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Cholinephosphotransferase (CDPcholine: 1,2-diacylglycerol cholinephosphotransferase, EC 2.7.8.2), which
catalyzes the terminal step in phosphatidylcholine synthesis via the CDPcholine pathway, is present in
sarcoplasmic reticulum from rabbit skeletal muscle (Cornell, R. and MacLennan, D.H. (1985) Biochim.
Biophys. Acta 835, 567--576). The conditions for solubilization and reconstitution of this enzyme were
investigated as a preliminary step towards its eventual purification. The activity was not released by treatment
of membranes with 1 M KCl, but was solubilized after dissolution of membranes with detergents.
Cholinephosphotransferase was inactivated by cholate, deoxycholate, Triton X-100, octylglucoside, Tween-20
or SDS at concentrations which solubilize the membrane. However, the activity could be fully recovered after
reconstituting the membrane by adding excess lipid (soybean) and removing detergent by gel filtration,
dialysis or by absorption to Bio-Beads. When the membrane was solubilized with octylglucoside or cholate at
weight ratios of detergent: membrane protein of at least 10, the activity was irreversibly lost unless stabilizers

were added with detergent. The substrate diacylglycerol and glycerol were effective stabilizers.

Introduction

Cholinephosphotransferase, the enzyme which
catalyzes the terminal step in the synthesis of
phosphatidylcholine from CDPcholine and di-
acylglycerol, is an integral membrane protein of
the endoplasmic reticulum [1,2] with its active site
facing the cytoplasm [3,4]. Interest in this enzyme
has focussed on its intracellular location [1,2,5], its
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Abbreviations: CPT, CDPcholine: 1,2-diacylglycerol choline-
phosphotransferase; PMSF, phenylmethylsulfonyl fluoride; SM,
sphingomyelin.

distinction from ethanolaminephosphotransferase
[6-9], its regulation of the acyl composition of
phosphatidylcholines [6,9-13] and the physiologi-
cal role of its back reaction [14-16]. Cholinephos-
photransferase activity is present in skeletal muscle
sarcoplasmic reticulum [17,18]. Recently we have
shown that it is present in highly purified calcium
phosphate-loaded sarcoplasmic reticulum [19].
The sarcoplasmic reticulum, with its compara-
tively simple protein composition was considered
as a source for the solubilization and isolation of
this protein. Sensitivity of cholinephosphotransfer-
ase to detergents [6,7,20] and to organic solvents
[6] has previously been shown. Kanoh and Ohno
[7] solubilized the enzyme from rat liver micro-
somes and purified it 4-fold with 50% yield by a
two-step sonication in the presence of 20% glycerol
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and 4-5 mM deoxycholate. Since the activity eluted
in the void volume of a Sepharose 4B column, it
likely consisted of large mixed micelles containing
multiple proteins [7,21]. Treatment of this prepara-
tion with triton X-100 and further attempts at
purification resulted in loss of activity [7]. This
problem of inactivation by detergents must be
overcome before the enzyme can be purified.

In this paper we describe the reconstitution of
cholinephosphotransferase activity from sarco-
plasmic reticulum membranes after solubilization
and inactivation by a variety of detergents. We
have found that the substrate diacylglycerol, and
glycerol (at concentrations of at least 20%) are
effective stabilizers of the enzyme against irreversi-
ble inactivation at high detergent: membrane pro-
tein ratios.

Materials and Methods

Materials. [**C]CDPcholine (40—60 mCi /mmol)
was obtained from New England Nuclear (Boston,
MA). Sodium ['*C]cholate (50 mCi/mmol) was
obtained from Amersham (Arlington Heights, IL).
Asolectin was obtained from Associated Con-
centrates (Woodside, NY). 1,2-Diolein, CDPcho-
line, Tween-20, Triton X-100, deoxycholic and
cholic acids, SDS and phospholipase C (Type V)
were obtained from Sigma (St. Louis, MO). Oc-
tylglucoside was obtained from Calbiochem (San
Diego, CA). Sephadex G-25 and Sepharose 4B
were obtained from Pharmacia (Uppsala, Sweden).
Bio-Beads SM-2 were obtained from Bio-Rad
(Richmond, CA).

