J. Membrane Biol. 43, 227 —242 (1978)

Ionophorous Properties of the 20,000-Dalton Fragment
of (Ca®* +Mg?>*)-ATPase
in Phosphatidylcholine: Cholesterol Membranes

Adil E. Shamoo

Department of Radiation Biology and Biophysics, University of Rochester School
of Medicine and Dentistry, Rochester, New York 14642

Received 20 March 1978; revised 30 May 1978

Summary. The purified 20,000-dalton fragment of sarcoplasmic reticulum (Ca’*
+Mg?*)-ATPase has been shown by us (A.E. Shamoo, T.E. Ryan, P.S. Stewart, D.H.
MacLennan, 1976. J. Biol. Chem. 251:4147) to have Ca?®*-selective ionophoric activity.
The Ca?*-ionophoric fragment has been purified by either SDS-column chromatography
or SDS-preparative gel electrophoresis. The Ca®*-ionophoric fragment has been sub-
jected to prolonged dialysis to insure the removal of bound SDS from the fragment. The
selectivity sequence of this fragment in black lipid membranes (BLM) formed from
cither oxidized cholesterol or phosphatidylcholine/cholesterol is the same,
By, > B, > B, > By, > Ry, This selectivity sequence is the same as that for the intact (Ca®*
+Mg?*)-ATPase. Treatment of the fragment with cholate to absolutely insure the removal
of bound SDS resulted in the fragment having a selectivity sequence as above except that
Py, > Py, This and other data indicate that the 20,000-dalton fragment is the site contain-
ing the Ca®*-ionophoric activity of the (Ca2* + Mg?+)-AT Pase.

(Ca’*+Mg?*)-ATPase' is known to be the primary “pump” protein for
translocation of Ca* into rabbit white skeletal muscle sarcoplasmic retic-
ulum (Racker, 1972; 1973). The enzyme has been reconstituted into
artificial vesicles following its purification. These vesicles have been shown
to catalyze ATP-dependent Ca** transport. The reconstitution data and
other mounting evidence indicating that membrane-bound ATPases
contain the entire mechanism necessary for ion transportation prompted
our laboratory to look for and find an ion-bearing and ion-translocating
site. more commonly known as an ionophoric site (Shamoo & Ryan,
1975). In the case of the (Ca?* +Mg?*)-ATPase molecule, we were able
to show that the Ca®* ionophorous property resides as part of the intact

1 Abbreviations: (Ca®* +Mg?*)-ATPase=(Ca®* + Mg?*)-dependent adenosine-triphos-
phase.
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polypeptide (Ca’?* +Mg?*)-ATPase (Shamoo & MacLennan, 1974).
Furthermore, it was shown that tryptic digestion of the enzyme results
first in 55,000 (4) and 45,000 (B) dalton fragments, followed by further
cleavage of the 55 K-dalton fragment into 30,000 (4,) and 20,000 (4,)
dalton fragments (Stewart, MacLennan, & Shamoo, 1976). It was also
shown by our laboratory and others that the hydrolytic site resides in
fragments 4 and A,, whereas the ionophoric site resides in {fragments A
and A, (Shamoo et al., 1976). The fragments are held together strongly
through hydrophobic interactions. Only strong detergents, e.g., sodium
dodecylsulfate (SDS), have been successful in separating the fragments
(Stewart et al., 1976). Our laboratory has separated the fragments with
either SDS-column chromatography or SDS-preparative gel electro-
phoresis (Ryan et al., 1976). It was found that the fragments isolated by
SDS-preparative gel electrophoresis were the “cleanest” fragments when
compared with those isolated by other methods on analytical SDS
polyacrylamide gels. SDS was removed from the fragments by prolonged
dialysis in 8 M urea followed by water (Shamoo et al., 1976).

The purpose of this paper is to show that cholate added during the
final stages of dialysis to ensure complete SDS removal has no effect on
the ionophorous properties of the 4, fragment (the cholate is dialyzed
away before ionophorous activity is assayed), to study the ionophorous
activity of the A, fragment in black lipid membranes (BLM) formed from
phosphatidylcholine/cholesterol (PC:chol) and compare the results with
those obtained using oxidized cholesterol membranes (Shamoo et al.,
1976), and to further characterize the selectivity of 4, in bilayers.

