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Structural Features of Cation Transport ATPases
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Several cation transport ATPases, sharing the common feature of a phosphorylated inter-
mediate in the process of ATP utilization, are compared with respect to their subunit compo-
sition and amino acid sequence. The main component of these enzymes is a polypeptide chain
of MW slightly exceeding 100,000, comprising an extramembranous globular head which is
connected through a stalk to a membrane-bound region. With reference to the Ca’* ATPase
of sarcoplasmic reticulum, it is proposed that the catalytic (ATP binding and phosphorylation)
domain resides in the extramembranous globular head, while cation binding occurs in the
membrane region. Therefore, these two functional domains are separated by a distance of
approximately 50 A. Alignment of amino acid sequences reveals extensive homology in the
isoforms of the same ATPases, but relatively little homology in different cation ATPases. On
the other hand, all cation ATPases considered in this analysis retain a consensus sequence of
high homology, spanning the distance between the phosphorylation site and the preceding
transmembrane helix. It is proposed that this sequence provides long-range functional linkage
between catalytic and cation-binding domains. Thereby, translocation of bound cation occurs
through a channel formed by transmembrane helices linked to the phosphorylation site.
Additional sequences at the carboxyl terminal provide regulatory domains in certain ATPases.

KEY WORDS: Cation transport; Ca’*, ATPase; Nat, K*, ATPase; H*, ATPase; structure-function
relationships; transport mechanism.

INTRODUCTION

The P-type cation-transport ATPases are mem-
brane-bound enzymes consisting of a main polypep-
tide chain of approximately 110,000 MW, which is the
sole or principal operator of both catalytic and trans-
port functions. Additional subunits or dimerization of
the main polypeptide chain occur in some cases (Table
D). The 110,000 MW chain includes a relatively large
extramembranous domain and a number (eight or ten)
of transmembrane helical segments which penetrate
the membrane bilayer and return to the extramem-
branous domain in the form of (four or five) hairpins.
Another, common structural feature is the presence of
an aspartyl residue which is the specific acceptor of
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ATP terminal phosphate for formation of a covalent
intermediate (E-P) during the catalytic cycle. Our aim
in this article is to identify structural features involved
in general catalysis, specific cation binding, and
coupling of catalytic and transport functions in the
main polypeptide unit. To this aim, we compare the
structural features of various cation ATPases and
their isoforms, with reference to the Ca’"-ATPase.
More detailed analysis of structure and function rela-
tionships can be found in Inesi and Kirtley (1990),
Inesi et al. (1990), Kirtley and Inesi (1992), and Inesi
et al. (1992).

SEQUENCES AND TOPOLOGY

Early sequencing efforts on accessible peptide
segments were followed by cloning and sequencing of
full-length ¢cDNAs encoding various cation ATPases.
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Alignments with Na'/K', H*/K* and H'ATPases

(+25 residues) Na,K-ATPase - Sheep
(+37 residues) H,K-ATPase - Rat
(+27 residues) H-ATPase - Yeast

10 20 30 40 50 __60
MEAAHSKSTEECLAYFGVSETTGLTPDQVKRHLEKYGHNELPAEEGKSLWELVIEQFEDL Ca-ATPase - Fast
: : : .. . Na,K-ATPase - Sheep
H,K-ATPase - Rat

H-ATPase - Yeast

70 .80 90 100 110 120
LVRILLLAACISFVLAWFEEGEETITAFVEPFVILLILIANATVGVWQERNAENATEALK  GCa-ATPase - Fast
H . HR . Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

130 140 150 160 170 180
EYEPEMGKVYRADRKSVQRIKARDIVPGDIVEVAVGDKVPADIRILSIKSTTLRVDQSIL,  Ca-ATPase - Fast
: : N . P N H Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

190 200 210 220 230 240
TGESVSVIKHTEPVPDPRAVNQDKKNMLFSGTNIAAGKALGIVATTGVSTEIGKIRDQMA  Ca-ATPase - Fast
HE : H H HHH Lo : :. Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

250 260 270 280 290 300
ATEQDKTPLQQKLDEFGEQLSKVISLICVAVWLINIGHFNDPVHGGSWIRGAIYYFKIAV Ca-ATPase - Fast
.o . F PR . FE N .. Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

