S

SEMINARS IN
NEPHROLOGY

Structure-Function
Relationships in the Na*,K*-Pump

Dwight W. Martin

The Na,K-pump was discovered about 50 years ago. Since then there has been a methodic
investigation of its structure and functional characteristics. The development of the Albers-
Post model for the transport cycle was a milestone that provided the framework for detailed
understanding of the transport process. The pump is composed of 2 subunits that exist in
the membrane as an af§ heterodimer. All known enzymatic functions of the pump occur
through the a subunit. Although necessary for activity, the complete role of the 8 subunit
is not understood fully. Numerous studies have established that the af protomer is the
minimal functional unit needed to perform the Albers-Post reaction cycle. However, higher
orders of aggregation [(af),] are commonly detected. There is little evidence that oligomer-
ization has functional consequence for ion transport. The Na*,K*-adenosine triphos-
phatase (ATPase) is a member of the P-type ATPase family of transporters. Proteins within
this family have common amino acid sequence motifs that share functional characteristics
and structure. Low-resolution 3-dimensional reconstruction of 2-dimensional crystal dif-
fractions provide evidence for the similarity in tertiary structure of the « subunit and the
Ca2*ATPase (a closely related P-type ATPase). The spatial location of the B subunit also is
obvious in these reconstructions. Recent high-resolution reconstructions from 3-dimen-
sional crystals of the Ca?*ATPase provide structural details at the atomic level. It now is
possible to interpret structurally some of the key steps in the Albers-Post reaction. Some
of these high-resolution interpretations are translatable to the Nat,K*-ATPase, but a
high-resolution structure of the Na,K-pump is needed for the necessary details of those
aspects that are unique to this transporter.

Semin Nephrol 25:282-291 © 2005 Elsevier Inc. All rights reserved.

KEYWORDS Na*,K*-ATPase, Na, K pump, structure, Na(+)-K(+)-exchanging ATPase

Essentially all animal cells maintain a cytoplasmic envi-
ronment that is relatively high in potassium and low in
sodium compared with extracellular space. The mystery of
how this ionic gradient is maintained began to be unraveled
in the early 1950s as the red cell developed into a valuable
system for studying sodium and potassium transport.! In
1957, Skou? discovered a membrane-associated enzyme in
nerve tissue that hydrolyzes adenosine triphosphate (ATP) in
the presence of Na and K. Subsequent studies established
that the Na*- and K*-dependent ATPase and the Na,K-pump
studied in red cells were the same enzyme.? (In 1997, Skou*>
shared the Nobel Prize in Chemistry for his classic work in
the discovery and characterization of the Na* K*-ATPase.)
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Since its initial identification, a tremendous scientific effort
has been devoted to understanding the details of the struc-
ture and function of this enzyme. The need for this under-
standing is made clear when one considers the important
physiologic roles of the Na* K*-ATPase (also known as
Na*,K*pump, Na* pump). The ionic gradient created by the
Na*t K*-ATPase is responsible for maintaining the mem-
brane potential in vertebrate cells that is essential in excitable
cells, making action potentials and neuronal transmission
possible.® A major role of the Nat K*-ATPase is that of an
energy transducer converting the chemical energy from the
hydrolysis of ATP to the chemical potential energy created by
an ionic concentration gradient. This gradient is coupled to
and provides the energy for other transport processes that are
responsible for cell volume regulation; for secretory pro-
cesses in epithelia; for intracellular transport of vital solutes
such as glucose, amino acids, and neurotransmitters within
the organism; and for the absorption of metabolites from the
intestine.>”# The electrochemical gradient generated by the



Structure-function relationships

Na*t K*pump provides the driving force for reabsorption of
sodium and many other vital solutes in the kidney where the
pump exists in its greatest concentration in the outer renal
medulla.” In a resting animal, greater than 20% of cellular
ATP is consumed by the Na* K*-ATPase to maintain these
and other functions.> One easily could characterize the
Na* K*-ATPase as a sine qua non of animal life. This review
provides an overview of what is known currently about the
structure-function relationship for the Na* K*-ATPase. I
have tried to avoid most speculative issues although certainly
some aspects remain open-ended. There is a vast pool of
biochemical data relating to the issues discussed later and
most of the details of that data are beyond the limits of this
review. However, for those interested in more biochemical
and molecular biological details, I refer the reader to these
reviews and the references found therein for classic back-
ground? and more recent developments. 01!

