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ABSTRACT

ISOLATION OF THE MEMBRANE SYSTEMS OF ACANTHAMORRA PALESTINENSIS:
STUDIES OF LIPID SYNTHESIS AND ASSEMELY OF LIPIDS INTO MEMERANES

By

Francis Joseph Chlapowski

A fractionation procedure is described for the isolation of mem-
branes and membrane-bound organelles of Acanthamoeba palestinensis.
Nuclei, mitochondria, rough endoplasmic reticulum, elongate smooth
endoplasmic reticulum, small cisternal smooth membranes, Glogi mem-
branes and a fraction containing plasma and digestive vacuole mem-
btranes were isolated using this procedure. Electron micrographs,
chemical analysis and enzyme assays were used to characterize these
fractions. Utilizing C' '-choline as a specific marker of phosphatidyl
choline, it was demonstrated that an exchange reaction ococurred be-
tween free choline and the choline moiety of phosphatidyl choline.
This exchange reaction occurred only on membranes in a cell free
system. A time sequence study of H3-glyoerol incorporation, turne
over and intracellular movements in lipids is reported. Most 1lipids
are synthesised in the rough endoplasmic reticulum and transferred
to the non-memtrane lipids recovered in the post-microsomal super-
natant. The nuclear membranes and rough endoplasmic reticulum are
implicated as sites of 1lipid assembly into membranes. Cyclical pate
terns in the pulse and chase studies indicated a recycling of lipids
among the different membrane types. These results suggest the possible
recycling of membranes, involving interconversions among membranes.
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INTRODUCTION

In the evolution from procaryotic cells to eucaryotic cells, mem-
brane development plays a singularly important role. In the smallest
unit capable of genetic continuity - the virus - no membrane struc-
tures are present, with the exception of the myxovirus, whose envelope
seems to be derived from the cell surface membrane of the infected
cell (Davis, Dulbecco, Eisen, Ginsberg and Wood, 1967). Most pro-
caryotes have only a cytoplasmic membrane underlying the cell wall.
Some Gram-positive bacteria contain mesosomes. These invaginations
of the oytoplasmic membrene might be involved in respiratory functions,
similar to the mitochondria of eucaryotic cells. Whereas procaryotic
cells are essentially devoid of membranous components, sucaryotic cells
contain a complex array of membranes and membrane-bound entities. A
general higher cell type is encompassed by a plasmalemma and is com=
posed of a double-membrane nuclear envelope, granular endoplasmic re-
ticulum, smooth endoplasmic reticulum, Golgi-complex membranes, mito-
chondria constructed of imner and outer memtranes and various vesicular
components (e.g. lysosomes, peroxisomes, pinocytotic or phagocytotic
vacuoles, etc.). Photosynthetic eucaryotic cells also contain chloro-
plasts surrounded by two memtranes. Thus, more intricate functions at
the cellular level are accompanied by an amplification of the membrane
systems.

The Danielli-Davson model (1935) suggests that cell membranes are
composed of a bimolecular layer of lipid covered with a monomolecular
layer of protein on each side. Electron micrographs (Robertson, 1959),
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as well as X-ray diffraction patterns (Finean, 1953; Finean, Coleman,
Green and Limbrick, 1966), have been interpreted as support for this
concept. The ultrastructural resemblance among membranes derived from
different sources has led to the term "unit membrane” (Robertson, 1960).
The unit membrene theory suggests that all membranes are lamellar in
construction due to the predictions of the Danielli-Davson model. Korn
(1960) has recently criticized the unit membrane theory as lacking in
proof (see also Curtis, 1967; Weiss, 1967). An alternative to the
lamellar composition proposed for membranes might be micelles of a
hexagonal charecter (Luzzati and Husson, 1962). Room temperature nega-
tive staining of plasma membranes has illustrated such properties
(Benedetti and Emelot, 1965). It is not lmown whether the observed
micelles are an intrinsic property of the membrane or a fixation arti-
fact. Green and Perdue (1966) reject the Danielli-Davson model, as
well as the unit membrane theory, and emphasize that the basic frame-
work of membreanes is protein. These authors propose that membranes are
basically repeating units of lipeproteins joined by hydrophobic bonds.
One of the principal reasons for their contention is the fact that
mitochondrial membranes retain their ultrastructural characteristics
after severe lipid extraction. This is also true in myelin and other
membranes (Napolitano, leBaron and Scaletti, 1967). However, the most
important reason put forth by Green and his colleagues for the emphasis
on protein in membrane systems is their isolation of a structural pro-
tein from mitochondrial membranes (Green, Tisdale, Criddle, Chen and
Bock, 1961; see also Green, Haard, Lenaz and Silman, 1968). Recently,

Woodward, Kubic, Kleese and Woodward (1968) have isolated
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electrophoretically similar structural proteins from membranes of
Neurospora mitochondria, corn mitochondria and corn chloroplasts. This
finding establishes the notion of a membrane structural protein more
firmly. Newer concepts of membrane structure and function place more
emphasis on the role of proteins, macromolecular complexes and hydro-
phobic bonding. less emphasis is placed on the role of electrostatic
attractions between polar groups of lipids and proteins. However,
independent of the importance of proteins in the structure of membranes,
all biological membranes of eucaryotes are known to contain phospho-
1lipids and sterols, although the specific amounts of each may vary
from one source to another (Ashworth and Green, 1966; Finean, 1967;
Korn, 1966; Takeachi and Terayama, 1965).

The principal impediment in analyzing the membrane systems of cells
is the isolation of these systems from the cell. In the case of memtrane-
bound organelles, the problem is simplified. The isolation of the or-
ganelle separates its membtranes from other cellular membranes. One of
the first cellular organelles isolated was the nucleus (Dounce, 1943;
Allfrey, Stern, Mirsky and Saetren, 1952). More recent advances have
yielded nuclear preparations of high purity in aqueous media (Chaveau,
Moule and Rouiller, 1956; Maggio, Siekevitz and Palade, 1963; Elobel
and Potter, 1966). Widnell and Siekevitz (1967) have reported a method
for obtaining preparations of nuclear membranes from rat liver nuclei.
Many methods have been developed for the isolation of mitochondria
(Sohneider, 1947; Hogeboom, Schneider and Palade, 1948). Caplan and
Greenawalt (1966, 1968) have succeeded in separating the inner and
outer membranes of mitochondria. The isolation of lysosomes and
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peroxisomes has been accomplished by the work of deDuve and his colla-
borators (deDuve, Pressman, Gianetto, Wattiaux and Appelmans, 1955;
Leighton, Poole, Beaufay, Baudhuin, Coffey, Fowler and deDuve, 1968).
In animal oells the isolation of Golgli material has essentially been
restricted to cells in which the Golgli system is extensively elabora=-
ted, such as the rat epididymis (Schneider, Dalton, Kuff and Felix,
1953; Schneider and Kuff, 1954). An exception to this has been the
recent successful isolation of the Golgi apparatus from rat liver cells
(Morré, Mollenhauer, Hamilton, Mahley and Cunningham, 1968). Microsomes
are generally isolated by high speed centrifugation, with subsequent
density gredient fractionation (Britten and Roberts, 1960) to resolve
granular and agranular microsomes (Palade, 1955; Palade and Siekevitz,
1955; Rothschild, 1961; Ernster, Siekevitz and Palade, 1962; Dallner
and Nilsson, 1966; Dallner and Ernster, 1968). With the exception of
red blood cell ghosts (Ponder, 1955), the most difficult cell membrane
to isolate is the cell surface membrane. Neville (1960) first isolated
the cell surface membranes of rat liver cells. «allach and Kamat (1964)
claim to have isolated the plasma membranes of Ehrlich ascites carci-
noma cells (see also Kamat and Wallach, 1965; Wallach, 1967). The me=-
thods of Warren, Glick and Mass (1967) have been used to isolate fixed
cell surface ghosts from mouse L cells. The isolation of a biologically
active plasma memtrane ghost preparation from Hela cells has been
described by Bosmann, Hagoplan and Rylar (1968).

The blosynthesis of lipids and proteins, the enzymatic properties
of membrenes (e.g. Ermster, Siekevitz and Palade, 1962; Novikoff, Essner,
Goldfischer and Heus, 1962), the intracellular movements of membranes
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(e.g. Friend and Farquhar, 1967) and the role of membranes in trans-

port, storage and secretion (e.g. Jamieson and Palade, 1967a, 1967b,
1968a, 1968b; Bowers and Korn, 1967; Beams and Kessel, 1968) are areas
under intensive investigation. Although the literature is replete with
hypotheses and research concerned with membrane biosynthesis and degra=-
dation, the actual events in the process by which the molecular compo-
nents of membranes are united into a macromolecular complex can not
be defined at this time. Since different membrane systems are quite
similar with respect to gross chemical composition, but operate in
different structural and functional sitmations, the assembly of membranes
is a fascinating area of research. Bscause of the fundamental resem-
blance of various cellular membrenes, the origin of one type of mem-
brane by modification of a pre-existing, but different, type, is not
an unreasonable thought. In fact, some evidence has been assembled
which shows the fusion of plasma membranes, or their derivatives, with
membranes derived from the Golgi complex (e.g. Friend and Farquhar,
1967; Bowers and Korn, 1967). Considering all the latter facts, an
investigation into the movement of radioactive precursors into and
out of the phospholipid molecules of membranes might be expected to
shed soms light on the blogenesis of membranes.

The organism chosen for this research was the soil amoeba
Asanthampebs palestinensis. Ultrastructural evidence will be given

to demonstrate that Agcanihamoebs palestinensis represents a typical
eucaryotic cell type containing a full complement of membranous organ-

elles. For this reason, and because growth of homogeneous populations
under controlled axenic conditions is possitle, this organism is
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6
particularly suitable for the investigation of membrane systems at
the cellular level. A prerequisite to examining the incorporation and
turnover of radioactive tracers in membranes was the development of
procedures for the isolation of various membrane systems and membrane-
bound organelles from the same population of cells. The characteriza-
tion of several subcellular fractions by chemical, enzymatic and
electron microscopic procedures will be presented. Utilizing these
fractions, data will be put forth concerning the role of 1lipid

precursors in membrane biosynthesis.
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MATERIALS AND METHODS

ORGANISMS: These experiments utilized the soil amoeba Acanthamoeba
palestinensis maintained in Dr. R. N. Band's laboratory for several
years.

Culture Medium: Cells were cultured under axenic conditions in
Band's Amoeba Medium (1959). The medium contained 3 mg MgClz.6H20. 3
ng CaGlz. 3 mg FeSOu.7H20. 120 mg NaCl, 136 mg KHZPOa. 142 mg NaZHPOu.
18 g glucose and 15 g Proteose Peptone (Difco) to 1 L H20 at a final
pH of 6.8. The complete medium was sterilized by autoclaving for 20
min,

Sulture Conditions: Cells were routinely cultured in 1 L silicone-
coated Erlenmyer flasks containing 500 ml of medium. A constant temper-
ature, rotaty shaker was used at 100 rpm and 29°C (Band and Machenmer,
1963). Under the conditions described, cells grew with a dry weight
doubling time of 27 hr. Only exponentially growing cells were utilized
in experiments.

Gravipetric Megsurements: Cell mass increase was determined by
washing cells from 1 ml of medium once in cold distilled HZO followed
by desiccation over P_,O_ and under vacuum in tared vials. The brief

2°5
HZO wash produced no cytolysis.

