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The phospholipid polar head group composition of LM fibroblast membranes was altered by growing the cells 
in a chemically defined, serum-free medium containing choline, N,N'-dimethylethanolamine, N-monomethyi- 
ethanolamine, or ethanolamine. The cells incorporated these bases into their membrane phospholipid such that 
29-40% of the total plasma membrane phospholipids contained these polar head groups. Alteration of the 
phospholipid composition correlated with a depression of polystyrene bead phagocytosis by 36, 55 and 85% 
when the cells had been supplemented with N,N'-dimethylethanolamine, N-monoethylethanolamine, or ethanol- 
amine, respectively. Pinocytotic uptake of horseradish peroxidase was depressed 44, 39, and 32%, respectively. 
The phagosomal membrane phospholipid composition qualitatively resembled that of the primary plasma mem- 
brane from which it was derived. However, enrichment of phosphatidylcholine, and other quantitative differ- 
ences were noted in the phagosomal membranes as compared to the parent primary plasma membrane. Approx. 
50% of the phagosomal membrane's phosphatidylethanolamine was accessible to the chemical labelling reagent 
trinitrobenzenesulfonate at 4°C. The asymmetric distribution of phosphatidylethanolamine across the 
phagosomal membrane did not appear to be altered by base analogues except in the case of phagosomes from 
cells supplemented with ethanolamine. The data were consistend with a nonrandom site for endocytosis with 
regard to phospholipid composition. 

Introduction 

Endocytotxc processes in eucaryotlc cells have 
recently been reviewed [1-3] .  The process of endo- 
cytos~s involves internahzatlon of a slgmficant por- 
tion of the cell's surface membrane Each minute 
macrophages and L cells m culture plnocytose 3.1 
and 0.8% of the cell surface area, thereby mternahz- 
mg an equivalent of their surface membrane every 
0 5-2.9 h [4] The role of membrane hpld compo- 
nents m endocytosas is not well understood, although 
the plasma membrane lipid components appear to be 
largely retained m the mternahzed phagosomal mem- 
brane In contrast, the content of cholesterol, the 
sterol/phosphohpld, and the mlcrovlscoslty of the 
remaining parent membrane all seem to be reduced 

Abbreviation SDS, sodmm dodecyl sulfate. 

[5-8] In actively phagocytosmg polymorphonuclear 
leucocytes, phosphatldylchohne newly formed from 
lysophosphatldylchohne was all assocxated with the 
phagosomal membrane [9-1 1] These data lend sup- 
port to the posslbflaty that endocytosls may occur at 
specialized areas of the surface membrane or that 
remodehng of the cell membrane must take place 
[12]. It is well known that blood llplds freely 
exchange between hpoprotems and blood cell mem- 
branes and that plasma hpld contents may be genetic- 
ally, nutritionally, and hormonally regulated 
[13-19] In addition, macrophages and L cell phago- 
cytosis and plnocytosls appear to respond to the 
level of unsaturated fatty acads and sterol xn the 
parent surface membrane [20-22].  Thus, membrane 
hpld composition may, m part, regulate endocytlc 
processes. However, the response of endocytosls to 
alterations m the polar head groups of phosphohpxds, 
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the major lipid component of membrane bllayers, 
has not been determined. A potential role for 
phosphollpld composition in endocytlc cells may be 
proposed on the basis of several blood cell patholo- 
gies Abnormal functioning of the immune system is 
closely related to leukocyte and lymphocyte 
phosphohpld composition [23-25].  In addition, 
specific alterations in lymphocyte phosphohpld com- 
position have been noted during chronic renal failure 
[27]. The LM fibroblast, a chohne-requIrlng cell 
line, can be cultured in serum-free medium and pro- 
vides an excellent model system for alterations in 
membrane phosphohpld polar head groups [28], 
dlethyl ether-linked hplds [29], fatty acids [30], and 
sterols [31]. The response of phagocytosIs and plno- 
cytosls to altered phosphohpld composition in LM 
fibroblast membranes is detailed herein. 

Materials and Methods 

Cell culture. LM cells, a strain of mouse fibroblasts, 
were obtained from the American Type Culture Col- 
lection (CCL 1 2). The cells were grown in suspen- 
sion in a chemically defined, serum-free medium as 
described earlier [28] The medium contained either 
choline, N,N'-dlmethylethanolamIne, N-monomethyl- 
ethanolamlne, or ethanolamlne (Eastman Organic 
Chemicals, Rochester, NY) at a concentration of 
40 #g/ml. Cells (1 • 106 cells/ml) were cultured for 3 
days and harvested in exponential growth phase. The 
analogues of choline did not affect the growth char- 
acterIstlcs of the LM flbroblasts during this time 
period. For phosphohpld compositional Investiga- 
tions, the cells were first cultured for 5 days m 
choline-containing medmm with 2/ICI 32Pi/ml (New 
England Nuclear Inc,  Boston, MA). The cells were 
then placed on choline- or choline analogue-contain- 
mg medium with the same specific activity of a2P 1. 

Plasma membrane isolation. Plasma membranes 
were Isolated as described by Schroeder et al [28], 
with minor modifications. The cells were first washed 
two times with 10 vol phosphate-buffered saline 
made without calcium and magnesium. The cells were 
homogenized with a tight-fitting Dounce (7.5 ml vol.) 
homogenizer and breakage was assessed by phase con- 
trast microscopy Unless otherwise stated, the discon- 
tinuous sucrose gradient contained 0.5 ml 55% (w/w) 
sucrose, 2 ml 40% sucrose, 1 ml 35% sucrose, 2 ml 

