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Summary. Three ionic detergents commonly used in membrane-bound protein isolation
and reconstitution experiments, SDS, cholate, and DOC, are shown to act as divalent
cation ionophores when incorporated into black lipid membranes made from either oxidized
cholesterol or a mixture of phosphatidylcholine and cholesterol (PC/cholesterol=5:1 mg).
At a concentration greater than or equal to 1 pm, SDS shows large selectivity differences
between cations and anions and among the different cations tested (Ba?*, Ca**, Sr**,
Mg?*, and Mn?"). Deoxycholate and cholate at concentrations greater than 4x 10™* M
and 1073 M, respectively, also act as divalent cation ionophores. The selectivity sequence
measured for these two detergents is evidence for a strong ionic interaction between the
divalent cation and the anionic charged groups on the detergent. In the case of cholate,
the conductance depends on the third or fourth power of the cholate concentration and
shows a linear dependence on CaCl, concentration. The conductance for deoxycholate
depends on the sixth or seventh power of the DOC concentration and is also linearly
dependent on the CaCl, concentration. In an oxidized cholesterol black lipid membrane
in the presence of 5 mM CaCl,, small concentrations of LaCl; (<1 pm) inhibit the ionophoric
activity of each of the detergents tested. Evidence is presented to show that this inhibitory
effect is a nonspecific effect on oxidized cholesterol BLM’s, and is not due to a direct
effect of La** on detergent-mediated transport.

The use of anionic detergents is important in the purification and
reconstitution of many membrane-bound proteins involved in ion trans-
port across biological membranes. Anionic detergents have been used
in the purification and reconstitution of (Na™ + K *)-ATPase (Kyte, 1971 ;
Goldin & Tong, 1974), in the reconstitution of the purple membrane
from Halobacterium halobium cells (Racker & Stoekenius, 1974), and
in the purification and reconstitution of (Ca?* +Mg?*)-ATPase and
its tryptic fragments into both planar and vesicular membrane systems
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(MacLennan, 1970; Racker, 1972; Shamoo & Macl.ennan, 1974; Sha-
moo et al., 1976; Stewart, MacLennan & Shamoo, 1976; Abramson &
Shamoo, 1978; Shamoo, 1978).

To distinguish between the effects of the solubilized transport protein
and the detergent used in the solubilization or reconstitution procedure,
studies must be performed to measure the effects of these detergents.
Although anionic detergents are widely used in the isolation of proteins
and their reconstitution, only a small number of studies have appeared
reporting the transport properties of anionic detergents on membranes
(Seufert, 1965; Seufert, 1973 ; Ksenzhek, Omel’chenko & Koganov, 1974;
Ksenzhek ef al., 1975; Antonov, Korepanova & Vladimirov, 1976). All
of these studies deal with the effect of anionic detergents in the presence
of monovalent cations. The effects of detergents on the conductivity
and selectivity of membranes to divalent cations have not previously
been dealt with. Our laboratory has a special interest in the effect of
detergents on divalent cation conductance in black lipid membranes,
since these detergents were used in the purification of proteins that possess
ionophoric activity (Shamoo & MacLennan, 1974; Shamoo et al., 1976;
Stewart ef al., 1976; Abramson & Shamoo, 1978; Jeng, Ryan & Shamoo,
1978; Shamoo, 1978).

In this paper we study the effects of sodium dodecyl sulfate (SDS);
the dihydroxy-bile salt, deoxycholate (DOC); and the trihydroxy-bile
salt, cholate, on the conductivity and selectivity properties of black lipid
membranes made from either oxidized cholesterol or a mixture of phos-
phatidylcholine and cholesterol in the presence of various divalent ca-
tions.

Materials and Methods

Oxidized cholestero! is prepared by the method of Tien, Carbone, and Davidowicz
(1966). Egg lecithin (phosphatidylcholine) is purchased from Supelco. Cholesterol, cholic
acid, deoxycholic acid, and histidine are purchased from Sigma. HEPES (N-2-hydroxyethyl-
piperazine-N-2-ethanesulfonic acid) is purchased from Calbiochem. Sodium dodecyl sulfate
(Sequanal Grade) is purchased from Pierce. Cholesterol, deoxycholic acid, and cholic acid
are twice recrystallized (MacLennan, 1970). The PC/cholesterol membrane-forming solution
is made by adding 5 mg egg lecithin and 1 mg twice recrystallized cholesterol to 500 ul
decane.