CELL FRACTIONATION: Aliquots of cells (3 to 5 ml wet, packed vol-
ume) were harvested, homogenized and fractionated according to a stand-
ardized scheme given below (Figure 1), in which TKM stands for 0.005M
Tris, 0.025M KC1 and 0.002M MgSO,; and TM is a similar solution minus



8

wash cells in 0.25M sucrose-TM
g125g X 5 min
Homogenize in 2 vol of 0.25M sucrose-TM with 7 strokes of Teflon pestle
2,000g X 15 min in HB=-4

seSiment supernatant
(nuclei + plasma and food (microsomes + mitochondria)
vacuole membranes) 12,500g X 20 min in SS-34
resuspend in 0.25M sucrose-TKM mitochondrial
- pellet
12.0003 X 15 min in HB=4 supernatant
~-=discard supernatant (microsomes)
(sedimant 100,000g X 70 min in type 30
washed nuclei + plasma and
--=post-microsomal supernatant
food vacuole membranes) loose sediment above glycogen pellet

resuspend in 1.3M sucrose-TKM

layer over sucrose-TKM gradient (mi::::omes; in 0.25M sucrose-T™
130,000g X 30 min in 50L 1100.000g X % min in type 30
===réemove plasma and food ==~discard supernatant

vacuole membrane band loose sediment
sediment (washed microsomes)
(nuclear pellet) resuspend in 0.25M sucrose-TM
llayer over sucrose gradient
200,000g X 5% hr in 0L

4 membrane bands

mitochondrial pellet (continued from above)
resuspend in 0.25M4 sucrose-0.001M EDTA
wash 3 times at 10,000g X 15 min in SS=-34
washed mitochondria

post-microsomal supernatant (continued from above)
$100,000g X 50 min in type 30

postemicrosomal supernatant with residual membranes

removed

plasma and food vacuole membranes (continued from above)
make up to 0.25M sucrose-0.001M EDTA
wash 3 times at 1,100g X 10 min in HB-4

washed plasma and food vacuole membranes

Figure 1. Standardized cell fractionation scheme. Values are
average forces at the middle of the tube.
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9
KCl (ef. Elobel and Potter, 1966). All steps were carried out at pH 7.5,
velow 4°C.

washing: Cells were washed once in 0.25M sucrose-TM and resuspended
in the same solution to yleld a final cell concentration of 1:2 (wet,
packed volume:solution volume).

lomogenization: The cell suspension was homogenized with 7 strokes
in a 30 ml capacity Potter-Elvehjem type Teflon grinder (A. H. Thomas
Co.) with a clearance of 0.125-0.175 mm, driven by motor at 2,500 rpm.

Differential Centrifugation: For relative centrifugal forces less
than 20,000g, a Sorvall RC-2 refrigerated centrifuge was used with
either an HB-4 swinging bucket rotor or an SS-34 fixed-angle rotor.

At forces exceeding 20,000g, a Spinco 1L2-50 ultracentifuge was used
with either a 50L swinging bucket rotor or a type 30 fixed-angle rotor.
(a) The initial nuclear and plasma and food (digestive) vacuole
membrane fraction was isolated from the 0.25M sucrose-TM homogenate
and quickly transferred to, and washed once in, 0.25M sucrose-TKM to

remove residual mitochondria.

(b) The mitochondrial fraction was immediately isolated from the
post=nuclear supernatant, resuspended and washed 3 times in 0.25M
sucrose-0.001M ethylenediamine-tetra-acetic acid (EDTA). According to
Band and Morhlok (1969), the latter washings remove lysosomes and per-
oxisomes, as judged by the loss of acid hydrolase and catalase activi-
ty.

(c) Microsomes were separated from the post-mitochondrial superna-
tant by centrifugation at 100,000g X 70 min. The resulting microsomal
fraction was very loosely layered above a large, almost transparent,

glycogen pellet. The microsomes were removed from under the
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post-microsomal supernatant witha pipette, gently resuspended in 0.25M
sucrose-TM, and washed at 100,000g X 50 min. At the end of the run,
the loosely layered microsomes were once again removed with a pipette.

(d) The post-microsomal supernatant with its floating non-membrane
1ipid layer (Stein and Shapiro, 1959) was recentrifuged at 100,000¢g
X 50 min to remove any residual membranes.

Gradlent Centrifugation: All linear sucrose density gradient
centrifugations were performed in the Spinco 12-50 using a S0L swing-
ing bucket rotor.

(a) The washed nuclear and plasma and food vacuole membrane pellet
was gently resuspended by pipetting in 1 ml of 1.3M sucrose-TKM and
layered over a 4 ml continuous sucrose-TKM gradient extending from
1.3M to 2.0M (1.17-1.27 g/cc at 4°C). The preparations were centrifuged
at 130,000g X 30 min (cf. Elobel and Potter, 1966). At the end of this
brief run, the microsomal contaminants were floating at the top of
the tube, the plasma and food vacuole membranes formed a band in the
gradient and the nuclei were pelleted at the bottom of the tube. The
plasma and food vacuole membrane band, which extended from 1.18 to
1.195 g/cc was removed with a J-shaped needle attached to a syringe
(Jamieson and Palade, 1967a). The residual supernatant, including the
floating microsomal layer, was poured off, leaving the translucent
pellet of pure nuclei. The plasma and food vacuole membrane prepara-
tion was diluted to 0.25M sucrose-0.001M EDTA, homogenized with 3
strokes of a 10 ml capacity Potter-Elvehjem type Teflon grinder (A.

H. Thomas Co.) with a clearance of 0.10-0.15 mm at 1,000 rpm. This
homogenate was washed twice in 0.25M sucrose-0.001M EDTA at 1,100g
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X 10 min to yleld the final plasma and food vacuole membrane pellet.

(b) Subfractionation of microsomes recovered from the differential
centrifugations was accomplished by layering the microsomes, in 0.25
ml of 0.25M sucrose-T™ (5 to 10 mg protein), over a 4.5 ml continuous
sucrose density gradient (Britten and Roberts, 1960) extending from
1.04M to 2.0M (1.14=1,27 g/ec at 4°C), and centrifuging for 5% hr at
200,000g (cf. Jamieson and Palade, 1967a). Upon termination of the run,
the 4 distinct bands in the gradient (see Figure ?) were removed with
a J-shaped needle attached to a syringe. The isolated fractions were
either fixed for electron microsocopy, washed for chemical analysis
or precipitated with 104 trichloroacetic acid (TCA) prior to lipid
extraction.

For cell free incorporation experiments, mitochondria, microsomes
and the post-microsomal supernatant were isolated in the same manner,
except that 0.25M sucrose-0.1M phosphate buffer (pH 7.4) was used in

all steps.

RADIOACTIVE LABELING:

Gholine-Methvl-C' ~Ghloride (7.6 me/m mole - New England Nuclear):
(a) Kinetics of Incorporation: In experiments invoving the kinetics
of c' u-cholim incorporation into TCA soluble and insoluble cell frac-
tions, 10 ml of cells in culture mediunm (106 cells/ml) were incubated
with 1 po/ml (0.132 p mole/ml). At appropriate time intervals, 1 ml
aliquots of the medium were removed, diluted with ice-cold 0.25M sucrose-
™, and centrifuged to remove the cells. The cells were immediately

resuspended and washed in the same solution. The washed cells were
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brought to 1 ml (original volume) with cold 104 TCA and stored for a
minimum of 2 hr below 4°C.

(b) Kinetics of Turnover: Turnover in TCA soluble and insoluble
fractions was examined by "abeling" cells with 0.25 pe/ml (0.033
p moles/ml) for 12 hr. The cells were then harvested, washed and re-
suspended in Amoeba Medium containing non-radioactive choline. The
quantity of non-radioactive choline used was either 0.033 n moles/ml
(equal chase), 3.3 p moles/ml (100X chase) or 16.5 p moles/ml (500X
chase). At appropriate time intervals, 1 ml aliquots of cells were
removed and processed as described above.

(c) Cell Free Incorporation: Mitochondria, microsomes and post-
microsomal supernatant, isolated in 0.25M sucrose-0.1M phosphate buf-
fer, were brought to 1 mg protein/ml in 0.1M phosphate buffer (pH 7.4)
with 1 p mole Gac.lzlnl. Either 2 or 4 mg of protein from these suspen-
sions wvas brought to 5.25 ml with a final mixture containing 5 p moles

CaCl, and 0.1M phosphate buffer. At time 0, 0.25 ml of phosphate buf-

14 oholine was introduced into

2
fer containing 1 ue (0.132 p mole) of C

the reaction mixture. After incubation at 29°C in a water bath with
agitation, the reactions were terminated at specified time intervals
by adding an equal volume of ice-cold 20% TCA (Vandor and Richardson,
1968). The 10% TCA solutions were stored at 2°C prior to 1ipid extrac-
tion. Methods for 1lipid extraction will be given in a subsequent sec-
tion.

(d) Cell Free Turnover: The same methods described above were
used, except that at certain times, concentrated, non-radioactive cho-
line was introduced into the reaction mixture in 0.1 ml of phosphate
buffer. As a control, 0.1 ml of phosphate buffer devoid of choline
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was added simultaneously to identical mixtures. The concentration of
non-radiocactive choline was 66 p moles (500X chase).

(e) Comparison of gell radiosotiviiy to medium radioactivity: In
experiments to determine the loss of radiocactivity from cells into
the medium, cells were labeled, washed and resuspended in medium cone-
taining non-radiocactive choline as dexcribed for the kinetic studies
of turnover. At sampling intervals, the total radioactivity of washed
cells from 1 ml of medium (gell radioactivity) was determined by re-
suspending the cells to 1 ml (original volume) with distilled water
and counting aliquots directly in scintillation fluid. In addition,
the total radiocactivity of 1 ml of medium, from which cells had been

removed by centrifugation (gedium radiogctivity)., was ascertained by

directly counting aliquots of the medium in scintillation fluid.

(£) Turnover of Cm-Cholino in Phospholipid of Cell Fractions:

Cells were labeled as described above. In time sequence, aliquots of
cells were fractionated into mitochondria, microsomes and post-micro-
somal supernatant. The fractions were precipitated with 104 TCA,
washed and 1ipid extracted.

WB (500 mc/m mole - New England Nuclear):

(a) Kinetics of Inoorporation: H3-glyeero1 incorporation into TCA
soluble and insoluble fractions was examined by labeling and processing

4

cells in a manner identical to the C'“-choline studies. The only dif=

ference was that 5 pc/ml (0.01 p mole/ml) of H3-g]yoeml was used.
(b) Kinetics of Turnover: The kinetiecs of H3-glycerol turnover in

TCA soluble and insoluble fractions was monitored in a manner identi-

cal to the comparable studies with ¢! “_choline, except that 2.5 pe/ml

(0.005 p mole/ml) was used to label the cells. The non-radioactive



14
glycerol oconcentrations were 0.033 u mole/ml (6.6X chase), or 3.3
p mole/ml (660X chase).

(e) Cell Free Incorporation: The conditions for cell free incor-
poration utiliszing H3-glyoerol were as previously described for c1 b
choline. 1.25 pe (0.0025 p mole) of Ho-glycerol was present in the
reaction mixture.

(d) Incorporation into Phospholipids of Cell Fractions: For these
experiments, cells were concentated in 20 ml of Amoeba Medium at a
ratio of 1:3 (cells:medium). Concentrations of 20 pc/ml (0.04 p mole/
ml), and in some cases 40 pc/ml (0.08 p mole/ml), were added at time
0. In time sequence, aliquots of cells were fractionated according to
the scheme in Figure 1. The cell fractions were precipitated with cold
104 TCA prior to 1ipid extraction.

(e) Turnover of Phospholipid in Cell Fractions: The experiments
invelving turnover of H-glycerol in phospholipid of ocell fractions
were carried out in a manner identical to similar studies with C' '
choline. Cells were labeled for 12 hr with 2 pc/ml (0.004 p mole/ml)
of H’-glyeorol. washed and resuspended in medium containing 3.3 p mole/
ml (825X chase) of unlabeled glycerol.

