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INTRODUCTION

	

MATERIALS AND METHODS

Recent studies have shown that approximately
30% of the plasma membrane of Acanthamoeba
castellanli consists of a complex carbohydrate
termed lipophosphonoglycan (6, Il, 13). Lipo-
phosphonoglycan contains about 14% long chain
saturated and 2-hydroxy fatty acids, 10% amino-
phosphonic acids, 3% esterified phosphate, 26%
neutral sugars, and 3% amino sugars . The neutral
sugars are glucose, mannose, galactose, and xylose
in the mole ratio of 5 :4 : I : I, and the amino sugars
are galactosamine and glucosamine, 3 : I . Because
of this chemical composition it was expected that
lipophosphonoglycan would react with stains that
are selective for complex carbohydrates . By use of
selective stains that can be visualized in the
electron microscope we hoped to obtain informa-
tion about the distribution of lipophosphonoglycan
in the ameba plasma membrane . The results with
three such stains, concanavalin A, ruthenium red,
and phosphotungstic acid-chromic acid, indicate
that the sugars and acidic groups of lipophos-
phonoglycan are exposed at both sides of the
Acanthamoeba plasma membrane .

Acanthamoeba castellanii (Neff strain) was cultured
axenically in 1 .5% proteose peptone-1 .5% glucose solu-
tion with added vitamins in rotating low-form culture
flasks (13) . Plasma membranes were isolated according
to procedures described previously (27) .

The procedure of Bernhard and Avrameas (3) was
used to stain membranes with concanavalin A-horserad-
ish peroxidase (Con A-HRP) . Approximately I mg of
unfixed plasma membranes was incubated in 20 ml of
0.01 M Tris-HCl buffer, pH 7 .4, containing 25 µg/ml of
Con A for 25 min followed by two buffer rinses . The
membranes were resuspended in the same buffer with I
mg/ml HRP for 15 min, washed once in buffer, and fixed
in 3% glutaraldehyde for 30 min . The fixative was washed
out and the membranes were incubated in 3,3'-
diaminobenzidine solution for 15 min (8) . The mem-
branes were then pelleted, refixed in 3% glutaraldehyde
for l5 min, postfixed in OsO, for I h, and embedded in
Epon (14) . The incubations, fixations, and embedments
were carried out at room temperature . Control prepara-
tions were treated identically except for the addition of
0 .02 M a-methyl mannoside to the Con A solution 10-20
min before the incubation of the membranes .

Whole cells were rinsed twice in 0 .1 M sodium
phosphate buffer, pH 6 .8, then once in 0 .02 M NaCI
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containing 0 .1 M cellobiose . The cells were suspended in
the NaCI-cellobiose solution containing 100 µg/ml of
Con A for I h at 4 ° C, followed by two rinses in cold
NaCI-cellobiose solution, and were resuspended in the
same solution with I mg/ml HRP for I h at 4°C . The
cells were then fixed in glutaraldehyde, incubated in
diaminobenzidine, and carried through to embedment as
above.

Membranes and cells were stained with ruthenium red
exactly as described by Luft (15) . The protocol of
Roland, Lembi, and Morre (23) was used for staining
sections of Epon-embedded cells and membranes with
phosphotungstic acid-chromic acid .

RESULTS

Isolated plasma membranes of Acanthamoeba
were incubated in the presence of concanavalin A,
a ligand that binds to oligosaccharides with termi-

nal glucose and mannose residues. Subsequent

binding of horseradish peroxidase to the Con A
allows visualization of the Con A-HRP complex .
It was found that both sides of the Acanthamoeba
plasma membrane stained with this technique (Fig .
1) . The staining is specific since it is blocked by the
addition of a-methyl mannoside to the Con A
solution (Fig . 2) . As expected from its sugar
content, purified lipophosphonoglycan interacts

with, and is precipitated by, Con A in a specific
reaction that is inhibited by a-methyl mannoside
(Table I) . Since lipophosphonoglycan accounts for
all the neutral sugars of the Acanthamoeba plasma
membrane (11) these results show that glucose
and/or mannose residues of the lipophosphonogly-
can are exposed at both surfaces of the isolated

plasma membrane .
Ruthenium red is an inorganic dye that com-

plexes readily with compounds of high anionic
charge density . It, too, stains both sides of the