Materials and Methods

Preparation

Sarcoplasmic reticulum (SR) was prepared from rabbit white skeletal muscle by the
method of MacLennan (1970). The tryptic fragments of the ATPase derived from SR
were prepared and purified by the method of Stewart et al. (1976) where a Bio-Gel A1.5-
M column equilibrated with 0.5% SDS was used. Fractions rich in the 4, fragment were
concentrated by Amicon ultrafiltration with a PM 10 membrane and passed through a
Bio-Gel P-100 column (180 x 2.5 cm) equilibrated with 0.5% SDS, 50 mm Tris-HCI,
pH 7.0, 1 mm dithiothrietol, 0.02% NaN,. The column was eluted with the same column
buffer, and 2-ml fractions were collected every 20 min.

Conductance Measurements

The lipid bilayer was formed from either egg phosphatidylcholine/cholesterol
(5:1 mg/mg in n-decane) or from oxidized cholesterol prepared according to Tien et al.
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(1966). Conductance, capacitance, and ionic selectivities were all measured according to
our published methods (Shamoo et al., 1976). The various divalent ionic selectivities were
calculated from the equation:

T F o 2a
with o, B, and y defined as:

=4 Z RCy+ Z BECy+ Z BCi+4- Z ECy,

i(—2) i~ 1) i(+1) i(+2)

B= 3 BCy— ) BCy,+ ) BC,— ) BCy
(- 1) i(— 1) i(+1) i(+1)

y=4 Y BC,+ Y PCy,+ Y PC,+4 Y BC,
i(—2) i(—1) i(+1) i(+2)

where

P =the permeability of the ith substance in cm-s~*

C;;=the concentration of the ith substance on the jth side of the membrane in
mole-cm~3

V is the membrane potential in volts; F is the Faraday; R is the gas constant; and T

is the absolute temperature.

Details of calculating various selectivities under various experimental conditions are
given in our review paper (Shamoo & Goldstein, 1977).

Cholate Treatment and Estimation of SDS and Cholate Bound

The 20,000-dalton fragment isolated in 0.5 % SDS was subjected to urea, followed by
water dialysis as previously described (Shamoo, et al., 1976). To remove remaining traces
of SDS, the 20,000-dalton fragment was sonicated in 2 % potassium cholate and dialyzed
against 1%, potassium cholate, pH 8.0, for four days, followed by dialysis against distilled
H,O for up to five days. The removal of detergents by dialysis was followed isotopically
with *H-cholate and 33S-SDS. The amounts of cholate and SDS originally bound were
determined by equilibrium dialysis against 0.5% SDS, as previously described (Shamoo
et al., 1976), or 1% potassium cholate, pH 8.0. As controls, both bovine serum albumin
(Sigma) and Soybean trypsin inhibitor were subjected to identical treatment.

Analytical Methods

Protein was determined by the method of Lowry er al.,, (1951). SDS polyacrylamide
gel electrophoresis was carried out according to the methods of Laemmli (1970) and
Swank and Munkres (1971).

Results
Cholate Treatment and Estimation of Bound SDS and Cholate

Table 1 shows the amount of SDS and cholate bound to the 4,
fragment and the control proteins, bovine serum albumin and soybean
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Table 1. Equilibrium dialysis with **S-SDS and *H cholate

A4, Bovine serum  Soybean trypsin
albumin inhibitor

SDS bound

mg SDS/mg protein 20.7 1.94 1.44

Mole SDS/mole Protein 14.3 x 102 4.42 x 10? 1.01 x 102
Cholate bound

mg cholate/mg protein 10.49 1.07 1.74

Mole cholate/mole protein 4.7 x 10? 1.6 x 102 0.8 x10%

SDS and cholate bound to the A, fragment and controls under conditions used for
isolation and purification.

trypsin inhibitor, under conditions similar to those used for A4, purifi-
cation and SDS removal. The SDS binding is identical to that reported
previously (Shamoo et al., 1976), with the water soluble controls binding
the expected amount of SDS (Weber & Osborn, 1975) and the mem-
brane-bound A4, fragment binding 10-fold more. The amount of bound
cholate is also consistent with this pattern.