(f) Pulse and Chase of Phospholipid in Cell Fraction: Concentrated
cell suspensions were suspended in medium containing 30 pe/ml (0.06
p mole/ml) for 10 min. Then, the cells were removed from the medium
by centrifugation, washed once in Amoeba Medium, and finally, resuspend-
ed in medium with 16.5 p mole/ml (275X chase) of non-radioactive gly-
cerol. At suitable time intervals, aliquots of cells were fractionated

as desoribed.
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RADIOACTIVE ASSAYS:

Liguid Seiptillation: All radioactive counting was done in a scin-
tillation fluid ocontaining 7.84 g 2,5-diphenyloxazole (PPO), 0.16 g
p=bis-(o-methylstyryl)-benzene (bis-MSB) and 120 g naphthalene to 1 L
of p-dioxane. All ocounting rates were corrected for background and
quenching to disintegrations per minute (dpm). Counting was done on
a Beckman Mark III refrigerated liquid scintillation counter.

w: Gases derived from the radiocactive medium in which
cells were growing was passed through a 0.1N NaOH trap over a 3 day
period. At the end of this time interval, aliquots of the NaOH solution
with trapped 002 were counted directly in the scintillation solution.

Badioactivity of Iipid Extracts: Aliquots of radioactive lipid
extracts in chloroform:methanol (2:1) were placed in scintillation
vials and allowed to evaporate to dryness. The scintillation fluid
was added and the vials counted as described.

Badioactdvity of TCA Soluble and Insolutle Fractiona: The washed
cells from 1 ml of medium, which had been brought to exactly 1 ml with
104 TCA, were left in this suspension for at least 2 hr at 2°C (see
sections on kinetic studies). The TCA insoluble fraction was centri-
fuged down at 16,000g X 5 min. Aliquots of the clarified cold TCA sol-
uble fraction were removed and counted directly in the dioxane-base
fluid. The TCA precipitate of the cells from 1 ml of medium was washed
twice in oold 5% TCA and once in cold H,0 to remove any residual insol-
uble radioactivity. The TCA insoluble material was dissolved in 388%
formic acid and transferred to counting vials. Thus,values can be re-

lated to 1 ml of medium and are expressed as dpm/cells/ml of medium.
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LIPID EXTRACTION AND CHROMATOGRAPHY:

Lipid Extragtlon: To insure complete removal of insoluble radio-
activity, lipids were extracted from washed TCA precipitates (Dallner,
Siekevitz and Palade, 1966a). The original 10% TCA insoluble precipi-
tates were washed by centrifugation twice with cold 5% TCA and once
with cold distilled water. The precipitates were then lipid extracted
at room temperature for 2 hr in chloroform:methanol (2:1). The ex-
tracts were separated from the insoluble residue and washed with 0.1N
HCl (5 ml/4 ml extract) to remove any protein remaining. Separate
aliquots were used for lipid phosphorus determinations, scintillation
counting or chromatographic analysis.

Chromatography of Phospholipids: Lipids in the chloroform:methanol
extract were spotted on activated silica-gel G plates and developed
in chloroform:methanol :acetic acid:water (25:15:4:2) for 90 min
(Randerath, 1966). The separated phospholipids were detected by iodine
vapors and scraped into scintillation vials for counting.

CHEMICAL ANALYSIS:

Erotein: Using bovine serum albumin as a standard, protein was
determined by the Folin-Ciocalteau test (1927).

Ribonucleic Acld: RNA was determined on washed TCA precipitates
with the -Mejbaum (1939) orcinol technique, utilizing hot (90°C) TCA
extraction of nucleic acids as proposed by Schneider (1946). Purified

yeast RNA was used as a standard.

lipid Phosphorus: Lipid phosphorus was measured according to
Marinetti (1962) using 70% perchlorate at 1 5o°c to digest the 1lipid
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phosphorus in dried l1lipid extracts.
Joorganic Phosphorus: Monophosphates liberated in the phosphatase
assays were measured by the Fiske and Subbarow method (see Lindberg
and Bmster, 195).

ENZYME ANALYSIS: Allenzymes examined were phosphatases and were
assayed by the liberation of inorganic phosphates. Values are expressed
as p moles Pi/mg protein/hr.

Qlucogse-6-Phosphatase: This enzyme was assayed by a modification

of the method of Swanson (1955). The reaction mixture contained 250

¥ moles disodium glucose=6-phosphate

-6

ug cell fraction protein, 2 X 10
(Sigma Chemlocal Co.), 1 X 10~ moles histidine and 1 X 10~° moles EDTA
in 1 ml of Hzo at pH 6.5. After incubation at 29°C for 30 min, the
reaction was terminated by the addition of 0.5 ml of cold 20% TCA
with rapid cooling of the tubes. The TCA precipitate was centrifuged
down and the liberated inorganic phosphorus in the supernatant deter-
mined. Elanks were processed similarly, except that no substrate was
present.

Ihiamine Pvrophosohatase: The method of Novikoff and Heus (1963)
was used to determine this enzyme's activity. The assay mixture con-
tained 290 ug cell fraction protein, 6 X 10~/ moles of thiamine pyro-
phosphate chloride (Sigma Chemical Co.), 2.4 X 1077 moles of Tris-HCl

and 1.25 X 100

moles of chlz°6H20 in a volume of 1 ml at pH 7.4.
The other aspects of the assay were identical to those described for

glucose=6=phosphatase.



-



9: Wallach and Ullrey's

(1964) method was used to analyze this enzyme as well as sodium and
potassium=-activated, magnesium=dependent adenosine triphosphatase.
The reaction mixture contained 25 ug cell fraction protein, 5 X 10~7
moles Tris-adenosine triphosphatase (Sigma Chemical Co.), 1 X 1077
moles Tris-HCl, 5 X 10~C moles EDTA and 5.5 X 10~° moles MgCL, 61,0
in a volume of 1 ml at pH 8.4. The other parts of the assay procedure

were identical to the other phosphatase methods described.

Ixivhosphatase: The reaction mixture was the same as for magnesiume-
dependent adenosine triphosphatase, except that it contained 1.02 X

-6

10~7 moles NaGl and 5 X 10" moles KCl. The analysis procedures were

the same.

MICROSCOPY: Pellets of cell fractions were fixed in aitu in 5%
glutaraldehyde with 0.1M phosphate buffer (pH 7.2) at 4°C for 12 hr.
These samples were rinsed in oold phosphate buffer and post-fixed for
45 min at 4°C in Zetterqvist's osmium fixative (see Pease, 1964).
Pellets of ocells were fixed in osmium without pre-fixation in glutar-
aldehyde. All specimens were dehydrated in ethanol and embedded in
Araldite. Sections were cut with glass knives on a Porter-Elum MT-2
microtome, mounted on carbon coated or uncoated grids and stained
with uranyl acetate, followed by lead citrate. Sections were examined
and micrographed in a Hitachi HU-11E operated at 75kv with a double
ocondenser. Preparations were scanned and micrographed at direct

magnifications ranging from 10,000 to 40,000X.



RESULTS

DESCRIPTION OF ACANTHAMOEBA PALESTINENSIS:
Merphology: Populations of cells grown in a state of continuous

suspension in Amoeba Medium are heterogeneous with respect to cell
size, nuclear size and the presence or lack of multinuclearity (Band
and Machemer, 1963). As can be seen in Figures 2 and 3, nuclei with
associated nucleoli, numerous vacuoles and small particles (mostly
mitochondria) are visible utilizing phase contrast microscopy. Ultra-
structurally (Figures 4 and 5), Aganthamoebs appears to contain a
typical array of cytoplasmic organelles (see also Bowers and Korn,
1968, for a complete analysis of the fine structure of Acanthamoeba).
Fine structural observations reveal no extracellular coat like those
of Amoebs proteus and Chaos chaog. The ultrastructurally distinct
membranes are: (1) the inner and outer portions of the nuclear enve-
lope, (2) the inner and outer mitochondrial membranes, (3) the large
vacuwole membranes (e.g. food (digestive) and contractile vacuole mem-
branes), (4) the small vesicle membranes (e.g.pinocytotic vacuoles,
lysosomes and peroxisomes), (5) the Golgl ocomplex membranes, (6) the
smooth endoplasmic reticulum (primarily in the form of elongate cisternal
elements, 88 wsll as tubular membranes), (7) the rough endoplasmic
reticulum and (8) the cell surface membrane. Osmiophilic 1ipid drop-
lets, which probably represent most of the non-membrane lipids, are
evident in these cells. Copious amounts of glycogen particles are also
visible in the cytoplasmic matrix.

19



Figure 2. Phase contrast migrograph of multinucleate Acanthamoeba
palestinensis. X 6,000.

Figure 3. Phase contrast micrograph of a group of amoeba cells. Note
thg binucleate cell undergoing synchronous nuclear mitosis.
X 6,500.
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Figure 4. Electron micrograph of portion of Acanthamoebs cell
11lustrating nuclear envelope (N), mitochondria (M),
digestive vacuole (D), small, cisternal smooth membranes
(cgoand oell surface meambrane (). X 32,000,
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Figure 5. Electron micrograph of portion of oell.
Rote the edge of a 1lipid droplet (L), glyocogen particles
(@), rough endoplasmic reticulum (RER), profiles and cross
sections of elongate, tubular smooth endoplasmic reticulum
?&ssn&;o mitochondria (M) and cell surface membrane (CM).
» °
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Srowth: Cells grown in silicone-coated shaker flasks exhibited a
27 hr generation time (Figure 6). Due to the variations in cell size,
oell number ocounts were not as precise as dry weight determinations
in checking growth rates. The average number of cells per mg dry

(3

weight was 0.64 £ 0.05 X 10°, Cells inoculated into Amoeba Medium

began exponential growth without any noticeable lag phase.

CELL FRACTIONATION: ,

Sxplanation of Technlgues: The primary criteria employed in deve-
loping the fractionation procedure (Figure 1) were the preservation
and purity of the isolated membrane systems and membrane bound organ-
elles. Since all of the work with these fractions will be presented
in terms of specific activities, total recovery was not considered
to be an important factor.

Homogenization was a ocritical step in the fractionation scheme.
The procedure used produced the breakage of a maximum number of cells,
while preserving the released cellular organelles and membrane sys-
tems. The homogenization medium of 0.25M sucrose-TM was used as a com-
prouise to allow all fractions to be isolated from the same homogenate.
It vas found that nuclei were most easily isolated from ocells homogen-
ized in 0.25M sucrose-TKM (of. Hlobel and Potter, 1966); but the K
ions destroyed the mitochondria and affected the densities of the
microsomes (of. Dallner and Nillson, 1966). Mitochondria, on the other
hand, could have been isolated intact, from the post-nuclear superna-
tant of cells homogenized in 0.25M sucrose-0.001M EDTA. However, the

lack of divalent catios and proper ionic strenght would have caused
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the nuclei to aggregate, swell and break (cf. Umbreit, Burris and
Stauffer, 1957). The compromise homogenization medium settled upon
(0.25M suorose-TM) was isotonic enough to allow the nuclei to remain
in it briefly, and ocontained a small amount of divalent cations, which
prevented the nuclel from clumping. The presence of divalent cations
did cause some adherence of mitochondria to membrane fragments; but
this process was reversed by the eventual washings of the mitochondria
in 0.25M sucrose=0.001M EDTA. The washings caused many mitochondria
to swell and lyse.

Imnediately following homogenization, the nuclei, along with the
plasma and food vacuole membranes, were separated from the homogeni-
zation medium by centrifugation. The light colored top layer of the
resulting pellet, containing most of the nuclei and plasma and food
vacuole membranes, was quickly resuspended and washed in 0.254 sucrose-
TKM (Figure 7). The bottom of the initial pellet, containing unbroken
cells, was discarded. In isolation medium containing TKM, the nuclei
were quite stable. However, this medium caused the plasma and food
vacuole membranes to shrink greatly. After the centrifugal washing,
the nuclear and plasma and food vacuole membrene pellet was resuspende-
ed in 1.3M sucrose-TKM and subjected to gradient centrifugation as
described in the methods. The passage of nuclei down the gradient was
sufficient to rip off and float up any cytoplasmic rough endoplasmic
reticulum attached to the nuclei. Hence, a pure, translucent nuclear
pellet was obtained (Figure 8). The linear gradient was steep enough
to allow the plasma and digestive vacuole membtranses to band above the
nuclear pellet at 1.18 to 1.19 g/cc at 4°C (Figure 7). This band was
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Figure 8. Phase contrast micrograph of nuclear fraction. X 4,500,
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removed, rehomogenized and washed in 0.25M sucrose-0.001:i EDTA. This
washing, in addition to removing mitochondrial and microsomal contami-
nants, allowed the membranes to retwrn to a sac-like shape and caused
vesiculation.

