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P-type ATPase are ubiquitous transport proteins across all kingdoms of life. These pro-
teins share a common mechanism involving phosphorylation of an invariant aspartate to
facilitate movement of substrates from protons to phospholipids across cellular mem-
branes. In this issue of the Biochemical Journal, Welle et al. identify a conserved cysteine
near the functionally critical aspartate of P-type plasma membrane H+-ATPases that pro-
tects the protein from reactive oxygen species.

Movement of molecules across biological membranes is a common feature in metabolism and physi-
ology and a shared challenge for organisms across all the kingdoms of life. The structural organization
of proteins for the myriad transport processes are incredibly diverse, as are their biochemical/biophys-
ical mechanisms and regulatory controls [1,2]. P-type ATPases are ubiquitous in nature and move
ions across membranes for a wide range of biological processes including generation of membrane
potential, muscle contraction, removal of toxic ions from cells, and regulation of cytosolic pH. Their
operation and regulation have been extensively studied at the molecular and cellular levels [3–5].
Recent work by Welle et al. [6] suggests a new mechanism for protecting P-type plasma membrane
H+-ATPases from reactive oxygen species and heavy metals, which would enable these critical proteins
to function under stress conditions.
P-type ATPases use ATP to drive the transport of molecules ranging from protons to phospholipids

across cellular membranes. Their name, i.e. ‘P-type’, derives from the use of a phosphorylated protein
intermediate to move substrates across the membrane [7,8]. A substrate molecule binds to the ATPase
triggering phosphorylation of the transporter to mediate the conformational changes that cycle the
enzyme between two states with different affinities for the substrate and nucleotide. Thus, P-type
ATPases use ATP to maintain a substrate gradient across the membrane. The structural features of the
P-type ATPases, which include three cytosolic domains (A, actuator; P, phosphorylation; and N,
nucleotide binding) and core transmembrane transport/ion binding domain, are conserved across the
five subfamilies of these proteins with members of each subfamily sharing substrate preference [3,4,9].
Biochemical studies have intensively examined the P2 and P3 ATPases from animals and plants, as
these proteins generate and maintain membrane potential for central metabolism [4–6]. The P2 sub-
family includes the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and Na+/K+-ATPase and the
P3 subfamily includes the plasma membrane H+-ATPases [9]. Within the P-domain of the P2 and P3
ATPases, an invariant aspartate serves as the phosphorylation site that drives the translocation cycle;
however, two residues upstream in the protein sequence is another invariant residue — a cysteine
whose function was previously unknown.
The versatility of cysteine’s nucleophilic thiol is a mainstay of biological chemistry from enzyme

reaction mechanisms to scavenging of reactive oxygen species (ROS) to redox-linked signaling [10–12].
Depending on cellular environment, cysteine modification can alter protein activity for redox-
dependent regulation or provide protection against oxidative damage to ensure protein function and/
or stability [13].
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As noted by Welle et al. [6], oxidative stresses, including heavy metals, can alter the activity of P2 and P3
ATPases. Previously, the residue in SERCA which corresponds to the conserved cysteine was identified as sensi-
tive to nitrosylation and highly reactive to peroxides, but the role of these modifications was unclear as protein
activity was largely unaffected. Likewise, mutations of the conserved cysteine in other P-type ATPases yielded
only minor changes in nucleotide hydrolysis, despite its evolutionary conservation and high reactivity. Using
the plasma membrane H+-ATPase (AHA2) from Arabidopsis thaliana (thale cress), Welle and co-workers
examined the possible role of the invariant cysteine (Cys327) near the phosphorylation site [6]. The authors
expressed the Arabidopsis protein recombinantly in yeast. Because the yeast paralog is essential for growth,
they used a clever system in which the native protein is only expressed in the presence of galactose — without
induction, only the Arabidopsis protein is detectable. Using cysteine-labeling agents, initial experiments identi-
fied tryptic-digest peptide fragments of AHA2 which contained modified Cys327, reaffirming that the thiol
group was highly reactive and was accessible to external compounds even though the residue is not located on
the protein surface. Next, a series of point mutations were introduced into AHA2 and examined for ATP
hydrolytic activity and proton pump activity, which were generally unaffected by mutations which did not
disrupt the protein’s fold. As in other P2 and P3 ATPases, the invariant cysteine of the plant plasma membrane
H+-ATPase is not essential for protein function.
Given the proximity of Cys327 in AHA2 to the active site, the authors speculated that residue may interact

with heavy metals, like Cu2+, that promote ROS formation. Interestingly, mutations of the invariant cysteine
led to increased sensitivity of the plasma membrane H+-ATPase to Cu2+, but not to Zn2+ or Cd2+, compared
with wild-type protein. Similarly, mutant proteins treated with hydrogen peroxide (H2O2) or peroxynitrite
(ONOO−) displayed increased ROS sensitivity based on ATPase activity assays. Overall, the experiments of
Welle et al. [6] suggested a new role for the conserved cysteine in the plasma membrane H+-ATPases: the
residue may bind Cu2+ ions to protect the active site from oxidation under stress conditions that induce ROS
formation. Intriguingly, it appears that evolution selected for robustness in the essential role of the plasma
membrane H+-ATPases that enables their adaption to changing cellular conditions.
Robustness describes the ability of a system to perform its function despite perturbations or suboptimal con-

ditions. Organisms evolve robustness in response to complex and changeable environments. They face an
unpredictable repertoire of biotic and abiotic challenges such as changes in temperature, water and nutrient
availability, competition, pathogens and predators. Successful organisms are those which have evolved strategies
to cope with these selective pressures and build robustness into biological functions at every scale. Because
organisms are typically studied in a carefully controlled laboratory environment, the extent of this robustness is
just beginning to be appreciated. Recently, mechanisms for robustness to mutation, protein expression, initi-
ation of translation, and cell size have been described [14–17]. In these systems, various proteins, such as heat
shock proteins or DNA repair enzymes, serve specific roles to act as buffer against these environmental
changes.
Now, Welle et al. [6] reveal another mechanism for functional robustness in which proteins with other

primary roles in the cell themselves harbor protective residues to maintain activity during stress conditions. In
the case of the plasma membrane H+-ATPases, the extensive conservation of the key cysteine residue across
homologs from various kingdoms suggests a long evolutionary selection for robustness to changes in copper
concentration and ROS generation. Interestingly, there are other examples of unanticipated metal chelating
activity in proteins with other primary functions. Copper chelating activities have been recently identified in
granulins, chaperonins, and lens crystallins [18–20]. It is possible that evolution of metal chelation serves a pro-
tective measure to maintain robust molecular function under ROS generating conditions.
For the first time, the mystery of the invariant cysteine in the P3 subfamily of plasma membrane

H+-ATPases appears to be solved. A logical next step is to examine whether members of the P2 subfamily, like
SERCA and the Na+/K+-ATPases, also evolved a similar protection mechanism to maintain robust cellular
function during other ROS-generating stress conditions.
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