Preparation of sarcoplasmic reticulum and its
subfractions. Sarcoplasmic reticulum from adult
rabbit skeletal muscle was prepared according to
the procedure of MacLennan [22] as modified by
Campbell and MacLennan [23]. Preparations were
stored at —70°C. To prepare salt washed sarco-
plasmic reticulum, solid KCl was added to a 10
mg/ml suspension to a final concentration of 0.6
M. After 20 min at 0°C, the suspension was
centrifuged at 150000 X g, for 30 min at 4°C. The
pellet was resuspended in Buffer A (10 mM Tris-
HCl (pH 8.0) /1 mM histidine /0.25 M sucrose /0.1
mM PMSF). An intrinsic membrane protein frac-
tion (R,) was prepared from sarcoplasmic reticu-
lum as described by MacLennan [22]. Fractions

were stored at —70°C.

Cholinephosphotransferase assay. Cholinephos-
photransferase was assayed as described using fi-
nal concentrations of 1.6 mM 1,2-diolein sus-
pended in asolectin (0.75 mg/ml) and Tween-20
(75 pg/ml) [19]. The reaction was linear for 30
min with up to 25 pg protein. The K, for
CDPcholine was 60 pM, and for the diacylglycerol
was 0.36 mM in R,. Cholinephosphotransferase
activity in R, was stable to at least five freeze-thaw
cycles (less than 20% decrease in specific activity).

Solubilization. All procedures were carried out
at 0-4°C. Fraction R, was suspended in Buffer A
containing variables such as glycerol, CDPcholine,
KCl. Detergents were then added from stocks and
the fractions were vortexed immediately. The final
protein concentration was 10 mg,/ml. Cholate and
deoxycholate solubilizations were carried out in
the presence of 1 M KCl. In some cases lipids were
first dissolved in the detergent and then added to
the sarcoplasmic reticulum preparation. To facili-
tate the dissolution of diacylglycerol in cholate, it
was mixed with a vortexed suspension of asolectin,
cholate, and 1 M KCl before addition to samples.
After addition of the solubilization medium, sam-
ples were incubated for 20 min at 0°C before
centrifugation at 150000 X g for 45 min, or
200000 x g for 30 min.

Turbidity measurements. Sarcoplasmic reticulum
vesicles were added to a cuvette containing cho-
linephosphotransferase assay buffer (50 mM Tris-
HCI (pH 8.0)/1 mM EDTA) at a concentration of
0.25 mg/ml. The decrease in absorbance at 600
nm was monitored with successive increments of
detergent. The absorbance change due to detergent
addition was accounted for by adding detergent to
buffer containing no sample protein. Measure-
ments were made at room temperature.

Reconstitution methods. All procedures were car-
ried out at 0-4°C.

(a) Dialysis [24]. Asolectin was added from a
10% sonicated suspension in H,O (15 min in soni-
cator bath) to membranes solubilized in octyl-
glucoside, cholate or deoxycholate. The concentra-
tion of asolectin was 1-4-times the detergent con-
centration. The samples were dialyzed against at
least 100 volumes of 10 mM Tris-HCl (pH 8.0),
0.125 M sucrose, 0.1 M NaCl and 0.1 mM PMSF.
In some experiments Bio-Beads were added to the



dialysis buffer to adsorb detergents (1.5-2.5 g
beads/g detergent), and in some cases glycerol
(20%) was substituted for sucrose in the dialysis
buffer. Dialyzed samples were assayed directly, or
a membrane pellet was collected and assayed after
centrifugation at 150000 X g for 30 min and resus-
pension in Buffer A.

(b) Sephadex G-25 gel filtration [25]. When
samples were solubilized at a detergent: protein
ratio greater than 10 a gel filtration step preceded
dialysis. Asolectin was added, as described above,
to cholate or deoxycholate solubilized membranes.
The solution was applied to a Sephadex G-25
column (bed volume at least five times the volume
of sample) and eluted with Buffer A. The turbid
void volume was collected. This fraction was then
dialyzed as described above. Reconstituted mem-
brane vesicles were collected by centrifugation as
described above.