Mitochondria were separated from the post-nuclear supernatant by
high speed centrifugation (Figure ?7) which, while insuring the removal
of the mitochondria from the post-mitochondrial supernatant, also in-
creased the sedimentation of contaminating microsomes. These contami-
nants were removed by the subsequent, three low speed washings at
10,000g in 0.25M sucrose-0,001M EDTA. In addition, the washings of
the mitochondrial fraction removed peroxisomes and lysosomes (Band and
Morhlok, 1969), which are common contaminants of mitochondrial prepa-
rations (deDuve, 1967).

The duration of the differential centrifugations involving separa-
tion of the microsomes from the post-mitochondrial supernatant, and
their subsequent washing, was a critical factor in the preservation
of the membrane systems. It was essential that the lenght of these
100,000g centrifugations be adjusted such that the microsomes were
gently layered over the glycogen pellet at the end of each run (Figure
7). If the microsomes were packed tightly over the glycosen pellet at
the end of each differential centrifugation, not only were microsomes
lost into the glycogen pellet; but distinct banding patterns were not
obtained in the subsequent gradient centrifugation. It was observed
that the presence or lack of M.g++ ions in the gradient had no effect
on equilibrium densities. Figure 7 illustrates the banding pattern

routinely obtained using the described methods.
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Morphology of Fractiong: wWhen viewed with a phase microscope
(Figure 8) the nuclear fraction appeared homogeneous. Electron micro-
graphs (Figure 9) demonstrated that no cytoplasmic rough endoplasmic
reticulum remained adhering to the outer rough nuclear memtrane. In
most cased the inner and outer nuclear membranes were left intact.
Some nuclel were observed with portions of the outer rough nuclear mem-
brane sheared off.

Phase contrast scanning of the plasma and digestive vacuole mem-
brane fraction in 0.25M sucrose-TKM revealed a highly shrivelled state
induced by the medium. At this time it is uncertain whether this was
a ocontractile phenomena or an osmotic shrinking. However, the same
event was encountered when cells were homogenized directly in 0.25M
sucrose-TKM. In the latter case the ionic strength inside and outside
the memtrane vesicles would be expected to be the same. If these same
meabranes were washed several times in 0.25M sucrose-0.001M EDTA, they
regained a sao-like shape and vesiculated. It is interesting that the
equilibtrium density of the membtranes was unaltered by the presence
or lack of the XK' ions. Ultrastructurally, plasma membranes could not
be distinguished from the food vacuole membranes (Figure 10). Only
trilamellar structures of the membrane vesicles were observed when
the membranes were cut at normal angles. _

The mitochondrial pellet recovered after 3 washings in 0.25M
sucrose-0.001M EDTA contained intact and swollen mitochondria (Figure
11). Intact mitochondria exhibited a highly characteristic structural
organisation. The matrix of the mitochondria stained intensely. Vesi-
cles of swollen mitochondria usually retained this matrix, indicating



Figure 9. Electron micrograph of the nuclear fraction. X 24,000,
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Figure 10. Electron micrograph of the plasma and digestive vacuole
membrane fraction. X 67, 500.
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Figure 11. Electron micrograph of the mitochondria fraction.
X 60,000,

R







their origin.

Band 1, recovered from the continuous gradient centrifugation of
the microsomes (see Figure 7), was the least dense (1.14=1.15 g/cc at
4°C) and was composed almost entirely of smooth surfaced elements (Fig-
ure 12). These smooth membranes appeared to be in a multitude of con=
figurations, ranging from large veslicles, usually containing a smaller
vesicle, to curved, clstemal structures and long, narrow, tubular
structures. It is suggested that the images of a vesicle within a
vesicle are, in reality, tangential cuts across one of the two primary
structures composing this fraction. This structure can be likened to
a thin-surfaced, hollow, sphere, which had been folded in upon itself.
The curved, cisternal structures are, in fact, different profiles of
these same structures. These elements fit the current cytological
description of the intact, elongate, smooth endoplasmic reticulum.
Membranes are also present in narrow tubular configurations. Bowers
and Korn (1968) have described this type of smooth endoplasmic reticu-
lum in Acanthamoeba (see also Figure 5).

The majority of membranes in band 2 (1.175 g/ce at 4°C) were in a
small cisternal configuration (Figure 13). However, these smooth mem-
brane elements, unlike those of band 1, were only about 1,500 R in
length. Small particles were also present. The chemical analysis (see
Table 1) suggests that these particles are most likely ribonucleo-
protein. The bottom-most edge of the pellet of this band (Figure 14),
in addition to containing the small, cisternal elements, also contained
larger vesicles in distended shapes. It is suggested that these membtranes

might be damaged Golgli membrane contaminants from the top of band 3.



L1

Figure 12. Electron micrograph of the elongate type of smooth
endoplasmic reticulum from pellet of band 1. X 60,000.
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Figure 13. Electron micrograph of the small, cisternal swooth
membranes. Section was from the middle of band 2.
X 110,000,






ks

Figure 14. Electron micrograph of the Golgi membrane contaminants
at the bottom of the pellet of band 2. X 60,000.
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Band 3 (1.183 g/co at 4°C) was composed primarily of Golgl complex
menmbranes sectioned at various angles. Some vesicular rough endoplas-
mic reticulum (Figure 15) was also present. The distended ends of the
Golgi profiles were often filled with an electron dense material.

The amount of rough surfaced vesicles increased at the bottom of the
pellet of this band (Figure 16).

Band 4 (1.194=1.208 g/cc at 4°C) was composed almost entirely of
rough surfaced membranes (Figure 17). In some instances matrix mate-
rial vas seen. Very few free ribosomes were present. The rough endoplas-
mic reticulum was usually in the form of large, distended, shapes,
rather than small, round vesicles.

Shendcal Composition of Megbranes:

(a) RNA/protein ratios: Table 1 gives the RNA/protein ratios of

Table 1. RNA/protein ratios of membrane fractions.*

Membrane Fraction** BExpt. 1 Expt. 2 Expt. 3 Average
E-SER 0.05 0.05 0.05 0.05
C-SM 0.09 0.09 0.11 0.10
a 0.10 0.10 0.19 0.13
RER 0.24 0.22 0.28 0.25
PIM 0 0 0 0

*values expressed in pg RNA/pg protein

¢¢E-SER = elongate smooth endoplasmic reticulum from band 1, C-SM =
small, cisternal smooth membranes from band 2, G = Golgl wembrane
fraction of bend 3, RER = rough endoplasmic reticulum of band 4
and PIM = plasma and digestive vacuole membrane fraction



Figure 15. Electron micrograph of the Golgl membrane fraction.
Section was from the middle of the pellet of band 3.
X 60,000.






Figure 16. Electron micrograph of the bottom of the pellet of
band 3 demonstrating the rough endoplasmic reticulum
contamination. X 67,500.






Figure 16. Electron micrograph of the bottom of the pellet of
band 3 demonstrating the rough endoplasmic reticulum
contamination. X 67,500.






Figure 17. Electron micrograph of the rough endoplasmic reticulum
composing band 4. X 82,500.
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the membrane fractions isolated. The values of three separate deter-
minations on the fractions isolated from 3 different cell populations
are given.

(v) Phospholipfd composition of cells and microsomes: Both whole
cells and washed microsomes were lipid extracted and chromatographed
as described in the methods section. The phospholipids found in each
case were identical. Phosphatidyl ethanolamine, phosphatidyl choline,
phosphatidyl serine, and phosphatidyl inositol were identified (Figure
18). Triglycerides, fatty aéids, phosphatidic acid and sterols would
not be detectable by the chromatographic procedure used, and would all
appear in the spot at the solvent front.

the enzymes of Agcanthamoebs have not been extensively investigated,
no § priorl wmethod was available to enzymatically classify the mem~
btrane fractions. Several enzymes ocommonly used as membrane markers in
mammalian cells were employed. The specific activities of the enzymes
in each frection are given as u moles of inorganic phosphorus hydro-
lyzed per hour per mg protein (p moles Pi/hr/mg protein) in Table 2.
The results of 2 experiments are given.

The specific activity of glucose~6-phosphatase was enhanced in
the OGolgli and rough endoplasmic reticulum fractions, relative to the
specific activity observed in the homogenate. The elongate type of
swooth endoplasmic retioculum and the small, cisternal smooth membranes
contained no activity. The highest specific activity (10X higher
than the homogenate) was observed in the plasma and digestive vacuole
membrane fraction prepared by the described methods. If the plasma
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Figure 18. Chromatography of phospholipids on silica gel plate.



Table 2. Specific activities of ensymes in cell fractions.*

Frection** Expt. # G-6-Pase TPPass Mg ~ATPase Na'/K'-ATPase

y 1 0.042 0.038 0,151 0.181
2 0.09 0.036  0.109 0.123
. 1 0.028 0 0.233 0.217
2 0,017 0 0.233 0.228
Y 1 0.104 0.039  0.425 0.201
2 0.090 0.032  0.47 0.210
1 o0 0.261  0.413 0.555
BSBR 5, o 0.109 - -
1 o0 0.439  0.610 0.696
M 2 9 0.417  0.566 0.613
. 1 047 0.446  0.572 0.686
2 0.177 0.389  0.542 0.428
RER 1 0.168 0.143  0.27 0.25
2 0.153 0.192  0.222 0.321
PO 1 0.484 0.476 0.773 0.776
PIM 1 0.27% 0.312  0.6% 0. 549
1 0.105 0.049  0.144 0.100
PH3 2 0.118 0.0  0.102 0.100

*values expressed in jg Pl/hr/mg protein

*sH = homogenate, N = nuclear fraction, M = mitochondrial frection,
B-SER = elongate smooth endoplasmic reticulum, C-SM = small,
cisternal membranes, G = Golgi fraction, RER = rough endoplasmic
retioulum, PDM (EDTA) = plasma and digestive vacuole membrane
fraction washed in 0,25 suorose-0.001M EDTA, PIM (TKM) = plasma
and digestive vacuole membrane fraction washed in 0.25M sucrose-
TXM and PMS = post-microsomal supernatant
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and digestive vacuole membtranes had been washed in 0.254 sucrose-TKM,
rather than 0.25M sucrose-=0.001M EDTA, prior to the analysis, the
specific activity was decreased by about 9%4. A small enhancement of
enzyme activity was found in the mitochondrial fraction. As can be
seen from the specific activity in the post-microsomal supernatant,
some of the enzyme was soluble.

While the elongate smooth and the rough endoplasmic reticulum
exhibited some thiamine pyrophosphatase activity, the small, cisternal
smooth membranes, Golgli membranes and plasma and digestive vacuwole
menbranes were observed to contain the largest amount of this enzyme.
Again, TXM washings of the plasma and digestive vacuole membrane frac-
tion resulted in a decrease in activity. The nuclear and mitochondrial
fractions demonstrated no activity. As can be judged by the small
amownt of activity in the post-microsomal supernatant, very little
of the enzyme was soluble.

Magnesium-dependent adenosine triphosphatase activity was present
in all the membrans ocontaining fractions, indicating that practically
all of the engyme was particulate. The highest specific activities
were found in the plasma and digestive vacuole membrane, Golgl mem-
brane and small, cisternal membrane fractions. However, no increase
in the latter values was produced by sodium and potassium ions in
any of the frections (compare Na'/K'-ATPase values to Mg™'-ATPase
values in Table 2). A 50% decrease in activity was observed in the
mitochondrial fraction, most likely due to potassium loading. Sodium
and potassium stimulation of magnesium-dependent adenosine triphos-
phatase is often used as a oriterion for the detection of plasma
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membranes (Novikoff, Essner, Goldfischer and Heus, 1962). The results
in Table 2 indicate that TKM washings had no deleterious effect upon
adenosine triphosphatase activity.