The time course (not shown) of SDS and cholate removal from the 4,
fragment was identical to the time course of SDS and cholate removal
from BSA and soybean trypsin-inhibitor. The proteins were tested for
ionophoric activity following urea — H,O — cholate - H,O dialysis. At a
later time point, cold SDS was added back in an attempt to exchange for
the remaining radioactivity. It was impossible to remove the last traces
of radioactivity by this method. This indicates the presence of nondialyz-
able radioactive contamination. Attempts to remove the remaining
radioactivity in the cholate removal experiment by exchanging with cold
cholate also failed.

Table 2 shows data taken from the detergent removal experiments,
giving the residual SDS and cholate-bound normalized both per milli-
gram and per mole of protein. Residual SDS and cholate are consistent
with expected differences between hydrophobic and water soluble pro-
teins. It should be noted that identical amounts of radioactive tracer
were added to every sample at the start of an experiment and identical
amounts of radioactivity were recovered regardless of the amount of
protein present. This is consistent with the data mentioned above in-
dicating the presence of nondialyzable radioactive contamination.
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Table 2. Residual SDS and cholate bound following dialysis

SDS or cholate bound A4, Bovine serum  Soybean trypsin
albumin inhibitor

mg SDS/mg protein 1594%x20-3  200%x10°3 1.51x 1073

Mole SDS/mole protein 1.11 0.46 0.10

mg cholate/mg protein 304 x 102 36 x10-2 39 x10-2

Mole cholate/mole protein 135 5.4 1.75

SDS and cholate bound to the 4, fragment and controls following dialysis, as described
in Materials and Methods.

Effect of Cholate on Bilayer Conductance

The cholate treatment of the 4, fragment necessitated the testing of
the effect of cholate on the BLM conductance. The threshold effect of
cholate was at 5x10~*molar; much greater than the maximum esti-
mation of residual cholate bound to the A, fragment following dialysis.
The R,.+: R,- was 1:2, the free mobility ratio in bulk solution. There
was absolutely no selectivity between any of the divalent cations re-
ported here. Similar results at much lower concentrations have been
reported for SDS (Shamoo et al., 1976).

Tonophorous Properties of A,
in Phosphatidylcholine/Cholesterol Membranes

The A, preparation was tested for ionophorous activity following the
described dialysis procedure. Bi-ionic potentials were used to measure
selectivity. The bi-ionic potential was measured as the voltage intercept
in the current-voltage (I-V) curve shown in Fig. 1. Once the conductance
increased more than several times, the voltage intercept for a given
experiment was constant regardless of the level of conductance or the
fluctuation in conductance during the experiment. Thus the selectivity
parameter calculated are independent of rate of incorporation of the
protein. Since “true” steady-state conductance levels in the presence of
ionophore is rarely achieved, the voltage intercept therefore becomes the
most reliable parameter for measuring selectivity. Figure 1 is a composite
of several bi-ionic experiments. Table 3 gives the average =+SE bi-ionic
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Fig. 1. A composite of representative data of several current voltage characteristics of

BLM’s formed from PC-chol and in the presence of cholate-treated 20,000-dalton

fragment. The BLM was bathed on both sides with 5 mm histidine, pH 7, and on one side

with 5mm CaCl, and on the other side with 5mm of the indicated divalent cation. The

statistical data of the intercept (bi-ionic potential) experiments of this kind are shown in
Table 5

potential from these experiments. The selectivity sequence is the same as
that reported previously for the intact enzyme and the 4, fragment in
oxidized cholesterol membranes (Shamoo & MacLennan, 1974; Shamoo
et al., 1976). In the case of Ca/Mn, we report the data from two different
bi-ionic potentials for the two buffers used (i.e., histidine and HEPES).
With all the other ions reported here, we found no difference in the bi-
ionic potentials when the two different buffers were used. This result was
somewhat surprising, especially for Cd** since histidine is known to
strongly bind divalent cations such as Cd** and Mn®*.
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Table 3. Selectivity of the 4, fragment in phosphatidylcholine-cholesterol membranes

