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A receptor specific for lipoglycans from Acholeplasma axanthum and Achole-
plasma granularum was isolated from sheep erythrocyte stroma by extraction
with n-pentanol and permeation chromatography. The purified receptor appeared
as one band on sodium dodecyl sulfate-polyacrylamide gels and stained with
Coomassie blue, periodate-Schiff reagent, and Sudan black. It was distinct from
the erythrocyte receptor for gram-negative lipopolysaccharides and the glyco-
phorin receptor for certain species of Mycoplasma. Periodate oxidation and
trypsin did not affect the receptor activity in intact erythrocytes, but the purified
receptor was susceptible to proteolytic digestion. Specific receptors, sensitive to
trypsin digestion, could be isolated from rabbit kidney and cultured rabbit
epidermal cell membranes. These could be distinguished from the receptor from
erythrocytes by their solubility in n-pentanol. The segment of the lipoglycan
molecule which binds to these receptors was not lipoidal in nature and was
distinct from the specific antigenic determinants of the lipoglycans.

Acholeplasmal lipoglycans have been demon-
strated to attach to sheep and rabbit erythro-
cytes, cultured rabbit epidermis, and mouse
fibroblasts in vitro as assessed by passive agglu-
tination of lipoglycan-coated cells in the pres-
ence of specific antibody (9). The structural
analogy between these lipoglycans and bacterial
lipopolysaccharides, which are known to bind to
receptors on eucaryotic cells (13, 22), suggested
that a similar receptor might exist for achole-
plasmal lipoglycans. Furthermore, the endotox-
in-like activity, e.g., pyrogenicity and Limulus
lysate clotting (17), of these lipoglycans should
require close interaction with eucaryotic cells.
This report describes the isolation and charac-
terization of a receptor, distinct from that in-
volved in the binding of gram-negative lipopoly-
saccharide, from sheep erythrocyte membranes
to which lipoglycans from Acholeplasma ax-
anthum and Acholeplasma granularum become
attached.

MATERIALS AND METHODS

Lipoglycans were isolated and purified from lipid-
depleted cells ofA. axanthum S743 and A. granularum
BTS39 as previously described (20). The lipoglycan
from A. granularum was purified further by passage
through an anion-exchange resin (19) rendering it
totally free from contaminating nucleic acids. Since
the lipoglycan from A. axanthum contains phosphorus
(P. F. Smith, unpublished data), further purification
by treatment with an anion-exchange resin was not
possible. However, nucleic acid contamination of this

preparation was less than 1% (20). Since lipoglycans
give opalescent solutions, some of the absorption at
260 mm may not be due to nucleic acids. Protein
contamination of both lipoglycans was not detectable,
i.e., less than 0.01%. Both preparations were homoge-
nous by criteria previously described (18, 20). Radiola-
beled lipoglycans were prepared by growth of A.
axanthum and A. granularum in 1-[4C]palmitic acid.
Typically, 1 liter of culture contained 50 ,uCi of 1-
["4C]palmitic acid (58.6 mCi/mmol). The lipoglycans
were isolated and purified as described previously
(20), except the dialysis step was substituted with
diethyl ether extraction for removal of phenol from the
aqueous phenol extract. The specific activity of the
14C-labeled lipoglycan from A. granularum was esti-
mated to be 2,000 cpm/,ug; that of lipoglycan from A.
axanthum was 960 cpm/,Lg.
Treatment of erythrocytes with various reagents. A

variety of treatments were applied to intact erythro-
cytes to obtain some initial characterization of the
receptor. Periodate oxidation was conducted by sus-
pending 2 ml of packed sheep erythrocytes in 100 ml of
phosphate-buffered saline made 0.1 to 0.5 mM with
NaIO4. After incubation at either 4 or 37°C in the dark
for 45 min, excess periodate was destroyed by the
addition of glucose to a final concentration of 0.5%.
Treated erythrocytes were washed three times in
phosphate-buffered saline containing 0.5% glucose and
0.5% gelatin and finally suspended in 100 ml of phos-
phate-buffered saline containing 0.5% gelatin.
Treatment of erythrocytes with formaldehyde was

carried out by suspending 2 ml of packed cells in 100
ml of phosphate-buffered saline containing 2% formal-
dehyde, incubating overnight at 4°C with gentle stir-
ring followed by washing four times, and resuspending
in 100 ml of phosphate-buffered saline.
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Exposure of erythrocytes to Na2SO3 followed a
similar procedure, except for the use of 0.01 M
Na2SO3, a temperature of 37°C, and a time of 60 min.

