(TG), cyclopiazonic acid (CPA), and 2,5-di-(t-butyl)-dihydroxybenzene
(BHQ). Indeed, their binding sites on SERCA have been structurally
determined [19–24,27–29]. The detailed mode of action of these
compounds will be described later in this review. However, the precise
blocking mechanism of many of the listed compounds remains elusive.
More biochemical and structural data are needed to acknowledge them
as inhibitors of potential therapeutic value.

3.1. Na+,K+-ATPase inhibitors: keeping the heart beat

Cardiac glycosides, also called cardiotonic steroids (CTS), are well-
known inhibitors of the Na+,K+-ATPase — their only pharmacological
receptor identified so far. They consist of a steroid core with a lactone
moiety (five-membered, cardenolides, or six-membered, bufadieno-
lides) attached at position 17 and sugars of different nature and length
at position 3 [41] (see ouabain as an example in Fig. 3C). They are
naturally found in many plants — the common foxglove (Digitalis
purpurea) is, for example, a source of digoxin [42]. Bufadienolides are
also secreted as toxins by a few animals including several species of
toads (Bufo marinus), snakes (Rhabdophis tigrinus), and fireflies
(Photinus species) [43]. The use of CTS in the treatment of cardiac
insufficiency was first introduced by William Withering in 1785 [44],
though some texts suggest that ancient Egyptians were aware of the
curative properties of bufadienolide-containing plants such as squill
and used them to treat heart diseases [45]. The generally accepted
explanation for the positive effect of CTS on the patients heart (the so-
called sodium pump lag hypothesis) suggests the following sequence
of events: Inhibition of the Na+,K+-ATPase by CTS binding to its
extracellular side provokes, at least locally, a raise in intracellular Na+

concentration. As a result, the secondary active transport of Ca2+ out of
the cell is slowed down and contractility of the cardiac muscle is
increased (positive inotropic effect) [46]. This picture became more
complicated a few decades ago when endogenous compounds
exhibiting the same biological activity as exogenous CTS were
identified in mammals [47]. So far, five different endogenous CTS
have been chemically characterized and a more complex nature of
their physiological function in mammals slowly emerges [48]. Indeed,
it has recently been postulated that the Na+,K+-ATPase forms a
compartment-specific receptor complex with the tyrosine kinase Src
which, upon its activation induced by binding of CTS to the pump,
initiates a cascade of phosphorylation events within the cell that
regulate downstream effectors. This signaling pathway does not imply
changes in the intracellular Na+ concentration [49]. Therefore, even at
concentrations far below those used in CTS medication, endogenous
compounds can exert an effect on cell physiology and lead to a large
spectrum of cellular responses including gene activation, motility,
cell–cell contact, cell proliferation or apoptosis [48]. This new role of
the Na+,K+-ATPase as a signal transducer has opened new perspectives
for the development of anti-cancer drugs derived from CTS, notably
for the treatment of breast cancer [13].

In addition to CTS, the pharmacological effects of several other
compounds have been related to their interaction with the Na+,K+-
ATPase. The antipsychotic drug chlorpromazine and the anti-malarial



Table 1
List of known inhibitors of therapeutic interest for the Ca2+-, Na+,K+-, H+,K+-, and H+-ATPases

Class of inhibitor Compounds Type and origin Therapeutical applications

SERCA inhibitors
Thapsigargin and
derivatives [38,84]

Thapsigargin (TG), Boc12-ADT Sesquiterpene lactones from the plant
Thapsia garganica

Prodrugs for prostate cancer therapy

2,5-di-(t-butyl)-
dihydroxybenzene [27]

BHQ Synthetic compound Anti-oxidant agent

Cyclopiazonic acid [28,29,127] CPA Mycotoxin originally isolated from
Penicillium and Aspergillus species

Estrogenic alkylphenols
[71,73,88]

Bisphenol A, Diethylstilbestrol (DES), Tetrabromobisphenol
A (TBBPA), Nonylphenol, Octylphenol, 3,5-dibutyl-4-
hydroxytoluene (BHT)

Estrogenic alkylphenols Toxic effect on testis development

Bisphenol A: plasticizing agent
DES: Artificial estrogen DES: Therapeutic agent to treat different

gynecological problems and growth
promotant factor in livestock

TBBPA: Brominated Flame Retardant
Paxilline [128] Paxilline Alkaloid mycotoxin from P. paxilli Tremorgenic effect
Macrocyclic lactones [70] Ivremectin, Cyclosporin A, Rapamycin Macrocyclic lactones Immunosuppressant agent, antihelminthic

agent (Ivermectin)
Curcuminoids [74] Curcumin Component of the Indian curry spice

turmeric
Antitumoral, antioxidant, antiarthritic, anti-
amyloid and anti-inflammatory agents

Aromatic isothiouronium
derivatives [39]

Br2-TITU

2-aminoethoxy-diphenyl
borate [86]

2-APB

Clotrimazole [129] Clotrimazole Antifungal Antimycotic agent
Celecoxib [71] Celecoxib Non-steroidal drug (Celebrex®) Anti-inflammatory drug used in the

treatment of arthritis and acute pain
Chlorpromazine [50] Chlorpromazine (CPZ) Phototoxic antipsychotic drug
Chloroquine [50] Chloroquine (CLQ) Anti-malarial drug
Xestospongin C [87] Xestospongin C Marine alkaloid from the Okinawan

sponge Xestospongia Sp. I
Organo-chlorine pesticides
[130]

Chlordecone, Toxaphene Organo-chlorine pesticides Pesticide

Artemisinin and derivatives
[75]

Artemisinin Sesquiterpene lactones from sweet
wormwood (Artemisia annua)

Anti-malarial drug

Halothane [131] Halothane Volatile anesthetic
Melittin [132] Melittin Amphipathic peptide from bee venom

Na,K-ATPase inhibitors
Cardiotonic Steroids [41,48] Ouabain, Digoxin, Digitoxin, Digoxigenin, Bufalin,

Bufagenin, Strophanthidin, Proscillaridin A
Cardiotonic Steroids Treatment of congestive heart failure and

cardiac arrhythmia
Coumestans [133] PCALC36 Wedelolactone from Eclipta prostrata
Palytoxin [58] Palytoxin (PTX) Marine toxin from Palythoa polyps Tumor promoter
Aromatic isothiouronium
derivatives [55]

Br-TITU, Br2-TITU Aromatic isothiouronium derivatives

Guanidium derivatives [55] pXBG, mXBG Guanidium derivatives
Tetrapropylammonium [56] TPA
Amines [54,57] Ethylenediamine, Bretylium Alkyl or aryl, secondary, tertiary and

quaternary amines
Class III antiarrhythmic drug (Bretylium)

Oligomycin [134] Oligomycin Macrolides from Streptomyces Antibiotic
Chlorpromazine [50] Chlorpromazine (CPZ) Phototoxic antipsychotic drug
Chloroquine [50] Chloroquine (CLQ) Anti-malarial drug
Procaine, Tetracaine and
Dibucaine [51]

Procaine, Tetracaine, Dibucaine Amino-esters Local anesthetics

Gramidicin A [52] Gramidicin A Antibiotic
Melittin [135] Melittin Amphipathic peptide from bee venom

Gastric H,K-ATPase inhibitors
PPIs (Proton Pump Inhibitors)
[59,60]

Omeprazole, Tenatoprazole, CMN 131, Lansoprazole,
Timoprazole, Rabeprazole, Pantoprazole,
Esomeprazole, …

Synthetic compounds Anti-ulcer (duodenal and gastric) agents

PCABs (Potassium-competitive
acid pump antagonists,
formerly APA) [59–62]

SCH28080, BYK 99, Imidazopyridines, YH1885,
MDPQ 2,4-Diaminoquinazoline, soraprazan

Synthetic compounds Anti-ulcer agents

Diterpenoids [63] Scopadulcic Acid B (SA-B), Diacetyl Scopadol (DAS) From the Paraguayan traditional
medicinal herb Scoparia dulcis

Antiviral agent

Cibenzoline [64] Cibenzoline Class I antiarrhythmic agent
Prodigiosins [65] Prodigiosins Antibiotic red pigments produced by

microorganisms including
Streptomyces and Serratia

Antibiotic

Melittin [136] Melittin Amphipathic peptide from bee venom

H-ATPase inhibitors
NEM [137] NEM
Dio-9 [138] Dio-9 Antibiotic
Ebselen [120] Ebselen
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agent chloroquine were shown to inhibit different transport ATPases,
including Ca2+- and Na+,K+-ATPases [50]. Local anesthetics (procaine,
tetracaine, dubucaine) are also affecting the Na+,K+-ATPase pump
activity in a cation-dependentmanner [51]. The antibiotic gramicidin
A, known to form a membrane-spanning channel that selectively
transports monovalent ions such as Na+ and K+ through the lipid
bilayer, has recently been described as a mixed-type inhibitor of the
Na+,K+-ATPase [52]. The antibiotic oligomycin has also been shown to
stabilize E1-occluded states of the pump [53]. The fact that either
these inhibitors are known to interact with other proteins or their
inhibitory effects are observed at high concentrations makes them
however irrelevant from a practical point of view.

Cationic compounds including isothiouronium and guanidinium
derivatives, and different types of amines are also known to block the
Na+,K+-ATPase [54–56]. In particular bretylium, an antiarrhythmic
drug used to treat ventricular tachycardia and fibrillation, is acting as a
K+-antagonist on the Na+,K+-ATPase [57]. Finally, palytoxin constitutes
a unique type of inhibitor of the Na+,K+-ATPase. This marine toxin
produced by coral polyps binds to the extracellular side of the ATPase
and transforms the pump into an ion channel. The fact that palytoxin,
being a specific inhibitor of the Na+,K+-ATPase, at the same time acts as
a skin tumor promoter, suggests (as in the case of ouabain)
involvement of the ATPase in the process of signal transduction [58].

3.2. Gastric H+,K+-ATPase inhibitors: controlling acid secretion

Gastric diseases are generally not life-threatening but can be quite
painful. The two major pathological disorders associated with
acidification of the digestive tract are peptic ulcers, which in 80% of
the cases are caused by Helicobacter pylori infection of the stomach,
and gastroesophageal reflux disease (GERD). Since the export of
protons into the stomach lumen by the H+,K+-ATPase constitutes the
last step of acid secretion, inhibition of this gastric pump has now
supplanted all other therapeutic strategies in the treatment of gastric
complications, including the targeting of histamine H2 receptors [59].