EXPERIMENTS WITH C'*-GHOLINE

Scecificity of labeling:

(a) Measurement of the rediocactivity of medium with growing cells:
To detect whether any radioactivity was being lost from the growth
medium to the atmosphere, 1 ml portions of radiocactive medium were
ocounted over an experimental period of 4 days. No changes in radioac-
tivity were detected in 2 separate experiments. This indicated that
no radiocactivity was lost to the atmosphere from the culture of grow-

ing cells.

(v) CO, trapping: As a check on the above results, the CO, gas,

14

from cells grown in 0.25 pe/ml of C -choline for 3 days, was trapped

in 1N NaOH and counted. In 2 experiments, no radiocactivity was detected.

3

Thus, it is ocertain that none of the 01 «gholine is metabolized down

to the state of C'%0. under the growth conditions desoribed.

2
(e) Recovery of radiocactivity in 1ipid extracts: Three populations

1"-c:hc:lim for 3 days were washed and

of cells grown in 0.25 pe/ml of C
1ipid extracted as described. Total radiocactivity of the 1lipid extract
and the lipid-extracted TCA precipitates was compared. The results in
Table 3 illustrate that essentially all of the TCA insoluble radiocac-

tivity vas 1ipid extractable.
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14

Table 3. Recovery (#) of C -radioactivity in 1ipid extracts of cells.*

Expt. # Lipid Extract Extracted % Recovery
of TCA Ppt. TCA Ppt.
1 482, 500 4,000 99.2%
2 212,100 97 99.7%
3 358, 500 1,85 99. 5%

*values given in dpm

(d) Chromatography of radicactive 1ipid extracts: The lipid ex-
traots of whole cells, as well as microsomes isolated from cells,
labeled for 1 day in 0.25 po/ml of C'~choline were chromatographed
as described (see Figure 18). The radioactivity of the spots was de-
termined in 2 separate experiments. The results, illustrated in Table
4, demonstrate that C''~choline was a specific label for phosphatidyl

choline.

Table 4. Localization of C'‘~choline in phosphatidyl choline by
chromtogrephy.*
Sample RExpt. # PC PI PS PE ¥
1 1,282 0 0 0 0
Cells 2 40 0 0 0 0
1 19,000 0 0 0 39
2 6,890 0 0 0 0

*values given in dpm; PC = phosphatidyl choline, PI = phosphatidyl
inositol, PS = phosphatidyl serine, PE = phosphatidyl ethanolamine
and SF = spot at solvent front.
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(e) Measurement of 1ipid radioactivity of medium: Radiocactive me-
dium (0.25 pe/ml of Cm-cholino). in which cells had been grown for
3 days, wvas cleared of ocells by low speed centrifugation. The lipids
extracted from the TCA insoluble fraction of the medium were counted
as described. No 1lipid radiocactivity was found in two experiments.

Tt thus seems that all of the C'“*-choline utilized by the cells
was incorporated into phosphatidyl choline, was precipitatable with
TCA and was extractable with 1ipid sovents. Therefore, direct count-
ing of TCA precipitates was utilized to give an approximation of the
c'¥_choline present as phosphatidyl choline.

Quractaristics of ¢'*-roline Incorporation and Turnover:

(a) Kinetics of incorporation into TCA soluble and insoluble
fraotions: By utilising washed cells derived from the same volume of
mediun (1 ml) and by determining the total radicactivity of both the
TCA soluble and insoluble fractions of these cells, as described in
the methods, no corrections for growth dilution of radioactivity were
necessary. Figures 19 and 20 illustrate that incorporation into the
TCA insoluble frections of 2 different ocell populations became linear
about 45 min after introduction of 1 pe/ml of C'“*~choline. Coinciding
with the beginning of linear incorporation into the phosphatidyl
choline of the TCA insoluble fraction, the soluble pool seemed to
level off. However, the size of the soluble pool ocontinued to increase
after the initial leveling off (Figure 20).

(b) Kinetics of turnover in TCA soluble and insoluble fractions:
When oells, which had been labeled for 12 hr, were washed and resus-

pended in medium containing 16.5 p moles non-radiocactive choline/ml
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(500X chase), radioactivity was rapidly lost from the TCA insoluble
fraction (Figure 21). Since a stable label for membrane phospholipids
was being sought, the rapid turnover of this label was investigated.
A population of cells, which had been labeled for 12 hr, was devided
into 3 equal volume groups, washed and resuspended in medium containing
0.033 p moles/ml (equal chase), 3.3 p moles/ml (100X chase) and 16.5
p moles/ml (500X chase) of non-radioactive choline (Figures 22, 23
and 24). To make the comparison more meaningful, the values are pre-
sented as percentages of the maximum TCA insoluble radiocactivity. It
oan be seen, that as the concentration of non-rediocactive choline was
increased, the rate of loss of radioactivity from the TCA insoluble
fraction increased.

Sal)_Free Incorporation and Turnover: Vandor and Richardson (1968)

reported that etiolated pea seedling microsomes would incorporate c"’.

ethanolamine, C'*-serine and C'*-choline into phosphbolipids. In 1ight
of the results with 1iving Aganthamoeba. it became important to deter-
mine whether a similar system was operational. Microsomes, mitochondria
and post-microsomal supernatant were prepared as described in the me-
thods. Figure 25 illustrates cell free inocorporation as a funotion of
protein conoentration. As found by Vandor and Richardson (1968), only
the membrene-oontaining fractions (i.e. mitochondria and microsomes)
incorporated C'“-choline. Incorporation increased as a function of
protein concentration. A divalent cation requirement (Ca’') 1s 11lus-
trated by the low level of inoorporation in the presence of EDTA.
Chromatogrephy of lipid extracts revealed that all of the radicactivity

was incorporated specifically into phosphatidyl choline.
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Figure 26 demonstrates that cell free incorporation into miocrosomes
was initially linear as a function of time. Between 30 and 45 min, ine
corporation leveled off and exhibited no increase or decrease there-
after. FMigure 27 1llustrates that the addition of concentrated non-
radiocactive choline, either before or after the leveling off, not only
stopped incorporation, but effected a rapid turnover of label in the
cell free microsomes. Thus, an equilibrium situation seemed to be the
cause of the leveling off of incorporation in the cell free system.

mine whether an equilibrium condition was reached by living cells and
the free choline in the medium, the ggll radioactivity was compared
to the padiun radiogctiviiy. As explained in the methods section, ggll
Tadiodctivity wvas the total radiocactivity of washed cells from 1 ml
of medium; and medium radioactivity was the total radioactivity of

1 ml of medium from which ocells had been removed by centrifugation.
Figures 28 and 29 demonstrate that about 70 hr after the introduction
of 0,033 p moles/ml or 3.3 p moles/ml of non-redioactive choline, an
equilibrium between ggll radigactiviiy and medium radicactivity was
reached. Figures 28 and 29 also illustrate that the attainment of
this equilitrium coincided with the leveling off of the loss of lipid
extractable gll radigagiivitiv. The results have been converted to

peroentages of maximum ggll radioactivity.

In order to observe the effects of chase on the choline moiety of

phosphatidyl choline in cell fractions, cells were labeled and resus-
pended in medium containing 3.3 p moles/ml of non-rediocactive choline
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as described. The results, summarized in Figure 30, illustrates that
2 equilibrium situations occurred. As anticipated, at about 60 to 70
hr post-chase, the loss of radiocactivity from all cell fractions level-
ed off and the decrease in specific activities thereafter was due to
gmwl;h_ dilution. Thus, an equilitrium was reached between free choline
and the bowx choline moliety. The other equilibrium attained was that
reached among the oell fractions. Within 24 hr post-chase, all the
cell fractions' specific activities had reached a stable position re-
lative to each other, and decreased thereafter at the same rate. The
non-membrane phosphatidyl choline in the post-microsomal supernatant
also showed this equilibration effect.

Therefore, although choline was found to be a specific label for
phosphatidyl choline, a peculiar exchange reaction occurred, making
it an unsuitable label for studying wmembrane assembly.

EXPERIMENTS WITH H-GLYCEROL:

Seeciticity of labeling:

(a) Measurement of the radiocactivity of medium with growing cells:
The total radioactivity of medium with growing cells did not change
over a 3 day experimental period. This indicated that no radioactivity
was lost from the medium into the atmosphere.

(b) Recovery of radioactivity in lipid extracts: Table 5 gives
the results of 3 independent experiments on cells which had been
grown for 3 days in 2.5 jo/ul of Ho-glycerol. The results indicate
that essentially all of the TCA insoluble radioactivity was present

in 1ipids.
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Table 5. Recovery (%) of Ho-radioactivity in 1ipid extracts of ocells.*

Expt. # Lipid Extract Extracted 4 Recovery
of TCA Ppt. TCA Ppt.
1 1,360,000 5, 500 95.6%
2 1,242,000 43,000 96. 5%
3 1,206,000 51,000 95.8%

*values given in dpm

(o) Chromatography of redioactive 1ipid extracts: The lipid extracts
of cells incubated for 12 hr in medium containing 2.5 po/ml of H3-sly-
oerol were chromatographed (see Figure 18). The radiocactivity of the
spots of 2 experiments are given in Table 6. All detectable phospho-
1lipids demonstrated radiocactivity. The large amount of radiocactivity

Table 6. localisation of HB-glycerol in phospholipids by chromatography.*

Bxpt. # PC PI PS PE SF
1 1,933 61 1,488 2,400 7,200
2 2,822 M5 2,765 3,70 11,50

*values given in dpm; see Table 4 for symbol abbreviations.

recovered in the spot at.the solvent front was not unexpected, since
this spot should have ocontained triglycerides, diphosphatidyl glycerol
and phosphatidic acid (Haok, Yaeger and McCaffery, 1962; Halevy and
Finkelstein, 1965; Halevy, Avivi and Katan, 1966).
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Since essentially all of the radioactivity of the TCA precipita-
table material of cells was in lipid, direct counting of TCA insolu-
ble fractions was used to give an approximation of the HB-glycerol
present in glycerides.

Sharasteristica ot K-Qlvcerol Incorvoration and Turnover:

(a) Kinetics of incorporation into TCA soluble and insoluble
fractions: As in the C' *-choline experiments, values were determined
on a basis of TCA soluble or insoluble radiocactivity of cells from
{1 ml of medium. Figures 31 and 32 illustrate that H3-g1ycerol linear
incorporation into lipids began almost immediately after introduction
of 5 po/ml into the medium. In addition, the size of the soluble pool
was very small and showed no increase over time.

(b) Kinetics of turnover in TCA soluble and insoluble fractions:
In light of the effeocts of varying ooncentrations of non-radioactive
choline on the stability of the choline moiety of phosphatidyl choline,
the effects of different oconcentrations of non-radiocactive glycerol
on the turnover of 83-g]ycorol were studied. Cells were labeled,
washed and resuspended in medium containing 0.03 p moles/ml or 3.3
p moles/ml of non-radioactive glycerol. The results of 2 experiments
for each non-radiocactive glycerol concentration are given in Figures
33 and 34. Values were converted to percentages of the maximum TCA
insoluble radioactivity to aid in the comparisons. As can be seen from
the graphs (Figures 33 and 34), about a 10% loss in radioactivity
ocourred within the first 4 hr post-chase, Thereafter, the decrease
in radioactivity was slight. No effect of the different concentrations

of non-radioactive glycerol was observed. The size of the soluble pool
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was extremely small.

Gell Free Incorporation: Cell fractions, prepared exactly as des-

eribed for the c' 4—cholino experiments, demonstrated no cell free

incorporation. Therefore, data from all of the preceding expeiiments
with H3-glyoerol indicate that it is a relatively stable label for
lipids.