32% sucrose, 2 ml 29% sucrose, 2 ml 27% sucrose, 
and l ml 20% sucrose, unless otherwise specified. 
After centrlfugatxon In an SW 41 or SW 40 rotor at 
39000 rev./mxn (1.96 • l0 s ×g)  for 16 h, the bands 
of turbid material at the interfaces were removed and 
designated as follows 20-27%, I; 27-29%, II, 
29-32%, III; 32-35%, IV; 35 40%, V; and 40-55%, 
VI. Each fraction was collected as previously 
described [28]. Fractions were taken from the 
sucrose gradient and placed on a dextrin gradient 
[28]. Fractions I, II, and V from the sucrose gradient 
were pelleted and resuspended in 1 ml of 0.25 M 
sucrose/1 mM trlethanolamine, pH 7.4, and layered on 
a discontinuous dextrin 170 gladlent (average molec- 
ular weight 1.7 l0 s, Sigma Chemical Co,  St. Louis, 
MO) of the following composition: 3 ml 25% (w/w) 
dextrin; 3 ml 16% dextrin; and 3 ml 10% dextrin 
Fractions I, II, and V from tire discontinuous sucrose 
gradient were centrifuged for 4, 4, and 2 h, respec- 
tively, on the discontinuous dextrin gradient in a 
SW 41 rotor at 39000 rev./mm (1.95 • l0 s Xg). The 
interfaces on the dextrin gradient were collected and 
labelled as follows: 8.3% sucrose/lO% dextrin, I'; 
10-16% dextrin, II', 16-25% dextrin, III', and the 
pellet at the bottom of the tube, IV'. Material design- 
ated as Fractions I and II from the sucrose gradient 
was treated similarly, except that 4 h of centrlfuga- 
tlon at 39000 rev./mln was used. Samples were 
taken at each step of preparation and from each 
gradient fraction and centrifuged at 105 .  lO s Xg 
for 60 mln for assay of particulate protein and 
enzyme activity [28] The relative distribution of 
marker activities on the discontinuous sucrose or 
dextrin 170 gradients was determined as before [28] 
Relative specific activity was calculated as the per 
cent in each fraction of the total enzymatic activity 
recovered from the gradient divided by the per cent 
in that fraction of the total protein recovered from 
the gradient. The specific activity and purification 
relative to crude homogenate of ouabaln-sensltive 
(Na ÷ + K+)-ATPase and 5'-nucleotIdase in the purified 
plasma membrane fraction were the same as the fold 
purification and specific activity of these enzymes in 
the phagosomal membranes described below. 

Phagoeytosis and phagosome isolation. Phago- 
cytosis was carried out by the procedure of Sandra 
and Pagano [32] modified as follows: suspension" 
cultured cells were washed two times with 20 vol. 
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phosphate buffered saline (Ca 2+- and Mg2+-free) 
[28]. Unless otherwise specified, 5 108 cells were 
exposed to latex beads (2000 beads/cell) in 30 ml of 
fresh medium. Unless otherwise specified, the cell/ 
bead mixture was then gently shaken at 37°C for 
30 rain, on a gyrotory shaker (model G-10, New 
Brunswick Scientific, New Brunswick, NJ) Phago- 
cytosls was terminated by placing the incubation 
mixture on Ice at 4°C. Unphagocytlzed beads were 
separated from cells by overlaying the incubation 
mixture over 10 ml 8% bovine serum albumin (Pentex 
Fraction V, Miles Research Labs, Kankakee, IL) m 
phosphate-buffered saline at 4°C in 50-ml centrifuge 
tubes. The tubes were centrifuged for 15 rain at 
244 × g and the supernatant was decanted. The pellet 
was resuspended in phosphate-buffered saline at 4°C 
and the process was repeated. The pellet was then 
resuspended in 1 ml 0.25 M sucrose/1 mM Trls-HC1 
(pH 7 2)/1 mM MgC12 and incubated at 4°C f o r  
3 rain. Then 2 ml 60% sucrose (w/w)/1 mM MgC12 
was added, the mLxture was vortexed gently for 
lmln and placed on ice at 4°C. The phagosomes 
were released from the cells by Dounce homogeniza- 
tion (7ml with tight-fitting pestle; Kontes Glass 
Co, Vlneland, N J) using 30 up-and-down strokes at 
4°C. The homogenate was placed in the bottom of a 
polyethylene centrifuge tube and overlayered with 
4ml 27% sucrose (w/w) followed by 3 ml 10% 
sucrose (w/w) and centrifuged in a Sw 40 or SW 41 
swinging bucket rotor on a Model L5-65 ultracentri- 
fuge (Beckman Instr, Fullerton, CA) at 39 000 rev./ 
mm for 90 rain at 4°C. Phagocytlzed beads were 
removed from the 10-27% interface and stored at 
4°C for treatment with trlnltrobenzenesulfonlc acid 
or frozen at -70°C pending lipid analysis. Any un- 
phagocytosed beads not removed m the washing pro- 
cedure appeared at the top of the gradient. Phago- 
cytosed polyvlnyltoluene beads were isolated from a 
10-15% (w/w) sucrose interface as described earher 
[32]. The degree of phagocytosls was determined by 
extracting the phagosomal llplds and either quantltat- 
lng membrane phosphohpld phosphate as by [32p]. 
phosphohpld counting Since all phosphohpld species 
were uniformly labelled to the same specific activity 
after 5 days in culture, dpm [32P]phosphohpld and 
nmol phosphohpld were directly proportional Simi- 
lar results were obtained if phagosomal membrane 
protein was measured. In addition, the [32p]phospho- 

hpid extracted from the phagosomes was not due to 
nonspeclfic adherence of membrane particles during 
homogenization for the following reasons (1) less 
than 5% as much 32p was found in the phagosomal 
fraction when beads were added to a LM cell honro- 
genate, and (2) the hpld composition and sterol/ 
phosphohpxd ratio did not resemble that of lntra- 
cellular membranes such as mlcrosomes or mitochon- 
drla 

Trinitrobenzenesulfonate labelling. The asymmet- 
ric distribution of amlnophosphohpxds across phago- 
some membranes may be determined by use of the 
chemical labelling reagent, trlnltrobenzenesulfonlc 
acid, which covalently trlnltrophenylates amino 
groups on phosphatldylethanolamlne, phosphatldyl- 
serlne, or proteins. The details of the whole cell 
labelling procedure are provided elsewhere [32-36].  
Similarly, isolated phagosomes were trmltrophenyl- 
ated by resuspendlng the pbagosomal pellet obtained 
in the previous section in 8 ml of 4raM trlnltro- 
benzenesulfonate labelling reagent [33], shaking on a 
gyrotary shaker for 80 rain at 4 or 37°C; terminating 
the reaction by adding 40 ml 0.15 M Tns-HC1, pH 
7.0, and centrifuging at 33 000 × g for 20 rain at 4°C 
This washing procedure was repeated one more time 
with Trls-HC1 buffer and one nine with phosphate- 
buffered saline. 