310 320 330 340 350 360
ALAVAATPEGLPAVITTCLALGTRRMAKKNATIVRSLPSVETLGCTSVIGSDKTGTLTTNQ Ca-ATPase - Fast
HE A HE - HE :: ¢ Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

370 380 390 400 410 420
MSVCKMFIIDKVDGDFCSLNEFSITGSTYAPEGEVLKNDKPIRSGQFDGLVELATICGALC Ca-ATPase - Fast
P . .o . : e e : : Na,K-ATPase - Sheep

H,K-ATPase - Rat
H-ATPase - Yeast

430 440 450 460 470 480
NDSSLDFNETKGVYEKVGEATETALTTLVEKMNVFNTEVRNLSKVERANACNSVIRQLMK  Ca-ATPase - Fast
HE . H H. . Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

490 . 500 510 520 530 540
KEFTLEFSRDRKSMSVYCSPAKSSRAAVGNKMFVKGAPEGVIDRCNYVRVGTTRVPMIGP  Ca-ATPase - Fast
: . . 1 : Na,K-ATPase - Sheep
H,K-ATPase Rat
H-ATPase - Yeast

Fig.1. Comparison of the sequence of Ca’-ATPase of skeletal muscle with sequences of other
transport ATPases. The sequence shown is that of the fast Ca’*-ATPase of sarcoplasmic
reticulum. Identical (:) or related (.) residues in the other proteins are indicated. Blank spaces
indicate unrelated amino acid residues in those positions. / = start of sequence; \ = end of
sequence; —— = Transmembrane segment [Clarke e al. (1989 model)]. Where a sequence
extends beyond that of the Ca’*-ATPase, the number of additional residues is shown in
parentheses. The residues associated with calcium binding are underlined. Note that all of these
are retained in the slow Ca’*-ATPase, only iwo of them are retained in the erythrocyte
Ca®*-ATPase, and only one appears in the other ATPases. The various enzymes are denoted
as follows: Ca-ATPase—fast = calcium-transporting ATPase, fast twitch skeletal muscle—
rabbit (Brandl et al., 1986); Na,K-ATPase—sheep = sodium/potassium-transporting ATPase,
alpha chain precursor—sheep (Shull er al., 1985); H,K-ATPase—rat = proton/potassium
ATPase—rat (Maeda et al., 1888, 1990) H-ATPase-yeast = proton-transporting ATPase~
yeast (Saccharomyces sp.) (Serrano et al., 1986).

Inesi and Kirtley
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550 560 570 580 590 600
VKEKILSVIKEWGTGRDTLRCLALATRDTPPKREEMVLDDSSRFMEYETDLTFVGVVGML  Ca-ATPase - Fast
.. H . oo . Na,K-ATPase - Sheep
H,K-ATPase - Rat
H-ATPase - Yeast

610 620 630 640 650 660
DPPRKEVMGSIQLCRDAGIRVIMITGDNKGTATAICRRIGIFGENEEVADRAYTGREFDD Ca-ATPase - Fast
: .o P . e . Na,K-ATPase - Sheep
H,K-ATPase - Rat

H-ATPase - Yeast

670 680 690 700 710 720
LPLAEQREACRRACCFARVEPSHKSKIVEYLQSYDEITAMTGDGVNDAPALKKAEIGIAM Ca-ATPase - Fast
: : . P . : Na,K-ATPase - Sheep
H,K-ATPase - Rat
H . : . H-ATPase - Yeast
730 740 750 760 770 780
GSGTAVAKTASEMVLADDNFSTIVAAVEEGRATIYNNMKQFIRYLISSNVGEVVCIFLTAA

Ca-ATPase - Fast
Na,K-ATPase - Sheep
H,K-ATPase - Rat

HE A o . . H-ATPase - Yeast
_ 790 800 810 820 830 840
LGLPEALTPVQLLWVNLVIDGLPATALGFNPPDLDIMDRPPRSPKEPLISGWLFFRYMAT

Ca-ATPase - Fast
Na,K-ATPase - Sheep
H,K-ATPase - Rat

H-ATPase - Yeast

850 860 870 880 890 _900
GGYVGAATVGAAAWWFMYAEDGPGVTYHQLTHFMQCTEDHPHFEGLDCEIFEAPEPMTMA  Ca-ATPase - Fast
: HE : . . H Na,K-ATPase - Sheep
H,K-ATPase - Rat