Incorporation of Fo-Glyoercl into Linide of Cell Practions: Before
experiments were oconsidered utilizing specific lipid activities of the
oell fractions, it was important to determine whether the specific
activities of the organelles bounded by membranes (i.e. mitochondria
and nuclei) were equivalent to the particulate (i.e. membrane) or non-
particulate (i.e. non-membrane) lipids of these organelles. To test
this, muclei and mitochondria from cells labeled for 12 hr in 2.0
po/ul of H3-glyoom1 were sonicated and washed in distilled water.
This procedure should have removed the non-membrane lipids. The speci-
fic activities of the sonicated and washed nuclel and mitochondria
were about the same as the activities of the whole nuclel and mito-
chondria (Table 7).

Table 7. Comparison of the specific activities of whole mitochondria
and nuclei to the particulate matter of mitochondria and

nuclei.*
Fraction Particulate Whole 4 Difference
Nuclei 13,210 12,980 2%

*values given in dpm/pg lipid P
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In the studies of incorporation of H3-¢1yoorol into the lipids
of cell fractions, cells were fractionated at time intervals after
the inoculation of Hj-glyoorol according to the scheme in Figure.1.
Figures 35, 36 and 37 show the pattern of incorporation over a 2 hr
period. Incorporation into the non-membtrane lipids of the post-
microsomal supernatant was linear and occurred at a more rapid rate
than incorporation into any of the other cell fractions. The only
time this might not have been true was within the first 5 min of
incorporation. Five minutes after the beginning of incorporation the
nuclear and the supernatant fractions' specific activities were approx-
imately the same. Of all the membrane fractions the nuclear fraction
maintained the highest specific activity during all points of the
incorporation experiments (Figures 35, 36 and 37). For this reason,
the nuclear fraction's specific activities were used as a reference
for relative oomparisons among the specific activities of other frao-
tions. For these comparisons, relative specific activity ratios
(1.e. Wrnctmn) were calculated,

In the table (Table 8) of relative specific activity ratios, it
oan be observed that the ratios changed after 12 hr in medium contain-
ing H-glycerol. The ratios attained after 12 hr in labeling medium
were designated as "labeling equilitrium® ratios. Those values accepted
as the "labeling equilibrium” retios were those that were the same
(i.e. differed less than ¥ 0.1 from the values of the other 2 experi-
ments) in 2 out of the 3 experiments (see 0 time in Figures 38, 39
and 40). As can be seen in Table 8, only 1 "abeling equilitrium”

value of the elongate endoplasmic reticulum and 1 value for the



A.no._oob”mnmm Jo Tajod on) *suot3oey TTeo Jo sPYdil OUT UOTIBIOAIONU] *SE OIMBTA

uogjexodaoo 0 upw
¢ o1 T up Jo uy 1 0

0

aﬁonooa«a-&

seuexquen emseld™

R
[

43 oous i3 =

seuelquem (370D ]
>

o«an-dmowuw:mwwﬂ Tn &

=

=

°

a

o

jeTonuU s

3
w

'

TemodST3TH3658



A._”ﬂoo.n.nmnnm Jo Ha\u: 02) *SuotjoRy TT82 JO SPFAFT O3UT UOTIeIodIooul °*9f eandty

uogjexodIoout Jo utw
Sh of St 0

sourIquen !na.ﬂ-\.\\\.\\n\.\\\l\\.
e
unay useTdopue
%‘
et S
o«ﬁu:mou:ms umwo&v\\\h‘
seuraquen 5Top-

0

[N

cobxd PIdyT 8d /udp

eTonU-~

ot
TeuodST3TRISENS.




A._”ounoalam Jo Tm/ort ozZ) *suotjoely TTed Jo spidil ojuy uojjelodiooul ¢ eandty
uog3exodIoout Jo Jy
[4 | 0,

&

soueIquen euseTd-
BTIpUOYO0} TU=

unmot3ed ows»-.nnou:o

e
yjoous 9383u0Te~
yjooums Mﬂ:&oaﬂ“n
seuszquen }3TOD=

unMo}IeI
ojusetdopue YInox~
JoTonU~.
ol
juejeutedns Tewosoxoju-3sod=-

N

Oorxd prdyT 3d/udp




(&4

Table 8. Comparison of relative specific activity ratios
apecific activity of fragtion apo
(spocinc activity of nuclear fraetion) at tenporal
intervals after the inoculation of radioactive glyoerol.*

"labeling equilibrium ratios”
Fraction 5 min Tz 1z YZ Y

2hr

N 1 1 1 1 1

RER 0.83 0.87 0.90 0.93 0.86
C-SM 0.5 0.52 0.75 0.72 0.75
PDM 0.20 0.31 0.66 0, 5ike 0.74
G 0.5 0.68 0.64 0.70 0.70
E-SER 0.36 0.45 0.83%+ 0.68 0.68
M 0.19 0.33 0,72%# 1.00%* 0. 564
PMS 1.10 2.21 12.65 11.98 3.00

*symbol definitions are given in Table 2,

ssratios differ by more than 0.1 from the other 2 experimental
ratios at the end of 12 ln period

plasma and digestive vacuole membrane fraction were not in agreement

and are marked. The mitochondrial fraction demonstrated no "labeling

equilibrium” position.

Within the first 5 min of incorporation, the rough endoplasmioc
reticulum was in its ™abeling equilitrium® position (Table 8). By 2
hr the Golgl fraction had also reached its highest relative specific
activity. Sometime between 2 and 12 Inr after the introduction of
radioactive glycerol into the medium, the plasma and digstive vacuole
membranes, the cisternal smooth membranes and the elongate smooth

endoplasaic reticulum reached their "labeling equilibrium" positions.
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Ducnever of E-Glvcercl in Linids of Coll Fractions: The primary
objective of the turnover studies was to determine the relative changes
in specific activities of the cell fractions. Thus, no corrections for
growth dilution are shown on the graphs (Figures 38 and 39). The cells
were growing exponentially in these experiments. The changes in speci-
fic activities of fractions of cells, which had been labeled in 2.0
po/ml of Ho-glycerol for 12 hr, washed and resuspended in medium con-
taining 3.3 p wole/ml of non-radioactive glycerol, are shown in Figures
38 and 39. Table 9 gives the actual decrease over the 24 hr chase per-
iod in percentages. The expected decrease due to growth dilution would
have been 444,

The nuclear and the rough endoplasmic reticulum fractions decreased
at a more rapid rate than any of the other fractions. The non-membrane
1lipids of the post-microsomal supernatant decreased at a rate slower
than all of the other fractions. Table 10 illustrates the relative
specific activity ratios after the 24 hr period. In contrast to the

Table 9. Decrease (%) in specific activity over a 24 hr chase period.*

Fraction Figure 38 Figure 39
N 70 74
RER 76 67
C-SM 52 66
PDM 43 61
a 53 62
E-SER 57 57
M 52 62
PMS 20 43

*symbol definitions are given in Table 2.
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Table 10. Relative specific activity ratios

apecific aotivity of fractlon
(3pecific activity of miclear fraction’ *% the end of a

24 hr chase period.*

Fraction Figure 38 Figure 39

N 1 1

RER 0.72 1.19
C-9M 1.18 0.93
PIM 1.23 0.80
G 0.99 1.14
E=-SER 1.18 1.14
M 1.16 1.48
PMS 33.05 26.58

Ssymbol definitions are given in Table 2.

"labeling equilibrium” positions (see Table 8), all cell fractions
exceeded unity or approached it more closely than in the previous
experiments. The ratios of the post-microsomal supernatant inoreased
relative to all the other fractions.

Bttect of FO-Glvoerol Availability: The O time point in Figure 40
11lustrates in graphical form the positions of the various frections
after 12 hr of labeling. The difference between this experiment and
those shown in Pigures 38 and 39 1s that only 0.2 pe/ml of H-glycerol
was used to label the cells, whereas in the other 2 experiments 2.0
po/ul of Hi-glycerol was used. By comparing the relative "labeling
equilibriun” positions (see Table 8) of the membrane fractions at
the end of the 12 Ir labeling period, it can be seen that they are
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all the same with the qualifications previously mentioned. However,

the non-membrane 1ipids of the post-microsomal supernatant in this
experiment (Figure 40) has a very low ratio when compared to the

other 2 experiments (Figures 38 and 39). In Table 11, using the nuclear

Table 11. Comparison of 12 hr labeling specific activities of nuclear
and post-microsomal supernatant fractions.*

Fraction Figure 40 Figure 38 Figure 39
(0.2 pe/ml) (2.0 pe/ml) (2.0 po/m1)

Kuoclei 4,380 12,980 (3X) 16,120 (4X)

Post-Microsomal

Supernatant 12,940 164,100 (13X) 194,000 (15X)

*values given in dpm/pg 1lipid P; values in parenthesis show increase
over value in Figure 40,

fraction as a representative of the "labeling equilibrium® positions
of the membrane fractions, it can be -aeon that the increased amount
of radiocactive glycerol available in the medium, increased the speci-
fic aotivity of the non-membrane lipids to a greater extent than the
membrane’'s 1ipid specific activity. In both cases, the "labeling
equilibrium® of the memtrane fractions is unaffected by the amount
of radioactive glycerol available (see Table 8).

Rulae and Chase of F-Glvoercl in Lipida of Cell Fractiona:
Pigure 40 ("long pulse" experiment) illustrates the effects of a 3.3
}p moles/ml non-redicactive glycerol "chase" on cells which had been
labeled for 12 hr in medium containing 0.2 po/ml of Ho-glycerol.
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Figure 41 ("short pulse" experiment) demonstrates the effects of the
same ooncentration of non-radicactive glyoerol on cells which had
been labeled for 10 min in medium containing 20 pc/ml of Ba-glycerol.
There is one major difference between the two experiments. In the
"long pulse” experiment, all the fractions were well labeled and had
reached their "labeling equilibrium® positions (see Table 8). This
obviously was not true in the "short pulse" experiment. With the lat-
ter fact in mind, it may be predicted that some fractions would be
affected by the chase differently in these two experiments.

The Golgl membranes initially decreased in specific activity in
the "short pulse" experiment, and increased in specific activity in
the "long pulse” experiment. The lipids of the plasma and digestive
vacuole membrane fraction and the non-membrane lipids of the post-
niocrosomal supernatant fraction initially increased following the
chase in both experiments. The nuclear, rough endoplasmic reticulum
and cisternal smooth membrane fractions initially decreased in both
experiments. The elongate smooth endoplasmic reticulum initially
inoreased in the "short pulse" experiment and showed a slight initial
decrease in the "long pulse" experiment. The mitochondrial fraction
simply leveled off in both experiments. Notice in the *long pulse"
experiment, that many of the fractions that initially decreased in
the first hr post-chase, increased in the next time interval.



DISCUSSION

CELL FRACTIONATION:

Frections Isolated: In fixed cells, membranes ocour in morpholo-
gically and, most probably, in funcotionally distinct locations and
oonfiguration. Rough surfaced membranes are found as part of the
nuclear envelope and as the rough endoplasmic reticulum in the cyto-
plasm. Smooth membranes can be observed in the form of plasma membranes,
vacuole memtranes, Golgl complex membranes, smooth endoplasmic reti-
culum, mitochondrial membranes, and cisternal smooth membranes in
Acanthazoeba (Bowers and Korn, 1968; this paper).

Previous fractionation procedures have been developed for the iso-
lation of a particular cell component or, at most, several cell com-
ponents, from the same tissue or group of cells (e.g. Hlobel and
Potter, 1966; deDuve, Pressman, Gianetto, Wattiaux and Appelmans, 1955;
Hogeboom, Schneider and Palade, 1948; Jamieson and Palade, 1967a;
Schneider and Kuff, 1954). Swooth surfaced and rough surfaced micro-
somes have been separated on the basis of density differences (e.g.
Rothaohﬂd. 1961; Dallner, Siekevits and Palade, 1966a). Subfractiona-
tion of these microsomal membranes were devised utiliszing deoxycho-
late solubilisation (Brnster, Siekevits and Palade, 1962), cation
effects on sedimemtation rates (Dallner and Nilsson, 1966) and density
gradient centrifugation of rough endoplasmic reticulum elements
(Dallner, Bergstrand and Nilsson, 1968). All of the latter procedures
dealt with small membtrane vesicles produced by homogenization and

88
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fractionation, rather than intact membtrane systems (see Dallner and
Erster, 1968, for a review).