Conductance Measurements
Black lipid membranes are made by using either PC/cholesterol (5:1 mg) or oxidized

cholesterol. Membranes are formed across a 1-mm diameter hole in a Teflon cup in the
presence of salt solutions on both sides of the membrane. Membranes are formed with
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a tapered Teflon brush. Calomel electrodes are used both to apply a given voltage and
to measure the current passing through the membrane. Triangular voltage pulses of ampli-
tude + 50 mV, frequency 1 cycle/min, are applied across the membrane by using a function
generator as the voltage source. The current through the BLM is amplified by a current
amplifier in series with the membrane (Keithley model 427 current amplifier). Solutions
are buffered with either 5 mm HEPES, Tris at pH 7.3, or with 5 mm histidine, HC] at
pH 7.3.

To measure the relative cation vs. anion selectivity (Pc,2+/P¢-), a CaCl, gradient
is applied across the membrane. As the conductance increases, when the detergent is added
in equal amounts to both sides of the membrane, the voltage intercept at zero current
remains unchanged. This voltage intercept at zero current is related to the relative permeabil-
ity (Pea2+/Pe~) using a modified Goldman equation (Shamoo & Goldstein, 1977). In
a similar manner, the relative divalent cation permeability can be determined. Equal concen-
trations of two different divalent cation chloride salts are placed on opposite sides of
a BLM. The detergent is added and the voltage intercept at zero current is recorded
as the conductance increases. By knowing both this voltage intercept and the value of
P2+ Poy-, the relative divalent cation permeability can be calculated (Shamoo & Goldstein,
1977). In some experiments the relative cations vs. anion permeability is measured by
using a gradient of a divalent salt other than Ca®* (e.g., a MgCl, gradient is used to
measure Pygp2+/Pcy-). All solutions are made with distilled deionized water.

Results

In Table 1, we show the mean voltage intercept and the standard
error along with the calculated relative permeability for an oxidized
cholesterol black lipid membrane (BLM) in the presence of sodium dodec-
yl sulfate (SDS), cholate, and deoxycholate (DOC). Solutions were
buffered at pH 7.3 with either histidine or HEPES buffer. Under most
situations HEPES is the preferred buffer. Its association with divalent
cations is negligible (Good et al., 1966). As can be seen for those experi-
ments in which independent measurements were made with histidine
buffer and HEPES buffer, the voltage intercepts in the presence of histi-
dine are higher than those in which only HEPES buffer is present. These
results indicate that histidine binds Ca®* greater than Cl~ and that
histidine binds more of the other divalent cations tested (Ba?*, Sr?*,
Mn?*, and Mg?*) than it binds Ca?*. This is in agreement with the
previous observation that Mn?* binds to histidine but not to HEPES
(Good et al., 1966; Silléen & Martell, 1971). The binding of divalent
cations to histidine makes it an undesirable buffer in which to measure
divalent cation permeability.

In measuring the permeability of an oxidized cholesterol BLM with
the detergent SDS, it is found that in the presence of HEPES buffer
there are large increases in capacitance observed. The capacitance of
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the already thinned BLM increases by as much as a factor of ten over
a period of approximately 5 min. This effect is not observed when histi-
dine buffer is used instead of HEPES buffer or when the BLM is made
from PC/cholesterol instead of oxidized cholesterol. This large increase
in capacitance cannot be explained in terms of further thinning of the
BLM. We believe it is due to a surface effect at the interface between
the BLM and the Teflon cup. Sodium dodecyl sulfate in the presence
of HEPES buffer must cause the membrane to move away from the
cup and cause the membrane to bow. This would cause an increase
in the surface area of the BLM and explain the observed increase in
capacitance. To avoid this phenomenon, all measurements with SDS using
an oxidized cholesterol BLM were performed with a histidine buffer.
From our measurements with cholate and DOC we know that the derived
values for Pg,2+/Pq- and for Pe2+/Pp++ (where D+ =Ba?*, Sr2+,
Mn?* or Mg?*) are all slightly overestimated when histidine is used
as the buffer instead of HEPES. Therefore, we believe that, in the
case of SDS, the relative permeabilities reported are all overestimated.