HERN H-ATPase - Yeast

910 920 930 940 950 960
LSVLVTIEMCNALNSLSENQSIMRMPPWVNIWLLGSICLSMSLHFLILYVDPLPMIFKLK

Ca-ATPase - Fast
Na,K-ATPase - Sheep
H,K-ATPase - Rat

970 980 990 1001
ALDLTQWLMVLKISLPVIGLDEILKFIARNYLEDPEDERRK Ca-ATPase - Fast
F HE I \ Na,K-ATPase - Sheep
\ H,K-ATPase - Rat
Fig. 1. Continued.

Table I. Composition of Major Subunits of Intracellular Ca’* -ATPase, Plasma Membrane Ca’?*-ATPase, Na*, K™ -ATPase, and H,

K*-ATPase
Subunit

Subunit molecular weight Function References
Ca®* -ATPase Main chain 110,458 Ca®* pump Brandl e al. (1986)
intracellular (may form dimers)
(SERCAL1)
Ca’* -ATPase Main chain 134,709 Ca?* pump Verma et al. (1988)
plasmalemmal
(erythrocyte)
Na*, K*-ATPase, Alpha 112,657 Nat, K* pump Shull et al. (1985)
sheep Beta 35,061 structural Kawakami et al. (1986)
H*, K*-ATPase Alpha 114,286 H*, K* pump Maeda ez al. (1988)
rat Beta 33,419 structural Maeda et al. (1990)

Renben et al. (1990)
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Fig.2. Topology of the Ca’*-ATPase in the sarcoplasmic reticulum membrane. Large segments at the
top extend into the cytosol; short segments are exposed at the lumenal side of the membrane. The model
shown is based on that of Clarke et al. (1989). Asp351 undergoing phosphorylation is shown in the
extramembranous region. Residues Glu309, Glu771, Asp800, Thr799, Asn796, and Glu908, involved
in Ca®* binding functions, are shown in the membrane region. The double line denotes the consensus
sequence in many cation transport ATPases, linking the phosphorylation and calcium-binding
domains. The sites of trypsin digestion are shown, and the resulting peptides are denoted A2, Al, and
B at the bottom of the figure. Cysteine residues reactive with maleimide (MAL) or iodacetamide (IA)
derivatives are shown, as is the site for FITC reaction which interferes with ATP binding to the enzyme.
GIn626 and Asp627, as well as Asp351, when mutated, result in loss of catalytic activity.

In Fig. 1 we are comparing the amino acid sequence of
the fast muscle sarcoplasmic reticulum (SR) ATPase
to three other ATPases sustaining transport of dif-
ferent cations in mammalian and yeast cells. The fast
muscle SR ATPase consists of 1001 amino acids in a
single polypeptide chain. Hydropathy analysis of this
sequence suggests that ten segments (identified by a
solid linc in Fig. 1) fold as transmembrane helices
crossing the membrane ten times in the shape of five
hairpins (Fig. 2).Thereby both amino and carboxyl
terminals remain on the cytosolic side of the mem-
brane, and a large portion of the polypetide chain is
outside the membrane, and a large portion of the
polypeptide chain is outside the membrane on the
cytoplasmic side (Fig. 2).

Alignment with other cation ATPases (Fig. 1)
shows little homology, except for a segment interven-
ing between residues 308 and 358 in the SR ATPase.
This segment includes Asp351, which is the residue
undergoing phosphorylation for formation of the cat-
alytic intermediate (Yamamoto and Tonomura, 1968;
Makinose, 1969), and a preceding sequence connect-
ing this segment to the fourth transmembrane helix. In

analogy to the SR ATPase, hydropathy analysis of the
other sequences singles out eight or ten segments that
are likely to be assembled as transmembrane helices.

CATALYTIC AND CATION BINDING SITES

A most important lead to localization of the
catalytic site within the ATPase molecule was the
identification of a specific aspartyl residue (351 in the
SR Ca’"-ATPase) undergoing phosphorylation as an
intermediate step of the catalytic cycle (Bastide et al.,
1973; Degani and Boyer, 1973). Furthermore, the
interference of specific amino acid derivatization with
ATP binding (Mitchinson et al., 1982), as well as
considerations of homology with adenyl kinase and
phosphoglycerate kinase (Taylor and Green, 1989),
indicate that the catalytic and ATP binding sites reside
in the extramembranous domain of the cation-trans-
port ATPases.