The first generation of H+,K+-ATPase inhibitors, simply called the
Proton Pump Inhibitors (PPIs), was introduced in the 1970s when
derivatives of a compound termed CMN 131 were shown to have
antisecretory activity. Further development of these compounds led to
the synthesis of omeprazole, first commercialized in the late 1980s,
and being now the most commonly used drug to treat peptic ulcers
and GERD [60]. The binding of these benzimidazole derivatives to the
extracellular side of the H+,K+-ATPase is irreversible and requires the
acidification of the surrounding environment by active H+-transport to
be activated. Indeed, PPIs must be converted into an active form by
gastric acid before they can react with the cysteines located on the
lumenal surface of the pump. Because of this activating mechanism,
there is a lag time in the cellular response to PPI absorption and the
pain relief is consequently delayed. For this reason, new types of
inhibitors which would be fast-acting and acid-independent have
been sought. In the 1980s, the imidazopyridine SCH28080 was found
to display the same antisecretory properties as PPIs even at higher pH
values [61]. Several tertiary amines derived from SCH28080 were
subsequently synthesized to gain in activity and bypass the side
effects observed with this first compound. A new class of inhibitors
was born: the Potassium-Competitive Acid Blockers (PCABs). PCABs
act as K+ antagonists on the H+,K+-ATPase and their binding to the
pump from the lumenal side of the membrane is reversible. PCABs act
faster than PPIs as they do not require any activation. However,
because of their non-covalent binding to the H+,K+-ATPase, higher
doses are needed to produce an effect comparable to what is observed
with PPIs [59,60]. Nevertheless, if PCABs succeed in fulfilling the
requirements of clinical trials, they could constitute a new promising
class of pharmacological agents to treat gastric diseases. The last PCAB
to date, soraprazan, has already proved to be superior to PPIs in terms
of onset of action and complete control of acid secretion [62].
Other inhibitors of the gastric H+,K+-ATPase include scopadulcic
acid B and its derivatives, which are antiviral agents against herpes
simplex virus type 1, and cibenzoline, a class I antiarrhytmic drug
[63,64]. Finally, prodigiosins are potent inhibitors of acid secretion and
they inhibit several types of proton-transporting pumps, including the
H+,K+-ATPase, through a chloride-dependent uncoupling mechanism
[65]. These antibiotics have also been shown to inhibit H. pylori
growth and could therefore constitute promising agents in the
treatment of gastroesophageal diseases.

3.3. SERCA inhibitors: controlling intracellular calcium concentration

In contrary to the Na+,K+- and the H+,K+-ATPases, no large family
of inhibitors has been defined for SERCA. However, several
compounds and derivatives of high potency and selectivity have
been identified including thapsigargin, cyclopiazonic acid, and 2,5-di-
(t-butyl)-dihydroxybenzene. Thapsigargin is the most potent inhi-
bitor of SERCA described so far [38]. The natural product was
originally extracted from the plant Thapsia garganica which has been
used in Arabian medicine for more than 2000 years [66]. Several
studies demonstrated that thapsigargin can induce apoptosis in
different types of cancer cells [67,68]. Later it was shown that
programmed cell death is a direct consequence of an increase of the
intracellular calcium concentration due to the blocking of the SR/ER
Ca2+-ATPase. The steps following Ca2+-ATPase shut down by
thapsigargin have been further characterized by several groups (see
[17] for a review). First, a primary elevation of intracellular calcium
concentration is observed as a result of Ca2+ leakage by passive
diffusion from the ER stores. This primary raise stimulates the
translocation of several proteins to the plasma membrane, among
them the IP3R receptor and the annexin-V complex. This allows
increased influx of calcium into the cytoplasm and leads to a second
elevation of the intracellular calcium that eventually activates
apoptotic factors and finally engages the cell death machinery [17].
Because thapsigargin will target all sarcoplasmic reticulum Ca2+-
ATPase pumps regardless of the cell type, its cytoxicity is too high to
consider it as a general antitumoral agent. However, a derivative that
selectively targets cancer cells would constitute a promising alter-
native to existing antitumoral drugs (such as paclitaxel, docetaxel,
doxorubicin), in particular for certain types of cancers which are
resistant to current therapies. Prostate cancer cells, contrary to most
cancer cells, are slowly growing and therefore hard to target by
conventional chemotherapy. Treatment of this type of cancer is a
typical example where synthesis of new drugs would be beneficial.
The use of thapsigargin derivatives was therefore introduced as a
potential therapeutic tool to induce death of metastatic cells [17].
This new approach is based on the synthesis of inactive prodrugs
which contain a thapsigargin molecule coupled to a small peptide
carrier. Activation of the thapsigargin molecule requires the cleavage
of the peptide moiety by specific proteases. Therefore, one can
synthesize a tissue-specific drug by selecting a peptide which will
only be recognized by proteases of this cell type. Prostate cancer cells
produce such a specific protease and secrete it into the extracellular
fluid. A thapsigargin-derived prodrug being a substrate for the
protease should consequently be cleaved in the vicinity of the
malignant cells. Complete validation of this strategy is still needed,
but it seems clear that more efforts will be put in this direction in the
future and this appealing approach could be extended to other
inhibitors of the Ca2+-ATPase [17].

Indeed, other inhibitors of SERCA have been proposed to have
therapeutic properties. Cyclopiazonic acid may have a cardioprotec-
tive action on myocardial ischemia [69]. How CPA inhibition of SERCA
could attenuate damages caused by oxygen deprivation is not fully
understood. But it is clear that modulation of the pump activity is
affecting the relaxing/contractile cycle of the heart muscle through
calcium flux regulation.
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A number of molecules used as therapeutic agents have also been
shown to inhibit SERCA to different degrees. The list includes
macrocyclin lactones such as cyclosporin A or rapamycin, which are
used as immunosuppressant agents, the anti-inflammatory drug
celecoxib, the antihelminthic agent ivermectin, the artificial estrogen
diethylstilbestrol, and curcumin derivatives [70–74]. Whether their
inhibition of the Ca2+-ATPase is part of their therapeutic response or is
just a secondary effect is however still unclear.

Finally, it was proposed that artemisinins (the most important
class of antimalarial drugs used today, which are sesquiterpene
lactones isolated from sweet wormwood Artemisia annua), could
inhibit the SERCA orthologue PfATP6 of Plasmodium falciparum, the
parasite causingmalaria [75]. Surprisingly, although these compounds
structurally resemble thapsigargin, they seem to have no effect on
mammalian SERCA pumps. It has been postulated that a single residue
in transmembrane helix TM3 near the thapsigargin pocket is
governing the selectivity of the pump for artemisinins [76]. Artemi-
sinins mode of action is however still controversial and some studies
suggested that they could act by haem-dependent activation of an
endoperoxide bridge occurring within the parasite's food vacuole
rather than by inhibition of PfATP6 [77].

4. The molecular mechanisms behind pump inhibition

Biochemical and structural studies on P-type ATPases inhibition
have so far been centred on a limited set of inhibitors with the highest
affinity and the most immediate pharmacological interest. Intensive
mutagenesis studies have enabled to define more precisely the
binding pockets of several families of inhibitors, including the CTS
binding site on the extracellular side of the Na+,K+-ATPase and the PPI
and PCAB binding sites on the lumenal side of the H+,K+-ATPase. In the
case of SERCA, several crystallographic structures of the enzyme–
inhibitor complexes are now available and have enabled a precise
description of the mechanism by which these compounds affect the
enzyme's function. The new structures together have opened up for
Fig. 2. Visualization of the TG, CPA, BHQ and Boc12-ADT binding sites on SERCA. (A) General v
the E2·AlF4−–TG complex [22] (SERCA backbone and TGmolecule in blue), the E2·MgF42−-CPA c
(SERCA backbone and BHQ molecule in red) have been superimposed in O [140]. The gati
(represented in orange) is derived from the (Ca2)E1·AMPPCP state [21]whose transmembrane
(B) Binding pocket of CPA within the E2·MgF42−-CPA complex [29]. (C) Binding pocket of B
complex [22]. The three most important residues for TG binding (Phe256, Ile765 and Tyr837)
possibilities of molecular modeling of inhibitor binding and for further
rational drug design attempts.

4.1. SERCA inhibitors: blocking the cytoplasmic pathway

In the absence of calcium, the detergent solubilized Ca2+-ATPase
enzyme from SR membranes is quite unstable and starts denaturing
rapidly [20]. Therefore, the E2 state of the pump has been a poor target
for crystallographic studies and attempts made so far to trap this
conformational state have largely failed although poorly diffracting
crystals have been reported [78]. However, it was shown that
inhibitors of SERCA favor an E2 conformation of the pump. They
were consequently used to stabilize this state and several E2 structures
of SERCA have been obtained in the presence of TG, CPA, BHQ, or
different combinations of these three inhibitors [20,22,23,27–29].

TG, CPA and BHQ all affect the Ca2+-ATPase pump cycle in a similar
way. They bind to the ATPase in a calcium-free state (referred to as E2–
P transition state, E2·Pi or E2) and act as Ca2+-antagonists on the
enzyme, preventing the binding of calcium ions from the cytoplasmic
side by blocking the pump in a conformational state which has very
low affinity for calcium [79–81]. Due to these similarities in their
mode of action, these compounds were thought to share a common
mechanism of inhibition and consequently a common binding site on
the pump. However, structures of SERCA obtained in the presence of
these inhibitors revealed two distinct binding pockets, one pocket for
TG and one pocket for CPA and BHQ [27–29] (Fig. 2A). Moreover, both
binding pockets can be occupied by inhibitors at the same time
without affecting the respective affinities for each compound and this
concomitant binding has even proved to further stabilize the E2 state
in crystallization experiments [27–28].

Several functional states have been crystallized in the presence of
these three inhibitors. Individual complexesof theCa2+-ATPasewithCPA,
BHQ, and TG have been obtained both in the E2·Pi (E2·MgF42−) and E2
states [20,23,27–29], and in the case of TG, the complex has also been
described in the E2·AlF4− state [22]mimicking the E2–P transition state of
iew of the inhibitors position in the transmembrane domain of SERCA. The structures of
omplex [29] (SERCA backbone and CPAmolecule in green) and the E2–BHQ complex [27]
ng residue Glu309 is shown in cyan as a stick representation. The cation binding site
regionhas been superimposed to the transmembrane region of the 3 other E2 structures.
HQ within the E2-BHQ complex [27]. (D) Binding pocket of TG within the E2·AlF4−–TG
are shown in red. (E) Binding pocket of Boc12-ADT within the E2·AlF4−–TG complex [84].
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thedephosphorylation reaction.Nomajordifferences are observed in the
positioning of each inhibitorwithin the so-far crystallized states, andwe
will for this reason mainly refer to only one state for each inhibitor.
Fig. 2A shows a general view of the binding sites of TG, CPA, and BHQ on
theCa2+-ATPasemolecule in the calcium-freeE2 (CPA [29] andBHQ[27])
or E2–P (TG) state [22]. The twodistinct cavities are clearly visible on the
structure. The TG binding cavity lies between transmembrane helices
TM3, TM4, TM5, and TM7, whereas the CPA/BHQ binding cavity
is formed by TM1, TM2, TM3, and TM4. CPA and BHQ binding sites
are only partially overlapping and the two molecules make specific
and distinct interactions with the surrounding residues [27–29].
Two different orientations of the CPA molecule have been described
within the binding pocket, one with the tetramic acid buried in a
hydrophobic pocket [28] and another with the tetramic acid facing the
surface [29] — clearly a matter of diverging interpretations of the same
structure that needs to be resolved. Still, the global occupancy of the
cavity remains the same and the overall conformation of the protein is
not affected within the two models. Therefore the conclusions
concerning the mechanism of inhibition that can be drawn from both
models have remained the same, although at least in one case they have
been based on incorrect arguments.