In Table 2 we show the mean voltage intercept and the calculated
relative permeabilities with a PC/cholesterol BLM for the three anionic
detergents tested. All solutions are buffered with 5 mmM HEPES, Tris,
pH 7.3. Because of technical reasons the divalent cation permeability
was measured with respect to chloride in each of these experiments.
Phosphatidylcholine/cholesterol (5:1 mg) in decane forms stable mem-
branes; however, initially it is difficult to form stable membranes. To
prevent diffusion of different salts across the hole in the Teflon cup,
the membrane is initially formed with 5 mm of the divalent cation salt
on both sides of the membrane. After the formation of stable membranes,
a small volume of concentrated salt is added to one side of the bilayer.
The solution is stirred, and the voltage intercept is measured. After
breakage, the membrane is easily reformed. The voltage intercept at
zero current after the membrane breaks is also carefully monitored in
order to insure that the salt gradient has not significantly dissipated.
Calculations of the relative divalent cation permeability using the gradient
method yields the same results as the calculated permeability when differ-
ent divalent salts are on opposite sides of the BLM.

There is a significant difference in the calculated permeabilities when
comparing oxidized cholesterol and PC/cholesterol membranes. In partic-
ular, there is a large shift in the relative permeability of Mn?*. For
both cholate and DOC, in an oxidized cholesterol BLM the membrane
shows a high permeability to Mn?*, while in a PC/cholesterol BLM
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the membrane shows a very low permeability to Mn?*. The surface
charge distribution of the membrane as defined by the lipid appears
to strongly influence the selectivity of the conducting unit.

The concentration of SDS used in these experiments is approximately
10-20 uM, although there is an increase in conductance of the BLM
at concentrations as low as 1-2 um SDS. Deoxycholate and cholate at
concentrations greater than 4x10”* M and 1073 M, respectively, also
act as divalent cation ionophores in the presence of a 5 mM salt concentra-
tion. As we can see from the relative permeabilities, SDS distinguishes
most strongly between cations and anions. It also shows the largest
difference in permeability between the different divalent cations tested.

To better describe the mechanism by which these detergents transport
divalent cations across a membrane, the steady-state conductance is mea-
sured as a function of detergent concentration and the salt concentration
for the detergents, DOC and cholate. Sodium dodecyl sulfate did not
yield steady-state conductance values and hence was not examined in
this manner. In Fig. 1.4 and B we plot the log of the steady-state specific
conductance vs. the log of the detergent concentration in the presence
of 5mm CaCl, on both sides of an oxidized cholesterol BLM. The
raw data is fit to the form:

G=G,+ A[Det]"

where G is the specific conductance, G, is the specific conductance of
the undoped bilayer, and [DET] is the detergent concentration in moles
per liter. The fit is done using the MLAB on-line modeling laboratory
which performs a least squares fit using the Marquand-Levenberg iter-
ation curve fitting algorithm. The values for N returned plus or minus
the standard deviation are

cholate: N=3.494+0.37
deoxycholate: N=6.454-0.55.

Cholate forms either a trimer or a tetramer, while deoxycholate forms
either a hexamer or a heptamer.

To determine if the oligomer formed by cholate requires the associa-
tion of detergents from different sides of the bilayer, membranes were
formed with detergent added on only one side on the membrane. The
conductance increased immediately upon the addition of the detergent
to one side of the bilayer to a value that is equal to the value that
we obtain when the same concentration is applied to both sides of the
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Fig. . 4. Log of the specific conductance vs. log of the cholate concentration. The slope

of the line determined by the method of least squares is 3.49+0.37. B: Log of the specific

conductance vs. log of the deoxycholate (DOC) concentration. The slope of the line drawn

is 6.45+0.55. Both 4 and B are in the presence of 5mMm CaCl,, buffered with 5 mm
HEPES, Tris, pH 7.3

BLM. The level of conductance is related to the amount of detergent
that equilibrates in the lipid phase. This equilibration appears to occur
relatively quickly. In all subsequent membranes there is an increase in
conductance to a significantly lower value. At a slightly slower rate
the detergent seems to diffuse across the bilayer, probably through the
annulus of the BLM. The decrease in the level of conductance is related
to the decreased concentration of detergent on the side of the BLM

G, = 3.18 x 10-%chm~'cm~
A = 6.45 x 10"*chm-'cm~2
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to which the detergent was initially added. The final steady-state conduc-
tance level is the same as one would obtain if half of the amount of
detergent initially added was added to both sides of the membrane.