Localization of the cation-binding sites proved to
be more difficult. Nevertheless, for the SR Ca’*-
ATPase, site-directed mutagenesis (Clarke et al.,
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Table II. Isoforms of Ca?*-ATPases

Isoform Source Molecular weight References
Organellar Ca*-ATPases
SERCAI
Rabbit Skeletal muscle SR 110,458 Brand! ez al. (1986)
Chicken Skeletal muscle SR 109,034 Karin ez al. (1989)
Brine shrimp Muscle SR 110,343 Palmero and Sastre (1989)
SERCA2a
Rabbit Cardiac SR 109,643 MacLennan et al. (1985)
Chicken Cardiac SR, slow twitch ER 109,700 Campbell ez al. (1991)
Human Kidney ER 109,690 Lytton and MacLennan (1988)
Pig Smooth muscle ER 109,725 Eggermont et al. (1989, 1990)
Rat Brain, stomach, kidney ER 109,680 Gunteski-Hamblin et al. (1988)
Rat Cardiac SR, slow skeletal SR 109,537 Lompre et al. (1989)
SERCA2b
Human Kidney ER 114,756 Lytton and MacLennan (1988)
Chicken Brain ER, cardiac ER ~ 115,000 Campbell et al. (1991)
Rabbit Smooth muscle SR 114,705 Lytton et al. (1989)
Pig Smooth muscle ER 114,791 Eggermont er al. (1989, 1990)
Rat Brain, stomach, kidney ER 114,767 Gunteski-Hamblin et al. (1988)
SERCA3
Brain ER, skeletal muscle SR Greeb and Shull (1989)
109,336 Burk ez al. (1989)
Plasmalemmal Ca’* -ATPases
PMCALI
Human Erythrocyte plasma membrane 134,709 Verma et al. (1988)
Rat Brain plasma membrane 129,509 Shull and Greeb (1988)
PMCA2
Human Erythrocyte plasma membrane 133,930 Strehler er al. (1989, 1990)
Rat Brain plasma membrane 132,615 Shull and Greeb (1988)
PMCA3
Rat Brain, skeletal muscle plasma membrane 127,296 Shull and Greeb (1988)
Greeb and Shull (1989)
PMCA4
Human Muscle plasma membrane ~ 144,000 Shrehler et al. (1989)
Human Muscle plasma membrane ~ 145,000 Strehler et al. (1989)

1989a) and chemical derivatization (Sumbilla et al.,
1991) suggest that Ca’* binding involved in catalytic
activation and transport occurs within the membrane
domain, at a considerable distance from the catalytic
site. Specific residues whose mutation interferes with
Ca’* binding functions are Glu309, Glu771, Asp800,
Thr799, Asp796, and Glu908 (Fig. 2).

ENZYME ISOFORMS

For the same type of cation-transport ATPase
(e.g., intracellular Ca’>*-ATPase, plasma membrane
Ca’*-ATPase, Na*,K*'-ATPase), various isoforms

resulting from alternate splicing of the primary RNA
transcript have been described (Table IT) The sequences
of five intracellular Ca**-ATPase isoforms are aligned
in Fig. 3 and compared to the erythrocyte plasma mem-
brane Ca’"-ATPase. The extensive homology of the
isoforms is obvious, as is the interesting low degree of
homology with the plasma Ca®*-ATPase (except for
the phosphorylation site segment). The membrane
domain residues involved in Ca’* binding are all con-
served in the intracellular Ca®*-ATPase isoforms, while
only two are retained in the plasma membrane Ca®*-
ATPase. It is of interest that the human erythrocyte
plasma membrane Ca’>-ATPase and the SER-
CA2aCa*"-ATPase sequences show carboxyl and
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Alignments of calcium ATPases
(+ 126 residues) Human eryth

10 20 30 40 50 _60
HEAAHSKSTEECI.AYFGVSETTGLTPDQmHLEKYGHNELPAEEGKSLVELVIEQFEDL SR ATPase
HI Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