Erythrocytes also were treated with various concen-
trations of the following enzymes: trypsin, pronase,
chymotrypsin, and papain (100 to 500 ,ug/ml in Tris-
hydrochloride, pH 6.5); wheat germ lipase and phos-
pholipases A, C, and D (50 jg/ml in Tris-hydrochlo-
ride, pH 6.5); N-acetylneuraminidase (10 U/ml in Tris-
hydrochloride, pH 6); and a- and 3-glucosidases and
galactosidases (50 to 500 ,ug/ml). Conditions were as
previously described (19). After incubation for 60 min
at 37°C, the cells were washed four times and suspend-
ed in phosphate-buffered saline to the original volume.

Blockage of binding of lipoglycan to sheep erythro-
cytes with putative inhibitor. By using procedures
previously described to bind the lipoglycan to sheep
erythrocytes (9), we determined that 15 jLg of achole-
plasmal lipoglycan was the minimal amount needed to
incubate with 0.1 ml of packed sheep erythrocytes to
optimally sensitize them for agglutination with rabbit
antilipoglycan serum. One coating unit refers to this
quantity.
Attempts were made to block the receptors on

erythrocytes or the portion of the lipoglycan molecule
which attached to the receptor by exposure of either
erythrocytes or lipoglycans with putative inhibitor.
Various amounts of carbohydrates, proteins, and lip-
ids were incubated with erythrocytes (2% suspension
in phosphate-buffered saline) for 1 h at 37°C. After
washing four times, the cells were exposed to 5 p.g of
lipoglycan per ml by the coating procedure described
previously (9).

Conversely, various amounts of potential inhibitor
were added to 15-,ug amounts of lipoglycan in phos-
phate-buffered saline and incubated for 1 h at 37°C.
Then 0.1 ml of packed cells was added, incubation was
continued for 45 min, and erythrocytes were washed
three times and suspended in phosphate-buffered sa-
line.
Enzymatic treatment of purified receptor. Purified

receptor from erythrocyte stroma (50 xLg for each
treatment) was incubated with each of the following
enzymes: trypsin, pronase, papain (30 .g/ml); a- and
f3-glucosidases and galactosidases and fucosidase (20
,g/ml); wheat germ lipase and phospholipases A, C,
and D (10 jig/ml). The preparations were incubated in
the appropriate buffers for 72 h at 370C. A drop of
toluene was added to each to prevent bacterial growth.
Receptors from kidney and epidermal cell membranes
were treated with trypsin and wheat germ lipase only.
Reaction mixtures were dialyzed against deionized
water, centrifuged, and lyophilized. Enzyme-treated
receptor, receptor alone, enzyme alone, and boiled
enzymes were assayed for receptor activity by hemag-
glutination inhibition.

Preparation of erythrocyte stroma. Sheep erythro-
cytes (20% suspension in modified Alsevers solution;
Colorado Serum Co., Denver, Colo.) were washed
three times in 0.15 M NaCl by centrifugation at 4°C
and 1,000 x g. Two methods for preparation of stroma
were used. One was the method of Marchesi and
Palade (11) in which erythrocytes were lysed in 10
volumes of 5 mM Tris-hydrochloride buffer (pH 7.0)
containing 1 mM EDTA, stirred for 15 min, and
sedimented at 4°C and 25,000 x g for 30 min. The
pellet was suspended in the same buffer and centri-