Fig. 2B and C shows a close-up view of the binding pockets for both
CPA and BHQ at the cytoplasmic cation access channel. In the
background, the cation binding sites from the (Ca2)E1·AMPPCP state
[21] are indicated in orange. Both inhibitors are clearly bound right in
the middle of the putative entry pathway for cytoplasmic calcium and
stabilize the E2 conformation of the transmembrane domain. Their
interactions with the surrounding residues also help pushing TM1 and
TM2 towards TM4, therefore slightly closing the access channel.
Moreover, the proposed gating residue Glu309 (shown in cyan in
FIG. 2) is blocked by the inhibitory molecule. Both CPA and BHQ are
located at sites close to TM4 and prevent the Glu309 side chain from
extending towards the entrance channel. The Glu309 residue can
therefore no longer act as a gating residue [27–29,82]. Thus, in short:
structures clearly show that the inhibitory effect of both CPA and BHQ
is based on the obstruction of the cytoplasmic access channel, which
consequently prevents calcium binding and the E2 to E1 transition.

While CPA and BHQ create a physical hindrance on the way of Ca2+

ions, TG has a distinct binding site (Fig. 2D) and therefore a unique
mode of inhibition. Its position in a cleft between TM3, TM5, and TM7
does not interfere directly with the cation access pathway. Rather, TG
immobilizes TM3, TM5, and TM7 in positions that are incompatible
with calcium binding. Indeed, mutagenesis studies have shown that
the main residues involved in TG binding are Phe256 (TM3), Ile765
(TM5), and Tyr837 (TM7) (Fig. 2D) [83]. These residues, and in
particular Phe256, undergo a large shift within the structure during
the E2 to (Ca2)E1 transition, due to the repositioning of the
transmembrane helices to accommodate the two calcium ions
[21,83]. Such a large movement is incompatible with the presence
of TG and the TG-bound protein is consequently trapped in a dead-
end complex which is almost irreversible due to the very high affinity
binding of TG to the enzyme. Therefore, TG acts through a unique
mechanism on the Ca2+-ATPase by trapping it in a conformation that
prevents calcium re-entry without physically blocking the access
pathway.

In the search for TG analogs applicable in prostate cancer therapy,
several molecules were synthesized and tested for their ability to
inhibit SERCA [84]. In particular, a 12-Boc-aminododecaonoyl deriva-
tive (Boc12-ADT) was synthesized and co-crystallized with SERCA
[84]. Fig. 2E shows its position on the Ca2+-ATPase. The TGmain core of
the compound occupies the exact same pocket as the TG molecule
alone whereas the long 12-Boc-aminododecaonoyl tail extends right
through the protein and ends up at the cavity where CPA and BHQ
binding sites are located. This compound displays the same potency as
TG, probably because the network of interactions within the CPA/BHQ
cavity is not sufficient to make new stabilizing contacts. It would seem
possible to conjugate both modes of inhibition within a single
molecule to strengthen the inhibitory effect.

All three compounds (CPA, BHQ, and TG) have also been shown
to block the opening of the lumenal gate, hereby preventing the
reaction cycle from going backwards. Thus, even though they are
positioned deep within the membrane and near the cytoplasmic
access channel, these inhibitors also influence the lumenal exit
pathway [85].

It is not known if other inhibitors of SERCA act according to one of
the mechanisms described above. Nevertheless, several compounds
have been shown to stabilize E2 states and act as Ca2+-antagonists on
the Ca2+-ATPase (Fig. 1). 2-aminoethoxydiphenyl borate (2-APB),
which inhibits SERCA with an IC50 of 720±45 μM, binds to the pump
in a Ca-competitive manner, reducing the affinity of the pump for
calcium by more than 20-fold [86]. It has been proposed that this
inhibitor could act in a way similar to TG and modeling studies have
identified the TG binding pocket as a putative site for 2-ABP
interaction with SERCA [84]. Xestospongin C, a SERCA inhibitor at
the vertebrate synapse, has been shown to compete with TG for the
binding to SERCA, suggesting that they could share a partially
overlapping binding site [87]. Finally, tetrabromobisphenol A, a potent
inhibitor of SERCA, yet used as a brominated flame retardant, also
favours an E2 state of the enzyme and reduces its affinity for calcium.
Competition experiments have suggested that it could share a
common binding site with BHQ [88].

4.2. Na+,K+-ATPase and cardiotonic steroid inhibitors: blocking the
extracellular pathway

Cardiotonic inhibitors (CTS) interact with the extracellular part of
the Na+,K+-ATPase. Despite their long tradition of use in cardiology,
the structural basis for their high affinity binding towards the enzyme
remains elusive. The consequences of CTS binding for the binding
properties of other substrates of the Na+,K+-ATPase have been
subjected to kinetic investigations for many years [89–91]. However,
a complete understanding of the CTSmode of inhibition has up to now
been prevented by the absence of high-resolution 3D structure of the
Na+,K+-ATPase in complex with CTS— a structure which would allowa
description of the CTS–pump interaction at the atomic level. The
definition of the CTS binding pocket presents not only an academic
interest, it would be highly appreciated in drug design, advancing
synthesis of new highly potent and tissue-specific inhibitors.

Mutagenesis studies have implicated several residues in the
potential binding pocket for CTS on the Na+,K+-ATPase. Gln111 and
Asn122 in transmembrane helices TM1 and TM2 (residue numbering
corresponds to the pig renal α1 Na+,K+-ATPase sequence) were
identified as key residues for the interaction of the Na+,K+-ATPase
with CTS. Their change into respectively Arg and Asp is responsible
for the insensitivity of the rat and mouse Na+,K+-ATPase α1 isoforms
towards ouabain and analogs [92]. Subsequently, other residues
within the extracellular loops of the protein were involved in CTS
binding: Cys104, Tyr108, Pro118, Asp121, and Tyr124 in TM1 and TM2;
Tyr308, Leu330, Ala331, Thr338, and Cys367 in TM3 and TM4; Phe783,
Phe786, Leu793, and Thr797 in the TM5–TM6 loop; Phe863 and
Arg880 in the TM7–TM8 loop; and Phe982 in TM10 [93–97]. Finally,
using chimeras between the Na+,K+-ATPase and the gastric H+,K+-
ATPase, a subset of seven residues was found sufficient to convert the
low-affinity ouabain binding site of the gastric H+,K+-ATPase into a
binding site possessing the same high affinity as native Na+,K+-ATPase:
Glu312, Val314, Ile315, Gly319, Phe783, Thr797, and Asp804 [98].

ThoughCTS canbind todifferent functional states of thepump, they
seem to favour the E2P conformation of the Na+,K+-ATPase [89–91].
Some of the mutations mentioned above therefore exert their effect
indirectly through a shift of a conformational equilibrium, e.g.
Phe786Leu, which increases the stability of the K+ bound form and,
thereby, the K+-ouabain antagonism [99]. By contrast, Phe783 seems to
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be directly involved, as a Phe783Leu substituted enzyme showed 60-
fold reduction in ouabain affinity without any associated effect on K+

binding or conformational equilibria [97]. Application of solid state
NMR techniques for structural examination of the ouabain-binding site
of pig kidney Na+,K+-ATPase revealed that the steroid core of the
ouabain derivatives was more constrained than the sugar group [100].
It suggests that the steroid part establishes hydrogen bonds with the
amino acid residues, while the sugar faces away from the surface of the
protein. With the first high-resolution structures of a P-type ATPase,
namely the Ca2+-ATPase [19–22], several attempts were made to dock
CTS on the extracellular side of a Na+,K+-ATPase model derived from
the SERCA structures [96,101]. Though bringing some useful informa-
tion, these models are lacking a high accuracy in their description of
the extracellular region because of the low level of sequence identity
between SERCA and the Na+,K+-ATPase in this region. Furthermore
these models were restricted by the use of occluded forms of SERCA as
startingmodels, possibly of small relevance to the conformational state
of CTS-bound forms. The recent first structure of the Na+,K+-ATPase,
the pig renal α1β1γ complex in the [Rb2]E2·MgF42− occluded form
[25], is therefore a critical new source of information to create an
accuratemodel for the CTS binding on the Na+,K+-ATPase. Based on the
conformational changes of SERCA observed between the calcium-free
E2P state, obtained by an E2·BeF3− complex [24], and the occluded E2P
state, obtained by the E2·AlF4− [22] or E2·MgF42− form [28], we have
constructed an E2P model of the Na+,K+-ATPase and attempted by a
simple approach to manually place ouabain at its extracellular site
according to mutagenesis data (Fig. 3 — see legend for the description
of the model building and docking). As shown in Fig. 3A and B, in the
E2P conformation, the cation exit pathway is open towards the
extracellular side of the membrane. The cation binding site (visible at
the bottom of the entrance channel in orange) is now accessible to
extracellular K+. Because of this open conformation, a large cavity is
available at the top of the transmembrane region to accommodate
ouabain or other CTS with bulky glycosylations (Fig. 3B). The proposed
model of ouabain (Fig. 3C) binding positions the CTS molecule within
this cavity (Fig. 3D), in close proximity to residues that are shown to be
involved in ouabain binding (Fig. 3E), notably Gln111, Asn122, Tyr308,
and Glu312. The steroid core and the lactone moiety have been
positioned near TM1–TM2 and TM3–TM4, i.e. the residues affecting
CTS binding according to mutagenesis studies. However, a different
orientation of the ouabainmoleculewithin this cavity can not be ruled
out. Some of the residues in TM5–TM6, namely Phe783, Leu793, and
Thr797, shown to be very important for CTS binding in mutagenesis
studies, are a little too distant from the CTS molecule (approx. 5 Å) for
direct involvement in binding with in this model. It is however likely
that while the initial binding occurs in this open E2P configuration a
further “induced fit” rearrangement leads to a dead-end inhibited
complex in which TM5–TM6 has approached TM3–TM4, hereby
narrowing the cleft in which the CTS binds. It is also possible that the
large loop between TM7 and TM8 is rearranged upon ouabain binding
so that some residues, such as Arg880, may come in close contact with
the CTS molecule. The model suggests that the CTS molecule obstructs
the extracellular cation exit pathway, preventing K+ re-entry and
occlusion. Since CTS display a large variety in size, it is not certain that
all compounds would block the cation exit tunnel with the same
efficacy. However, even a partial overlap could be sufficient to block the
enzymatic cycle. Leu311 has for example been proposed to participate
in the cation gatingmechanism [102] and the position of ouabain in the
present model clearly interferes with this residue.