Lipid determinations. All organic solvents were 
glass-distilled and all glassware was washed with 
sulfuric acid/dichromate before use. Phagosomes were 
suspended in 1 0 ml of the phosphate-buffered sahne 
solution mentioned above A 0 2-ml ahquot was 
removed for protein determination. The remaining 
0.8 ml ahquot was extracted as described earher [28] 
Neutral and phospholiplds were separated by slhclc 
acid chromatography. Umsil (100-200 mesh, Clark- 
son Chemical Co., Wllhamsport, PA) was washed with 
methanol and actwated at 100°C overnight. Just prior 
to use, each column was eluted with 5 ml chloroform/ 
4 ml methanol, and finally with 5 ml chloroform. 
The phosphohplds were separated by two-dimen- 
sional thin-layer chromatography on Sdlca Gel G 
plates (250 #m thick, Analtech Inc,  Newark, DE) 
that had been preactlvated with acetone. The 
phosphohpld components were visualized by auto- 
radiography [28], scraped, and counted m 10 ml of a 
3A70 scintillation mixture (Research Products Inter- 
national Corp., Elk Grove Village, IL) to which 0.5 



ml distilled water had been added and mixed. The 
relative mobility values and identity of the phospho- 
hpids were determined by two-dimensional chromato- 
graphy in two solvent systems as described previously 
[28] : (A) chloroform/methanol/water (65:25.4); (B) 
n-butanol/glacial acetic acid/water (6:2:2). The deter- 
ruination of the polar head groups of phosphohpids 
separated by this system was accomplished as 
described earher [28]. The following phosphohpld 
standards were also used for co-chromatography and 
Identification of unknown phosphohpids, phosphatl- 
dylserlne, lysophosphatidylethanolamme, cardlohpln, 
and phosphatidlc acid standards obtained from 
Serdary Research Labs, London, Ontario Canada; 
phosphatxdylglycerol and sphlngomyelin from 
Applied Science Labs, State College, PA; lysophos- 
phatidylcholine from Supelco, Bellefonte, PA; 
phosphatidyl-N,N'-dlmethyle thanolamine, phospha- 
tIdyl-N-monomethylethanolamlne, phosphatldyl-2- 
amino-l-butanol, and phosphatldyl-3-amlnopropanol 
generously provided by Dr. M. Glaser, Department of 
Blochemstry, Unwerslty of Illinois, Urbana, IL, 
61801. 

Pinocytosis assay. Pinocytosis was measured by 
the horseradish peroxldase uptake assay of Stelnman 
and Cohn [37] and Helnlnger and Marshall [22] as 
described below. Reagents: Horseradish peroxidase 
was stored at -20°C. Stock solutions of 10 mg/ml 
and 1.0 ng//A in distilled water were prepared fresh 
daily Phosphate buffer was prepared by mixing 
97.3 ml KH2PO4 (9.073 g/l) and 0 7 ml Na2HPO4 
(1,187 g/100 ml) and adjusting pH to 5.5. A 1.0% 
o-dlanisidme (Sigma Chemical Co., St. Louis, MO) 
solution in absolute methanol was kept in the dark at 
-20°C. The o-dianlsidine was light-sensitwe. A 0.3% 
H202 solution was prepared fresh daily. A 0.1% SDS 
solution was prepared. Procedures: 2 ml of cells (3 • 
10 6 cells) in fresh medmm were placed in an acid- 
washed test tube. The 0.7 ml medium and 0.3 ml 
horseradish peroxldase (10 mg/ml) were added to 
give a final concentration of 1 mg/ml horseradish 
peroxldase. The sample tube was capped with a 
Teflon-hned cap and inverted to mix, followed by 
incubation at 37°C for 1 h on a reciprocating shaker 
water bath. Pinocytosxs was stopped by placing the 
sample on ice at 4°C. The cells were pelleted at 
244 X g in a swinging bucket IEC centrifuge at 4°C. 
The cells were washed five times with phosphate- 
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buffered saline [28] to remove extracellular horse- 
radish peroxidase. The final cell pellet was then 
placed on ice. The substrate for the enzymatic assay 
was prepared at 4°C by mLxlng 6 ml of the above 
phosphate buffer, 0.1 ml 0.3% H202, and 0 05 ml 
1% o-dianisidine and placed in a brown bottle. A 
horseradish peroxldase standard curve from 0 -1 0  ng 
(0 ng horseradish peroxidase as a reference) was con- 
structed with a Cary 14 Spectrometer (Varian Instr., 
Park Ridge, IL) by mixing 0.1 ml horseradish peroxl- 
dase with phosphate buffer and 0.1 ml 0.1% SDS 
in the cuvette. Then 0.9 ml substrate was added, the 
cuvette was mixed and color development was fol- 
lowed at 460 nm for 3 -5  rain. Plnocytosed horse- 
radish peroxldase was measured after lyslng the cell 
pellet with 1 ml SDS, vortexlng for 1 rain, taking a 
0.1-ml aliquot (immediately placing the aliquot in 
the cuvette) and adding 0.1 ml phosphate buffer and 
0.9 ml substrate. The cuvettes were relied and color 
development was followed immediately. The amount 
of horseradish peroxldase uptake was quantitated 
by comparison with the standard curve. 

Analytical procedures. Protein was determined by 
the method of Lowry et al. [38]. 

Results 

Effect of choline analogue supplementation on poly- 
styrene bead uptake by LM fibroblasts 

LM fibroblasts cultured in the presence of choline, 
N,N'-dime thylethanolamine, N-monomethylethanol- 
amine, or ethanolamine Incorporated these bases into 
the cellular membrane phosphohpids such that 40 6, 
28.7, 31 and 39% of the surface membrane phospho- 
hplds were phosphatidylchohne, phosphatidyl-N,N'- 
dlmethyle thanolamine, phosphatldyl-N-monome thyl- 
ethanolamlne, and phosphatldylethanolamlne, respec- 
tively (Table I). These results are similar to those 
reported earlier from this laboratory [28]. The effect 
of the altered phospholipld composition on the rate 
of uptake of polystyrene beads is detailed below. 