fuged at 25,000 x g for 10 min. Hemoglobin was
removed by suspension of the pellet in 0.05 M Tris-
hydrochloride (pH 7.0) containing 0.5 M NaCI and 1
mM EDTA followed by centrifugation as above. Re-
peated washing in this medium yielded a milky white
pellet of erythrocyte stroma. The pellet was suspended
in a small volume of deionized water and lyophilized.
The second method was that described by Schroffel et
al. (15). Washed erythrocytes were lysed in 9 volumes
of 15 mM sodium barbital buffer (pH 7.3) containing 3
mM MgC92. The erythrocyte stroma were sedimented
at 20,000 x g and 4°C for 40 min and then washed four
times in the same buffer, suspended in deionized
water, and lyophilized. Both preparations were stored
at -20°C until further use.

Isolation of lipoglycan receptor from erythrocyte stro-
ma. The procedure used for isolation of lipoglycan
receptor was based upon the method of Kirchhof et al.
(6) for isolation of J blood group active lipoprotein
from bovine erythrocytes. Sheep erythrocyte stroma
(40 mg) were suspended in 0.5 ml of boiled cold
deionized water, frozen at -20°C, held overnight,
thawed, and washed with deionized water at 4°C. The
supernatant fluids from the washings, obtained by
centrifugation at 45,000 x g were dialyzed against
water, lyophilized, and stored at -20°C. The pellet
was suspended in 80 ml of cold deionized water and
homogenized. To this suspension, kept in an ice bath,
an equal volume of cold (4°C) n-pentanol was added,
and the mixture was vigorously stirred for 30 min.
After centrifugation at 30,000 x g and 4°C for 15 min,
the mixture was separated into an insoluble interfacial
film, an upper organic phase, and a lower aqueous
phase. The aqueous phase and the interfacial material
were extracted with n-pentanol, dialyzed against five
changes of deionized water, lyophilized, and stored at
-20°C. The material from the aqueous phase is re-
ferred to as crude lipoglycan receptor. The n-pentanol
phases were dried under vacuum at 45°C.
A portion of crude receptor was fractionated on a

glass bead column as detailed below, and another
portion was subjected to dextran sulfate precipitation
(7). Lyophilized crude receptor (10 mg) was dissolved
in 0.04 ml of5% dextran sulfate plus 0.1 ml ofM CaC12
or with CaCl2 alone, held at 4°C for 24 h, and centri-
fuged. The supernatant fluid was collected and dia-
lyzed against deionized water, lyophilized, and stored
at -20°C. This fraction is referred to as a-lipoprotein
(7). The precipitate was dissolved in 0.15 M NaCl to its
original volume and treated with 0.1 ml of M potassi-
um oxalate to remove calcium. After 24 h at 4°C, the
precipitate was sedimented, and the supernatant fluid,
termed P-lipoprotein, was dialyzed and lyophilized.

Further purification of crude receptor as well as
both a- and P-lipoprotein fractions was accomplished
on a column (0.5 by 25 cm) of controlled-pore-size
glass beads (CPG-10-75; Electro-Nucleonics, Inc.,
Fairfield, N.J.), which have an operating range of
molecular weight 3 x 103 to 3 x 104. Each of the three
different fractions was applied separately, and each
was eluted with 1 M NaCl. Fractions (2 ml) were
collected, dialyzed against deionized water, and ly-
ophilized. The columns were then eluted with absolute
methanol. Since receptor activity appeared solely in
the methanol eluate, this fraction was reapplied to the
column and eluted with methanol, collecting 2-ml
fractions. Each methanol fraction was extracted twice
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with chloroform-methanol (1:2, [vol/vol]), and both
phases were dried under a stream of nitrogen.

