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I. INTRODUCTION

In this paper, dedicated to Dr. Efraim Packer on his
65th birthday, we will summarize some of our approaches and
recent observations on potential sites of ion flow across
the sarcoplasmic reticulum membrane.

II. ACTIVE SITES WITHIN THE Ca** + Mg*" ATPase MOLECULE

Dr. Efraim Packer carried out one of his most remark-
able experiments in reconstitution when he incorporated the
purified Ca®** + Mg?®" dependent ATPase of sarcoplasmic retic-
ulum into phospholipid vesicles containing Ca®* precipitable
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anions and demonstrated that the enzyme could catalyse ATP-

dependent Ca®* transport (1). Warren et al (2) confirmed
this observation using a single, defined phospholipid and
concluded that the ATPase protein must carry, within its
polypeptide chain, sites or ATP hydrolysis and Ca®" lono-
plioric activity.

We became interested in the possibility that these
two activities might be difined biochemically when we found
that the ATPase protein, when incorporated into a biomolecu-
lar lipid layer, dramatically increased the conductivity of
the bilayer to a series of divalent metal ions (3) At the
same time that these experiments were being carried out we
(4) and others (B5-7) observed that the 100,000 dalton ATPase
was cleaved in two discrete points when trypsin was applied
to the surface of intact sarcoplasmic reticulum wvesicles.

We subsequently isolated the 55,000 and 45,000 dalton frag-
ments resulting from the first cleavage and the 30,000 and
20,000 dalton fragments resulting from further cleavage of
the 55,000 dalton fragment. The site of ATP hydrolysis
could be assayed by way of incorporation of **P, from vy-?* P-
ATP, into the peptide chain. The radioactive label found in
the 100,000 dalton enzyme was also found in 855,000 and 30,000
dalton fragments (4,6). The ionophoric site, assayed by its
ability to increase divalent metal ion conductance in a bi-
molecular lipid layer, was found in the 55,000 dalton frag-
ment and,after the second cleavage, it was found in the
20,000 rather than the 30,000 dalton fragment (8). The two
sites are, therefore, distinctly segregated in the peptide
backbone and they can be separated and studied independently
of each other.

The first cleavage of the ATPase into two large frag-
ments did not affect either ATPase or overall calcium

transport activity (4,9). At this stage it was possible to
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dissolve the fragmented enzyme in SDS solution and to re-

constitute Ca®* transport activity after removal of SDS on
an anion exchange column (10). The second, slower cleavage
of the 85,000 dalton fragment into subfragments was corre-
lated with the loss of calcium transport activity. This
cleavage may, therefore, constitute a physical and function-
al uncoupling between ATP hydrolytic and calcium transport
functions. This interpretation is supported by the finding
that the action of trypsin in the second cleavage is limited
to a single Arg-Ala bond and that no peptide material is
cleaved out of the molecule (see table 1).

In more recent experiments carried out over the past
two years we have tried to obtain more information about
the chemistry of the Ca®*' ionophoric site. This has been
an arduous task because of the difficulty of working with a
very hydrophobic protein. The interpretation of our results
has been greatly aided, however, by the remarkable achieve-
ments of Drs. Geoffrey Allen and Michael Green who have
succeeded in sequencing nearly 3/4 of the ATPase molecule
(11).

The first experiments were to align the tryptic frag-
ments. The N-terminal sequence of the 100,000, 55,000 and
20,000 dalton fragments could not be obtained (12). This
was because each of these fragments began with a blocked
N-terminal amino acid, Ac-Met (13). N-terminal sequences
were obtained on the 30,000 and 45,000 dalton fragments and,
accordingly; the fragments could be aligned as Ac-N-20,000-
30,000-45,000-COOH.