In Fig. 24 and B we show the specific conductance as a function
of the CaCl, concentration in the presence of cholate and DOC, respec-
tively. The measurements were performed with an oxidized cholesterol
BLM. In both cases the slope of the best fit line as determined by
the method of least squares is consistent with N=1. There is no evidence
of saturation at high CaCl, concentration as might be expected if the
detergents acted as mobile carriers, binding one Ca ion per conducting
complex. The most likely explanation of the observed data is that both
DOC and cholate act as channels. Cholate forms a conducting complex
with either three or four monomers which aggregate in the membrane.
In the case of DOC, either 6 or 7 monomers combine to form a conduct-
ing channel.

The effect of LaCl; on the ionophoric properties of an oxidized
cholesterol and PC/cholesterol BLM was investigated for both cholate
and DOC. In Fig. 3 we show the effect of addition of LaCl; to the
specific conductance of an oxidized cholesterol BLM doped with cholate.
Addition of as little as 2 um LaCl; in the presence of 5 mm CaCl, dramati-
cally decreases the specific conductance of the membrane. When identical
experiments were performed with a PC/cholesterol BLM, instead of see-
ing a similar effect there is an increase in ionophoric activity observed.
This stimulatory effect is found to be partially due to a large conductance
of LaCls in the presence of either cholate or DOC. It seems unlikely
that LaCl; would act to inhibit detergent mediated transport in an ox-
idized cholesterol BLM and act to stimulate ionophoric activity in a
PC/cholesterol BLM.

To determine if either the stimulation or inhibition of ionophoric
activity is a nonspecific effect, the effect of LaCl; on the ionophoric
activity of the 20,000-dalton fragment of (Ca?* +Mg2*)-ATPase (Sha-
moo, 1978) was examined in both a PC/cholesterol and an oxidized
cholesterol BLM. It is found that in both bilayer systems low concentra-
tions of LaCl; inhibit the ionophoric activity of the 20,000-dalton frag-
ment from (Ca®* 4+ Mg?*)-ATPase. This observation led us to believe
that the stimulatory effect seen in a PC/cholesterol BLM due to LaCly
is a real effect on the detergent complex while the inhibitory effect seen
in an oxidized cholesterol BLM is a nonspecific effect on the lipid.

To see if LaCl; might stabilize an oxidized cholesterol BLM and
cause the inhibitory effect that we have reported, we examined the stabil-
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Both 4 and B are buffered with 5 mm HEPES, Tris, pH 7.3
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Table 3. The stability of an oxidized cholesterol black lipid membrane as a function of
applied voltage and LaCl; concentration in the bathing solution on both sides of the

BLM?*
LaCl; concentration  Applied voltage (mV)
(M)
50 75 100 125 150 200
0. -~ 7
s - - - 1
35. — — - — — 1

* For all entries, the bathing solution on both sides of the membrane contains 5 mM
Ca(l, and is buffered with 5 mm HEPES, Tris, pH 7.3.

— indicates no increase in conductance; 1 indicates that membrane breakage occurs
within 2 min,
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ity of an undoped oxidized cholesterol BLM as a function of LaCl,
dosage and increased the applied voltage until the membrane broke.
As we see in Table 3, the voltage necessary to cause breakage of the
bilayer increases significantly upon addition of a small amount of LaCl,.
The inhibitory effect that we see with LaCl; with an oxidized cholesterol
BLM is consistent with a stabilizing of the BLM. This may well be
accompanied by a squeezing out of the material used for doping the
membrane.

Discussion

We have shown in this study that sodium dodecyl sulfate (SDS),
deoxycholate (DOC), and cholate all act as divalent cation ionophores.
In the presence of 5 mm CaCl,, SDS is active at concentrations as low
as 1 pm. It also shows large selectivity differences between cations and
anions and between the different divalent cations tested. Deoxycholate
and cholate are active at a somewhat higher concentration (~1 mm).