4.3. Gastric H+,K+-ATPase inhibitors: blocking the extracellular pathway

Omeprazole and derivatives (PPIs) are the main class of agents in
clinical use to treat peptic ulcers and GERD. Like CTS on the Na+,K+-
ATPase, they bind to the gastric H+,K+-ATPase in an E2P conformation
and act as cation antagonists. PPIs are sulphur-containing compounds
that need to be converted into a reactive species, namely a cyclic
sulphenamide or a sulphenic acid, to be able to react with thiol groups
on the surface of their protein target [60]. This conversion is insured
by successive protonations of the PPImoleculewhich can only occur in
the very acidic environment of the lumen of the parietal cells (Fig. 4A).
Once activated, PPIs can form disulphide bonds with thiol groups on
the H+,K+-ATPase, forming a covalent complex with the pump which
in turn is irreversibly inhibited, forming a so-called suicide complex
[60]. Cross-linking and mutagenesis studies identified several
cysteines in the transmembrane region of the H+,K+-ATPase poten-
tially involved in PPI binding: Cys321, Cys813, Cys822, and Cys892
(residue numbering according to the human H+,K+-ATPase sequence)
[103,104]. Attempts to use molecular docking of the PPI molecule on
the H+,K+-ATPase lumenal surface have previously been presented
based on homology models of the H+,K+-ATPase using SERCA
structures as templates, however using other conformations than
the E2P-form and manual manipulations [105].

Here we propose a new homology model of the H+,K+-ATPase in
the E2P state based on the newly available structure of the Na+,K+-
ATPase [25] (Fig. 4B). Because of the high sequence identity between
the gastric H+,K+-ATPase and the Na+,K+-ATPase, this new model
enables a more precise localization of the cysteines possibly involved
in PPI binding (Fig. 4B and C). As shown in Fig. 4C, Cys813 appears as
the best candidate for PPI binding since it is lying at the end of helix
TM6, right in the middle of the lumenal cavity, at the exit of the cation
pathway. Mutagenesis studies also indicated that Cys813 could be the
predominant residue involved in PPI interaction since it binds to all
PPIs, whereas some other cysteines are PPI-specific (such as Cys822
which can crosslink with pantoprazole [60]). Mutagenesis studies
have been mainly focused on cysteine residues directly participating
in the covalent linking of PPIs and no other residues possibly
stabilizing the PPI molecule within its binding pocket have been
identified so far. Due to the formation of a covalently bound complex, a
docking model of PPIs on the H+,K+-ATPase is a quite challenging task,
and several different approaches have been investigated here in the
attempt to model the binding of omeprazole to the pump molecule.
Each of the activated forms of omeprazole, the sulphenic acid and the
cyclic sulphenamide, have been docked into the homology model of
the H+,K+-ATPase using the two isomeric structures shown in Fig. 4A,
reflecting the possible different placement of the methoxy group due
to stereochemical scrambling in the spiro-intermediate. Omeprazole
sulphide, a metabolite of omeprazole, has been shown to reduce the
inhibition of the H+,K+-ATPase by omeprazole and reduce the
omeprazole labelling of the pump [103]. However, the sulphide does
not inhibit the pump itself. It has therefore been suggested that this
compound competes with the activated form(s) of omeprazole for a
binding site on the pump prior to formation of the covalent bond
between the activated form of omeprazole and the protein [103]. To
investigate if a binding site for the protonated sulphide could give
some hints on the binding site for activated forms of omeprazole, this
compound has also been docked. The molecular docking attempts
resulted in a clear picture: all poses placing the sulphur atom of the
ligand in close proximity to the nucleophilic Cys813 have the
omeprazole-fragment binding behind helices TM1 and TM2. Fig. 4D
and E shows the two possible orientations of omeprazole in the
identified binding site within the lumenal side of the ATPase based on
the covalent docking calculations. The PPI molecule is located in the
groove that is just on top of the cation exit pathway towards the
lumenal side of the membrane. In this configuration, PPIs would act
through the exact same mechanism as CTS on the Na+,K+-ATPase by
directly blocking the access of K+ ions to the cation binding site,
therefore trapping the H+,K+-ATPase in an inactive E2P state. A clear
preference in the docking poses generated is found for the model
displayed in Fig. 4E. In this model, omeprazole is covalently bound to
the Cys813 side chain placing the benzimidazole ring system behind
helices TM1 and TM2. The other identified binding mode for the



Fig. 3. Binding model of ouabain into an homology model of the E2P state of the pig renal Na+,K+-ATPase. To build the E2P homology model of the Na+,K+-ATPase, the structure of
the [Rb]2E2·MgF42− form of the \raster(100%,p)="figure3"pig renal Na+,K+ ATPase [25] was manually combined with the observed conformation of the Ca2+-ATPase in the open
E2·BeF3− form [24]. The invariant regions between these two E2 states were initially deduced by comparison of the Ca2+-ATPase structure in the E2·BeF3− and in the [H2–3]E2·AlF4−

forms using the program ESCET [139]. Of particular importance, the region consisting of the transmembrane helices TM6 to TM10 was found to be significantly invariant. The
E2·BeF3− structure of the Ca2+-ATPase (representing the genuine E2P state) was then superimposed with the [Rb]2E2·MgF42− form of the Na+,K+-ATPase on the TM6 to TM10
invariant region. The transmembrane helices TM1–TM2 and TM3–TM4 and the A domain from the Na+,K+-ATPase were then superimposed on the Ca2+-ATPase E2·BeF3− structure
to impose the E2P state of the Na+,K+-ATPase (assuming a conserved mechanism of lumenal/extracellular opening in the E2P state). The connecting loop regions were manually
aligned in O [140]. (A) General view of the E2P model of the Na+,K+-ATPase. The approximate location of the membrane is indicated. (B) View of the transmembrane region of the
pig renal Na+,K+-ATPase in the E2P state from the extracellular side of the membrane. The cation binding site (positioned according to the [Rb]2E2·MgF42− structure [25]) is
visualized in orange down the open cation exit pathway. (C) Ouabain molecule. (D) Binding model of ouabain within the extracellular cavity on the surface of the Na+,K+-ATPase
E2P homology model. The ouabain molecule has been docked manually according to mutagenesis studies. The residues described as important for CTS binding are shown in light
yellow on the surface of the protein. (E) Same as D but with cartoons and sticks representations to visualize the possible interactions of residue side chains with the ouabain
molecule.
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covalently linked omeprazole-fragment has an almost 180° rotation
of the two aromatic ring systems, placing the benzimidazole ring
near helix TM4. The inhibition mechanism of the two binding
modes will be the same, as the omeprazole-derivative sits in the
same binding pocket, only interchanging the two aromatic groups,
and effectively blocking the ion-transfer pathway. The inhibitory
mechanism may also be due to the possibility that omeprazole
bound in this cavity can obstruct the conformational changes
needed when going from E2P to E2·Pi. It is interesting to note that a
partly overlapping cavity has been proposed as the binding site for
PCABs, the other class of H+,K+-ATPase inhibitors [106].

More certain understanding of the mechanism of PPI inhibition
will require an atomic description of the inhibitor–pump complex
through high-resolution 3D structures combined with studies of the
dynamics and function of the protein. Nevertheless, all studies and
models proposed so far tend to conclude that PPIs, and possibly PCABs,
inhibit the H+,K+-ATPase by blocking the re-entry of K+ ions from the
lumenal side of the membrane, either by a direct obstruction of the
channel or by inducing conformational changes within the pump that
close the extracellular gate towards the stomach lumen.

4.4. Plasma membrane Ca2+- and H+-ATPases: autoinhibited pumps at
the cell surface

In addition to the above discussed Na+,K+- and H+,K+-ATPases, two
other P-type ATPases are localized in the plasma membrane, namely
the plasma membrane Ca2+-ATPase (P2B-type) and the plasma
membrane H+-ATPase (P3-type). Plasma membrane Ca2+-ATPases are
found in most eukaryotic cells where they serve important roles in
intracellular calcium regulation by being responsible for extrusion of
calcium from cells [107]. Plasma membrane H+-ATPases are restricted
to fungi and plants, where they are essential and function as
physiological analogs to the animal Na+,K+-ATPase by generating the
electrochemical gradients required for nutrient uptake through
secondary active transport systems [35].

Interestingly, P2B and P3 pumps share the same principle of
regulation. Typically, their cytoplasmically located carboxy-termini
are extended (although plant P2B-type ATPases have extended amino-
termini) and interact with the catalytic machinery of the pump to
down-regulate its activity in this way serving as built-in inhibitors.
Peptides have been designed that mimic the action of the auto-
inhibitory domains [108,109], but obviously such peptides have to act
from the cytoplasmic side of the membrane obscuring their
therapeutic potential. Peptides that bind to the autoinhibitory domain
have not been described yet, but it can be predicted that at least some
of these would act as pump activators.

A number of chemicals modulate the activity of P2B [110] and P3
[111–113] pumps, but in most cases their mechanism of action is from
the cytoplasmic side (e.g. eosin) or uncertain (e.g. juglone). Other low
Fig. 4. Binding model of omeprazole into a homology model of the E2P state of the gastric H
in MODELLER [141] to generate a model of the E2P state of the human gastric H+,K+ ATPa
Energy (DOPE) score [142] was used for docking simulations with omeprazole. (A) Biochem
cause of accumulation of omeprazole in the lumen of the parietal cell, is protonation of
benzimidazole moiety which increases the electrophilicity of the C-2 carbon. A spiro interm
formed from the sulphenic acid by dehydration. Both the sulphenic acid and the sulphenam
The structure of omeprazole sulphide is also indicated. (B) General view of the E2P model of
the transmembrane region of the human gastric H+,K+-ATPase in the E2P state from the lum
according to crosslinking studies are shown as van der Waals representation. (D) and (E) Te
the H+,K+-ATPase E2P homology model created by covalent docking. The putative position o
ions within the Na+,K+-ATPase [Rb2]E2·MgF42− state [25]. The homology model was prepared
Suite (Schrödinger, LLC, New York; NY, 2007) and the ligands were drawn in Maestro 8.
structures were minimized with the MMFFs force field as implemented in MacroModel 9.5 (
search was conducted using the Torsional Sampling, MCMM method in MacroModel 9.5. Mo
Inc (Schrödinger, LLC, New York; NY, 2007) using the SP scoring function [144]. The possibil
was also attempted. After covalent docking, a minimization (PRCG algorithm, 15,000 steps)
The majority of the generated poses for all compounds binds as shown in panel E. Struc
orientation of the protein is rotated approximately 90° compared to B. TM1 and TM2 are sho
in pink. For clarity, TM1 and TM2 are transparent. Only non-polar hydrogen atoms are sho
molecular weight compounds target P2B and P3 pumps indirectly by
perturbing the lipid bilayer [114,115] or by interfering with the
regulatory machinery that controls auto-inhibition [116–118]. In
addition, fungal P3 pumps are targeted by compounds such as
omeprazole [119] and ebselen [120], which are unspecific in that
they also affect the gastric H+,K+-ATPase.