The rate of membrane internalization by LM fibro- 
blasts grown with choline analogues may be depen- 
dent on several variables, including time, bead/cell 
ratio, and bead size. As shown m Fig. 1, uptake 
appears to be maximal by 5 -10  mln. However, com- 
pared to growth m the presence of choline, the maxi- 
mal uptake was reduced by 36, 55, and 85% when the 
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TABLE I 

PHOSPHOLIPID COMPOSITION OF PLASMA MEM- 
BRANES FROM LM FIBROBLASTS SUPPLEMENTED 
WITH ANALOGUES OF CHOLINE 

LM fibroblasts were cultured in suspension with chohne, 
N,N'-dlmethylethanolamlne (DME), N-monomethylethanol- 
amine (MME) or ethanolamme (E) and plasma membranes 
were isolated as described m Materials and Methods. 
Abbreviations PC, phosphatldylchohne; PDME, phospha- 
tidyl-N,N'-dmlethylethanolamine, PMME, phosphatldyl-N- 
monomethylethanolamme; PE, phosphat]dylethanolamme; 
PI, phosphat]dylInositol, PS, phosphatldylserIne; LPC, lyso- 
phosphatldylcholine, PG, phosphatidylglycerol. Values are 
phosphohpld composition expressed as percentages. 

Phosphohpld Supplement 
species 

Chohne DME MME E 

PC 40 6 11.8 12.9 17 0 
PDME 0.1 28 7 0.l 0.1 
PMME 1 3 2.1 31.0 0.1 
PF, 24.9 22.2 17.7 37.0 
PI + PS 11.1 13.3 14.4 15.6 
Sphmgonlyehn 

+ LPC 9.7 13.6 14.7 19.4 
PG 10.0 3.5 2.3 3 6 
Others 2.3 4.8 6.9 5.2 

LM cells were grown xn the presence of N,N'-  
dlmethylethanolamlne, N-monomethylethanolamlne, 

and ethanolamlne, respectively The effect of bead/ 
cell ratio on internahzatlon of the polystyrene heads 
is shown in Table II. The lnternahzatlon of the poly- 
styrene beads appears to be proportional to the bead/ 

cell ratm. This finding is In agreement with the results 
of others investigating latex bead uptake by poly- 

morphonuclear leukocytes and Ehrhch ascites car- 
cinoma cells [39] The lnhxbmon of bead mternah- 
zatlon m chohne analogue-supplemented LM cells was 

greatest at the higher bead/cell rataos (2000 and 800 
beads/cell). Fig. 2 lnd]cates that at different bead 

sizes (0 497 /am vs. 0.760 ~tm diameter) the rate of 
bead uptake was maximal at 5 - 1 0  mm exposure of 
the cells to beads. Supplementation of the LM cells 
wlth N,N'-dlmethylethanolamlne, N-monomethyl- 
ethanolamlne, and ethanolamine reduced the inter- 
nallzation of 0.497 /am beads by 40, 46 and 36%, 
respectively (Table liD. In contrast, uptake of the 
larger 0.760 ~tm beads was reduced 21, 52, and 69% 
when compared to the chohne-grown controls. Inter- 
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Flg. 1. Uptake of polystyrene beads by LM fibroblasts cul- 
tured with analogues of choline. LM flbroblasts were cul- 
tured m the presence of choline, N,N'-dlmethylethanolamine 
(DME), N-monomethylethanolamlne (ME), or ethanolamine 
(E) as described in Materials and Methods. The cells were 
exposed to 0.760 lain diameter polystyrene beads (800 
beads/cell) for the time periods indicated and the quantity of 
surface membrane internaltzed was determined as described 
in Materials and Methods. 

nahzatlon of polystyrene beads was much higher 

for 0.760/~m polystyrene beads than for the 0.497 
/am beads The membrane mternahzatlon may also be 

calculated on the basis of bead diameter, surface area, 
or volume (mass). Bead uptake by control chohne- 
supplemented LM cells was not proportional to the 
bead diameter or bead surface area. In contrast, com- 
pared to the uptake of 0.760 /am beads, equal 
volumes or masses of 0.497 tim beads were Inter- 
nalized (567 + 35 vs 538 -+ 16 cpm [31P]phospho- 
hpld/106 cells). When the same volume-correction 

calculations were performed for the cells supple- 
mented with choline analogues, the 0 497/an~ beads 
were taken up at rates of 3 3 9 + 3 2 ,  335-+21, and 
307-+ 28 cpm [32]phosphollpld lnternahzed/106 cells 
for LM fibroblast supplemented with N,N'-dlmethyl- 
ethanolamlne, N-monomethylethanolamme, and 
ethanolamlne, respectively. These values illustrate 
that the control choline-grown LM flbroblasts take up 
equal volumes of different size beads, while choline 
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TABLE II 

EFFECT OF BEAD TO CELL RATIO ON INTERNALIZA- 
TION OF POLYSTYRENE BEADS BY LM FIBROBLASTS 
SUPPLEMENTED WITH CHOLINE ANALOGUES 

LM fibroblasts were cultured as described in the legend of 
Fig. 1 and exposed to 0.760 pm dmmeter polystyrene beads 
for 30 mm at varying bead/cell ratios, as described m 
Matertals and Methods. Abbrevlatmns as m Table I. 

Chohne Bead/cell cpm [ 32 p ] lab elled hpld 
analogue raho internalized/30 mm 

Chohne 2 000 600 ± 30 
800 390 ± 25 
200 210 ± 10 

DME 2 000 410 
800 250 ± 20 
200 190 ± 18 

MME 2 000 230 
800 175 ± 15 
200 125 ± 13 

E 2000 170 
800 60 ± 8 
200 55 ± 6 

ana logue-grown cells did n o t  C h o h n e  analogue-  

s u p p l e m e n t e d  cells also l n t e r n a h z e d  fewer poly- 

s tyrene  beads.  Chol ine  analogues  had  no  ef fec t  on  

phagocy tos i s  i f  the  analogues  were n o t  i n c o r p o r a t e d  

in to  m e m b r a n e  p h o s p h o h p i d s  (da ta  no t  shown) .  