(c) Bio-Beads SM-2 [26]. Asolectin was added
as described above to Triton X-100 solubilized
membranes. Bio-Beads were added at a ratio of
approx. 0.2 g per mg detergent and the sample was
incubated at 0-5°C with stirring for 1-3 h. The
sample was separated from Bio-Beads either by
pasteur pipet transfer or by elution through a 10
ml column. Protein absorbed to Bio-Beads was
eluted by washing several times with Buffer A.
Reconstituted samples were assayed directly or
after concentration of membranes by centrifuga-
tion (see above).

Miscellaneous. Large quantities of diacylglycerol
were required for stabilization of enzyme. Di-
acylglycerol was prepared from asolectin by phos-
pholipase C digestion [27], using 2 units/ml phos-
pholipase C Type V. The reaction was carried out
for at least 16 h at 32°C. The solvent was
evaporated and the dried lipid film was extracted
with acetone. The composition of the acetone-solu-
ble fraction was checked by TLC in petroleum
ether /diethyl ether/acetic acid (70:30:1, v/v).
Triacylglycerol was present as a minor contami-
nant (1-3%). The yield of diacylglycerol from the
original phospholipid was at least 60%. The di-
acylglycerol content of asolectin was determined
using thin-layer chromatography [28] and quanti-
tated by the method of Marsh and Weinstein [29].
Deoxycholic acid and cholic acid were recrystal-
lized from ethanol solution [22] and converted to
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potassium salts. The impure detergents were more
potent inhibitors of cholinephosphotransferase ac-
tivity. Protein was determined by the method of
Lowry et al. [30]. When the lipid : protein ratio of
reconstituted vesicles exceeded 4, the lipids con-
tributed substantially to the sample absorbance.
To account for the absorbance due to lipid, the
lipid phosphorus content of the sample was mea-
sured [31] and the correlating absorbance from a
phospholipid (asolectin) standard curve was sub-
tracted from the total sample absorbance.

Results and Discussion

Interaction of cholinephosphotransferase with the
sarcoplasmic reticulum membrane

When sarcoplasmic reticulum was washed with
0.6 M KCl to remove extrinsic proteins, choline-
phosphotransferase activity remained bound to the
membrane (Table I). The activity was not.released
from the membrane after treatment with a low
concentration of deoxycholate (0.1 mg/mg pro-
tein) plus 1 M KCI (Table I). The same treatment
released calsequestrin, the major extrinsic protein
located on the luminal side of the vesicle [32],
while leaving the Ca?*-ATPase intact in the mem-
brane. Other intrinsic proteins such as cytochrome
oxidase {33] and (Na*+ K*)-ATPase [34] also re-
sisted extraction by sub-solubilizing levels of de-
tergent. This treatment resulted in a 1.6-fold puri-
fication of cholinephosphotransferase.

Sensitivity of cholinephosphotransferase to deter-
gents

It has been shown that very low concentrations
(less than 100 uM) of Tween-20 or lysophospha-
tidylcholine stimulate cholinephosphotransferase
activity [20,35]. This stimulation probably involves
detergent-diacylglycerol interactions which facili-
tate utilization of substrate by the enzyme [35]. We
tested the effects of detergents on cholinephospho-
transferase activity by preincubating the enzyme
preparation with various amounts of detergents *
for five minutes prior to the addition of di-

* Detergent concentrations throughout this paper have been
expressed as the weight ratio of total detergent: membrane
protein (approximately equal to the detergent: membrane
lipid) as this is the best measure of the solubilizing power of
a detergent [36,37].
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CHOLINEPHOSPHOTRANSFERASE ACTIVITY AFTER TREATMENT OF SARCOPLASMIC RETICULUM WITH KCl

AND DEOXYCHOLATE

Sarcoplasmic reticulum (10 mg,/ml in Buffer A) was treated with KCl and deoxycholate (DOC) at the indicated concentrations at 0°C
for 20 min. The suspensions were centrifuged at 140000 X g for 30 min. Pellets were resuspended in Buffer A. Proteins are normalized

to 100 mg of the original preparation.