Tonic condition Final No. of Total Average Calculated
dosage membranes  No. of PD+sE selectivity
(mg/m]) per bath readings (mV)
Ca’"* vs. Ba?* 98x10-% 2 11 0.0 1.0
2
4
5
3
3
Ca?* ps. Ca?t 30x10-% 2 14 0.0 1.0
2
4
5
3
3
Ca®* ps. Sr2+ 55x107% 5 15 344043 1.40
2
1
3
2
2 .
Ca?* ps. Mn?* 28x10-% 7 10 74+0.83 216
2
1
Ca®* vs. Mg2* 55x1074 2 11 41+052  1.50
2
3
0
1
0
3
Ca*’ vs. Kt 14x10-* 6 24 18.3+0.82 1.5
4
4
6
4
Ca®* vs. Na* 14x10-% 8 18 20.38+1.3 1.7
3
3
4

Bi-ionic potentials (in mV) are shown under various ionic conditions. The BLM was
formed from phosphatidylcholine/cholesterol (5:1 mg/ml in n-decane) in the presence of
5 mu histidine, pH 7.2, on both sides and on one side with 5 mm CaCl,, and on the other
side 5 mM of the indicated cation. The number of membranes per bath indicates that the
bilayer was formed over again rapidly (sometimes before it breaks or immediately after)
with little mixing of the two baths. The selectivity was calculated according to equation
given in the text and using B.../B,- =2.3.
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CHOLATE TREATED A, FRAGMENT
BATHING FLUID: 5 mM CaCl, + 5 mM HISTIDINE, pH 7.3
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Fig. 2. BLM conductance in mho’s vs. time in minutes in the presence of cholate-treated

20,000-dalton fragment and 5 mM CaCl, + 5 mM histidine, pH 7.3. The data in the upper

and lower curves were derived from membranes formed from oxidized cholesterol and
PC-cholesterol (5:1), respectively

Figure 2 shows two representative experiments of BLM conductance
vs. time. In one experiment, the BLM was formed from oxidized choles-
terol, while the other BLM was formed from phosphatidylcholine—
cholesterol (PC—chol) as described. In both cases the BLM’s conductance
increased. The oxidized cholesterol’s final conductance was greater than
that of the PC—chol. This may be due to the fact that protein may
incorporate more into oxidized cholesterol membrane than PC-chol
membranes.

Table 4 gives the data on the selectivity of cholate-treated 4, under
various ionic conditions in oxidized cholesterol membranes. The selec-
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Table 4. Selectivity of cholate-treated A4, fragment in oxidized cholesterol membranes

Ionic condition Final No. of Total Average Calculated
dosage membranes  No. of PD +sE selectivity
(mg/ml) per bath readings (mV)
Ca?* ps. Ba** 83x10-* 4 4 —-49+024 0.64
Ca** ps. Ca”* 1:1 83x10°% 2 3 0.0 1.0
1
2:1 Lix10-% 2 3 404038 230
1
3:1 L1x10-* 2 7 6.1+039 230
3
2
Ca?* ps. Sr2+ 83x10-% 2 4 09+036  1.09
3
Ca®* vs. Mn2+ 75%x107% 3 6 334020 1.38
2
1
Ca’™ vs. Mg?™ 83x10"% 2 2 304035 1.34

Bi-ionic potentials (in mV) under various ionic conditions. The BLM was formed from
oxidized cholesterol in the presence of 5 mwm histidine, pH 7.3, on both sides and on one
side Smm CaCl, and on the other side 5mm of the indicated cation. The rest of the
conditions were similar to those of Table 3.

tivity sequence and magnitudes are consistent with what we have re-
ported previously for the entire (Ca?* +Mg?*)-ATPase molecule and
the 4, fragment (Shamoo & Maclennan, 1974; Shamoo et al., 1976).

Figure 3 gives the potential difference in millivolts vs. 10g~[—a]i in

[Cal,
PC—chol membranes in the presence of cholate-treated A,. The Pryz+ /Py -
is not constant but varies from about 2.2 to 3.7.
Table 5 gives the data on the selectivity of cholate-treated A, under
various ionic conditions in PC-chol membranes. The selectivity sequence
and magnitudes are consistent with what we have reported previously.