The second set of experiments was to subfragment the
20,000 dalton fragment using CNBr. There are 4 methionines
in the fragment (8) but since one Met is N-terminal, CNBr
treatment should yield 4 peptides. We were, indeed, able

to identify four CNBr fragments of molecular weights about
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Sequence 1: AcMet-Glu-Ala-Ala-His-Se r—Lys~Ser-—Thr-*Glx10
(G. Allen (11)) 20K
) .13 K-CNBr
S R e S S B s R B |
20
-Glx-Cys-Leu-Ala~-Tyr-Phe-Gly-Val-Ser-Glu...
=7 T 7 T 7 7 T—7 7 7 T—7 7  —7
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Sequence 3: ... Leu=Arg-Asn-Ala-Clu-Asn-Ala-1le-Glx-A I_.'l1
(G. Aden (11}) =———————uro S S S ES e
20
~Leu=Lys=Glu=Tyr=Clu=Pro=Glu=Mcl-Cly=ly=s
7.5 K-CNBr

=7

30

0

4y
-Arg-Tle-Lys-Ala-Arg-Asp-1le-Val-Pro-Gly '

L YT

—As—;p—Ile—Val-—Glu—Val—Ala—Val—G.ty—Asx—Lys'j(}

60
-Val-Pro-Ala-Asx-1lle-Arg-Ile-Leu-Ser-Ile ?

HLys—-Ser—Thr-Thr-Leu—Arngal—Asx—Glx-»Ser?o

~Ile-Leu-Thr-Gly-Gln-Ser-Val-Ser-Val-Ile -

-Lys-His-Thr-Glx-Pro-Val-Pro-Asx(Pro,Gly )90

—Arg--Ala—Val»Asx—Glx—Asx~Lys~L€u-AAn-Metloo
20 % . 30K
ey ——y —y ——y ——p ——p ——y ——

-Leu-Phe-  -Gly-  -Asn...

-7 7 s oy
TABLE 1: Relationship between amino acid sequences in tryp-
tic and CNBr fragments and sequences 1 and 3 of G. Allen
(11). Residues identified by sequence analysis, ——; resi-
dues identified by carboxypeptidase digestion, .
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13,000, 7,500, 4,500 and < 1,000. We have obtained amino

terminal sequences on the two larger fragments (Table 1).
The 13,000 dalton fragment had an amino terminal sequence
identical to that beginning with the second residue, of the
intact ATPase. Therefore it could be aligned as beginning
with the second amino acid, Glu, and running some 120 amino
acids into the chain. The sequence of the first 19 amino
acids in this fragment is listed in Table 1.

The 7,500 dalton fragment did not contain any homo-
serine lactone, the product of the CNBr reaction with
methionine, and its C-terminal amino acid was Arg, indicat-
ing that it was released from the C-terminal end of the
20,000 dalton tryptic fragment. Several pieces of evidence
have allowed us to assign this fragment to part of sequence
number 3 obtained by Allen (11). Our N-terminal sequence of
the 30,000 dalton tryptic fragment was found to be identical
with the 6 C-terminal residues in Allen's sequence 3 and
these 6 residues were preceded by an Arg residue. These
observations established that sequence 3 covered the point of
tryptic cleavage between the 20,000 and 30,000 dalton frag-
ments. Some 73 residues proximal to the Arg residue was a
Met-Gly bond that would be susceptible to CNBr cleavage.
Allen's amino acid sequence distal to the. Met-Gly bond was
found to be identical to our N-terminal amino acid sequence
for the 7,500 dalton fragment (Table 1) and the overall
composition of the 7,500 dalton fragment and the sequence
intervening between Gly and Arg were found to be essentially
identical. Therefore, the 7,500 dalton CNBr fragment is
C-terminal in the 20,000 dalton tryptic fragments and its
primary sequence is known.

A Tyr residue is found just proximal to the 7,500
dalton fragment in Allen's primary sequence 3. The 4,500
dalton fragment contains a Tyr group but the 1,000 dalton
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fragment does not. Therefore, the 4,500 dalton fragment

must lie proximal to the 7,500 dalton fragment with the
1,000 dalton fragment intervening between the 13,000 and
4,500 dalton fragments. The order of alignment of the frag-
ments is, therefore, 13,000-1,000-4,500-7,500.