Screening of peptide libraries has become an interesting new
approach to design inhibitors that target P2B [121] and P3 [122]
ATPases from the cell surface. Cysteine bridge-constrained random
peptide libraries have been designed for isolation of peptides that bind
specifically to e.g. extracellular portions of plasma membrane Ca2+-
ATPase [123]. Peptide libraries with carboxy-terminal triarginine
motifs to concentrate library members at the fungal cell exterior have
been employed in case of the plasma membrane H+-ATPase [124].
Although the results of peptide-based approaches are still prelimin-
ary, promising new drug leads have been discovered this way and
await further studies.

5. Concluding remarks

The acknowledgement of P-type ATPases as versatile proteins has
increased the interest in their specific inhibitors in the last few years.
Regular papers on this subject were supplemented by reviews, but
each publication was devoted to one particular enzyme. Tadini-
Buoninsegni et al. [81] for example discussed in detail different
mechanisms of inhibition of Ca2+-ATPase, while Mijatovic et al. [125]
explored the applicability of cardiotonic steroids in cancer therapy.
The aim of the current publication is to summarize information about
the interactions between several representatives of the P-type ATPase
family with their respective inhibitors, deduced from the crystal-
lographic data, and to present some guidelines for the development of
the new generations of drugs, able to modulate (or shut down)
exclusively their target.

The high selectivity of the drug, i.e. its ability to bind to a particular
protein in a particular tissue, is crucial for its pharmacological
applicability. The problemwith CTSmedication is a perfect illustration
of this issue: despite their curative properties, their overall toxic
effects may lead to severe poisoning and eventual death of the
patients [126], limiting pharmacological use of cardiotonic steroids.

Thus, the major strategies for the design of inhibitors of such
important and wide-spread enzymes are: 1) synthesis of tissue (or
organ)-specific drugs; 2) development of isoform-specific drugs.

In the first case a pro-drug is converted into an active form either
by specific environment or tissue-specific enzymes. This approach
has proven successful and resulted in the targeted delivery of
omeprazole and thapsigargin towards restricted pools of H+,K+-
ATPase and Ca2+-ATPase, respectively. Here the knowledge of
physiology and metabolism of the particular cells is decisive. In
addition, the structural data on the enzyme–inhibitor complex are
+,K+-ATPase. The above E2P model of the Na+,K+ ATPase was used as template structure
se. Out of 100 models generated, the one with the lowest Discrete Optimized Protein
ical activation and inhibition mechanism of omeprazole. The first step, which is the

the nitrogen atom in the pyridine moiety. Subsequently follows a protonation of the
ediate is then formed that collapses into the sulphenic acid. The cyclic sulphenamide is
ide can react with accessible thiols on the luminal surface of the H+,K+-ATPase [143].
the H+,K+-ATPase. The approximate location of the membrane is indicated. (C) View of
enal side of the membrane. The four cysteines possibly involved in the binding of PPIs
ntative binding models of omeprazole within the extracellular cavity on the surface of
f the cation binding site (shown in orange) is inferred from the position of the two K+

for docking calculations using the Protein Preparation Wizard in the Schrödinger 2007
0 (Schrödinger, LLC, New York; NY, 2007) with charges as indicated in panel A. The
Schrödinger, LLC, New York; NY, 2007). To localize the global minimum, a conformation
lecular docking simulations were performed using Glide version 4.5 from Schrodinger
ity of performing covalent docking in Prime 2.0 (Schrödinger, LLC, New York, NY, 2008)
was conducted using the OPLS2005 force field [145,146] and an implicit water model.
tures shown in D and E are after minimization of the covalently docked poses. The
wn in purple; TM4 in green; TM5 and TM6 in brown; TM7 and TM8 in grey; and TM10
wn. All structures representations in this review have been drawn in PYMOL [147].
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extremely useful since they reveal the sites where derivatization
induces minimal disturbances in the affinity. The potentials of such
strategies in cancer treatment are evident.

The second approach is even more challenging. It implies that the
inhibitor interacts selectively with one isoform of the enzyme, leaving
the other molecules intact. No examples are known so far, because the
design of such an inhibitor demands a detailed knowledge of the
minute structural differences between isoforms.

The above strategies are applicable when the targeted enzyme has
a specific inhibitor. However, some of the P-type ATPases, being
potentially attractive drug targets, have no specific inhibitors or
modulators so far. In these cases, the homology between the enzymes
may be advantageous. It is obvious that the common transport
mechanism stipulates similar scaffolding of the enzymes. The recent
determination of the three-dimensional structures of the Na+,K+- and
H+-ATPases exhibited overall resemblance with the Ca2+-ATPase and
suggested that all P-type ATPases share a similar domain organization.
It is most likely that also the spatial position of the ion access channels
is conserved throughout the family. Binding of a substance within
these channels or in their vicinity will disturb ion binding (or the
conformational transitions following that binding) and, therefore,
interfere with the pump cycle. The crystallographic structures of the
enzyme–inhibitor complexes, as well as docking studies described in
this review, show that this is apparently a common mechanism of
inhibition of P-type ATPases. It seems also to be a rather efficient way
of blocking the enzymes, specially for plasma membrane embedded
proteins, since the “pharmacological activity” of the inhibiting
substance does not depend on its ability to permeate the membrane.
Additionally, multidrug transporters, that often abolish the effect of
drugs by effectively extruding them from cells, cannot circumvent the
action of compounds that act from the outside of cells.

Crystallization of the enzyme of interest and detailed mapping of
its extracellular surface in order to find a site for specific “wedging”
may be the first step in the design of a new synthetic highly specific
inhibitor. This structure-based drug design strategy will compete with
the traditional drug screening schemes in terms of time and economic
costs. Constant development and standardization of the membrane
protein crystallization methods will turn the scale in favor of the
structural approach.

References

[1] K.B. Axelsen, M.G. Palmgren, Evolution of substrate specificities in the P-type
ATPase superfamily, J. Mol. Evol. 46 (1998) 84–101.

[2] W. Kühlbrandt, Biology, structure and mechanism of P-type ATPases, Nat. Rev.
Mol. Cell Biol. 5 (2004) 282–295.

[3] J.V. Møller, B. Juul, M. le Maire, Structural organization, ion transport, and energy
transduction of P-type ATPases, Biochim. Biophys. Acta 1286 (1996) 1–51.

[4] H.-J. Apell, How do P-type ATPases transport ions? Bioelectrochemistry 63
(2004) 149–156.

[5] R.W. Albers, Biochemical aspects of active transport, Annu. Rev. Biochem. 36
(1967) 727–756.

[6] R.L. Post, S. Kume, T. Tobin, B.Orcutt, A.K. Sen, Flexibilityof anactive center insodium-
plus-potassium adenosine triphosphatase, J. Gen. Physiol. 54 (1969) 306–326.

[7] P. de Bie, P. Muller, C. Wijmenga, L.W.J. Klomp, Molecular pathogenesis of Wilson
and Menkes disease: correlation of mutations with molecular defects and
disease phenotypes, J. Med. Gen. 44 (2007) 673–688.

[8] M. De Fusco, R. Marconi, L. Silvestri, L. Atorino, L. Rampoldi, L. Morgante, A.
Ballabio, P. Aridon, G. Casari, Haploinsufficiency of ATP1A2 encoding the Na+/K+

pump alpha2 subunit associated with familial hemiplegic migraine type 2, Nat.
Genet. 33 (2003) 192–196.

[9] P. de Carvalho Aguiar, K.J. Sweadner, J.T. Penniston, J. Zaremba, L. Liu, M. Caton, G.
Linazasoro, M. Borg, M.A. Tijssen, S.B. Bressman, W.B. Dobyns, A. Brashear, L.J.
Ozelius, Mutations in the Na+/K+-ATPase alpha3 gene ATP1A3 are associatedwith
rapid-onset dystonia parkinsonism, Neuron 43 (2004) 169–175.

[10] A. Ramirez, A. Heimbach, J. Gründemann, B. Stiller, D. Hampshire, L.P. Cid, I.
Goebel1, A.F. Mubaidin, A.-L. Wriekat, J. Roeper, A. Al-Din, A.M. Hillmer, M.
Karsak, B. Liss, C.G. Woods, M.I. Behrens, C. Kubisch, Hereditary parkinsonism
with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5
P-type ATPase, Nat. Genet. 38 (2006) 1184–1191.

[11] A. Hovnanian, SERCA pumps and human diseases, in: E. Carafoli, M. Brini (Eds.),
Subcellular Biochemistry, Vol. 45, Calcium Signaling and Disease, Molecular
Pathology of Calcium, Springer, Netherlands, 2007, pp. 337–363.
[12] T. Capiod, Y. Shuba, R. Skryma, N. Prevarskaya, Calcium signaling and cancer cell
growth, in: E. Carafoli, M. Brini (Eds.), Subcellular Biochemistry, Vol. 45, Calcium
Signaling and Disease, Molecular Pathology of Calcium, Springer, Netherlands,
2007, pp. 405–427.

[13] J.Q. Chen, R.G. Contreras, R. Wang, S.V. Fernandez, L. Shoshani, I.H. Russo, M.
Cereijido, J. Russo, Sodium/potassium ATPase (Na+,K+-ATPase) and ouabain/
related cardiac glycosides: A new paradigm for development of anti-breast
cancer drugs? Breast Cancer Res. Treat. 96 (2006) 1–15.

[14] V. Prasada, G.W. Okunadea, M.L. Millerb, G.E. Shulla, Phenotypes of SERCA and
PMCA knockout mice, Biochem. Biophys. Res. Commun. 322 (2004) 1192–1203.

[15] R.H. Schwinger, H. Bundgaard, J. Müller-Ehmsen, K. Kjeldsen, The Na, K-ATPase in
the failing human heart, Cardiovasc. Res. 57 (2003) 913–920.

[16] M. Schubert, D. Peura, Control of gastric acid secretion in health and disease,
Gastroenterology 134 (2008) 1842–1860.

[17] S.R. Denmeade, J.T. Isaacs, The SERCA pump as a therapeutic target. Making a
“smart bomb” for prostate cancer, Cancer Biol. Ther. 4 (2005) 14–22.

[18] D.S. Perlin, D. Seto-Young, B.C. Monk, The plasma membrane H(+)-ATPase of
fungi. A candidate drug target? Ann. N.Y. Acad. Sci. 834 (1997) 609–617.

[19] C. Toyoshima, M. Nakasako, H. Nomura, H. Ogawa, Crystal structure of the
calcium pump of sarcoplasmic reticulum at 2.6 Å resolution, Nature 405 (2000)
647–655.

[20] C. Toyoshima, H. Nomura, Structural changes in the calcium pump accompanying
the dissociation of calcium, Nature 418 (2002) 605–611.

[21] T.L. Sørensen, J.V. Møller, P. Nissen, Phosphoryl transfer and calcium ion occlusion
in the calcium pump, Science 304 (2004) 1672–1675.

[22] C. Olesen, T.L. Sørensen, R.C. Nielsen, J.V.Møller, P. Nissen, Dephosphorylation of the
calcium pump coupled to counterion occlusion, Science 306 (2004) 2251–2255.

[23] C. Toyoshima, H. Nomura, T. Tsuda, Lumenal gating mechanism revealed in
calcium pump crystal structures with phosphate analogues, Nature 432 (2004)
361–368.