The Albers-Post Reaction Model

Before structural details about the pump were obtained, there
was an accumulating body of data concerning the functional
aspects and mechanistic requirements for the active transport
process. In the mid-1950s, evidence collected, in the main,
from studies using red blood cells established some funda-
mental properties of the transport process. Ouabain, a plant-
derived steroid, was shown to be a potent inhibitor of the
transporter and proved to be a valuable tool in the dissection
of Na* K*-ATPase function.!? Pioneering work by Post and
Jolly®3 established that the transport stoichiometry was 3 Na*
transported out of the cell for 2 K* transported into the cell.
The 3 Na/2 K-exchange ratio of the Na* K*-pump remains a
unique feature of this ATPase. Another characteristic feature
of the Na* K*-ATPase is that during the course of ion trans-
port the pump goes through a cycle that involves, in the
presence of Na*, the transfer of the high-energy phosphate of
ATP to form a covalently bound phosphorylated intermedi-
ate of the transport enzyme.!* This phosphorylated interme-
diate represents a key step in the transfer of the energy
needed for active transport. Further along the reaction cycle,
the phosphate group is released from the enzyme (promoted
by K*) as a free phosphate (P,), and the pump returns to a
state ready to bind another ATP. It was observed that the
pump reaction cycle is reversible and under the proper con-
ditions the ATPase generates ATP from adenosine diphos-
phate and P;.15-2? These observations prompted proposals in
the mid- to late 1960s of a reaction that now is referred to
commonly as the Albers-Post model.

The Albers-Post model has provided a framework for the
investigation of the mechanism of the Na* K*-ATPase for
more than 30 years and has been shown to be applicable to
other transport proteins that belong to the general class of
P-type ATPases discussed later. As more information has
been obtained the model has been revised with greater detail.
A simplified version of it appears in Fig. 1. A key feature of
the reaction model is that the ATPase must exist in at least 2
major conformational states, characterized as E; and E,. Sim-
ply stated, in the E; conformation the ion binding sites face
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Figure 1 The Albers-Post reaction cycle. This is a simplified version
of the reaction cycle as it is currently understood. Na release to the
outside, which is shown as a single step in this figure, actually occurs
in 2 steps with 1 ion being released as a step separate from the
release of the other 2 ions. The arrows indicate the normal direction
of the reaction cycle, however, all steps are reversible. Adapted from
Glynn.1#

Occluded ions

the cytosol and have a high affinity for Na* and a low affinity
for K*, in the E, state the binding sites face the extracellular
space and have a lower affinity for Na* (Kp > 0.3 mol/L) and
a higher affinity for K* (Kp < 1.3 mmol/L). Another feature
of the reaction model is that at particular stages of the trans-
port cycle the ions are occluded and presumably inaccessible
to either the cytoplasmic or extracellular surfaces of the cell.
Additionally, 1 of the 3 Na* ions is bound with a lower
affinity than the other 2 and comes off the transporter in a
distinct step.?3-%> There has been extensive kinetic investiga-
tion of this reaction scheme and controversy still exists about
the details of some steps. ATP can bind to either the E, or E,
conformation of the ATPase. In the E; conformation, ATP
binds with high affinity (K, ~ 50 nmol/L) whereas it binds
with a reduced affinity to the E, state (Kp ~ 300 wmol/L).
The binding of ATP to the E;(2K) form accelerates the con-
formational transition from E, to E, and the release of K* into
the cytosol. Under optimal conditions the overall reaction
can proceed at a rate approaching 10,000 cycles/min.?°

Na*,K*-ATPase Structure
Subunits

The Nat K*-ATPase is composed of 2 protein subunits
termed a and B. The « subunit has a molecular weight of
approximately 112,000, based on amino acid composition.
The B subunit has an amino acid mass of approximately
35,000, but it is highly glycosylated. On a typical electro-
phoretic gel the a subunit migrates as a well-defined band
with a M, of approximately 100,000 whereas the 3 subunit
presents itself as a diffuse band that ranges from an M, of
approximately 45,000 to 58,000. Virtually all that is known
about the function of the Na* K*-ATPase pertains to opera-
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