N Extraction medium Fraction Protein Specific activity Units
(mg) (nmol/min/mg) (nmol /min)
3 None original 100 2.88 +0.64 288
2 0.6 M KCl Pellet 8813 3.22+0.03 284 + 8
Sup 1243 0.04 £0.01 04+ 0.02
4 1 M KCl+0.1 mg/ml DOC Pellet (R ) 7113 4.8010.55 339 £33
Sup 29+3 0.24+40.08 8 + 3

acylglycerol. In this way, the effect of detergent on
the membrane was not influenced by the lipid
substrate.

The criteria we used to judge solubility were
optical clarity and lack of sedimentation after 30
min centrifugation at 200000 X g,,. The bulk of
protein and cholinephosphotransferase activity
(62% and 93% of that applied, respectively) after
solubilization with cholate at a detergent : protein
ratio of 2 eluted in the void volume of a Bio-Rad
A-0.5M column. However, both protein and cho-
linephosphotransferase activity were retained on
Sepharose 4B, eluting as a broad band with a peak
at twice the void volume indicating a heteroge-
neous size distribution ((0.2-2)-10%) of mixed
micelles which were large enough to contain several
protein monomers.

We observed a slight activation of cholinephos-
photransferase activity at presolubilizing con-
centrations of Triton X-100 (Fig. 1A). All six
detergents tested inactivated the enzyme (= 97%
inhibition) at concentrations which solubilized the
membrane (Figs. 1A and B). The inhibitory effect
of detergents on cholinephosphotransferase activ-
ity at solubilizing concentrations was primarily
due to the disruption of the lipid environment
during solubilization. Inactivation curves coin-

cided with solubilization curves for all detergents
except Tween-20 and octylglucoside. In the case of
these latter detergents, inactivation occurred at
concentrations well below the range required for
solubilization, suggesting inactivation by direct
binding of detergent to the enzyme or by perturba-
tion of lipid-enzyme interactions prior to solubili-
zation. In addition, the presence of detergent in
the assay could also prevent the utilization of the
exogenous lipid substrate (diacylglycerol in a
phospholipid suspension) by the enzyme.

Reconstitution of cholinephosphotransferase ar low
detergent : protein ratios ( < 3)

To recover cholinephosphotransferase activity
after detergent solubilization we tried various
methods of detergent removal including Sephadex
G-25 gel filtration [25], dilution [24], dialysis and
Bio-Beads [26]. Dialysis proved to be the most
practical method for removal of detergents other
than Triton when working with a large number of
samples. Biobeads were used to reconstitute Triton
X-100-solubilized membranes [26] since the low
critical micelle concentration of Triton makes it
very difficult to remove by dialysis.

Some representative reconstitution experiments
are shown in Table II. At the detergent concentra-

Fig. 1. (A) Sensitivity of cholinephosphotransferase activity to detergents. Detergents were added to R, (25 pg in 0.1 ml
cholinephosphotransferase assay buffer). After 5 min at 21°C, diolein was added. After an additional 5 min at 37°C, the reaction was
initiated with [1*C]CDPcholine. The diolein was added from a stock containing Tween-20 such that all assays contained 75 pg/ml
Tween-20 in addition to the indicated detergent. Data are averages of two separate experiments. [, Cholate; @, octylglucoside; @,
deoxycholate; v, Triton X-100; O, Tween-20, 4, SDS. (B) Membrane solubilization by detergents. See Materials and Methods for
turbidity measurements. Solubilization conditions were identical in (A) and (B).
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TABLE II

RECONSTITUTION OF CHOLINEPHOSPHOTRANSFERASE ACTIVITY AFTER DETERGENT SOLUBILIZATION

Sarcoplasmic reticulum (R ,) was suspended in buffer A at 10 mg protein/ml and solubilized at the indicated detergent: protein ratio.
CDPcholine was added to some of the solubilization media at a concentration of 0.8 mM. Asolectin was added to the transparent
supernatants recovered after centrifugation at 150000 X g for 45 min and the detergent was removed by dialysis for 24 h, except for
Triton X-100 which was removed by mixing with Bio-Beads for 3 h (see Materials and Methods). With the exception of Triton
reconstitution, the reconstituted activities were determined on membranes concentrated by centrifugation at 150000 X g for 30 min.