Effect of choline analogue supplementation on pincy- 
tosis of horseradish peroxidase by LM fibroblasts 

Plnocytos l s  represents  the endocy t l c  u p t a k e  o f  
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Fig. 2. Effect of bead size on uptake rates of LM flbroblasts 
cultured with analogues of choline. All condlt]ons were 
described m legend of Fig 1, except that either 0.497/am or 
0.760 /sm diameter beads were used at a bead/cell ratio of 
2000 beads per cell. Abbrevlahons as m Ftg. 1. 

f i red,  solutes ,  and  small  p ro t e in s  or par t ic les  as 

opposed  to u p t a k e  of  large par t i cu la tes  dur ing  phago-  

cytosls  [1] .  F lu id-phase  p lnocy tos l s  can be measured  

by  the  u p t a k e  o f  horse rad i sh  perox ldase  [1 ,37] .  LM 

f lbroblas t s  do no t  con ta in  this  enzyme .  The re fo re ,  

this  e n z y m e  is a useful  marke r  for p lnocy t l c  rate.  

Fig. 3 shows the  ef fec t  o f  increasing c o n t e n t  o f  

TABLE III 

EFFECT OF SIZE ON LM CELL SURFACE MEMBRANE INTERNALIZATION BY PHAGOCYTOSIS 

LM cells grown on chohne or choline analogues for 3 days were exposed to beads (2 000 beads/cell) for 30 mm as described in 
Matenals and Methods. Phagosomes were isolated and the phosphohpld was quantitated by counting [3Zp]phosphollpld in the 
phagosomes contained m 1 • 106 cells. Values represent the mean ± S.E. (n = 6) Abbreviations as in Table I. 

Bead size 
(urn) 

Surface membrane internalized (cpm [ 32 p] phosphollpld/106 cells) 

Chohne DME MME E 

0.497 1 5 9 + 1 0  a 9 5 + 9 8  a 94__. 6 a 8 6 ± 8  a 
0.760 538_+ 16 a, b 423_  + 8a ,  b 256_+10 a,b 1 6 7 ± 9  a,b 

a p ~ 0.01 as compared to chohne-grown controls. 
b p ~ 0.01 comparing phagosomes from 0.497 pm and 0.760 pm beads. 
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Fig. 3. Lmearlty of the horseradish peroxldase enzymatic 
assay. The assay was performed as described in Materials and 
Methods. 

horseradish peroxldase in the assay on color develop- 
ment. The assay was linear for 180 s at concentra- 
tions of horseradish peroxidase ranging from 2-10  
ng/ml. At 20 ng/ml, the assay was hnear only for 
120 s. These data are in agreement with those of 
Stemman and Cohn [37]. The uptake of horseradish 
peroxldase by LM cells as a function of time and con- 
centratlon is shown in Fig. 4. Uptake was followed 
for up to 6 h. At each time point, samples of cells 
were taken, washed, and lnternahzed horseradish 
perox~dase was determined. At low concentrations 
(0.1 mg horseradish peroxidase/ml) the uptake was 
linear up to 6 h, while at 1.0 ng/ml and 0.5 mg/ml, 
the uptake was linear for 2 and 4 h, respectively. 
Therefore, all horsera&sh peroxldase uptake rates 
were followed for 2 h. At 2 h exposure of the LM 
fibroblasts to horsera&sh peroxldase, uptake was 
directly related to the amount of cell protein present 
incubation (Fig. 5). During exponential growth 
phase, 200 /ag cell protein corresponds to approx 
1 106 LM fibroblast suspension cells The slope in 
Fig 5 is 0 2 ng horseradish peroxidase/gg protein 

~ - 8 0  w 0 

9 ~  
X .J  

~ 4 o  
i: 

o 

w 

E 
O 

O 

I I m g / m l  

A 0.5 

I 0'1 

5 6 

TIME (hrs) 

Fig 4 Uptake of horseradlsh peroxxdase by LM flbroblasts as 
a function of time and extraceUular concentration. 20 ml of 
LM fibroblasts (1 '  106 cells/ml) were incubated with 1.0, 
0.5, or 0 1 mg horseradish perox]dase/ml at 37°C for up to 
6 h. At the indicated time pomts, 2-ml aliquots were 
removed, placed on Ice, and the amount of horseradish per- 
oxidase pinocytosed was determined as described in Materials 
and Methods. 

per 1 h. Thus, 1 '  106 LM fibroblasts pmocytose 
horseradish peroxidase at a rate of 40 ng/h. This 
represents 0.0040% of the administered horseradish 
peroxldase They Intercept m the Fig. 5 may indicate 
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Fig. 5. Effect of LM cell concentration on horseradish per- 
oxldase uptake. All conditions were as described in legend of 
Fig. 4, except that different amounts of LM cells (0-6( '  106) 
cells/ml) were incubated with 1 mg/ml horseradish peroxl- 
dase for 1 h. 
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the residual small amount of  horseradish peroxldase 
bound to the cell surface and not removed by wash- 
rag. Fig. 6 illustrates the linear dependence of  horse- 
radish peroxldase uptake with the concentration of 
horseradish perox]dase in the medmm. 

LM fibroblasts were cultured in the presence of  
choline or chohne analogues for 3 days, and then the 
uptake of horseradish peroxldase was measured as 
shown m Table IV. Supplementation of  the cells with 
N,N'-&methyle thanolamme, N-monomethylethanol- 
amine, and ethanolamine reduced the horseradish 
peroxldase uptake by 44, 39, and 32%, respectively. 
Thus, alterations in surface membrane phosphohpld 
polar head groups may decrease the pinocync as well 
as phagocytic rate of  LM fibroblasts. Such decreases 
were not noted ff the chohne analogues were sxmply 
added to the LM cell medium, but not incorporated 
into membrane hplds (data not shown). The degree 
of phagocytosls and pmocytosls inhibition was 
directly correlated with the alteration in phosphohpid 
composition. 