[24] C. Olesen, M. Picard, A.M. Winther, C. Gyrup, J.P. Morth, C. Oxvig, J.V. Møller, P.
Nissen, The structural basis of calcium transport by the calcium pump, Nature
450 (2007) 1036–1042.

[25] J.P. Morth, B.P. Pedersen, M.S. Toustrup-Jensen, T.L. Sørensen, J. Petersen, J.P.
Andersen, B. Vilsen, P. Nissen, Crystal structure of the sodium–potassium pump,
Nature 450 (2007) 957–959.

[26] B.P. Pedersen, M.J. Buch-Pedersen, J.P. Morth, M.G. Palmgren, P. Nissen, Crystal
structure of the plasma membrane proton pump, Nature 450 (2007) 1111–1114.

[27] K. Obara, N. Miyashita, C. Xu, I. Toyoshima, Y. Sugita, G. Inesi, C. Toyoshima,
Structural role of countertransport revealed in Ca(2+) pump crystal structure in
the absence of Ca(2+), Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 14489–14496.

[28] M. Takahashi, Y. Kondou, C. Toyoshima, Interdomain communication in calcium
pump as revealed in the crystal structures with transmembrane inhibitors, Proc.
Natl. Acad. Sci. U. S. A. 104 (2007) 5800–5805.

[29] K. Moncoq, C.A. Trieber, H.S. Young, The molecular basis for cyclopiazonic acid
inhibition of the sarcoplasmic reticulum calcium pump, J. Biol. Chem. 282 (2007)
9748–9757.

[30] J.C. Skou, The influence of some cations on an adenosine triphosphatase from
peripheral nerves, Biochim. Biophys. Acta 1000 (1957) 439–446.

[31] A.A. Jaitovich, A.M. Bertorello, Na+, K+-ATPase: an indispensable ion pumping-
signaling mechanism across mammalian cell membranes, Semin. Nephrol. 26
(2006) 386–392.

[32] G. Blanco, R.W. Mercer, Isozymes of the Na-K-ATPase: heterogeneity in structure,
diversity in function, Am. J. Physiol. Renal. Physiol. 275 (1998) 633–650.

[33] O.D. Lopina, A.M. Rubtsov, H,K-ATPase and acid secretion control in gastric
mucosa, Biochemistry (Moscow) 62 (1997) 1057–1063.

[34] R. Floyd, S. Wray, Calcium transporters and signaling in smooth muscles, Cell
Calcium 42 (2007) 467–476.

[35] M.G. Palmgren, Plant plasma membrane H+-ATPases: powerhouses for nutrient
uptake, Annu. Rev. Plant Physiol. Plant Mol. Biol. 52 (2001) 817–845.

[36] G.E. Shull, J.B. Lingrel, Molecular cloning of the rat stomach (H++K+)-ATPase,
J. Biol. Chem. 261 (1986) 16788–16791.

[37] P.L. Jorgensen, K.O. Håkansson, S.J. Karlish, Structure and mechanism of Na,K-
ATPase: functional sites and their interactions, Annu. Rev. Physiol. 65 (2003)
817–849.

[38] Y. Sagara, G. Inesi, Inhibition of the sarcoplasmic reticulum Ca2+ transport ATPase
by thapsigargin at subnanomolar concentrations, J. Biol. Chem. 266 (1991)
13503–13506.

[39] M.C. Berman, S.J. Karlish, Interaction of an aromatic dibromoisothiouronium
derivative with the Ca(2+)-ATPase of skeletal muscle sarcoplasmic reticulum,
Biochemistry 42 (2003) 3556–3566.

[40] D.L. DeWitt, Cox-2-selective inhibitors: the new super aspirins, Mol. Pharmacol.
55 (1999) 625–631.

[41] S. Paula, M.R. Tabet, W.J. Ball Jr, Interactions between cardiac glycosides and
sodium/potassium-ATPase: three-dimensional structure–activity relationship
models for ligand binding to the E2-Pi form of the enzyme versus activity
inhibition, Biochemistry 44 (2005) 498–510.

[42] P.J. Hauptman, R.A. Kelly, Digitalis, Circulation 99 (1999) 1265–1270.
[43] L. Krenn, B. Kopp, Bufadienolides from animal and plant sources, Phytochemistry

48 (1998) 1–29.
[44] W. Withering, An account of the foxglove and some of its medical uses, with

practical remarks on dropsy, and other diseases, in: F.A. Willius, T.E. Keys (Eds.),
Classics of Cardiology 1, Dover Publications Inc., New York, NY,1941, pp. 231–252.

[45] G. Baumgarten, W. Förster (Eds.), Die herzwirksamen Glykoside: Herkunft,
Chemie und Grundlage ihrer farmacologischen und klinischen Wirkung, V.E.B,
Georg Thieme, Leipzig, 1963, pp. 199–233.



219L. Yatime et al. / Biochimica et Biophysica Acta 1787 (2009) 207–220
[46] J.A. Wasserstrom, G.L. Aistrup, Digitalis: new actions for an old drug, Am. J.
Physiol, Heart Circ. Physiol. 289 (2005) 1781–1793.

[47] J.M. Hamlyn, M.P. Blaustein, S. Bova, D.W. DuCharme, D.W. Harris, F. Mandel, W.R.
Mathews, J.H. Ludens, Identification and characterization of a ouabain-like
compound fromhumanplasma, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 6259–6263.

[48] W. Schoner, G. Scheiner-Bobis, Endogenous and exogenous cardiac glycosides
and their mechanisms of action, Am. J. Cardiovasc. Drugs 7 (2007) 173–189.

[49] S.V. Pierre, Z. Xie, The Na,K-ATPase receptor complex: its organization and
membership, Cell Biochem. and Biophys. 46 (2006) 303–315.

[50] D. Bhattacharyya, P.C. Sen, The effect of binding of chlorpromazine and
chloroquine to ion transporting ATPases, Mol. Cell. Biochem.198 (1999) 179–185.

[51] P.M. Hudgins, G.H. Bond, Inhibition of dog kidney Na+,K+-ATPase activity by
procaine, tetracaine and dibucaine, Biochem. Pharmacol. 33 (1984) 1789–1796.

[52] Y. Takada, K.Matsuo, T. Kataoka, GramicidinAdirectly inhibitsmammalianNa+/K+-
ATPase, Mol. Cell. Biochem. 319 (2008) 99–103.

[53] M. Esmann, J.C. Skou, Occlusion of Na+ by the Na,K-ATPase in the presence of
oligomycin, Biochem. Biophys. Res. Commun. 127 (1985) 857–863.

[54] B. Forbush III, The interaction of amines with the occluded state of the Na,K-
Pump, J. Biol. Chem. 263 (1988) 7979–7988.

[55] S. Hoving, M. Bar-Shimon, J.J. Tijmes, R. Goldshleger, D.M. Tal, S.J.D. Karlish, Novel
aromatic isothiouronium derivatives which act as high affinity competitive
antagonists of alkali metal cations on Na/K-ATPase, J. Biol. Chem. 270 (1995)
29788–29793.

[56] C. Gatto, J.B. Helms, M.C. Prasse, K.L. Arnett, M.A. Milanick, Kinetic characteriza-
tion of tetrapropylammonium inhibition reveals how ATP and Pi alter access to
the Na+-K+-ATPase transport site, Am. J. Physiol., Cell Physiol. 289 (2005) 302–311.

[57] J.B. Helms, K.L. Arnett, C. Gatto, M.A. Milanick, Bretylium, an organic quaternary
amine, inhibits the Na,K-ATPase by binding to the extracellular K-site, Blood Cells
Mol. Diseases 32 (2004) 394–400.

[58] E.W. Wattenberg, Palytoxin: exploiting a novel skin tumor promoter to explore
signal transduction and carcinogenesis, Am. J. Physiol., Cell Physiol. 292 (2007)
24–32.

[59] G. Sachs, J.M. Shin, O. Vagin, N. Lambrecht, I. Yakubov, K. Munson, The gastric H,K
ATPase as a drug target: past, present, and future, J. Clin. Gastroenterol. 41 (2007)
S226–2242.

[60] J.M. Shin, G. Sachs, Gastric H,K-ATPase as a drug target, Dig. Dis. Sci. 51 (2006)
823–833.

[61] C.K. Scott, E. Sundell, Inhibition of H+ K+ ATPase by SCH 28080 and SCH 32651,
Eur. J. Pharmacol. 112 (1985) 268–270.

[62] W.A. Simon, M. Herrmann, T. Klein, J.M. Shin, R. Huber, J. Senn-Bilfinger, S.
Postius, Soraprazan: setting new standards in inhibition of gastric acid secretion,
J. Pharmacol. Exp. Ther. 321 (2007) 866–874.

[63] S. Asano, M. Mizutani, T. Hayashi, N. Morita, N. Takeguchi, Reversible inhibitions
of gastric H+,K+-ATPase by scopadulcic acid B and diacetyl scopadol, J. Biol. Chem.
265 (1990) 22167–22173.

[64] Y. Tabuchi, H. Yashiro, S. Hoshina, S. Asano, N. Takeguchi, Cibenzoline, an ATP-
sensitive K+ channel blocker, binds to the K+-binding site from the cytoplasmic
side of gastric H+,K+-ATPase, Br. J. Pharmacol. 134 (2001) 1655–1662.

[65] H. Matsuya, M. Okamoto, T. Ochi, A. Nishikawa, S. Shimizu, T. Kataoka, K. Nagai,
H.H. Wasserman, S. Ohkuma, Reversible and potent uncoupling of hog gastric
(H++K+)-ATPase by prodigiosins, Biochem. Pharmacol. 60 (2000) 1855–1863.

[66] S.B. Christensen, E. Norup, U. Rasmussen, Chemistry and structure–activity
relationship of the histamine secretagogue Thapsigargin and related compounds,
in: Krosgard-Larsen (Ed.), Natural Product Drug Development, Munksgaard,
Copenhagen, 1993, pp. 405–418.

[67] Y. Furuya, P. Lundmo, A.D. Short, D.L. Gill, J.T. Isaacs, The role of calcium, pH,
and cell proliferation in the programmed (apoptotic) death of androgen-
independent prostatic cancer cells induced by thapsigargin, Cancer Res. 54
(1994) 6167–6175.

[68] Y. Kaneko, A. Tsukamoto, Thapsigargin-induced persistent intracellular calcium
pool depletion and apoptosis in human hepatoma cells, Cancer Lett. 79 (1994)
147–155.

[69] M. Avellanal, P. Rodriguez, S. Barrigon, Protective effects of cyclopiazonic acid on
ischemia-reperfusion injury in rabbit hearts, J. Cardiovasc. Pharmacol. 32 (1998)
845–851.

[70] J.G. Bilmen, L.L. Wootton, F. Michelangeli, The inhibition of the sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase by macrocyclic lactones and cyclosporin A,
Biochem. J. 366 (2002) 255–263.