TABLE I

Reaction of Purified Lipophosphonoglycan
with Concanavalin A

All in I ml of 0 .1 M sodium acetate, pH 7 .0, with l mM
MgCl 2, I mM CaCl 2 , I mM MnCI 2 . Tubes were let stand
at room temperature for I h, and centrifuged for 15 min,
and the supernate was assayed for phosphorus (4) .

isolated plasma membrane (Fig . 3). While ru-

thenium red does not precipitate purified lipophos-
phonoglycan from solution, it does stain lipophos-
phonoglycan immobilized in polyacrylamide elec-
trophoretic gels (Fig . 4). The interaction of ru-
thenium red and lipophosphonoglycan is further
demonstrated by the observation that, when ap-
plied simultaneously with the sample to the gel,
ruthenium red prevents the electrophoretic migra-

tion of lipophosphonoglycan . Therefore, the stain-

ing of membranes with ruthenium red suggests
that the acidic groups of lipophosphonoglycan are
also accessible at both sides of the isolated plasma
membrane .

Since neither Con A nor ruthenium red pene-
trates the membrane of intact cells, these stains
had to be applied to isolated plasma membranes in

order to demonstrate staining of both sides of the
membrane. The possibility exists, however, that
the manipulations required for membrane isola-

FIGURE 1 Unfixed plasma membrane was incubated in Con A and stained with HRP, subsequently
postfixed, and embedded in Epon . In favorable orientations the electron-lucent space of the plasma
membrane is seen between two layers of HRP reaction product (arrows) . Fuzzy areas of the membrane
(asterisk) are regions in which the membrane twists in the plane of section . Sections stained with uranyl
acetate and lead citrate . x 109,000 .

FIGURE 2 Control membranes prepared as for Fig . I, except that a-methyl mannoside was added
specifically to block Con A binding . Note that there is no binding of HRP to the membrane when Con A
binding is blocked . Sections stained with uranyl acetate and lead citrate . x 113,000 .

FIGURE -3 Isolated plasma membrane stained with ruthenium red during fixation showing that open sheets
of membrane are stained on both sides (arrows) . In closed membrane vesicles (asterisk), only the outer side
of the membrane is stained . The unstained inner leaflet, visible as a faint gray line, indicates the contrast of
unstained material . The sections were not stained with uranyl acetate and lead citrate . x 110,000 .
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LPG Con A
a-methyl
mannoside Soluble P

mg mg µM01 µcool

0 .2 0 0 0 .24
0 1 0 0
0 0 40 0

0.2 1 0 0
0.2 1 10 0.19
0.2 1 40 0.21



tion and purification might have altered either or
both surfaces . Whether the outer surface stains
with these two reagents before isolation can be
tested with intact cells that have been gently rinsed
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FIGURE 4 Scans of purified lipophosphonoglycan after
electrophoresis on acrylamide gels and staining with
ruthenium red (top scan) or periodic acid-Schiff reagent
(bottom scan) . 10 µg of lipophosphonoglycan were
analyzed on 7% acrylamide-7% butanol gels as described
by Korn and Wright (12). The PAS-stained gel was fixed
in 12 .5% TCA before staining ; the ruthenium red-stained
gel was not fixed before staining .

free of culture medium . Both Con A and ru-
thenium red stain the outer surface of intact cells,
albeit somewhat more intensely than isolated
membranes (Figs. 5, 6) .

The inner and outer aspects of membranes are,
of course, equally accessible in plastic-embedded
thin sections . Phosphotungstic acid at low pH is a
simple stain that can be applied to sectioned
material and that appears to be selective for
polysaccharides . Phosphotungstic acid stains ma-
terial on both sides of the plasma membrane of
deosmicated thin sections of Epon-embedded
Acanthamoeba cells (Fig . 7), as well as both sides
of isolated membranes (Fig . 7, inset). Therefore,
staining of intact cells appears to be similar to that
of the isolated membranes .