The relative permeabilities derived in Tables 1 and 2 act as a finger-
print to identify the detergents studied. Comparison of the relative per-
meabilities of the protein of interest with the permeability of the contami-
nating detergent used in the isolation of the protein should enable one
to determine if the transport properties of the protein are in fact not
due to the detergent. Measurement of the concentration of the detergent
bound to the protein using radioactively labeled detergent enables one
to determine if the concentration of contaminating detergent is sufficient
to cause the ionophoric effects observed (Shamoo et al.,, 1976). Being
below the threshold concentration of detergent reported in this article
is, however, not absolute proof of the lack of a detergent effect. Conceiv-
ably, the protein could act to increase the incorporation of the detergent
into the BLM. If the effect observed is partially due to contaminating
detergent, further removal of detergent from the protein should change
the measured permeabilities in a predictable manner. Removal of deter-
gent below some value should lead to no further changes in the permeabil-
ities measured. At this point, the detergent is no longer effecting the
permeability properties of the protein in question. In work carried out
in our laboratory, similar studies have shown that the detergents used
in the isolation of the tryptic fragments of (Ca®* +Mg?*)-ATPase from
sarcoplasmic reticulum are not influencing the ionophoric activity and
selectivity of either the isolated enzyme or it’s tryptic fragments (Shamoo
& MacLennan, 1974; Shamoo et al., 1976; Stewart et al., 1976 ; Abramson
& Shamoo, 1978; Shamoo, 1978).
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Measurements of the relative cation permeability of membranes doped
with detergents enables us to better understand the nature of the interac-
tion between the divalent cation and the anionic charge groups on the
detergent. Sherry (1969) has modelled the interaction of divalent cations
with two univalent negatively charged sites separated by a fixed distance.
He assumes that the system can be totally defined in terms of the electros-
tatic interaction of the divalent cation with fixed anionic charge and
in terms of ion hydration energy. Seven selectivity sequences are derived
from this analysis. Sequence (I) corresponds to the weakest electrostatic
interaction between the divalent cation and the anionic sites, and sequence
VII corresponds to the strong-field case, in which the smallest divalent
cations are preferred. Both cholate and deoxycholate have selectivity
sequences that are indicative of a stronger electrostatic interaction than
is present in the case of SDS. We also note that the nature of interaction
is influenced by the membrane. Changing from an oxidized cholesterol
BLM to a PC/cholesterol BLM not only changes the magnitude of the
relative permeabilities but also alters the selectivity sequence.

By plotting the specific conductance vs. the concentration of the
detergent in the solution, we are able to determine that there is an
oligomeric aggregation for either cholate or DOC in order to form a
conducting unit. Cholate forms either a trimer or a tetramer, and deocy-
cholate forms cither a hexamer or a heptamer. Conducting oligomeric
units can form from either side of the membrane. There appears to
be no requirement for association of complexes on opposite sides of
the membrane. For both detergents the specific conductance is linear
with CaCl, concentration over a large range of salt concentration. There
is no saturation evident as one would expect if the detergents acted
as carriers. These detergents probably act as channels in the transport
of Ca?* across the membrane. The evidence presented is not, however,
conclusive proof that the detergents tested act as channels.

In a recent study by Bangham and Lea (1978) the specific conductance
of membranes made with a solution of phosphatidylcholine/phosphatidyl-
ethanolamine (2.5:8 mg) in the presence of 0.1 M NaCl in the bathing
solution was plotted as a function of the concentration of DOC and
cholate. In both cases conductance was close to linear with the DOC
or cholate concentration. Their data seems to indicate that in the presence
of monovalent cations the conducting unit is a monomer, while in this
study, in the presence of divalent cations, we show that higher order
oligomeric aggregates are required for the detergents to act as ionophores.

The inhibitory effect of micromolar concentrations of LaCl; on the
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ionophoric activity of cholate and deoxycholate in an oxidized cholesterol
BLM appears to be due to LaClj stabilizing the BLM. This data helps
stress the importance of testing the effect of different ionophores and
inhibitors on bilayers made from different lipids. The inhibitory effect
of LaCl; is a nonspecific effect. It appears not to directly act on the
conducting oligomeric unit, but instead it acts to tighten up the oxidized
cholesterol BLM and probably squeezes out the detergent.

This paper is based on work performed under contract with U.S. Department of
Energy (DOE) at the University of Rochester Biomedical and Environmental Research
Project and has been assigned Report Number UR-3490-1513. This paper was also supported
in part by NIH Grant 1 ROl 18892; program project grant ES-10248 from NIEHS; and
the Muscular Dystrophy Association.
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of the Muscular Dystrophy Association. Adil E. Shamoo is an established investigator
of the American Heart Association.