More often then not, the parameters of isolation procedures were
adjusted in such a way that many of the organelles or membrane systems
not being isolated, were destroyed in the course of fractionation.
Since the eventual goal of the present research was the study of
temporal events during membrene biogenesis, it was necessary that as
many as possible of the membrane-bound organelles and membrane sys-
tems be isolated from the same cell homogenate. Furthermore, an
attempt was made to isolate the structurally distinot membrane sys-
tems intact. In this manner, the complications of trying to subfrac-
tionate a group of homogeneous-looking vesicles was avoided. In order
to prevent vesiculation of the membrane systems and organelles, it
was observed that careful oontrol had to be exercised over homogeni-
zation, isolation media and sedimentation. The intact cell components
finally isolated weres (1) nuclei with intact envelopes, (2) rough
endoplasmic reticulum, (3) elongate smooth endoplasmic reticulum,

(4) small, cisternal smooth membranes, (5) Golgi complex membranes,

(6) plasma and digstive vacuole membranes, (7) mitochondria and

(8) postemicrosomal supernatant with the non-membrane lipids of the

cell. The only major membtrane-bound elements not isolated were lyso-
somes and peroxisomes.

It has been reported (Bowers and Korn, 1968) that the smooth endo-
Plasmic reticulum in jganthamoebg may ocour in the form of tubular
elements. Observations on fixed cells used in this study oconfirmed
the latter report (Figure 5). These tubular membranes, as well as
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large cisternal membranes, were recovered after gradient centrifugation
in band 1 (Figure 7). The digstive vacuole membranes were observed to
sediment with the plasma membtrane fragments. This is not suprising
in view of the fact that the digestive vacuoles are derived directly
from the cell surface membtranes (e.g. Korn and Weisman, 1967). Lyso-
somes and peroxisomes, which normally sediment in the mioochondrial
fraction (deDuve, 1967), were not apparent ultrastructurally. Pre-
sumably, these organelles were removed from the mitochondrial frao-
tion by the extensive low-speed washings (Band and Morhlok, 1969).
With the exoeption of the mitochondria, all of the fractions illus-
trated good morphological preservation and a relatively high degree
of purity.

Chaxioal Analyais: The RNA/protein ratios (Table 1) of the elongate
type of smooth endoplasmic reticulum and the rough endoplasmic reti-
culum are in substantial agreement with published values of microsomes
equilibrating at the same densities (Omura, Siekevitz and Palade,
1967). The presence of RNA in the small, cisternal smooth membrane
fraction and the Golgi membrane fraction correlated with the ultra-
structural observations that free ribosome-liks particles and rough
endoplasaic reticulum vesicles, respectively were present in these
fractions (Figures 13, 14, 15 and 16). The negative chemical tests
for RNA in the plasma and digestive vacuole membrane fraction also
was in acoord with electron microscope observations (Figure 10).

Whole oells,as well as microsomes, contained phosphatidyl choline,
phosphatidyl ethanoclamine, phosphatidyl serine and phosphatidyl ino-
sitol (Figure 18). Triglyoerides, diphosphatidyl glycerol and sterols
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also have been reported in Acanthamoebg (Hack, Yaeger and McCaffery,
1962; Halevy and Finkelstein, 1965; Halevy, Avivi and Katan, 1966).

Borvme Analvsis: @ucose-S-phosphatase is normally associated with
microsomes in ocertain mammalian organs (Swanson, 1955). The specific
activity of this enzyme in the plasma and digstive vacuole membrane
fraction was the highest observed. Some activity was also present
in the Golgi and rough endoplasmioc reticulum fractions. The presence
of glucose=6-phosphatase activity in the mitochondrial fraction
indicated a microsomal ocontaminant or activity in the mitochondrial
membranes.

Thiamine pyrophosphatase is normally used as a marker for Golgi
membtranes and Golgi associated memtranes (Novikoff, Essner, Goldfischer
and Heus, 1962). Very little of this enzyme was soluble (Table 2).
High specific éctlvities were found in the plasma and digstive vacuole
membrane fraction, the Golgi membrane fraction and the small, cisternal
smooth membrene fraction. The rough and elongate smooth endoplasmic
reticulum oontained a smaller, but considerable, amount of activity.

Magnesium-dependent adenosine triphosphatase activity was ubiqui-
tously distributed among the membtrane-containing fractions (Table 2).
This was not unexpected, since this engyme has been found in prao-
tically all membranes (Novikoff, Essner, Goldfischer and Heus, 1962).
What was suprising was the lack of stimulation of these activities
in the plasma membrane-containing fraction by sodium and potassium
lons. Sodium and potassium-stimulated, magnesium-dependent adenosine
triphosphatase is often used as a marier for cell surface membranes
(Novikoff, Essner, Goldfischer and Heus, 1962). The lack of monovalent
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cation stimulation of the magnesium-dependent adenosine triphosphatase
night have been due to the fact that the plasma and digestive vacuole
nembrane fraction wvas isolated in a medium ocontaining a high potas-
sium ocontent (0.0254 KC1). In contrast to the findings with glucose-
6=phosphatase and thiamine pyrophosphatase, 0.25M sucrose-TKM wash-
ings had no deleterious effect upon adenosine triphosphatase activi-
ties in the plasma and digestive vacuole membrane fraction. It is
possible that the values observed with magnesium-dependent adenosine
triphosphatase already include a cation stimulation. An alternative
explanation would be that there is no sodium and potassium-stimulated,
magnesium-dependent adenosine triphosphatase in the plasma membranes
of Acanthamoebs. Klein (1964) observed that oubain, the classical in-
hibitor of cation transport and sodium and potassium-stimulated, mag-
nesium-dependent adenosine triphosphatase, had no effect on potassium
transport in Aganthamcels.

The enzyme analysis data (Table 2) indicated that the enzyme acti-
vity in the plasma and digestive vacuole menmbtrane fraction was en-
riched for every phosphatase examined. It is not known whether the
membrane-bound enzymes reside specifically in the plasma memtranes,
the digestive vacuole membrenes or both.

A CHOLINE EXCHANGE REACTION:

Lall _Free Incorporation and Jurnover: The amounts of C
incorporated into phosphatidyl choline increased as a function of

14 oholine

mitochondria or microsome protein conocentration (Figure 25). Mo incor-
poration into the non-membrane lipids of the post-microsomal
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supernatant fraction was observed, suggesting that membranes are the
site of this reation. Incorporation of C'’~choline into the phospha-
tidyl choline of microsomes was linear as & function of time up to
about 30 min, before leveling off (Figure 26). Vandor and Richardson,
(1968), reporting on a virtually identical system in etiolated pea
seed "microsomal suspensions”, offered 3 possible alternative reasons
for the leveling off of incorporation: (1) depletion of an essential
cofactor or substrate, (2) attainment of equilibtrium by the reaction
or (3) inactivation of the enzyme involved.

As wvas demonstrated, addition of concentrated noneradiocactive
choline into the cell free system before or after the leveling off
period, resulted in a rapid turnover of label (Figure 27). Thus, an
equilibrium had been reached, where the amount of radioactive choline
exchanging onto and off the microsomal phosphatidyl choline was the
same. As in Vandor and Richardson's (1968) experiments, a Ca'@ require-
ment was indicated. The latter authors also gave evidence that the pea
seed cell free system involved a single enzyme.

Incorporation of choline into the membranes of isolated rat liver
mitochondria has been reported (Kaiser and Bygrave, 1968; Bygrave and
Kaiser, 1968). However, this was not a direct exchange reaction and
required optimal concentrations of ATP and CTP, indicating a synthe-
tic pathway. Although a choline exchange reaction also has been re-
ported in rat liver microsomes (Dils and Hibscher, 1961), recent
attempts to duplicate this finding have been unsuccessful (Nagley and
Rallinan, 1968; Stein and Stein, 1969).
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A _Ghollne Exchange Reaction in Living Cells: The data reported
indicated that a choline exchange reation also occurred in living
cells., If the concentrations of none-radioactive choline were increas-
ed in turnover experiments, the loss of radiocactivity from phospha-
tidyl choline was inoreased (Figures 22, 23 and 24). Therefore, the
turnover of the choline moiety of phosphatidyl choline was a function
of the concentration of non-radioactive choline. Upon comparing gell

radicactivity to medium radioactivity in turnover experiments, it was
found that an equilibrium was eventually reached between the gell

cadioactivity and the_mediun radicactivity (Figures 28 and 29). The
position of that equilitxium was dependent upon the concentration of
non-radioactive choline in the medium. With a larger concentration of
non-radioactive choline, more radiocactivity was lost from the cells
into the medium before leveling off ococuwrred. Thus, in both the cell
free and the living cell experiments, the exchange reaction was a
function of the oconcentration of non-radioactive choline and reached
an equilitrium.

In the living cells, the attainment of an equilibrium coincided
with the leveling off of loss of 1ipid extractable gell radioactivity
(Figures 28 and 29). Extending this to observations on oell fractions,
the decrease in specific activities of cell fraction lipids also
reached an equililr-ium at the same time (Figure 30). In addition, it
was observed that within 24 hr post-chase, all the cell fractions'
specific activities reached a stable position relative to each other.
The non-membrane phosphatidyl choline of the postemicrosomal superna-
tant also showed this equilibration. If, in the living cells, as was
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true in the cell free system, choline exchange only occurred with
membrane-bound phosphatidyl choline, then the non-memtrane phospha-
tidyl choline must somehow exchange with memtrane phosphatidyl choline,
before its choline moiety is exchanged If this did not happen, the
maximun decrease in specific activity that ocould be expected, would
be that due to growth dilution (see Figure 30). Therefore, either

the non-memixane phosphatidyl choline of the supernatant fraction
exchanged (not necessarily a direct exchange) with membrane phospha~
tidyl choline and had its choline molety exchanged, or in contrast to
the cell free system, a choline exchange reaction occurred in non-
membrane phosphatidyl choline. It has been reported (Wirtz and Zilver-
smit, 1968) that phospholipids, tut not proteins, exchange between
liver mitoshondria and microsomes in yliro. It is possible, that an
exchange between non-membrane and membrane phospholipids occurs in

living Acanihamoebs.

LIPID SYNTHESIS AND ASSEMBLY OF LIPIDS INTO MEMBRANES:

Specificity and Stability of B-Glvoerol as a Lipid Label: The
results reported, indicated that HB-glycerol was a specific label for

‘ h-OhO].lne 0

phospholipids and other glyoerides (Table 6). Unlike C
variations in the concentration of non-radiocactive glycerol had no
effect on the rate of H3-¢1yoorol turnover in 1lipids (Figure 33 and
34). In fact, glycerol-containing 1ipids exhibited a high degree of
stability. For these reasons, H’-g].ycorol was found to be a suitable
label for studying the sites of synthesis of glycerol-containing lipids

and assembly of these lipids into membranes.



Incorporation of F-Glycerel inte Lipids of Cell Fractions:
Incorporation of HB-gchorol into the non-membrane lipids of the post-
microsomal supernatant was linear and ocourred at a rate faster than
that found in any of the other cell fractions (Figures 35, 36 and 37).
Of all the membrane fractions, incorporation was most rapid into the
1lipids of nuclear membranes and rough endoplasmic reticulum. The rela-
tive specific activity ratios in Table 8 illustrate that the rough
endoplasmic reticulum was in its "labeling equilibrium" position at
the earliest time measured (5 min). Of all the smooth membranes, the
Golgl membranes were the only ones to reach their "labeling equilibrium”
position within the first 2 hr of incorporation. The other smooth mem-
brane fractions reached "labeling equilibrium® positions between 2
and 12 hr after incubation in K -glycerol-containing medium. The mito-
chondria, which incorporated radiocactivity into their 1lipids at a slow
rate, did not seem to reach a stable specific activity position rela-
tive to the other membranes.