Properties of Ca** Conductance Inhibitors
We have previously shown that several divalent cations such as Zn2™,

Cd**, Hg?*, Mn?", etc, inhibit the Ca?* conductance of the intact
enzyme or the 4, fragment (Shamoo et al., 1976; Shamoo, MacLennan,
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Fig. 3. Diffusion potentials in mV wvs. log of calcium concentration ratios across BLM
formed from PC-chol and with cholate-treated 20,000-dalton fragments. The figure is
obtained from the data presented in Table 5

& Eldefrawi, 1976). The stoichiometry of inhibition of Ca** conductance
was shown to be one to one. All of the divalent cations previously
reported to inhibit the ionophorous activity of the intact enzyme also
inhibit the activity of the A4, fragment in the BLM. Two examples,
(Zn**, Cd*™) are shown here in detail.

Figure 4 gives data of a representative experiment of conductance vs.
time in the presence of Smm Ca?* and varying concentration of Cd** or
Zn?". The BLM was formed from PC-cholesterol. It can be scen from
the figure that increasing Cd** or Zn?* concentrations decreases the
rate of the conductance increase and the final steady or quasi-steady
state conductance level.

The number of conducting units in the membrane may be written as

A=A,—~B (1)

where A, is the original number of conducting units and B is the number
of conducting units closed by the inhibitor.
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Table 5. Selectivity of cholate-treated A, fragment in phosphatidylcholine cholesterol

membranes
Tonic condition Final No. of Total Average Calculated
dosage membranes  No. of PD+sE selectivity
(mg/ml) per bath readings (mV)
Ca%* ps. Ca?* 1:1 45x10-% 1 4 0.0
3
2:1 3 6 3.8+054 219
3
3:1 2 8 7.14050 274
1
3
1
1
5:1 30x10-% 3 7 11.94+1.09  3.68
4
10:1 30x107% 1 3 147+248 342
2
Ca?* vs. Ba?+ 45%x10~% 4 7 —-284043 077
3
Ca?* vs. Sr2* 60x10-* 3 8 09+0.19  1.09
1
4
Ca®" vs. Mg?* 38x10~% 3 11 7.0+0.6 2.08
5
3
Ca’* ps. Mn?* 45x10-% 3 7 524040  1.70
(Histidine buffer) 4
(Hepes buffer) 30x107* 3 7 48+048  1.63
3
1
Ca%* ps. Cd2+ 6.8x10~* 3 13 62+036 190
3
3
1
3

Diffusion and bi-ionic potential (in mV) under various ionic conditions. The BLM was
formed from phosphatidylcholine/cholesterol membranes, in the presence of 5mM his-
tidine, pH 7.3, on both sides. The first row gives the data of diffusion potential under the
conditions of 5mm CaCl, on both sides and increasing the ratio as indicated by
increasing the calcium concentration on one side only. On one side 5 mm CaCl, and on
the other side 5 mm of the indicated cation.



238 A.E. Shamoo

10-8*1
10x10°m ca?*
-
oy
.‘§ 10" 2109 M Ccd?t
N
W
1N}
3
N
D
N
S 0 4
O 3x103m 42
-11
]O A T 1 1 T 1
0 5 10 15 20 25
TIME {MIN.)
1078
L
é{) 3x103M Za2*
N
S
S
S g
S 1x10°M Zn*
107,
107" : . . . — ;
0 5 10 15 20 25 30

TIME (MIN.)

Fig. 4. Representative experiments of conductance vs. time of PC-chol. BLM’s formed in

the presence of cholate-treated 20,000-dalton fragment. Conductance was allowed to

increase in the absence and the presence of various concentrations of either Ca?* or
Zn2+
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Fig. 5. Plot of the log of the ratio of the membrane conductance with no inhibitor present
over the membrane conductance with inhibitor vs. the log of the inhibitor concentration.
These graphs yield rough approximations for n greater than 1 (see Results)

The reaction between a conducting unit and the inhibitor may be written
as

A+nI=B 2)

where [ is the inhibitor and »n is the number of moles of inhibitor.
The equilibrium expression for this equation may be written as

_ B 4,-4

CAIM Al

()

If we assume the electrical conductance of the membrane (G) is pro-
portional to the number of conducting units (4) we can rearrange Eq. (3)
to yield:

G

—2_1=KI"
G K (4)
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where G, is the membrane conductance with no inhibitor present. n may
G
be calculated from the slope of a (log (EO_ 1)) vs. log [I] plot. Figure 5

shows the conductance data plotted against the inhibitors Zn*>* and
Cd27 in this manner. These graphs are not simple straight lines; howev-
er, rough approximations yield values for n greater than 1.