References

Abramson, J.J., Shamoo, A.E. 1978. Purification and characterization of the 45,000-dalton
fragment from tryptic digestion of (Ca?* +Mg?*)-adenosine triphosphatase of sarco-
plasmic reticulum. J. Membrane Biol. 44:233

Antonov, V.F., Korepanova, E.A., Vladimirov, Y.A. 1976. Bilayer membrane charged
by detergents as a model to study the role of the surface change in ionic permeability.
Stud. Biophys. 58:87

Bangham, J.A., Lea, E.J.A. 1978. The interaction of detergents with bilayer lipid membranes.
Biochim. Biophys. Acta 511:388

Goldin, S.M., Tong, S.W. 1974. Reconstitution of active transport catalyzed by the purified
sodium and potassium ion stimulated adenosine triphosphatase from canine renal me-
dulla. J. Biol. Chem. 249:5907

Good, N.E., Winget, G.D., Winter, W., Connolly, T.N., [zawa, S., Singh, R.M.M. 1966.
Hydrogen ion buffers for biological research. Biochemistry 5:467

Jeng, A.Y., Ryan, T.E., Shamoo, E.A. 1978. Isolation of a low molecular weight Ca?"-
carrier from calf heart inner mitochondrial membrane. Proc. Nat. Acad. Sci. USA
75:2125

Ksenzhek, O.S., Gevod, V.S., Omel’chenko, A.M., Koganov, M.M. 1975. Study of the
discrete conductance of bilayer membranes in the presence of sodium dodecylsulfate.
Elektrokhimiya 11:1566

Ksenzhek, O.S., Omel’chenko, A.M., Koganov, M.M. 1974. Discrete conductance induced
in bilayer lipid membranes by sodium dodecy! sulfate. Dokl. Biophy. 218:61

Kyte, J. 1971. Purification of the sodium and potassium-dependent adenosine triphosphatase
from canine renal medulla. J. Biol. Chem. 246:4157

MacLennan, D.H. 1970. Purification and properties of an adenosine triphosphatase from
sarcoplasmic reticulum. J. Biol. Chem. 245:4508

Racker, E. 1972. Reconstitution of a calcium pump with phospholipids and a purified
Ca* " -adenosine triphosphatase from sarcoplasmic reticulum. J. Biol. Chem. 247:8198



Anionic Detergent Ionophores 255

Racker, E., Stoeckenius, W. 1974. Reconstitution of purple membrane vesicles catalyzing
light-driven proton uptake and adenosine triphosphatase formation. J. Biol. Chem.
249:662

Seufert, W.D. 1965. Induced permeability changes in reconstituted cell membrane structure.
Nature (London) 207:174

Seufert, W.D. 1973. The interaction of anionic detergents with lipid bilayer membranes.
Biophysik 10:281

Shamoo, A.E. 1978. Ionophorous properties of the 20,000-dalton fragment of
(Ca®* +Mg?*)-ATPase in phosphatidylcholine:cholesterol membranes. J. Membrane
Biol. 43:227

Shamoo, A.E., Goldstein, D.A. 1977. Isolation of ionophores from ion transport systems
and their role in energy transduction. Biochim. Biophys. Acta 472:13

Shamoo, A.E., MacLennan, D.H. 1974. A Ca™ "-dependent and -selective ionophore as
part of the Ca®™* +Mg™ *-dependent adenosine triphosphatase of sarcoplasmic reticu-
lum. Proc. Nat. Acad. Sci. USA 71:3522

Shamoo, A.E., Ryan, T.E., Stewart, P.S., MacLennan, D.H. 1976. Localization of ionopho-
ric activity in a 20,000 dalton fragment of the adenosine triphosphatase of sarcoplasmic
reticulum. J. Biol. Chem. 25:4147

Sherry, H.S. 1969. The ion-exchange properties of zeolites. /n: Ion Exchange, II. p. 89.
Decker, New York

Sillén, L.G., Martell, A.E. 1971. Stability Constants. Suppl. 1, Special Publication 25.
The Chemical Society, London

Stewart, P.S., MacLennan, D.H., Shamoo, A.E. 1976. Isolation and characterization of
tryptic fragments of the adenosine triphosphatase of sarcoplasmic reticulum. J. Biol.
Chem. 251:712

Tien, H.T., Carbone, S., Davidowicz, E.A. 1966. Formation of black lipid membranes
by oxidation products of cholesterol. Nature (London) 212:718