Specific activities are in nmol/min per mg protein.

Detergent Detergent: CDP- Asolectin: Specific activities
protein choline protein presolubilized solubilized reconstituted
(mg/mg) (mg,/mg)
Octylglucoside 1.5 + 0 3.6 0.2 1.7
+ 5 3.6 0.2 33
- 5 4.2 0.13 1.8
Cholate 20 + 8 44 0.04 25
Triton X-100 2.0 + 2 37 0.01 42
Deoxycholate 0.5 + 0 3.6 0.2 3.6
+ 2 3.6 0.2 3.6
- 2 36 0.17 1.5

tions used, at least 80% of the membrane protein
was solubilized * and the solubilized CPT was
more than 90% inactivated. The presence of the
substrate CDP-choline during solubilization was
found to increase the recovery of activity (Table
II). It was not necessary to include CDPcholine in
the subsequent dialysis step. The concentration of
CDPcholine for maximum recovery was 0.4 mM,
or approximately 6-times the K, value (60 pM in
sarcoplasmic reticulum). The rate of removal of
CDPcholine during dialysis paralleled the rate of
cholate removal as monitored with [1*CJCDPcho-
line and [**C]cholate (data not shown). The dialy-
sis time required for recovery of cholinephospho-
transferase activity (approx. 40% recovery) after
cholate solubilization was not longer than 8 h at
which time 85% of the cholate had been removed.

* The ratios of detergent to membrane protein required for
solubilization in Table II do not correspond in all cases to
the ratios in Fig. 1B because this value is influenced by the
membrane concentration [25). The membrane concentration
for experiments shown in Table II was 40-times higher than
that used in Fig. 1B. In dilute membrane suspension solubili-
zation did not occur below the critical micelle concentration.
At a membrane concentration of 10 mg protein/ml, the
critical micelle concentration is not relevant to the solubiliza-
tion process since the detergent avidly partitions into the
membrane, thus maintaining a low free monomer concentra-
tion.

Further dialysis removed up to 98% of the deter-
gent but did not improve the recovery of activity.
Reconstitution after deoxycholate solubilization
also required approx. 8 h dialysis; reconstitution
from octylglucoside solution required approx. 20 h
dialysis. It was possible to recover 100% of the
activity after reconstitution from octylglucoside,
deoxycholate, or Triton solution, and 50-60% of
the activity from cholate solution at detergent:
protein ratios < 2.

The reconstituted samples could be con-
centrated by centrifugation at 150000 X g for 30
min. The smaller vesicles which remained in the
supernatant were in all cases as active as those that
pelleted. The solubilized enzyme was temperature
sensitive in that warming to 37°C or even room
temperature for only a few minutes decreased its
recovery after reconstitution. If the soluble enzyme
were frozen, activity could not be regained. The
reconstituted enzyme, however, was stable
throughout at least one freeze-thaw cycle.

The membranes which reformed upon removal
of detergent by dialysis, gel filtration, Bio-Beads
or upon dilution were not necessarily identical to
the presolubilized membfanes with regard to size
or to the orientation and associations of proteins
[24,38-40]. Moreover, in most cases, excess
asolectin was added prior to detergent removal,



TABLE III

EFFECT OF OCTYLGLUCOSIDE CONCENTRATION ON
RECOVERY OF CHOLINEPHOSPHOTRANSFERASE AC-
TIVITY

Sarcoplasmic reticulum fraction R, (10 mg/ml) in buffer A
containing 0.8 mM CDPcholine was solubilized with octyl-
glucoside (15 mg/ml) and centrifuged at 150000X g for 45
min. The clear supernatant was diluted with buffer A contain-
ing 15 mg/ml octylglucoside to the indicated detergent : protein
ratios; or buffer A containing 15 mg/ml octylglucoside plus 10
mg/ml of a diacylglycerol /phospholipid (DG /PL, 1:4) mix-
ture. Samples were reconstituted by dilution and dialysis. Ac-
tivities (nmol/min per mg) were determined in reconstituted
membranes concentrated by centrifugation at 150000 % g for
30 min. This experiment was repeated twice with similar re-
sults.