DISCUSSION

The Acanthamoeba plasma membrane is suffi-
ciently well characterized chemically to allow
correlation of the observed staining with the
presence in the membrane of lipophosphonogly-
can . Concanavalin A is a stereospecific reagent
that binds most avidly to a-D-mannosyl and
a-D-glucosyl residues (7) . About 30% of the mass
of lipophosphonoglycan is accounted for by neu-
tral sugars, of which mannose and glucose com-
prise 81%, and concanavalin A reacts with puri-
fied lipophosphonoglycan . Since all of the
glucose and mannose in the membrane are con-
tained in lipophosphonoglycan, the staining of
both sides of the plasma membrane by concana-
valin A is convincing evidence that sugar residues
of lipophosphonoglycan are found on both sides
of the isolated plasma membrane .

Ruthenium red is a less specific stain and
complexes with a number of molecules that have in
common a high anionic charge density (15) . This

FIGURE 5 Intact Acanthamoeba stained with ruthenium red during fixation . The stain does not penetrate
the membrane and stains only the outer leaflet . The inner leaflet of the membrane is visible as a faint gray
line . The cytoplasm (C) lacks contrast because the sections were not stained .

FIGURE 6 Intact Acanthamoeba incubated with Con A and HRP before fixation . The outer leaflet of the
plasma membrane shows reaction product . Inset : control cell carried through the same procedure except
that a-methyl mannoside was added to block Con A binding . Sections stained with uranyl acetate and lead
citrate . x 91,000 .

FIGURE 7 Conventionally fixed, Epon-embedded Acanthamoeba stained in section only with 1%
phosphotungstic acid in 10% chromic acid . There is stainable material on both sides of the plasma
membrane (arrows). In addition, some glycogen granules are stained (g) . Membranes of internal vesicles
(asterisks) are not stained . x 113,000 . Inset, isolated plasma membrane fraction fixed only in glutaralde-
hyde and stained in section as above . x 175,000 .
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raises the question of whether some component of
the membrane other than lipophosphonoglycan
might account for the staining with this reagent .
The lipids and proteins of Acanthamoeba plasma
membranes have relatively low percentages of
acidic groups (12, 27) and thus it is unlikely that
either has sufficient charge density to be stained by
ruthenium red . Purified lipophosphonoglycan, on
the other hand, has an isoelectric point at pH 3
(Dearborn and Korn, unpublished observations)
because of its phosphonic and phosphoric acid
content, and is therefore highly charged around
neutrality . Moreover, ruthenium red also reacts
with purified lipophosphonoglycan . It is therefore
most probable that the staining of membranes by
ruthenium red demonstrates the presence of acidic
groups of lipophosphonoglycan on both surfaces of
the plasma membrane .

Although there is some disagreement about the
chemical specificity of phosphotungstic acid, nu-
merous cytochemical studies have shown that
acidic solutions of phosphotungstic acid selectively
stain PAS-positive material in cell sections
(19-22) . In its present application, phosphotung-
stic acid is particularly useful in confirming the
presence of stainable material on both sides of the
plasma membranes of fixed, intact cells, thus
providing a control for possible artifacts that
might be introduced by isolating plasma mem-
branes .

Purified lipophosphonoglycan is highly aggre-
gated in water, partially dissociated in water
saturated with 1-butanol, and completely dis-
sociated by dodecyl sulfate into two polymers that
can be separated electrophoretically (11) . We
know nothing about the extent of aggregation of
lipophosphonoglycan molecules within the ameba
plasma membrane . Nor do we know whether it is
equally distributed on the two sides of the mem-
brane. The stains used in the present study are
probably unsuitable for determining quantitative
differences in distribution between two sides of the
membrane. The visualizations of Con A-HRP and
ruthenium red apparently depend on catalytic
reactions with OsO 4 (9, 15) that would tend to
obscure any quantitative differences that might
exist . Considerable morphological asymmetry is
evident when the isolated Acanthamoeba plasma
membrane is examined by freeze-etching (Bowers
and Olszewski, unpublished observations) . When
the frozen membranes are fractured and deep-
etched, portions of the true inner and outer
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surfaces are revealed by the etching . The inner
surface of the plasma membrane is relatively
smooth whereas the outer surface shows many
particles . Although the freeze-etch technique prob-
ably does not visualize highly hydrated carbohy-
drate moieties, this morphological asymmetry is
surely a reflection of an underlying chemical
asymmetry in the plasma membrane which may
also involve the lipophosphonoglycan in some way .
It is hoped that these ambiguities will be resolved
by studies currently under way .