70 80 90 100 110 120
LVRILLLAACISFVLAWFEEGEETITAFVEPFVILLILTANATVGVWQERNAENATEATK SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCAZb
SERCA3

130 140 150 160 170 180

SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

190 200 210 220 230 240
TGESVSVIKHTEPVPDPRAVNQDKKNHLFSGTNIAAGKAIB IVATTGVSTEIGKIRDQHA SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

250 260 270 280 290 _300
ATEQDKTPLQQKLDEFGEQLSKVISLICVAVVLINIGHFNDPVHGGSWIRGAIYYFKIAV SR ATPase
: Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

310 320 330 340 350 360
AIAVAAIPEGLPAVITTCI.ALGTRRHAKKNAIVRSLPSVETH}CTSVICSDKTGTLTTNQ SR ATPase
HEH HEH HH Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

370 380 390 400 410 420
HSVCKHTIIDKVDGDFCSLNEFSITGSTYAPEGEVLKNDKPIRSGQFDGLVELATICALG SR ATPase
HISE S S HE Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

Fig.3. Comparison of the sequence of SR Ca’*-ATPase of skeletal muscle with sequences
of other calcium-transporting ATPases. The sequence shown is that of the SR Ca’*-
ATPase. Identical () or related (-) residues in the other proteins are indicated. Blank
spaces indicate unrelated amino acid residues in those positions. \ = Start of sequence;
\ = End of sequence; B—M = Transmembrane segment (Clarke ef al., (1989). Where a
sequence extends beyond that of the SR-Ca** -ATPase, the number of additional residues
is shown in parentheses. The residues associated with calcium binding are shown under-
lined. Note that all of these are retained in the slow Ca-ATPase and, only two of them
are retained in the erythrocyte Ca-ATPase. The various enzymes are denoted as follows:
SR ATPase = calcium-transporting ATPase, fast twitch skeletal muscle from rabbit
(Brandl et al., 1986); rabbit card = calcium-transporting ATPase, slow twitch skeletal
muscle from rabbit (MacLennan et al., 1985); human eryth = calcium-transporting
ATPase, erythrocyte membrane from human (Verma et al., 1988); SERA2a = chicken
cardiac and slow twitch skeletal muscle Ca?*-ATPase (Campbell et al., 1991); SERCA2b
= chicken brain endoplasmic reticulum Ca?*-ATPase (Campbell et al., 1991); SERCA3
= rat “organellar” Ca’* pump (Burk et al., 1989).

Fig. 3. Continued.
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430 440 450 460 470 480
NDSSLDFNETKGVYEKVGEATETALTTLVEKHNVFNTEVRNISKV‘ERANAGNSVIRQI}K SR ATPase
HY HH Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

490 500 510 520 530 540
KEFTLEFSRDRKSHSVYCSPAKSSRAAVGNKHFVKGAPEGVIDRCNYVRVG’ITRVI’HI‘GP SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

550 560 570 580 590 600
V'KEKIISVIKEWGTGRDTLRCI.ALATRDTPPKREEHVLDDSSRFHEYETDLTFVGWGHL SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

610 620 630 640 650 660
DPPRKEVHGS IQLCRDAG IRVIHITGDNKGTAIAICRRIGIFGENEEVADRAYTGREFDD SR ATPase
B : Rabbit card
Human eryth
SERCA2a
SERCAZb
SERCA3

670 680 690 700 710 720
LPIAEQREACRRACCFARVEPSHKSKIVEYLQSYDEITAHTGDGVNDAPALKKAEIGIAH SR ATPase
: Lot Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

730 740 750 760 170 780
GSGTAVAKTASEMVLADDNFSTIVAAVEEGRATYNNMKQF IRYLISSNVGEVVCIFLTAA SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

_ 790 800 810 820 830 840
wLPEALIPVQLLWNLVTDGI.PATALGFNPPDLDIHDRPPRSPKEPLISGVLFFRYHAI SR ATPase
Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

850 860 870 880 890 ___900
GGYVGAATVGAAAWFHYAEDGPGVTYHQLTHFHQCTEDHPHFEGLDCEIFEAPEPHTHA SR ATPase
: HER Rabbit card
Human eryth
SERCA2a
SERCA2D
SERCA3

910 920 930 940 950 960
ISVLVTIEHCNAI.NSISENQSD!RHPPVVNIVLLGSICISHSLHFLILYVDPLPHIFKLK SR ATPase
HE Rabbit card
Human eryth
SERCA2a
SERCA2b
SERCA3

970 980 990 1001
ALDLTQVLHVI.KISLPVIGIDEILKFIARNYLEDPEDERRK SR ATPase
:\ Rabbit card
(+92 residues) Human eryth
HEH (+42 residues) SERCA2a
A AN SERCA3

Fig. 3. Continued.