[71] A.J. Johnson, A-L. Hsu, H-P. Lin, X. Song, C-S. Chen, The cyclo-oxygenase-2
inhibitor celecoxib perturbs intracellular calcium by inhibiting endoplasmic
reticulum Ca2+-ATPases: a plausible link with its anti-tumour effect and
cardiovascular risks, Biochem. J. 366 (2002) 831–837.

[72] P.J. Hughes, H. McLellan, D.A. Lowes, S. Zafar Khan, J.G. Bilmen, S.C. Tovey, R.E.
Godfrey, R.H. Michell, C.J. Kirk, F. Michelangeli, Estrogenic alkylphenols induce
cell death by inhibiting testis endoplasmic reticulum Ca2+ pumps, Biochem.
Biophys. Res. Comm. 277 (2000) 568–574.

[73] F. Martinez-Azorin, J.A. Teruel, F. Fernandez-Belda, J.C. Gomez-Fernandez, Effect
of diethylstilbestrol and related compounds on the Ca2+-transporting ATPase of
sarcoplasmic reticulum, J. Biol. Chem. 267 (1992) 11923–11929.

[74] J.G. Bilmen, S. Zafar Khan, M.H. Javed, F. Michelangeli, Inhibition of the SERCA
Ca2+ pumps by curcumin. Curcumin putatively stabilizes the interaction bet-
ween the nucleotide-binding and phosphorylation domains in the absence of
ATP, Eur. J. Biochem. 268 (2001) 6318–6327.

[75] U. Eckstein-Ludwig, R.J. Webb, I.D. Van Goethem, J.M. East, A.G. Lee, M. Kimura,
P.M. O'Neill, P.G. Bray, S.A. Ward, S. Krishna, Artemisinins target the SERCA of
Plasmodium falciparum, Nature 424 (2003) 957–961.
[76] A.C. Uhlemann, A. Camero, U. Eckstein-Ludwig, J. Fischbarg, P. Iserovich, F.A.
Zuniga, J.M. East, A.G. Lee, L. Brady, R.K. Haynes, S. Krishna, A single amino acid
residue can determine the sensitivity of SERCAs to artemisinins, Nat. Struct. Mol.
Biol. 12 (2005) 628–629.

[77] S.R. Hawley, P.G. Bray, M. Mungthin, J.D. Atkinson, P.M. O'Neill, S.A. Ward,
Relationship between antimalarial drug activity, accumulation, and inhibition of
heme polymerization in Plasmodium falciparum in vitro, Antimicrob. Agents
Chemother. 42 (1998) 682–686.

[78] A.M. Jensen, T.L. Sørensen, C. Olesen, J.V. Møller, P. Nissen, Modulatory and
catalytic modes of ATP binding by the calcium pump, EMBO J. 25 (2006)
2305–2314.

[79] Y. Sagara, F. Fernandez-Belda, L. de Meis, G. Inesi, Characterization of the
inhibition of intracellular Ca2+ transport ATPases by thapsigargin, J. Biol. Chem.
267 (1992) 12606–12613.

[80] F. Soler, F. Plenge-Tellechea, I. Fortea, F. Fernandez-Belda, Cyclopiazonic acid effect
on Ca2+-dependent conformational states of the sarcoplasmic reticulum ATPase.
Implication for the enzyme turnover, Biochemistry 37 (1998) 4266–4274.

[81] F. Tadini-Buoninsegni, G. Bartolommei, M.R. Moncelli, D.M. Tal, D. Lewis, G. Inesi,
Effects of high-affinity inhibitors on partial reactions, charge movements, and
conformational states of the Ca2+ transport ATPase (sarco-endoplasmic reticu-
lum Ca2+ ATPase), Mol. Pharmacol. 73 (2008) 1134–1140.

[82] M. Lape, C. Elam, M. Versluis, R. Kempton, S. Paula, Molecular determinants of
sarco/endoplasmic reticulum calcium ATPase inhibition by hydroquinone-based
compounds, Proteins 70 (2008) 639–649.

[83] C. Xu, H. Ma, G. Inesi, M.K. Al-Shawi, C. Toyoshima, Specific structural
requirements for the inhibitory effect of thapsigargin on the Ca2+ ATPase
SERCA, J. Biol. Chem. 279 (2004) 17973–17979.

[84] H. Søhoel, A.M. Jensen, J.V. Møller, P. Nissen, S.R. Denmeade, J.T. Isaacs, C.E. Olsen,
S.B. Christensen, Natural products as starting materials for development of
second-generation SERCA inhibitors targeted towards prostate cancer cells,
Bioorg. Med. Chem. 14 (2006) 2810–2815.

[85] M. Picard, C. Toyoshima, P. Champeil, Effects of inhibitors on lumenal opening of
Ca2+ binding sites in an E2P-like complex of sarcoplasmic reticulum Ca22+-
ATPase with Be22+-fluoride, J. Biol. Chem. 281 (2006) 3360–3369.

[86] J.G. Bilmen, L.L. Wootton, R.E. Godfrey, O.S. Smart, F. Michelangeli, Inhibition of
SERCA Ca2+ pumps by 2-aminoethoxydiphenyl borate (2-APB). 2-APB reduces
both Ca2+ binding and phosphoryl transfer from ATP, by interfering with the
pathway leading to the Ca2+-binding sites, Eur. J. Biochem. 269 (2002)
3678–3687.

[87] A. Castonguay, R. Robitaille, Xestospongin C is a potent inhibitor of SERCA at a
vertebrate synapse, Cell Calcium 32 (2002) 39–47.

[88] O.A. Ogunbayo, F. Michelangeli, The widely utilized brominated flame retardant
tetrabromobisphenol A (TBBPA) is a potent inhibitor of the SERCA Ca2+ pump,
Biochem. J. 408 (2007) 407–415.

[89] O. Hansen, Interaction of cardiac glycosides with (Na++K+)-activated ATPase. A
biochemical link to digitalis-induced inotropy, Pharmacol. Rev. 36 (1984)
143–163.

[90] A. Askari, S.S. Kakar, W.H. Huang, Ligand binding sites of the ouabain-complexed
(Na++K+)-ATPase, J. Biol. Chem. 263 (1988) 235–242.

[91] A. Yoda, S. Yoda, Interaction between ouabain and the phosphorylated
intermediate of Na,K-ATPase, Mol. Pharmacol. 22 (1982) 700–705.

[92] E.M. Price, J.B. Lingrel, Structure–function relationships in the Na,K-ATPase alpha
subunit: site-directed mutagenesis of glutamine-111 to arginine and asparagine-
122 to aspartic acid generates a ouabain-resistant enzyme, Biochemistry 27
(1988) 8400–8408.

[93] M.L. Croyle, A.L. Woo, J.B. Lingrel, Extensive random mutagenesis analysis of the
Na+/K+-ATPase alpha subunit identifies known and previously unidentified
amino acid residues that alter ouabain sensitivity — implications for ouabain
binding, Eur. J. Biochem. 248 (1997) 488–495.

[94] E.L. Burns, E.M. Price, Random mutagenesis of the sheep Na, K-ATPase Alpha-1
subunit generates a novel T797N mutation that results in a ouabain-resistant
enzyme, J. Biol. Chem. 268 (1993) 25632–25635.

[95] K.J. Sweadner, C. Donnet, Structural similarities of Na, K-ATPase and SERCA,
the Ca(2+)-ATPase of the sarcoplasmic reticulum, Biochem. J. 356 (2001)
685–704.

[96] C.M. Canessa, J.D. Horisberger, B.C. Rossier, Mutation of a tyrosine in the H3–H4
ectodomain of Na, K-ATPase alpha subunit confers ouabain resistance, J. Biol.
Chem. 268 (1993) 17722–17726.

[97] V. Rodacker, M. Toustrup-Jensen, B. Vilsen, Mutations Phe785Leu and Thr618Met
in Na+,K+-ATPase, associated with familial rapid-onset dystonia parkinsonism,
interfere with Na+ interaction by distinct mechanisms, J. Biol. Chem. 281 (2006)
18539–18548.

[98] L.Y. Qiu, E. Krieger, G. Schaftenaar, H.G. Swarts, P.H. Willems, J.J. De Pont, J.B.
Koenderink, Reconstruction of the complete ouabain-binding pocket of Na,K-
ATPase in gastric H,K-ATPase by substitution of only seven amino acids, J. Biol.
Chem. 280 (2005) 32349–32355.

[99] B. Vilsen, Mutant Phe788 → Leu of the Na+,K+-ATPase is inhibited by micromolar
concentrations of potassium and exhibits high Na+-ATPase activity at low sodium
concentrations, Biochemistry 38 (1999) 11389–11400.

[100] D.A. Middleton, S. Rankin, M. Esmann, A. Watts, Structural insights into the
binding of cardiac glycosides to the digitalis receptor revealed by solid-state
NMR, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 13602–13607.

[101] S.M. Keenan, R.K. DeLisle, W.J. Welsh, S. Paula, W.J. Jr Ball, Elucidation of the Na+,
K+-ATPase digitalis binding site, J. Mol. Graph. Model. 23 (2005) 465–475.

[102] H. Eguchi, M. Morii, Y. Takahashi, H. Sakai, M. Nakano, H. Ochiai, A. Shirahata, Y.
Hara, M. Kawamura, K. Takeda, Functional consequences of various leucine



220 L. Yatime et al. / Biochimica et Biophysica Acta 1787 (2009) 207–220
mutations in the M3/M4 loop of the Na+,K+-ATPase alpha-subunit, J. Membr. Biol.
221 (2008) 133–140.

[103] M.Besancon, A. Simon,G. Sachs, J.M. Shin, Sites of reaction of the gastricH,K-ATPase
with extracytoplasmic thiol reagents, J. Biol. Chem. 272 (1997) 22438–22446.

[104] N. Lambrecht, Z. Corbett, D. Bayle, S.J. Karlish, G. Sachs, Identification of the site of
inhibition by omeprazole of a alpha–beta fusion protein of the H,K-ATPase using
site-directed mutagenesis, J. Biol. Chem. 273 (1998) 13719–13728.

[105] K. Munson, R. Garcia, G. Sachs, Inhibitor and ion binding sites on the gastric H,K-
ATPase, Biochemistry 44 (2005) 5267–5284.

[106] C.G. Kim, J.A. Watts, A. Watts, Ligand docking in the gastric H+/K+-ATPase:
homology modeling of reversible inhibitor binding sites, J. Med. Chem. 48 (2005)
7145–7152.

[107] F. Di Leva, T. Domi, L. Fedrizzi, D. Lim, E. Carafoli, The plasma membrane Ca2+

ATPase of animal cells: structure, function and regulation, Arch. Biochem.
Biophys. 476 (2008) 65–74.

[108] A. Enyedi, T. Vorherr, P. James, D.J. McCormick, A.G. Filoteo, E. Carafoli, J.T.
Penniston, The calmodulin binding domain of the plasma membrane Ca2+ pump
interacts both with calmodulin and with another part of the pump, J. Biol. Chem.
264 (1989) 12313–12321.