The localization of lipophosphonoglycan in the
Acanthamoeba plasma membrane is clearly un-
related to the well-developed carbohydrate-con-
taining surface coat that extends 100-200 nm
beyond the plasma membrane of some large
amebas (1, 18) . The present studies confirm earlier
evidence for the absence of such a surface coat in
A . castellanii as observed either by transmission
electron microscopy (4) or by light microscopy
after staining with periodic acid-Schiff reaction . It
is most probable that lipophosphonoglycan is an
integtral component of the Acanthamoeba plasma
membrane with its fatty acids interdigitated
among the fatty acids of phospholipids on both
sides of the membrane bilayer . The ameba lipo-
phosphonoglycan has many chemical features sim-
ilar to the well-characterized bacterial lipopolysac-
charide . There is chemical evidence for such an
integration of the fatty acid moieties of bacterial
lipopolysaccharide into the phospholipid bilayer
component (outer membrane) of gram-negative
bacterial walls (24) . Other studies using ferritin-
tagged antibodies to lipopolysaccharide have local-
ized it on both sides of this outer membrane but
only on the outer surface of the inner or plasma
membrane of the bacterium (25) . A number of
studies have reported the presence of sugars of
glycoproteins and glycolipids on the external sur-
faces of mammalian cells (10, 16), but in the few
cases studied, there is no evidence for carbohydrate
moieties on the inside surface of mammalian
plasma membranes (2, 17, 26). Mammalian cell
plasma membranes are not known to contain a
component analogous to the ameba lipophos-
phonoglycan, and the Acanthamoeba membrane
appears not to have any glycoproteins. It may be
that the significant functional fact for the cell is the
display of oligosaccharides at the surface regard-
less of the chemical nature of the moiety that
anchors them in the membrane . That is to say,
presumably the sugars exposed on the exterior of



the ameba cell will have some functional similari-
ties to those on mammalian cells . The ameba cells,
for example, have functional characteristics simi-
lar to those of mammalian macrophages . The data
at present are insufficient to determine whether the
presence of exposed sugars on both sides of the
Acanthamoeba plasma membrane, thus far a
unique observation, is a consequence of unusual
biosynthetic pathways for this membrane or of
some as yet undiscovered novel functional proper-
ties .
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technical assistance, and Dr . S . R. Simmons for isolated
membrane preparations .

Received for publication 26 December 1973, and in
revised form 8 March 1974 .

REFERENCES

1. ALLEN, H . J., and R . J. WINZLER. 1973 . The
chemistry of amoeba surface . In The Biology of
Amoeba. K. W. Jeon, editor . Academic Press, Inc .,
New York. 451-466 .

2. BENEDETTI, E . L ., and P . EMMELOT. 1967 . Studies on
the plasma membranes . IV . The ultrastructural
localization and content of sialic acid in plasma
membranes isolated from rat liver and hepatoma . J.
Cell Sci . 2 :499-512 .

3. BERNHARD, W ., and S . AVRAMEAS. 1970 . Ultrastruc-
tural visualization of cellular carbohydrate compo-
nents by means of concanavalin A . Exp . Cell Res .
64:232-236 .

4. BOWERS,B ., and E . D. KORN . 1968 . The fine struc-
ture of Acanthamoeba castellanii . 1 . The tro-
phozoite . J . Cell Biol . 39 :95-111 .

5 . CHEN, P . S ., JR ., T . Y . TORIBARA, and H . WERNER .
1956. Microdetermination of phosphorus . Anal .
Chem . 28:1756-1758 .

6. DEARBORN, D ., and E . D. KORN . 1974 . Lipophos-
phonoglycan of the plasma membrane of Acan-
thamoeba castellanii. Fatty acid composition . J .
Biol. Chem . 249:3342 3346 .

7 . GOLDSTEIN, L J., C. E. HOLLERMAN, and J . M .
MERRICK . 1965 . Protein-carbohydrate interaction . 1 .
The interaction of polysaccharides with concanavalin
A. Biochim . Biophys. Acta . 97:68-76 .

8 . GRAHAM, R . C ., JR ., and M . J . KARNOVSKY . 1966 .
The early stages of absorption of injected horserad-
ish peroxidase in the proximal tubules of mouse
kidney . Ultrastructural cytochemistry by a new
technique . J. Histochem . Cytochem . 14 :291-302 .