Octylglucoside: protein Lipid addition Specific
ratio (mg/mg) (DG/PL,1:4) activity
0 - 3.40
5 - 2.10
10 - 2.15
20 - 0.45
30 - 0.20

30 + 1.95

thus, the lipid composition of the reconstituted
vesicles was different from the original mem-
branes. (The phospholipid composition of asolec-
tin is: PC/PE/PA /PI, 39:23:5:20, the remain-
ing 13% being unidentified [41]; the phospholipid
composition of sarcoplasmic reticulum is: PC/
PE/SM/PS/PI, 74:13.5:3:3:7 and neutral
lipids (cholesterol) comprise 8% [42].) These
changes in the reconstituted vesicles did not lower
the specific activity, however. Inclusion of asolec-
tin actually improved recovery of activity after
octylglucoside dissolution (Table II), probably by
acting as a detergent ‘sponge’, i.e. by partitioning
the detergent away from the enzyme.

Protection of cholinephosphotransferase at high
detergent : protein ratios

We found that fractionation schemes involving
dilution of sample in buffer containing fixed con-
centrations of detergent resulted in very poor re-
covery of enzyme activity after detergent removal.
Table III illustrates the effects of increasing the
octylglucoside: protein ratio in the solubilization
buffer on subsequent recovery of activity. In this
experiment, the detergent concentration remained
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fixed and the protein concentration was varied by
dilution in buffer containing detergent. At deter-
gent : protein ratios less than 10, approximately
two-thirds of the original activity was recovered.
At higher detergent levels, the recovery was drasti-
cally reduced. At a detergent: protein ratio of 30,
only 6% of the original activity was recovered.
However, if, during solubilization, a mixture of
diacylglycerol and phospholipid were present at a
detergent: lipid ratio of 1.5, two-thirds of the
original activity was recovered. It appeared that
the enzyme was inactivated irreversibly at high
detergent : protein ratios unless a lipid stabilizer
was present.

The ability of various lipids and glycerol to
stabilize cholinephosphotransferase in the presence
of high detergent: protein ratios was investigated
in more detail (Table IV). When samples were
dissolved at a cholate: protein ratio of 2.0, only
one-fourth of the presolubilized activity was re-
covered after reconstitution. Inclusion of asolectin
during solubilization improved recovery to about
50%. The diacylglycerol content of asolectin was
determined to be less than 1% by weight. Com-
plete recovery was achieved if a diacylglycerol/
asolectin (1:3, w/w) mixture or glycerol (= 20%)
was present during solubilization. The protective
effect of diacylglycerol and glycerol was apparent
even in the solubilized samples prior to reconstitu-
tion. The specific activity of the solubilized sample
containing 40% glycerol and diacylglycerol/
phospholipid (1:3) was 10-times higher than that
of sample solubilized without glycerol or lipid
present. The detergent was diluted 5-fold in the
assay in each case so that the detergent concentra-
tion in the assay was constant.

When samples were dissolved at a cholate : pro-
tein ratio of 20, only 3% of the presolubilized
activity was recovered if no stabilizers were added
(Table IV). The solubilized enzyme retained some
activity only if diacylglycerol was present. Di-
acylglycerol was also necessary for complete re-
covery of activity in the reconstituted membranes.
Soy phospholipids (diacylglycerol-free) were inef-
fective as stabilizers. Egg PC/PE (2:1) mixture
and muscle total phospholipids were also ineffec-
tive (data not shown). 40% glycerol offered greater
protection than 20% glycerol. Glycerol (20%) was
also included in the dialysis step. Diacylglycerol or
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TABLE IV