Preparation of kidney cell membrane. Four New
Zealand White rabbits were sacrificed, and the kid-
neys were removed and chilled in an ice bath for 30
min. After removal of the capsule and adipose tissue,
the kidneys were minced into small pieces, washed
with phosphate-buffered saline, and filtered through
nylon cloth. After five washings, the tissue was ground
in a tissue grinder and washed four times with 0.1 M
Tris-hydrochloride buffer (pH 7.2) by centrifugation.
The ground tissue was frozen and thawed three times
and subjected to three additional washings. Connec-
tive tissue was removed by centrifugation at 60 x g for
20 min. The supernatant fluid containing the mem-
branes was centrifuged at 4°C and 25,000 x g for 15
min. Viscous material was removed by resuspension
of the pellet in 0.05 M Tris-hydrochloride (pH 7.2)
containing 0.5 M NaCI followed by centrifugation as
above. After an additional three washings, the greyish
white pellet was suspended in deionized water and
lyophilized.

Preparation of rabbit epithelial cell membranes. Rab-
bit epidermal cells, SF 1 Ep (ATCC No. CCL 68),
were grown as monolayers in 32-oz. (ca. 960-ml)
bottles on Eagle minimal essential medium containing
7% calf serum. Cells from 100 bottles were removed
by scraping into phosphate-buffered saline (pH 7.2).
The harvested cells were washed three times by cen-
trifugation at 4°C and 12,000 x g for 10 min. Mem-
branes were obtained by three cycles of alternate
freezing and thawing. The resultant membranes were
washed five times with phosphate-buffered saline (pH
7.2) by centrifugation at 4°C and 16,000 x g for 15 min.
The resulting pellet was lyophilized.

Isolation of receptor from tissues other than erythro-
cytes. Extraction with n-pentanol, as used with eryth-
rocyte stroma, was employed for both rabbit kidney
cell membranes and the rabbit epidermal cell mem-
branes. Since the activity resided in the organic phase,
rather than in the aqueous phase as with erythrocytes,
dried pentanol extracts were extracted twice with
petroleum ether (boiling point, 30 to 60°C). The petro-
leum ether-insoluble residue was taken up in metha-
nol, centrifuged to remove insoluble material, and
dried under a stream of nitrogen. Further purification
of the methanol-soluble material was accomplished by
passage through the glass bead column as described
above for erythrocytes. The petroleum ether-soluble
material was dried under a stream of nitrogen.
Gel electrophoresis of receptor. The method of Davis

(3) was employed for sodium dodecyl sulfate-poly-
acrylamide electrophoresis. Gels with various concen-
trations (7 and 10%o) of polyacrylamide in 0.19 M Tris-
glycine buffer (pH 8.5) containing sodium dodecyl
sulfate (1%) were prepared. Most of the electrophore-
sis was performed with 7% gels. Samples derived
during fractionation of erythrocyte stroma were treat-
ed with 1% sodium dodecyl sulfate for 1 h at 37°C.
After samples were mixed with equal volumes of 40%
sucrose, they were applied to the gel and subjected to
current of 3 mA/gel in an analytical gel electrophoresis
apparatus (Canalco, Bethesda, Md.) in 0.19 M Tris-
glycine buffer (pH 8.5) at room temperature. Bromo-
phenol blue served as the tracking dye. Electrophore-
sis was terminated when the tracking dye reached a
distance 1 cm from the bottom of the gel. Gels were

removed and stained with Coomassie blue, periodate-
Schiff reagent, or Sudan black (3).
Treatment of lipoglycan with various reagents. At-

tempts were made to define what characteristics of
lipoglycan are required for its binding to erythrocyte
receptor. Deacylation was performed only with lipo-
glycan from A. granularum since N-acyl fatty acids
from A. axanthum are resistant to this procedure (18).
Lipoglycan was incubated with 1 N NaOH for 15 min
at 37°C, dialyzed, and lyophilized.

Both lipoglycans were subjected to oxidation with
periodate. Approximately 0.1 ,umol of lipoglycan in 0.1
M acetate buffer (pH 5.0) was incubated with 0.04 mM
NaIO4 for 17 h at 37°C. Reaction mixtures were
neutralized with 0.1 N NaOH, and reduction was
carried out with NaBH4 (0.1 mg/ml) for 2 h. Excess
borohydride was inactivated by acidification to pH 5.0
with 1 N acetic acid. Reaction mixtures were dialyzed
against deionized water and lyophilized. Erythrocytes
were coated by exposure to treated lipoglycans (100
,ug/ml) and tested for hemagglutination activity with
antiserum against the appropriate lipoglycan.
To evaluate these preparations for binding without

retention of antigenic specificity, the treated erythro-
cytes were exposed to 1 coating unit of untreated
lipoglycan and tested for hemagglutinating activity.