Studies carried out on file ionophoric properties of
the fragments are in progress. The 7,500 dalton fragment
does not have any selective capacity for conduction of
divalent metals through a lipid bilayer. The 13,000 dalton
fragment, however, has divalent metal ionophore activity
and is several fold selective for cations over anions. The
selectivity sequence among the divalent cation is, however,
different from chat of the 100,000, 55,000 and 20,000 dal-
ton components. Its order of selectivity is Mn>Ca>Ba>Sr>Mg
(T. Herrmann and A. E. Shamoo, personal communication)
whereas the selectivity sequence observed for the larger
peptides was Ba>Ca>Sr>Mg>Mn. The ionophoric properties of
the 4,500 and 1,000 dalton fragments have not yet been
measured. Therefore, we do not know whether additional
activity is present in these fragments. If the only Iono-
phoric activity observed is that in the 13,000 dalton frag-
ment-, we must assume that its selectivity has been somewhat
modified at this stage of purification.

These studies show that an ionophoric activity can be
defined and traced to a particular part of the ATPase mole-
cule. The physiological role of this ionophoric activity
has yet to be proven although some experiments (9,14) sug-
gest that it is involved in overall Ca®’ transport and that
its function can be uncoupled from ATP hydrolysis. In any
consideration of whether or not the site is physiologically
relevant, it must be kept in mind that the ionophore does
not display the same selectivity as is observed for overall

ion transport. The sarcoplasmic reticulum only transports
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Ca®* and Sr®' and these are the two ions which activate ATP
hydrolysis. Ba?", Mg®" and Mn®", which are conducted by
the ionophore, have no capacity to stimulate ATP hydrolysis
and are not transported by the sarcoplasmic reticulum.
Therefore, if the ionophore is involved in physiological
ion transport, access to it must be stringently controlled
by the site of ATP hydrolysis. Studies of the physical and
functional, relationship between these two sites will un-
doubtedly provide new insights into the mechanism of ion

transport.

ITI. RECOGNITION OF A GLYCOPROTEIN IN THE SARCOPLASMIC
RETICULUM.

In our initial studies of the sarcoplasmic reticulum
protein composition we routinely used SDS-polyacrylamide
gels prepared by the method of Weber and Osborn (18). We
found major protein bands at 100,000, 55,000, 44,000, 30,000
and 6,000 daltons. Subsequently we were successful in puri-
fying the 100,000 dalton ATPase, the 55,000 dalton high
affinity calcium binding protein, the 44,000 dalton calse-
questrin and a proteolipid with a mobility corresponding to
6,000 daltons (16). Recently we reexamined the contribution
of the high affinity calcium binding protein to the 55,000
dalton band using the Laemmli slab gel system (17) and a
two-dimensional slab gel system utilizing a Weber-Osborn
separation in one dimension and a Laemmli system in the
second dimension. We found some four protein bands in the
55,000 dalton region, the most prominent of which was a
diffusely staining protein of about 53,000 daltons (18).

As we were also interested in the question of whether pro-
teins of the sarcoplasmic reticulum were glycosylated, we
treated the gels with '#*°I-concanavalin A (19). While
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calsequestrin and two high molecular weight proteins bound
a small amount of concanavalin A, the 53,000 dalton protein
was by far the most heavily labelled of the proteins sepa-
rated in the slab gel. This staining capacity has permitted
us to follow the protein during fractionation.

Fig 1 shows that a large proportion of the protein is
extracted from the sarcoplasmic reticulum by low concentra-
tions of deoxycholate in the presence of KCl; conditions
which release calsequestrin but do not dissolve the ATPase.
The glycoprotein remains soluble during the process of
depletion of deoxycholate and it can be fractionated on
DEAE cellulose with a KCl gradient. A part: of the protein
remains with the ATPase but is fractionated away during the
process of ammonium acetate purification of the ATPase,
being precipitated with the first ammonium acetate addition
whereupon it remains insoluble. The purified ATPase is
essentially free of the glycoprotein.

