
Introduction

P-type ATPases are of crucial importance in all
eukaryotes where cation pumps of this protein family
maintain the cation gradients and the membrane po-
tential. The sarco(endo)plasmic reticulum Ca2+-AT-
Pase from skeletal muscle (SERCA1a) is responsible
for tranporting the Ca2+ released during muscle con-
traction back into the sarcoplasmic reticulum store. In
the functional cycle of SERCA1a two Ca2+ ions are
pumped out of the cytosol (with cytosolic Ca2+ ions
binding to the “E1 states” of the pump)  followed by
the countertransport of 2-3 protons (E2 states). The
energy for this up-hill transport scheme is derived
from ATP hydrolysis via formation and break-down
of a phospho-enzyme intermediate. Over the last few
years a number of crystal structures have been obtai-
ned which have added to our understanding of how
SERCA accomplishes its task. We describe the cou-
pling between activties at the phosphorylation site and
cation binding in the membrane and how it ensures a
vectorial transport.

Material and methods

Crystals were obtained of native SERCA1a (1-4)
and of protein obtained from a yeast expression system
(5). Functional studies were conducted on native enzy-
me (1-3) and on mutant forms in COS cells (6). Details
at the phosphorylation site were investigated by the use
of various ATP analogs (AMPPCP, AMPPNP,
ADP:AlF4-), and of genuine ATP bound to a mutant
form. Defined ionic conditions allowed for analysis of
cation binding in the membrane (1, 2), at the pho-
sphorylation site (1-3), and at a regulatory site (6). Data
sets ranging from 2.6 to 3.8 Å maximum resolution we-
re obtained at synchrotron sources.

Outcomes

Large conformational changes are observed in re-
sponse to the binding of cations in the membrane and
of ligands at the phosphorylation site (1,2,3). We ob-
serve that two Mg2+ sites are involved in the recruit-
ment and activation of ATP for phosphorylation (1-
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3). A regulatory K+ site occupied in the phosphoryla-
ted states has also been revealed (6).

Conclusions

We observe a strict coupling of the transition state
of phosphorylation with Ca2+ occlusion and of depho-
sphorylation with H+ occlusion. Such occluded transition
states form the basis for vectorial transport (7, 8). Two
Mg2+ sites are involved at the phosphorylation site - one
for early ATP recruitment and modulation (1, 3) and one
for catalysis (1, 2). We anticipate that the basic mechani-
sms of SERCA1a are conserved in P-type ATPases, yet
crystal structures of other P-type ATPases remain to be
determined. A combination of structural and functional
studies of P-type ATPases will remain important in fu-
ture studies of these important pumps.
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