Discussion

Phosphatidylcholine is a major lipid constituent of sarcoplasmic
reticulum (Meissner & Fleischer, 1977). This fact prompted us to use a
BLM composition more closely related to sarcoplasmic reticulum than
oxidized cholesterol. Therefore, the ionophorous activity of 4, in BLM’s
formed from PC-chol (5:1 mg/ml) were compared to those BLM’s
formed from oxidized cholesterol. The ionophorous activity, ionic de-
pendency, and selectivity of the A, fragment were practically the same.
The A, fragment was treated with cholate to insure the complete
removal of SDS, and the ionophorous properties of A, were again
practically the same. For example, the divalent cation selectivity of the
intact enzyme (100,000); 4 (55,000) fragment; A, (20,000) fragment, and
cholate-treated 4, fragment in oxidized cholesterol membranes were all
as follows: Ba?*>Ca?* >Sr?** >Mg?* >Mn?* (Shamoo & MacLen-
nan, 1974; Shamoo et al., 1976). Also the selectivity sequence of the 4,
fragment in PC-chol was the same as above (see Table 5).

The only deviation from this selectivity sequence occurred for the
cholate-treated A, fragment in PC-chol membranes where we had
Ryy2+ > Rygz+ rather than Ry..>R;... The following account indicates
that this reversal of permeability sequence cannot be attributed to
contaminant SDS: the intact enzyme has never been exposed to SDS, the
cholate-treated A4, resulted in near nil SDS bound, as we have shown
isotopically, and finally those fragments having some bound SDS all
have the same selectivity sequence. It is unlikely that this reversal is due
to the lipid-forming solution of the BLM since the 4, fragment selec-
tivity sequence is the same in oxidized cholesterol and PC-chol mem-
branes. The difference in the By.. and Ry, selectivity of the cholate-
treated A4, fragment in oxidized cholesterol membranes is not statistically
significant. The cholate-treated 4, fragment selectivity in PC-chol mem-
branes is Ry2+ > Ry,2+. We cannot discount the possibility that cholate
treatment might have introduced this change in selectivity. Cholate alone
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has no selectivity among divalent cations that could account for the
difference (unpublished data).

We have previously shown that Ca**, Zn?T, Mn?", and La** all in-
hibited the ionophorous activity of the intact enzyme by 1:1 competition
(n=1.0) with calcium. Data shown here for the Cd** and Zn?* in-
hibitory effect on the A, fragment indicate that such competition is
greater than 1. It appears that at low concentrations of the inhibitor the
competition is close to 1:1. The inhibitory effect of these ions still resides
in the 4, fragment; however, the stoichiometry has increased. This
increase in stoichiometry may be due to the introduction of nonspecific
negative site groups due to tryptic digestion. These may bind Cd** and
Zn** at higher concentrations.

In conclusion, we have shown that the 4, (20,000) fragment is the
Ca?*-ionophoric site in the overall Ca?* transport system with the
ionophorous properties consistent with the ionophorous properties of the
intact enzyme and consistent with the overall Ca** transport of sarco-
plasmic reticulum.

This paper is based on work performed under contract with the U.S. Energy
Research and Development Administration at the University of Rochester Biomedical
and Environmental Research Project and has been assigned Report No. UR-3490-1356.
This paper was also supported in part by NIH Grant 1 ROL AM 18892; Program
Project Grant ES-10248 from the NIEHS; the Muscular Dystrophy Association (USA);
the Upjohn Company, and the Genesee Valley Heart Association. A.E.S. is an Estab-
lished Investigator of the American Heart Association.
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