[109] M.G. Palmgren, M. Sommarin, R. Serrano, C. Larsson, Identification of an
autoinhibitory domain in the C-terminal region of the plant plasma membrane
H+-ATPase, J. Biol. Chem. 266 (1991) 20470–20475.

[110] C. Gatto, M.A. Milanick, Inhibition of the red blood cell calcium pump by eosin
and other fluorescein analogues, Am. J. Physiol. 264 (1993) C1577–1586.

[111] B.E. Amborabé, J. Bonmort, P. Fleurat-Lessard, G. Roblin, Early events induced by
chitosan on plant cells, J. Exp. Bot. 59 (2008) 2317–2324.

[112] A.M. Hejl, K.L. Koster, Juglone disrupts root plasma membrane H+-ATPase activity
and impairs water uptake, root respiration, and growth in soybean (Glycine max)
and corn (Zea mays), J. Chem. Ecol. 30 (2004) 453–471.

[113] A. Krasowska, L. Chmielewska, J. Łuczyński, S. Witek, K. Sigler, The dual
mechanism of the antifungal effect of new lysosomotropic agents on the
Saccharomyces cerevisiae RXII strain, Cell. Mol. Biol. Lett. 8 (2003) 111–120.

[114] N. Gutiérrez-Nájera, R.A. Muñoz-Clares, S. Palacios-Bahena, J. Ramírez, S.
Sánchez-Nieto, J. Plasencia, M. Gavilanes-Ruíz, Fumonisin B1, a sphingoid
toxin, is a potent inhibitor of the plasma membrane H+-ATPase, Planta 221
(2005) 589–596.

[115] E. Obłak, T.M. Lachowicz, J. Luczyński, S. Witek, The aminoesters as inhibitors of
plasma membrane H+-ATPase in the yeast Saccharomyces cerevisiae, Cell. Mol.
Biol. Lett. 9 (2004) 755–763.

[116] R. Vera-Estrella, B.J. Barkla, V.J. Higgins, E. Blumwald, Plant defense response to
fungal pathogens (activation of host-plasma membrane H+-ATPase by elicitor-
induced enzyme dephosphorylation), Plant Physiol. 104 (1994) 209–215.

[117] L.M. Cabral, M. Wengert, A.A. da Ressurreição, P.H. Feres-Elias, F.G. Almeida, A.
Vieyra, C. Caruso-Neves, M. Einicker-Lamas, Ceramide is a potent activator of
plasma membrane Ca2+-ATPase from kidney-promixal tubule cells with protein
kinase A as an intermediate, J. Biol. Chem. 282 (2007) 24599–24606.

[118] A. Garufi, S. Visconti, L. Camoni, P. Aducci, Polyamines as physiological regulators
of 14-3-3 interaction with the plant plasma membrane H+-ATPase, Plant Cell
Physiol. 48 (2007) 434–440.

[119] B.C. Monk, A.B. Mason, G. Abramochkin, J.E. Haber, D. Seto-Young, D.S. Perlin, The
yeast plasma membrane proton pumping ATPase is a viable antifungal target. I.
Effects of the cysteine-modifying reagent omeprazole, Biochim. Biophys. Acta.
1239 (1995) 81–90.

[120] G. Chan, D. Hardej, M. Santoro, C. Lau-Cam, B. Billack, Evaluation of the
antimicrobial activity of ebselen: role of the yeast plasma membrane H+-ATPase,
J. Biochem. Mol. Toxicol. 21 (2007) 252–264.

[121] M.M. Szewczyk, J. Pande, A.K. Grover, Caloxins: a novel class of selective plasma
membrane Ca2+ pump inhibitors obtained using biotechnology, Pflugers Arch.
456 (2008) 255–266.

[122] B.C. Monk, D.R. Harding, Peptide motifs for cell-surface intervention: application
to anti-infective and biopharmaceutical development, BioDrugs 19 (2005)
261–278.

[123] J. Pande, K.K. Mallhi, A.K. Grover, A novel plasma membrane Ca2+-pump
inhibitor: caloxin 1A1, Eur. J. Pharmacol. 508 (2005) 1–6.

[124] B.C. Monk, K. Niimi, S. Lin, A. Knight, T.B. Kardos, R.D. Cannon, R. Parshot, A. King,
D. Lun, D.R. Harding, Surface-active fungicidal D-peptide inhibitors of the plasma
membrane proton pump that block azole resistance, Antimicrob. Agents
Chemother. 49 (2005) 57–70.
[125] T. Mijatovic, E. Van Quaquebeke, B. Delest, O. Debeir, F. Darro, R. Kiss, Cardiotonic
steroids on the road to anti-cancer therapy, Biochim. Biophys. Acta. 1776 (2007)
32–57.

[126] F. Jr Barrueto, B.M. Kirrane, B.W. Cotter, R.S. Hoffman, L.S. Nelson, Cardioactive
steroid poisoning: a comparison of plant- and animal-derived compounds, J.Med.
Toxicol. 2 (2006) 152–155.

[127] N.W. Seidler, I. Jona, M. Vegh, A. Martonosi, Cyclopiazonic acid is a specific
inhibitor of the Ca2+-ATPase of sarcoplasmic reticulum, J. Biol. Chem. 264 (1989)
17816–17823.

[128] J.G. Bilmen, L.L. Wootton, F. Michelangeli, The mechanism of inhibition of the
sarco/endoplasmic reticulum Ca2+ ATPase by paxilline, Arch. Biochem. Biophys.
406 (2002) 55–64.

[129] G. Bartolommei, F. Tadini-Buoninsegni, S. Hua, M.R. Moncelli, G. Inesi, R. Guidelli,
Clotrimazole inhibits the Ca2+-ATPase (SERCA) by interfering with Ca2+ binding
and favoring the E2 conformation, J. Biol. Chem. 281 (2006) 9547–9551.

[130] P.R. Kodavanti, J.A. Cameron, P.R. Yallapragada, D. Desaiah, Effect of chlordecone
(Kepone) on calcium transport mechanisms in rat heart sarcoplasmic reticulum,
Pharmacol. Toxicol. 67 (1990) 227–234.

[131] B.S. Karon, J.E. Mahaney, D.D. Thomas, Halothane and cyclopiazonic acid
modulate Ca-ATPase oligomeric state and function in sarcoplasmic reticulum?
Biochemistry 33 (1994) 13928–13937.

[132] J. Voss, W. Birmachu, D.M. Hussey, D.D. Thomas, Effects of melittin on molecular
dynamics and Ca-ATPase activity in sarcoplasmic reticulum membranes: time-
resolved optical anisotropy, Biochemistry 30 (1991) 7498–7506.

[133] E.S.C. Pôças, N.A. Touza, P.H.C. Pimenta, F.B. Leitão, C.D. Neto, A.J.M. da Silva, P.R.R.
Costa, F. Noël, Insights into the mechanism of Na+,K+-ATPase inhibition by 2-
methoxy-3,8,9-trihydroxy coumestan, Bioorg. Med. Chem.16 (2008) 8801–8805.

[134] M. Esmann, J.C. Skou, Occlusion of Na+ by the Na,K-ATPase in the presence of
oligomycin, Biochem. Biophys. Res. Commun. 127 (1985) 857–863.

[135] E.A. Shorina, N.V. Dolgova, A.M. Rubtsov, K.B. Storey, O.D. Lopina, Melittin
induces both time-dependent aggregation and inhibition of Na,K-ATPase from
duck salt glands however these two processes appear to occur independently,
Biochim. Biophys. Acta. 1661 (2004) 188–195.

[136] J. Cuppoletti, D.H. Malinowska, Interaction of polypeptideswith the gastric (H++K+)
ATPase: melittin, synthetic analogs, and a potential intracellular regulatory protein,
Mol. Cell. Biochem. 114 (1992) 57–63.

[137] R.J. Brooker, C.W. Slayman, Inhibition of the plasma membrane [H+]-ATPase of
Neurospora crassa by N-ethylmaleimide. Protection by nucleotides, J. Biol.
Chem. 257 (1982) 12051–12055.

[138] M. Ghislain, M. De Sadeleer, A. Goffeau, Altered plasma membrane H(+)-ATPase
from the Dio-9-resistant pma1-2 mutant of Schizosaccharomyces pombe, Eur. J.
Biochem. 209 (1992) 275–279.

[139] T.R. Schneider, A genetic algorithm for the identification of conformationally
invariant regions in protein molecules, Acta Crystallogr., D Biol. Crystallogr. 58
(2002) 195–208.

[140] T.A. Jones, J.Y. Zou, S.W. Cowan, M. Kjeldgaard, Improved methods for building
protein models in electron density maps and the location of errors in these
models, Acta Crystallogr., A 47 (1991) 110–119.

[141] A. Sali, T.L. Blundell, Comparative protein modeling by satisfaction of spatial
restraints, J. Mol. Biol. 234 (1993) 779–815.

[142] M.Y. Shen, A. Sali, Statistical potential for assessment and prediction of protein
structures, Protein Sci. 15 (2006) 2507–2524.

[143] J.M. Shin, Y.M. Cho, G. Sachs, Chemistry of covalent inhibition of the gastric
(H+, K+)-ATPase by proton pump inhibitors, J. Am. Chem. Soc. 126 (2004)
7800–7811.

[144] R.A. Friesner, J.L. Banks, R.B. Murphy, T.A. Halgren, J.J. Klicic, D.T. Mainz, M.P.
Repasky, E.H. Knoll, M. Shelley, J.K. Perry, D.E. Shaw, P. Francis, P.S. Shenkin, Glide:
a new approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy, J. Med. Chem. 47 (2004) 1739–1749.

[145] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, Development and testing of the
OPLS all-atom force field on conformational energetics and properties of organic
liquids, J. Am. Chem. Soc. 118 (1996) 11225–11236.

[146] G.A. Kaminski, R.A. Friesner, J. Tirado-Rieves, W.J. Jorgensen, Evaluation and
reparametrization of the OPLS-AA force field for proteins via comparison with
accurate quantum chemical calculations on peptides, J. Phys. Chem. B 105 (2001)
6474–6487.

[147] W.L. DeLano, The PyMOL Molecular Graphics System (2002) DeLano Scientific,
San Carlos, CA, USA. http://www.pymol.org.

http://www.pymol.org

	P-type ATPases as drug targets: Tools for medicine and science
	Introduction
	General description of P-type ATPases
	Pumps as drug targets
	Na+,K+-ATPase inhibitors: keeping the heart beat
	Gastric H+,K+-ATPase inhibitors: controlling acid secretion
	SERCA inhibitors: controlling intracellular calcium concentration

	The molecular mechanisms behind pump inhibition
	SERCA inhibitors: blocking the cytoplasmic pathway
	Na+,K+-ATPase and cardiotonic steroid inhibitors: blocking the �extracellular pathway
	Gastric H+,K+-ATPase inhibitors: blocking the extracellular pathway
	Plasma membrane Ca2+- and H+-ATPases: autoinhibited pumps at �the cell surface

	Concluding remarks
	References