Since incorporation was most rapid in the post-microsomal superna-
tant's non-membrane lipids, this location must be either a site of
1lipid synthesis or an area where newly synthesized 1lipids are rapidly
transferred. The nuclear membrenes and rough endoplasmic reticulum are
implicated as sites of synthesis of lipids and assembly of these lipids
into membranes. This would agree with the finding that newly synthe-
sizsed phospholipids are incorporeted more rapidly into rough surfaced
microsomes, then smooth surfaced microsomes, in rat liver (Dallner,
Siekevits and Palade, 1966a). The Golgi membrane fraction did not in-
corporate radioactivity as quickly as the post-microsomal supernatant,
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nuclear membranes and rough endoplasmic reticulum; but the Golgi mem-
brane fraction did reach its "labeling equilibrium” within the first

2 hr of incorporation (see Table 8). Thus, it is likely that these
meabtranes did not synthesize lipids, but did incorporate lipids derived
from another location at a faster rate than the other smooth membrane
fractions, or incorporated at the same rate as the other smooth mem=-
brane fractions, but turned over faster. The elongate smooth endoplas-
mic reticulum, the small, cisternal smooth membrane and the plasma
membrane fractions might be membranes which derive presynthesized
1lipids from another fraction. Since the micochondria seem to be inde-
pendent of the other membrane systems with respect to a "labeling
equilibtriun® position, these organelles might synthesize and utilize
their own membrane lipids, derive their lipids from another source or
both (Stein and Stein, 1969).

ECeota of the Avallabllity of i'-Glvoerol on “Labeling Eauili-
brium” Positiona: The specific activity of the non-membrane lipid was
found ‘to be greatly affected by the concentration of radioactive gly-
cerol used to label the cells for 12 hr, whereas the membrane frac-
tions were not (see Tables 8 and 11). Using the nuclear fraction as
representative of the membranes (Table 11), it can be seen that a 10-
fold increass of the amount of E-glycerol in the medium, resulted
in an increase in membrane specific activity of about 3X. On the other
hand, the specific activity of the non-membtrane 1lipid increased 13X
to 15X. The "labeling equilibrium" positions of the membtrane fractions
were unaffected by the conoentration of glycerol available (Table 8).
It seems logical, that if membrane lipids were derived from the
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non-nemtrane lipid, a more rigid relationship between the specific
activities of the non-membrane and membrane lipids would be main-
tained. The given results would imply that membrane lipids are not
derived from the pool of lipids available in the non-memtrane lipid
fraction.

Turnover of Fo-Glyoercl Labeled Lipide in Cell Fractions: Over
a 24 hr chase period (Figures 38 and 39) the non-membrane lipids of
the post-microsomal supernatant decreased in specific activity at a
slower rate than any other fraction (Table 9). The relative specific
activity ratios (Table 10) of the non-membtrane lipids increased with
respect to all the membrane fractions. All the membranes decreased at
a faster rate than that expected due to growth dilution (Table 9).
Thus, it seems that 1ipid radioactivity lost from the membranes goes
to the non-memtrane lipids of the post-microsomal supernatant fraction.
Of all the membranes, activity was lost most rapidly from the nuclear
membranes and rough endoplasaic reticulum (Table 9). This correlates
with the results of the incorporation studies and again suggests that
these 2 fractions might be sites of 1lipid synthesis and incorporation
of 1lipids into membranes. The relative specific activity ratios (Tabtle
10) of all the other membrane fractions increased with respect to
the nuclear fraction.

Omura, Siekevitz and Palade (1967) and Widnell and Siekevitz (1967)
have reported that the glycerol molety of phospholipids in rough and
smooth microsomes, nuclear membtranes and plasma membranes of rat liver

turnover at the same rate. There are several distinctions between the
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latter authors experiments and those being presented. First, in
adult liver, cells are not growing and there is a question as to
whether one is studying newly elaborated membranes, molecular re-
placement in stable membranes, or both. Seocondly, and most impor-
tantly, in the liver cell studies, no measurements were made before
23 hr post-injection of the isotope. In this manner, any pattern of
equilibration of lipid radiocactivity through, for instance, recycling
of membranes or membrane lipids would have been missed. In the experi-
ments being oonsidered, the cells were growing and an elaboration of
nevw memitranes was assured. Turnover did seem to be apparent, with
loss of lipids from the membranes to the non-memtrane fraction. In
the Asanthamoeba experiments, the exact rates of turnover were not
being measured, but the relative changes in specific activity ratios
were, and indicated that the nuclear membranes and the rough endo-
plasaic reticulum were probable sites of 1lipid synthesis and assembly
of 1lipids into membrenes.

Rulse and Ghase of K’-Glvcercl labeled inida in Cell Fractionar
In both the "long" and the "short pulse" experiments (Figures 40 and
11) the non-membrane 1ipids of the post-microsomal supernatant continued
to increase in specific aotivity in the first hr post-chase. This,
along with the results of the labeling experiments (Table 11) and
the turnover experiments (Figures 38 and 39) is evidence that the non-
membrane lipids are synthesised in and derived from memtranes. In
the second half of the "short pulse” experiment the specific activity
leveled off and in the second part of the "long pulse” experiment the
specific activity decreased. This would imply that the non-membrane
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lipids were finally being diluted by chase phopholipids, transfering
some of their lipids back to the membtranes or some ocombination of
these 2 events. Several factorsamgue against, but do not rule out,
reutiliszation of non-membtrane lipids in membranes. First, the equi-
1ibrium ratios of the membrane fractions were not affected by the
amount of radioactive glycerol available (Tables 8 and 11). Secondly,
over a 24 hr chase period (Figures 38 and 39; Table 10) radiocactivity
was lost from the membranes to the non-membrane lipid.

In the first hr immediately following both the "long" and the
"short pulse” experiments, the nuclear membranes' specific activities
leveled off. This would imply that if the nuclear membranes are sites
of 1lipid synthesis and incorporation of lipids into memtranes, these
membranes are not transferred awvay from the nucleus very rapidly.
Another alternative would be that the nucleus rapidly receives mem-
branes with lipids synthesized elsewhere or non-memtrane lipids, and
the chase effect is somewhat masked. In the second hr of the "short
pulse” experiment, the nuclear membranes rapidly decreased in specific
activity. However, in the second half of the "long pulse" experiment,
the nuclear membranes increased in specific activity. Thus, a source
of presynthesized lipids for the nuclear membranes is "hot" in the
"long pulse” experiment and "oold" in the "short pu‘.lse" ox;;crimt.
This source might be either recycled membrane lipids or non-membrane
1lipids. In both the "short"” and the "long pulse" experiments the non-
memtrane 1ipids' specific activity was mich higher than the nuclear
membrans specific activity; but it was only in the “long pulse"
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experiment that all the membranes were well labeled. Thus, it would
have to be suggested that the post-chase increase, in the nuclear
meubranes specific activity in the second half of the "long pulse®
experiment, wvas due to recycling of membrane lipids.

The rough endoplasmic reticulum decreased rapidly in specific ac-
tivity in the first hr following the chase in both the "short" and
the "long pulse" experiments. This fact, together with all the other
experimental data to this point, pinpoints this location as the major
1lipid synthesizing site in the cell. In addition, because the specific
activity decreased rapidly, the 1lipids in the rough endoplasmic reti-
culum must be rapidly transferred elsewhere. The newly synthesized
lipids ocould be transferred as non-membrane lipids, in the form
of membranes, or both. In the second half of both the "ong" and
the "short pulse® experiments, the rough endoplasmic reticulum ine
ocreased in specific activity. Again, a recycling of lipids is apparent.

The smll, cisternal smooth membranes decreased in specific acti-
vity in the first hr of both the "long" and the "short pulse” experi-
ments. The incorporation evidence does not implicate this type of
meatrane as a site of lipid synthesis. If it is not a site of 1lipid
synthesis, then it must be an area which either rapidly incorporates
nevly sysnthesised lipids, rapidly transfers these lipids elsewhere or a
oombination of these eemts. Inthe seoond hr of the "short pulse" experi-
mont, the specific activity of this fraction leveled off. In the se-
oond part of the "ong pulse" experiment this fraction increased
slightly in specific activity. Again, a recycling effect is possible.



102

The Golgl membranes' specific activity decreased in the first hr
of the "short pulse" experiment and increased in the first hr of the
"long pﬁlao" experiment. Froh the incorporation data, it was suggested
that the Golgl membranes were not sites of 1ipid synthesis but were
sites which inodrporated newly synthesized lipids. If, in addition,
its memtranes were repidly turning over (i.e. transferring these lipids
elsevhere), this would fit into the rapid decrease in specific acti-
vity observed in the first part of the "short pulse" experiment. Since
it increased in specific activity initially, following the chase in
the "long pulse” experiment, its source or sources of membrane lipids
remain "hot" for a considerable time following the chase. This frac-
tion's specific activity leveled off in the second half of the "short
pulse" experiment and decreased rapidly in the second part of the
"long pulse" experiment. One could envision that this was when the
chase effect wvas finally felt, but since it was observed that other
fractions were actually inoreasing in specific activity at this time,
8 recyocling effect is more probable, in addition to the chase effect.

Of all the membranes, the plasma and digestive vacuole membranes
incorporated radiocactivity the slowest (Figures 35, 36 and 37), even
though their eventual "labeling equilibrium" position was higher than,
for example, the Golgi membranes (Table 8). "l'his fact, coupled with
the knowledge that the plasma membranes ocontinued to increase in both
the "long" and the "short pulse® experiments strongly suggests that
these membtranes are derived from another membrane type.

The fact that the elongate type of endoplasmic reticulum increased
in the first part of the "short pulse" experiment would suggest that
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these membranes, like the plasma membtranes were receiving presynthe-
sized membrenes. However, their decreass in specific activity in the
first part of the Mong pulse” experiment seems to contradict this
oonclusion, and at present can not be explained.

Once again, the mitochondria seem to be the exceptions. In both
the "long" and the “short pulse® experiments, this fraction simply
levels off. Therefore, mitochondria either synthesise their own lipids,
utilize newly synthesized lipids, or both (ef. Stein and Stein, 1969).
The mitochondrial fraction's specific activity did not decrease at a
rate much different than any of the other membranes in the turnover
experiments (Figures 38 and 39; Table 9). This would suggest, that
although the modes of incorporation are different, the rates of
turnover are about the same.

Songlusions: The rough endoplasmic retioculum is probaebly the major
site of phospholipid and glyoeride synthesis in Acgnthamoebn palesti~
pensls. The nuclear membranes might also be sites of 1lipid synthesis,
but most ocertainly are sites where labeled membranes rapidly appear.
A1l the other membrane fractions seem to receive presynthesized lipids,
possibly in the form of membranes. The post-microsomal supernatant's
non-menbrane lipids are mostly derived from newly synthesized menmtrane
lipids. However, lipids from memtrane turnover also seem to be trans-
ferred to this fraction. Since no membrane fraction completely lost
its radioactivity in the tumover and the pulse and chase experiments,
one would have to predict a reutilization or recyling of membrane
lipids. Cyolic patterns observed in the pulse and chase experiments,
suggest that there is a recycling of membrane lipids. It seems likely,
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particularly in the case of the plasma and digestive vacuole membtranes,
that this recycling ocours within the structure of the memtxanes.
Bowever, in most of the cases, it can not be stated with certainty
that this recycling of membrane lipids involves the transformation of
one membrane type to another, although it is strongly suggested. Most
of the evidence does indicate that this recycling does not involve

the non-membtrane lipids. It will be interesting once the glycerol
studies are ocomplete, to study proteins in the same fashion. A corre-
lation of the glycerol experiments with some other membrane label

is necessary to discover whether recyeling ococurs by selective exchange
of membrane lipids, or by interconversions of one membrane type to
another.
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