Effect of choline analogue supplementation on the 
phospholipid composition of internalized phagosomes 

It is possible that phagocytosis m LM fibroblasts 
occurs only at nonrandom sites within the surface 
membranes. Such sites could have a particular type of  
lipid composition. Thus, when the lipid composition 
of the surface membrane changes (Table I), there may 
be fewer endocytlc sites. Such a posslbihty may 
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Fig. 6. Effect of horseradish peroxidase concentration on 
pmocytlc rate. All conditions were as described in legend of 
Fig. 5, except that 1 • 106 ceUs/ml were used and exposed to 
varymg concentrations of horseradish peroxidase (0-1 mg/ 
ml) for 1 h. 

TABLE IV 

EFFECT OF CHOLINE ANALOGUES ON HORSERADISH 
PEROXIDASE PINOCYTOSIS BY LM FIBROBLASTS 

LM cells were cultured on chohne- or chohne analogue- 
containing medmm for 3 days. The cells were washed and 
incubated with horseradish peroxxdase (1 mg/ml medmm) at 
37°C for 1 h. Cells were then washed five times with phos- 
phate-buffered sahne at 4°C; the pellets were lysed with 0.1% 
SDS (1 ml) and the horseradtsh peroxldase assay was per- 
formed as described m Matermls and Methods. Values 
represent the mean ± S.E. with the number of experxments 
gxven in parenthesis. Abbrevmtlons as in Table I. 

Analogue Horseradish peroxldase uptake 
(ng/mg per h) 

Choline 183 ± 9 (5) 
DME 103 ± 13 a (6) 
MME 113_+ 17 a (4) 
E 126_+ 19 a (5) 

a p ~< 0.025 as compared to choline-fed cells. 

explain the reduced phagocytm and pmocytlc rates 
noted above in chohne analogue-supplemented cells. 
The data in Table V in&cate that the phagosomes 
from LM cells supplemented with chohne, N,N'-  
&methylethanolamine, N-monomethylethanolamme, 
and ethanolamine contained 48.2-+ 1.3% phosphatl- 
dylchohne, 43.9 + 2.3% phosphatldyl-N,N'-dlmethyl- 
ethanolamlne, and 35.8 -+ 1.4% phosphatldylethanol- 
amine, respectwely. Thus, the new analogue-contain- 
ing phospholipxds are not excluded from the phago- 
somal membranes. In contrast, as compared to the 
primary plasma membrane phosphollpld composition 
(Table I in the present work and Table V m Ref. 28), 
the phagosomes from LM cells supplemented with 
chohne or N,N'-dlmethylethanolamine were enriched 
in phosphatidylchohne (48.2 +- 1.3% vs. 40.6-37.8%) 
and phosphatidyl-N,N'-dimethylethanolamlne (43.9 • 
2.3% vs. 28.7-33.8%), respectively. Phagosomes from 
LM cells supplemented with N-monomethylethanol- 
amine or ethanolamlne had slightly less phosphatldyl- 
N-monomethylethanolamlne (27 1 + 2.6% vs. 3 .10 -  
32.9%) and phosphatldylethanolamlne (35.8 +-1.4% 
vs 39.9-39.5%), respectwely, than &d the primary 
plasma membrane. In addition, the choline analogue- 
containing hplds largely displaced the phosphatldyl- 
chohne content m the surface membrane (Table I m 
the present work; Table V in Ref. 28) such that the 
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TABLE V 

EFFECT OF CHOLINE ANALOGUES ON PHOSPHOLIPID COMPOSITION AND ON DISTRIBUTION OF PHOSPttATIDYL- 
ETHANOLAMINE IN PHAGOSOMAL MEMBRANES 

LM cells were cultured on chohne analogues for 72 h, fed 0.497-~m beads (2 000 beads/cell) for 30 ram, and phosphohpld compo- 
sition was determined as described in Materials and Methods. Values, expressed as percentage phosphohpld composltmn, represent 
the mean ± S.E (n = 3) TNBS, trmltrobenzenesulfomc acid Other abbreviations as m Table I 

Phosphohpld species Chohne DME MME E 

PC 4 8 2 ± 1 . 3  1 6 6 ± 1 . 1  a 2 1 . 3 ± 3 3  a 2 7 8 ± 1 7  a 
PDME - 4 3 9 ± 2 3  4 . 4 ± 1  6 
PMME - - 27 1 _+ 2.6 - 
PE 28.3 ± 1 7 15.9 ± 1 8 a 16.6 _+ 2.8 a 35.8 ± 1.4 a 
P I+PS 7.4_+1.0 7 .2+1 .0  8 4 + 1 . 3  8 1±0 .4  
Sphmgomyehn + LPC 5 1 _+ 0.8 7.6 _+ 1.6 10 9 + 1.2 a 14 3 ± 0.8 a 
PG 6.1 _+ 2.6 5.0_+ 1.0 9 3 + 3.1 8 9 ± 2.6 
PC/PE 1 70 1 04 a 1.28 a 0 78 a 
Anlomc/zwltterlonlc 1.14 3.13 a 2 11 a 1 38 a 
%PElabel ledwlthTNBS 52 .3±1 .2  51.1_+0.5 51 ±1.2 42 ± 2  l a  

a p ~< 0 025 as compared to choline control. 

p h o s p h a t l d y l c h o h n e  c o n t e n t  of  the  p r imary  p lasma 

m e m b r a n e  decreased 72 + 2%, 67 + 1%, and 58 + 1%, 

respec twely ,  in N , N ' - d l m e  thyle  thano lamlne- ,  

FABLE VI 

ASYMMETRIC DISTRIBUTION OF PHOSPHATIDYL- 
ETHANOLAMINE ACROSS PHAGOSOMAL MEMBRANES 

LM cells were cultured on choline analogues for 72 h, treated 
with trmltrobenzenesulfomc acid under nonpenetratlng 
conditions, fed 0.497-~m beads (2000 beads/cell) for 30 min, 
and phagosomes were isolated as described m Matermls and 
Methods Phosphohpld composition was determined as 
described In Materials and Methods. Values represent the 
mean ± S E (n = 3) Alternately isolated phagosomes instead 
of the whole cells were treated with trmltrobenzenesulfomc 
acid TNBS, trlmtrobenzenesulfonic acid. Other abbreviatmns 
as m Table I 

Supplement Treatment % PE tnmtrophenylated 
with TNBS 

Choline Cells 8 1 _+ 0.9 
DME Cells 6.7 + 1.3 
MME Ceils 9 6 _+ 0.9 
I; Cells 8 7 _+ 0 8 