278 Inesi and Kirtley

OUTER SURFACE

_ ELECTRON DENSITY

e >°:

‘ -

H<GT—— | %

Te
20 A
1

(]
v

]]

qu

INNER SURFACE

FIvc

2
-

RAL A

83

BAL B

Y/,

MEMBRANE SURFACE

Fig. 4. Shape and membrane assembly of the SR Ca”* ATPase. Top: A diagram based on early electron
microscopic observations represents the dense distribution of the enzyme on the SR membrane, and its
tendency to form oligomeric arrays (Inesi, 1979). A pear-shaped globular region on the cytoplasmic (“outer”
in the vesicles) side of the membrane is connected through a stalk with a membrane-bound region. A matching
electron density distribution along the axis perpendicular to the membrane plane was derived from x ray
diffraction of stacked membranes (Dupont et al., 1973). Bottom: Model of spatial relationships of fluorescent
labels of the Ca’*-ATPase (Bigelow and Inesi, 1991). The diagram on the left side depicts a fluorescent
isothiocyanate label of Lys515 (FITC), the iodoacetamide-directed labels of Cys670, 674 (IAA), and the
maleimide-directed labels of Cys 344 and Cys364 (MAL A and B). The numbers indicate the mean distances
in angstroms, as derived from estimate of fluorescence resonance energy transfer. The diagram on the right side
portrays a cartoon model for the three-dimensional folding of the ATPase, which attempts to reconcile the
predicted folding of the sequence (MacLennan ef al., 1985) with the topology of the enzyme derived from
electron microscopy and diffraction data (Castellant et al., 1985; Taylor et al., 1986; Stokes and Green, 1990),
and the spatial relationship of fluorescent labels derived from spectroscopic studies (Squier ez al., 1987; Bigelow
and Inesi, 1991). The cytoplasmic head of the enzyme forms a trigonal arrangement with the B (white) tryptic
fragment folded over the Al (hatched) and A2 (solid black) fragments to form a crevice including the catalytic
site (P for phosphorylation domain). The FITC-, iodoacetamide-, and maleimide-directed labels are shown by
the letters F, I, and M, respectively. The cylinder depicts the stalk and transmembrane helices in clustered
configuration, including the Ca’* binding domain (Ca). The model is scaled to be consistent with a membrane
thickness of 40 A, a 40 x 50 x 65A head centered 35 A above the membrane bilayer, and a 28 A diameter
stalk that extends 16 A from the membrane bilayer.
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extensions of 92 and 48 residues, respectively (Fig. 3).
These extensions include two calmodulin binding sites
and, in the case of PMCA2 from rat brain (Shull and
Greeb, 1988; James et al., 1989) the site of phosphoryla-
tion by cAMP protein kinase. These sites are likely to
be related to enzyme regulation by calmodulin in the
plasma membrane Ca**-ATPase, or other ligands such
as phospholamban in the SERCA2a (cardiac) ATPase.

SHAPE AND FOLDING OF THE SR Ca’*-
ATPase

Owing to its natural abundance and dense spac-
ing on the plane of the membrane, as well as its
homogeneous polypeptide composition, the SR Ca**-
ATPase has been studied more extensively than other
cation ATPases. A globular region protruding from
the cytoplasmic side of the membrane connected
through a stalk to a membrane region, and minimal
protein extension on the lumenal surface of the mem-
brane, was already noted by early electron micro-
scopic observations (Inesi and Asai, 1968; Deamer
and Baskin, 1969). Such a disposition of the protein
mass was subsequently confirmed by wide-angle x-ray
(Dupont et al., 1973) and neutron (Herbette et al.,
1985) diffraction measurements, yielding electron-
density profiles perpendicular to the plain of the mem-
brane. Greater detail was subsequently derived from
electron diffraction of bidimensionally ordered arrays
of ATPase molecules (Taylor er al., 1986; Stokes and
Green, 1990), indicating that the globular domain
extends 65 A above the plane of the membrane, and
includes a pear-shaped head (65 x 40 x 50A) and a
stalk of 16 A height and 28 A diameter. In the early
model shown in Fig. 4A the proximity of the ATPase
polypeptide chains within the membrane plane is
emphasized, as well as the shape of the globular head
and stalk protruding from the membrane-bound region.