9 . HANKER, J . S ., W . A . ANDERSON, and F. E . BLOOM .
1972 . Osmiophilic polymer generation : catalysis by

transition metal compounds in ultrastructural cyto-
chemistry . Science (Wash . D . C .) . 175 :991-993 .

10. HUGHES, R . C . 1973 . Glycoproteins as components
of cellular membranes . Prog. Biophys . Mot . Biol .
26:189-268 .

11. KORN, E. D., D. G . DEARBORN, and P . L. WRIGHT.
1974 . Lipophosphonoglycan of the plasma mem-
brane of Acanthamoeba castellanii . Isolation from
whole amoebae and identification of the water
soluble products of acid hydrolysis . J. Biol . Chem .
249:3335-3341 .

12. KORN, E. D ., and T. OLIVECRONA. 1971 . Composi-
tion of an amoeba plasma membrane . Biochem .
Biophys . Res. Commun . 45:90-97 .

13 . KORN, E . D ., and P . L . WRIGHT . 1973. Macromolec-
ular composition of an amoeba plasma membrane . J .
Biol . Chem . 248:439-447 .

14 . LUFT, J. H. 1961. Improvements in epoxy resin
embedding methods . J. Biophys . Biochem. Cytol.
9 :409-414 .

15 . LUFT, J . H. 1971 . Ruthenium red and violet . I .
Chemistry, purification, methods of use for electron
microscopy, and mechanism of action . Anat. Rec .
171 :347-368 .

16. MARTINEZ-PALOMO, A . 1970 . The surface coats of
animal cells . Int . Rev . Cytol. 29:29-75 .

17 . NICOLSON, G . L ., and S . J . SINGER . 1974 . The
distribution and asymmetry of mammalian cell sur-
face saccharides utilizing ferritin-conjugated plant
agglutinins as specific saccharide stains . J . Cell Biol .
60:236-248 .

18 . PAPPAS, G. D . 1959 . Electron microscope studies on
amoebae . Ann. N . Y . Acad. Sci . 78:448-473 .

19. PEASE, D . C . 1966 . Polysaccharides associated with
the exterior surface of epithelial cells : kidney, intes-
tine, brain . J . Ultrastruct . Res . 15 :555-588 .

20. PEASE, D. C . 1970. Phosphotungstic acid as a
specific electron stain for complex carbohydrates. J .
Histochem . Cytochem . 18 :455-458 .

21 . RAMBOURG, A . 1969 . Localisation ultrastructurale et
nature du material colore au niveau de III surface
cellulaire par le melange chromique-phosphotun-
stique . J . Microsc. (Paris) . 8 :325-342 .

22 . RAMBOURG, A ., W. HERNANDEZ, and C . P .
LEBLOND. 1969. Detection of complex carbohy-
drates in the Golgi apparatus of rat cells .J. Cell Biol.
40:395-414 .

23. ROLAND, J .-C ., C . A. LEMBI, and D. J. MORRE .
1972 . Phosphotungstic acid-chromic acid as a selec-
tive electron-dense stain for plasma membranes of
plant cells . Stain Technol . 47:195-200 .

24. ROTHFIELD, L ., M . TAKESHITA, M . PEARLMAN, and
R . W. HORNE. 1966 . Role of phospholipids in the
enzymatic synthesis of the bacterial cell envelope .
Fed. Proc . 25:1495-1502 .

25. SHANDS, J. W . 1966. Localization of somatic antigen
on gram-negative bacteria using ferritin antibody

BRIEF NOTES

	

539



conjugates . Ann. N. Y . Acad . Sci . 133 :292-298 .

	

27. ULSAMER, A. G ., P . L . WRIGHT, M. G . WETZEL, and
26. STECK, T . L . 1972 . The organization of proteins in

	

E. D. KORN . 1971 . Plasma and phagosome mem-
human erythrocyte membranes . In Membrane Re-

	

branes of Acanthamoeba castellanii . J . Cell Biol .
search . C . F . Fox, editor . Academic Press, Inc . New

	

51 :193-215 .
York . 71-93 .

540 THE JOURNAL OF CELL BIOLOGY . VOLUME 62, 1974 . pages 540-546


	540.pdf
	page 1