When sarcoplasmic reticulum vesicles were highly puri-
fied and separated into several fractions by density
gradient centrifugation following the methods of Meissner
(20) or of Lau et al (1) the glycoprotein was found in
light, intermediate and heavy vesicles. When the heavy
vesicles were treated in a French pressure cell to free
transverse tubular elements, the glycoprotein remained with
heavy sarcoplasmic reticulum, its content being sharply re-
duced in the transverse tubular fraction. We have not as
yet attempted to quantitate the protein to determine if
there is a molar stoichiometry between the glycoprotein and
the ATPase in each fraction but a first approximation from
the amount of Coomassie Blue bound indicates that a rather
constant stoichiometry does exist between these two proteins.

The glycoprotein is heavily labelled with a cyclo-

heptaamylose-fluorescamine-complex (18) which cannot



ITI. RECONSTITUTION 263

COOMASSIE ~ CON-A

' l : .
Ri St R3 Ry S1 R3

Figl Gel electrophoretic patterns of: sarcoplasmic retic-
ulum (R,); extract containing the glycoprotein (S;);
purified ATPase (Rjz): Left, Coomassie Blue stain;
right, '*°I concanavalin A stain: A, ATPase; C,
calsequestrin; G, glycoprotein.

penetrate the interior of the sarcoplasmic reticulum and
does not label calsequestrin or the high affinity calcium
binding protein (22). Thus the protein must be exposed to
the exterior of the vesicles. We have not yet proven that
the protein is embedded in the lipid bilayer but it is not
removed by sucrose or salt washing or by extraction with
EGTA. Therefore, we think that it interacts hydrophobically
with the lipid bilayer. The sugar moieties on glycoproteins
of rough microsomes are found in luminal spaces (23). Since
the sarcoplasmic reticulum has the same orientation as rough

microsomes, it is probable that the sugars on the glycoprotein
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are also located in the lumen of the sarcoplasmic reticulum

and, therefore, that the glycoprotein is a transmembrane
protein.

The Na® + K* ATPase has a lower molecular weight
glycoprotein tightly associated with it (24). Since the
Na* + K" ATPase and the Ca®" ATPase share many properties
such as molecular weight, and even sequence homology (25)
it is not surprising that they may also share the property
of association with a glycoprotein. Indeed the molecular
arrangement of the two could be identical, with ATP being
hydrolysed in the cytoplasmic compartment in both cases
and the sugar portion of the associated glycoprotein being
located on the opposite side of the membrane.

Meissner and Fleischer (26) and Repke et al (87) re-
ported that when sarcoplasmic reticulum membranes were dis-
solved in deoxycholate and reconstituted under defined
dialysis conditions, two major protein hands were observed
in the reformed membranes, the ATPase and the 55,000 dalton
band. We showed that tills band was not the high affinity
calcium binding protein but was the 53,000 dalton glyco-
protein (18).

When Dr. Packer reconstituted Ca®* transport using
the purified ATPase (1) he found that the preparation did
not transport anions but was dependent on the presence of
anions in the interior of the vesicles. On the other hand,
Meissner and Fleischer (26) reconstituted low lipid vesicles
from either whole sarcoplasmic reticulum or partially puri-
fied ATPase that retained the ability to transport anions.
The possibility arose that the lipid composition or content
of the reconstituted vesicles might determine anion pene-
tration. More recently, however, Chiesi et al (88) and
Peterson et al (R9) have reconstituted transporting vesicles,
rich in phospholipid, from Triton X-100 extracts. These
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systems do transport anions and in both cases the starting

material was the whole sarcoplasmic reticulum. These obser-
vations raise the possibility that there is a protein re-
quired for anion transport in the sarcoplasmic reticulum
which can he purified away from the ATPase but which will
reassociate with membranes containing the ATPase under the
right conditions. A possible candidate for this protein is
the glycoprotein.

We have begun the study of whether the glycoprotein
is involved in the ion transport function. We have found
that the purified ATPase (30) will transport Ca®' at low
rates when reconstituted under the conditions described by
Meissner and Fleischer (26) and assayed in the presence of
oxalate. If crude preparations of glycoprotein are added
to the reconstitution mixture, the glycoprotein is select-
ively rebound to the reformed membranes and the Ca®" trans-
port rate is enhanced several fold. We do not know the
mechanism of the stimulation, as yet, but we are testing
the hypothesis that it is related to an enhanced anion

transport function.
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