Useful information regarding the spatial relation-
ships of reference points within the protein structure
was obtained by measurements of fluorescence reso-
nance energy transfer indicating a distance greater
than 60 A between lipophilic labels of the membrane
bilayer and a fluorescein isothiocyanate (FITC) label
of Lys515 (Gutierrez-Merino et al., 1987). Further-
more, Fluorescent labels of Cys670 and 674 with
iodoacetamide-directed probes (Squier et al., 1987),
and of Cys344 and 364 (bracketing the phosphoryla-
tion site) with maleimide-directed probes (Bigelow
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and Inesi, 1991), appear to be closer to each other than
to the fluorescein isothiocyanate of Lys515. This sug-
gests that the alternating helices and beta sheets of the
extramembranous portion of the enzyme are bent
over. Thereby the Cys 344 and 364 labels and the Cys
670 and 674 labels are approximated while retaining a
larger distance from the Lys515 label (Bigelow and
Inesi, 1991). These measurements suggest a trigonal
structure of the extramembranous domain (Fig. 4B)
including nucleotide binding and phosphorylation
sites. A reference of this trigonal structure to the
membrane bilayer is provided by the estimated dis-
tances of 36-40 A from one of the maleimide labels to
troptophans at the membrane interface (Bigelow and
Inesi, 1991), and 36-40 A between the iodoacetamide
labels and the same tryptophan residues at the mem-
brane interface (Gryczinski e al., 1989).

With respect to the transmembrane domain, it is
likely that the four amphiphilic helices containing the
six residues involved in Ca’* binding functions (Fig.
2) are clustered to provide optimal positioning of these
residues for Ca’* binding. This arrangement could
provide a channel for selective translocation of Ca?*
across the membrane, under long-range control by the
catalytic domain (Inesi and Kirtley, 1990). A mole-
cular graphics representation of the postulated chan-
nel is shown in Fig. 5, demonstrating the spacial rela-
tionship of the four acidic groups (Glu 309, Glu771,
Asp800, and Glu908) with a dehydrated Ca®*. The
internal size of the channel is such that it is possible to
move Ca’ without major interactions, except at the
level of the residues involved in Ca’* binding. It is
reasonable to assume that other cation-transport
ATPase have their transmembrane helices clustered in
a similar way favoring binding and translocation of
their specific cations.

Although the graphic representation of Fig. 5
permits a useful appreciation of ligand and segmental
protein interaction, as well as general features of a
channel of this type, there is no firm evidence defining
the number of helices involved in the channel, and
whether the helices forming a single channel derive
from a single or two complementary 110,000 MW
chains. The exact spatial relationships of the helices,
and the distinct location of the two (rather than one)
Ca’* ions that are known to bind to each ATPase unit,
remain to be defined. Further uncertainty is related to
the role of a negative charge cluster in the stalk inter-
posed between the globular extramembranous domain
and the membrane domain. The stalk cluster is known
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to bind lanthanides (Squier et al., 1990), but there is
no reason to believe that Ca’* binding at this location
would occur with functional specificity (Clarke et al.,
1989b). It is possible that, as at the opening of the
acetylcholine receptor channel (Imoto et al., 1988), the
stalk cluster of negative charge in the ATPase stalk
may have a role at the opening of the Ca** channel in
selecting ion concentrations in the immediate
unstirred solvent layer.

THE STRUCTURAL BASIS OF FUNCTIONAL
LINKAGE

From the structural features described so far, it is

readily apparent that coupling of catalytic and trans-

port activities requires a long-range functional linkage
spanning an approximately 50 A distance between the
phosphorylation site in the extramembranous domain
and the cation-binding site within the membrane
domain of the ATPase molecule. Therefore, in addi-
tion to short-range events related to the chemistry of
catalysis, additional effects related to protein confor-
mation are required to explain the long-range linkage
of catalytic and cation-binding domains.