Chohne Phagosome 52.3 _+ 1 2 
DME Phagosome 51.1 _+ 0.5 
MME Phagosome 51 0 _+ 1 . 2  

E Phagosome 42 0 _+ 1 9 a 

a p ~ 0.01 as compared to chohne-supplemented cells 

N - m o n o m e  t h y l e t h a n o l a m l n e -  and e thano l amlne -  

s u p p l e m e n t e d  cells. In the  co r r e spond ing  phagosoma l  

m e m b r a n e s  (Table  V),  the  p h o s p h a n d y l c h o l i n e  con-  

trol  decreased on ly  66 + 2%; 4 4 +  7%, 42 + 4%, 

respect ively  Thus ,  the  phagosomal  m e m b r a n e s  f rom 

chol ine  ana logue - supp lemen ted  cells also appear  to 

be selectwely en r i ched  xn p h o s p h a t l d y l c h o h n e  as 

c o m p a r e d  to phagosomal  m e m b r a n e s  f rom c h o h n e -  

s u p p l e m e n t e d  cells. The phagosomal  m e m b r a n e s  

seem to have less p h o s p h a t x d y h n o m o l  + phospha t i -  

dylser ine and  less s p h l n g o m y e h n  + l y s o p h o s p h a n d y l -  

cho l ine  t han  the  co r r e spond ing  p r imary  p lasma mem-  

brane .  Last ly ,  as shown  in Table  V.  the ra t los  o f  

p h o s p h a t i d y l c h o h n e / p h o s p h a t i d y l e t h a n o l a m m e  and  

a n l o m c / z w l t t e n o n l c  p h o s p h o h p i d s  were lower  and  

higher ,  respect ively,  in the  phagosomes  f rom 

ana logue - supp lemen ted  cells t han  chol ine-supple-  

m e n t e d  cells. These data  argue against  the ex is tence  

o f  a single h ighly  special ized area o f  the  surface m e m -  

b rane  t h a t  has  a single type  o f  p h o s p h o h p i d  compos i -  

t i on  or be ing  the  "slte' o f  endocy tos i s  However ,  pre- 

ference does seem to be shown  for  p h o s p h a n d y l -  

cho l ine -enr i ched  areas. 

Effect of choline analogue supplementation on the 
reactivity of phosphatidylethanolamine in the phago- 
somal membrane wtth trmttrobenzenesulfontc acM 

The a symmet r i c  d i s t r i bu t ion  o f  phospha t Idy l -  



ethanolamlne across LM cell membrane bllayers can 
be determined using trinitrobenzenesulfonic acid 
[32-36]. At 4°C and pH 8.5, the reagent does not 
penetrate the LM fibroblast surface membrane. Thus, 
only phosphatidylethanolamine m the outer mono- 
layer of the plasma membrane ~s trinitrophenylated. 
Only 4.3 -+ 0,3% of the plasma membrane phosphatl- 
dylethanolamine was trinitrophenylated. The data in 
Table V shows that the phagosomes internalized 
about 8-10% of the trlnitrophenylphosphatidyl- 
ethanolamine, thereby indicating a 2-fold enrichment 
of this phosphohpid in the membrane domain at 
which the latex beads were internalized by the cell. 
No slgmficant effect of choline analogues on this 
enrichment were noted. However, when phagosomes 
isolated from untreated LM cells were exposed to 
trinitrobenzenesulfomc acid, approx. 50% of the 
phosphatidylethanolamine was trinltrophenylated in 
phagosomes from chohne-, N,N'-dlmethylethanol- 
amine-, and N-monomethylethanolamine-supple- 
mented cells. In contrast, significantly less phosphatl- 
dylethanolamine (42.0-+ 1.9%) was trlnitrophenyl- 
ated in phagosomes from ethanolamine-supplemented 
cells. If the phagosomes were treated with trlmtro- 
benzenesulfonic acid under penetrating conditions 
(37°C), then greater than 95% of the phosphatldyl- 
ethanolamine was trlmtrophenylated. Similar results 
were obtained when phagosomes were treated at 4°C 
with lsethlonyl acetimldate, a nonpenetratlng probe 
[33] which labelled 55% of the phagosomal phospha- 
tldylethanolamme, or w~th methyl acetlmidate, a 
penetrating probe [33] which labelled greater than 
92% of the phagosomal phosphatidylethanolamine. 
These results regarding the impermeabihty of phago- 
somal membranes to trmitrobenzenesulfonic acid at 
4°C were also confirmed by other investigators [32]. 

Discussion 

Role of lipids in the immune system 
Serum lipid components [13--19,40], disease 

state [23-27,40], and drugs [41,42] can alter the 
hpld composition of cells in the immune system. 
Actwation of lymphocytes revolves stimulation of 
phospholipld metabolism [41,42] ; transformation of 
lymphocytes to neoplastic cells alters membrane 
fluidity and cholesterol content [43,44], while 
lowered membrane cholesterol content and lowered 
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unsaturated fatty acid contents decrease the phago- 
cytic and pinocytic activity of macrophages and LM 
cells [20-22]. Alterations m phospholipld meta- 
bohsm have also been shown to occur during endo- 
cytosls [9-11]. Thus, it seems entirely possible that 
the endocytlc processes of the immune system and of 
other cells (capillary endothelial cells, thyroid entha- 
thelial cells, yolk sac, oocytes, carcinoma cells, sar- 
coma cells, L cells, LM cells, etc.) known to actwely 
endocytose, may be regulated at least in part by the 
hpid composition of the surface membranes [1,9-11, 
20-22,32,37,39,47,48]. In addition, recent methods 
for drug dehvery mclude encapsulation in hposomes 
[49]. The liposomes are actively phagocytosed by 
tissue macrophages. Thus, cellular lipid composition 
may also affect the rate of drug delivery by this 
means in rheumatoid arthritis, cancer, and respira- 
tory distress syndrome [49]. 