PROTECTION OF CHOLINEPHOSPHOTRANSFERASE FROM IRREVERSIBLE DETERGENT INACTIVATION BY LIPIDS
AND GLYCEROL

Membranes (R,) were solubilized with cholate in buffer A containing 0.4 mM CDPcholine and the components indicated. Lipid
components were present at a lipid: cholate ratio of 1. After centrifugation at 200000 X g for 30 min, samples were reconstituted by
addition of asolectin (total lipid : protein = §) followed by dialysis for 18 h. In samples solubilized at cholate : protein = 20, a Sephadex
G-25 gel filtration step preceded the dialysis. 90% of the cholate was removed after gel filtration and more than 97% after dialysis.
n.d., not determined.

Solubilization conditions Percent of presolubilized specific activity

Cholate /protein = 2 ® Cholate /protein = 20 ©

Soluble Recon- Soluble Recon-

stituted stituted
no additions 1.1 24 0.0 33
20% glycerol 38 105 0.0 27.0
40% glycerol 13.4 104 1.0 44.0
soy PL n.d. n.d. 0.0 9.2
soy PL +40% glycerol nd. n.d. 1.1 390
soy total lipid 1.3 54 1.1 37.0
soy DG/PL (1:3) 10.4 109 7.0 920
soy DG/PL (1:3)+40% glycerol 11.5 109 83 99.0

# The presolubilized specific activities for five separate experiments ranged from 2.6 to 6.3 nmol/min per mg. Data are averages of

two or more determinations for each condition.
® [protein] = 4 mg/ml; [cholate] = 8 mg/mi.
¢ [protein] =1 mg/ml; [cholate] = 20 mg,/ml.

glycerol were effective as stabilizers only if present
during solubilization. If added after the membrane
was dispersed by detergent, there was no improve-
ment in the recovery of activity.

Irreversible inactivation by detergents has been
observed with other membrane proteins. Inclusion
of phospholipid in the solubilization medium pre-
vents inactivation of the sodium channel from rat
brain [43] and several sugar transport systems
from Escherichia coli [44,45] by stabilizing the
native conformation of the proteins. The presence
of cholesterol in addition to phospholipid en-
hances the ion influx response of solubilized
acetylcholine receptors [46]. Enzyme substrates (or
receptor agonists) have also been used to protect
the active sites of solubilized membrane enzymes
against denaturation [47-50].

Protection of solubilized cholinephosphotrans-
ferase at high level of detergents was achieved only
with diacylglycerol and, to a lesser extent, glycerol.
CDPcholine was a stabilizer of cholinephospho-
transferase only at low detergent concentrations.
The requirement for diacylglycerol at high deter-
gent concentrations suggests that there are two

levels of detergent inactivation: a reversible in-
activation which involves removal of the lipid en-
vironment surrounding the enzyme, and an irre-
versible inactivation that involves denaturation of
the active site upon binding of detergent. The
latter occurs only at high detergent concentrations.
Diacylglycerol may protect cholinephosphotrans-
ferase from irreversible inactivation because the
strength of its interaction with cholinephospho-
transferase exceeds that of the detergent. Thus
when both diacylglycerol and detergent are pre-
sent at the same concentration, the lipid substrate
successfully competes for the active site. Glycerol
has been widely used to stabilize enzymes. It pre-
serves protein native conformation by raising the
barrier against unfolding and exposure of hydro-
phobic segments to the solvent [50]. Thus glycerol
may protect cholinephosphotransferase from de-
tergents such as cholate by preventing their
penetration into the active site.

Tests of these proposéd mechanisms for sub-
strate and glycerol protection of cholinephospho-
transferase from detergents await binding studies
utilizing purified enzyme. The discovery that



glycerol and diacylglycerol stabilize the enzyme in
the presence of detergent should greatly increase
the chances for purification of this enzyme. The
purification of this enzyme along with other en-
zymes involved in the synthesis of phospholipids
would enable the construction of an in vitro de-
fined phospholipid generating system with which
to probe the regulation of PC synthesis and the
mechanism of membrane assembly.
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