It was originally proposed by Mitchell (1957) and
Jardetzky (1966) that the vectorial orientation and
binding affinity of a cation site may be produced by a
single change in conformation of the pump protein.
This idea has led to models envisioning the pump
protein residing in two major conformational states
(El and E2, or E and *E) displaying high- or low-
affinity cation binding, with different vectorial orien-
tation [for reviews consult Glynn and Karlish (1975);
de Meis and Vianna (1979); Forte er a/ (1988)]. The
equilibrium between the two states would then be
shifted by ligand binding and ATP utilization.

Strong evidence for two conformational states is
provided by: (1) the ability of the Ca’*-ATPase to
form dimeric crystalline arrays in the absence of Ca?*
(Dux and Martonosi, 1983); (2) the total loss of this
ability upon addition of Ca’*; and (3) the restoration
of this ability following the addition of the specific
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inhibitor thapsigargin (Sagara and Inesi, 1991) even in
the presence of Ca’". The functional counterpart of
the two states is the enzyme’s ability to be phosphory-
lated by ATP (but not by P,) in the presence of Ca’*,
and its ability to be phosphorylated by P; (but not by
ATP) in the absence of Ca’*.

In addition to the conformational effect of CaZ*,
another conformational effect is apparently produced
by formation of the phosphorylated enzyme inter-
mediate. In fact, enzyme phosphorylation by utiliza-
tion of ATP in the presence of Ca®*, or by utilization
of P, in the absence of Ca’*, is followed by a change
in the association of ATPase molecules within the
membrane, as revealed by a reduction of fluorescence
resonance energy transfer between appropriate labels
placed on distinct ATPase molecules (Watanabe and
Inesi, 1982; Bigelow et al., 1992).

It is possible that the Ca®* -induced state and the
phosphorylation-induced are predominant during
enzyme cycling. An intriguing question is whether
there are only two conformational states alternating
within the catalytic and transport cycle, or whether
intermediate states are produced within the sequence
of partial reactions of a single cycle (Jencks, 1989).
The observation that bound Ca’*" is occluded within
the ATPase protein, following substrate utilization
and preceding vectorial dissociation of Ca’* and
cleavage of P;, suggests that at least one intermediate
state is formed (Glynn and Karlish, 1990).

In spite of the different characteristics of distinct
enzyme states, no major effects of Ca** or phosphory-
lation are detected by measurements of ellipticity or
energy transfer within the ATPase molecule
(Nakamoto and Inesi, 1986; Bigelow et al., 1992).
Therefore, the observed alternation of enzyme confor-
mational states must be produced by changes in terti-
ary structure, but small or no changes in secondary
structure. It is of interest that similar conclusions were
recently reached regarding the bacterial aspartate
receptor, whose cxtramembranous ligand-binding
domain was crystallized as an active dimer, and its
three-dimensional structure determined by x-ray crys-
tallographic methods. It was then shown that the
ligand-binding site is located more than 60 A from the

Fig. 5. Model of a possible channel composed of helices 4, 5, 6, and 8 which contain the Ca** binding residues. Because of the presence of
prolines in the sequences, the helices are bent. The Ca* residues are arranged facing into the central space at the middle of the helix cluster.
A Ca?* ion with van der Waals sphere is shown as a yellow ball in the center of the channel complexed with the Ca®* binding side chains.
(A) Side view of channel. (B) View down the channel from the cytosol. (C) View of the Ca** binding site in the middle of the channel. Four
carboxyl groups on the side chains of Ca?*-binding residues are clustered in the center of the channel in position to coordinate with Ca’*.
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presumed membrane surface, and that ligand binding
produces only small structural changes of the indi-
vidual subunits, but a definite change in orientation of
the subunits relative to each other (Milburn et al.,
1991).

Long-range functional linkages extending from
extramembranous triggering domains through trans-
membrane helical clusters may be general features of
transmembrane signalling mechanisms. In the cation-
transport ATPases, a highly homologous helical seg-
ment links the phosphorylation and the cation-bind-
ing domains. It is likely that this segment provides the
structural means for functional linkage between the
two domains within the ATPase protein.
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