Effect of alterations in phospholipid composition on 
endocy tic processes 

The data presented herein indicate that alterations 
in the phosphohpid composition of LM fibroblasts 
dramatically affect endocytosls. Enrichment of the 
surface I membranes with phosphatidyl-N,N'-dimethyl- 
ethanolamine, phosphatidyl-N-monome thylethanol- 
amine, or phosphatidylethanolamine resulted in 
decreased uptake of polystyrene beads (phagocytosls) 
and horseradish peroxldase (plnocytosis). This is in 
agreement with other investigators who have shown 
that virus budding from LM cells and chick embryo 
fibroblasts supplemented with certain analogues of 
choline was severely reduced [45,46]. It is possible 
that endocytlc rates may be correlated with the 
degree of cell surface 'ruffhng'. Confluent LM cells 
&ffered considerably in morphology from cells in 
exponential growth phase [47]. Confluent cells had 
many more mlcrovilli, blebs, and ruffles than growing 
cells. These confluent cells had 2-4-fold increased 
pinocytlc actwlty Choline analogue supplementation 
with the exception of N-monomethylethanolamme 
and L-2-ammo-l-butanol did not, however, alter the 
morphology of chxck embryo fibroblasts [46]. In 
both of the latter cases, the cells became shorter, 
broader, round and refractile. The cells supplemented 
with L-2-amlno-l-butanol also had ruffles and more 
mlcrovilll. Thus, simply on the basis of morphological 
alterations, one would have expected increased endo- 
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cytosis with increased ruffling and mlcrovilli forma- 
tion when LM cells were grown in the presence of 
choline analogues. However, the results presented 
here were found to be exactly opposite: phagocytosis 
and plnocytosis both decreased rather than increased 
when LM cells were grown in the presence of chohne 
analogues. 

Phospholipids of  the phagosomal membranes 
Other investigators have shown increased forma- 

tion of phosphatldylchohne in lymphocytes on 
stimulation with tumor promoters [42], decreased 
content of phosphatidylchollne in leukemic lympho- 
cytes [44], and increased lncorporatxon of phosphati- 
dylcholine from lysophosphatidylcholine into phago- 
somal membranes from leukocytes [9-11] .  The 
results presented herein also indicate an enrichment 
or a preferential incorporation of phosphatldyl- 
chohne into phagosomal membranes from LM cells 
supplemented with choline or choline analogues. 
Thus, although the phosphohpld composltxon of 
phagosomes reflects the same quahtatlve pattern as 
the primary plasma membrane, the quantitative 
pattern was significantly different. In addition, 
trlnitrophenylphosphatidylethanolamine was prefer- 
entially Incorporated into phagosomal membranes. 
These data are in agreement with those of Chara- 
lampous [12], indicating that endocytosls occurs 
either at nonrandom sites on the surface of the cell or 
that rearrangement of the liplds occurs. 

Asymmetn'c distribution of  phosphatidylethanol- 
amine across the phagosomal membrane 

The asymmetric distribution of lipids in mem- 
branes has recently been reviewed [50]. The only 
eucaryonc surface membrane that has been investig- 
ated thoroughly is the red blood cell membrane. 
However, very httle has been done regarding investi- 
gations of surface membrane lipid asymmetry in 
other eucaryotes, except for the tumorigenic LM 
fibroblasts plasma membrane [33-36,51,52] and the 
synaptosomal plasma membrane [34,53]. In contrast, 
model membrane systems, virus membranes, and 
bacterial membranes have been investigated in detail 
[50]. Membrane derivatives such as eveloped viruses 
were once believed to reflect random areas of cell 
surface membrane and could therefore reflect surface 
membrane properties as a whole [54]. However, this 

is not the case [50]. Similarly, a recent report indic- 
ates that phagosomal membranes from LM cells may 
simply represent inside-out surface membranes [32]. 
Again as shown above, the phagosomal hpids do not 
resemble in composmon the plasma membrane of 
LM cells. It was also shown that if LM fibroblasts are 
cultured In monolayer, released by scraping, exposed 
to trlnltrobenzenesulfonlc acid under nonpenetratlng 
conditions, and exposed to polystyrene beads, then 
approx. 25% of the phosphatidylethanolamlne was 
trinitrophenylated. The two numbers convincingly 
add up to 100% and were therefore interpreted as 
representing the inverted asymmetric distribution of 
phosphatldylethanolamine in the LM surface mem- 
brane. The same experiment performed with suspen- 
sion-grown LM cells herein provided 8 1 and 52.3% 
trinitrophenylphosphatidylethanolamine. These num- 
bers add up to only 60.4%. The differences between 
these two Investigations could be the medium used, 
the type of culture (monolayer vs. suspension), as 
well as other factors. In the present investigation, 
suspension cultures were used while in previous work 
[32], monolayer cells were used. Plasma membrane 
llplds from suspension-cultured cells versus cells in 
monolayer are not identical m composition. We have 
found that scraping LM fibroblasts from monolayers 
results in greater penetration of the trinltrobenzene- 
sulfonic acid labelhng reagent into the cell. This 
could account for the high trlnitrophenylatlon (25%) 
noted by others [32]. When the experiment with 
monolayer cells was performed m our laboratory, the 
monolayer culture itself was exposed to the reagent 
prior to scraping or exposure to polystyrene beads. 
In this case, the percent trinitrophenylphosphatidyl- 
ethanolamlne was 13.3 and 63.0%, respectively (un- 
published data). These values add up to 76.3%, and 
also fall short of 100%. Lower than 100% trlnltro- 
phenylatlon could be explained by either lack of 
complete reactivity of phosphatldylethanolamine 
with the trlnitrobenzenesulfonlc acid [55], a struc- 
tural reorgamzation of the surface membrane in 
which selective patches are internalized, or altered 
asymmetric distribution due to transbilayer redistri- 
bution ('flip-flop') during endocytosls. These pos- 
sibilities are presently under lnvestlgatlon. 

In summary, alterations in the surface membrane 
phosphohpld composition correlatedwith a reductmn 
in the phagocytosis of polystyrene beads and in the 



pinocytosls of horseradish peroxidase. The data are 

consistent with a nonrandom composition of endo- 

cytic sites in the LM fibroblast membrane. These con- 

siderations may be of importance in endocytic pro- 
cesses such as the immune surveilance system inter- 

nallzatmn of plasmodmm (malarial parasites), tumor 

cell nutr i tmn,  and endocytic uptake of drug con- 

taining liposomes targeted against neoplastic cells. 
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