Binding of radiolabeled lipoglycans to erythrocyte
stroma. Binding experiments were conducted at 37°C
in 1.5-mI Eppendorf microtubes. Radiolabeled lipogly-
cans (20 F.g representing 20,000 to 40,000 cpm in 50 ,ul
of 0.15 M NaCI) were added to different concentra-
tions of erythrocyte stroma, incubated for 1 h, and
centrifuged for S min in a microfuge at 13,000 rpm, and
pellets were washed twice with phosphate-buffered
saline. Washed pellets, suspended in deionized water,
were transferred to scintillation vials, solubilized with
BioSolv (Beckman Instruments, Inc., Fullerton, Cal-
if.), and counted in a Tri-Carb scintillation spectrome-
ter (Packard Instrument Co., Inc., Rockville, Md.).

Competitive binding experiments were conducted
by the addition of 50 ,ul of labeled lipoglycan to
different concentrations of purified lipoglycan recep-
tor. After 1 h, a constant amount of erythrocyte
stroma was added to each mixture and reincubated for
1 h. The mixtures were counted as described above.

Analytical procedures. Antiserum against the lipog-
lycans was produced in rabbits as previously de-
scribed (9). Passive hemagglutination tests were per-
formed in microtiter plates. Twofold serial dilutions of
50 ,ul of heat-inactivated sera (60°C, 30 min) were
mixed with 50 ,u of a 2% suspension of appropriately
treated sheep erythrocytes. After incubation for 30
min at room temperature, the plates were examined
for hemagglutination.

Inhibition of passive hemagglutination. Various
amounts of the potential inhibitors were added to
either the sheep erythrocytes or the lipoglycan and
preincubated for various periods of time up to 1 h
before assay for sensitized erythrocytes by the passive
hemagglutination technique. Inhibition was consid-
ered positive when no agglutination occurred at dilu-
tions of 1:2 or greater with homologous antiserum.

Thin-layer chromatography of lipids extractable
from receptors isolated from all three tissues em-
ployed silica gel G and the solvent system, CHC13-
CH3OH-H20 (65:25:4 [vol/vol]) (19).
The method of Marchesi and Andrews (10) was
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followed for the isolation of glycoproteins from eryth-
rocyte stroma. Glycophorin was extracted from stro-
ma with 0.3 M lithium diiodosalicylate and purified by
phosphocellulose chromatography.

Protein was determined by the method of Lowry et
al. (8) with bovine serum albumin as a standard;
carbohydrate was determined by the phenol-sulfuric
acid method (1). All chemicals and enzymes were
obtained from commercial sources.

RESULTS
Characterization of lipoglycan-receptor on in-

tact erythrocytes. Neither ionic strength nor pH
appeared to have an effect on the attachment of
lipoglycans to erythrocytes. Incubation of 1
coating unit of lypoglycan with erythrocytes in
the presence of various inorganic salts (NaCl,
0.7 M; CaCl2, 0.3 M; MgCI2, 0.3 M) or in the
presence of 5 mM EDTA had no significant
effect on hemagglutination. Likewise, variation
of pH between 6.0 and 8.0 did not influence the
agglutination.

Pretreatment of erythrocytes with NaIO4 at
either 4 or 37°C did not abolish the ability of
erythrocytes to be coated with lipoglycans. On
the contrary, treated cells exhibited a twofold
increase in hemagglutination capacity. With pe-
riodate-treated erythrocytes, a relationship was
seen between the concentration of lipoglycans
used for coating, the serum titer, and hemolysis
of agglutinated erythrocytes during incubation at
4°C. Lysis occurred increasingly earlier as the
concentration of coating lipoglycan was in-
creased while maintaining a constant antiserum
titer. Furthermore, lysis occurred earlier in high-
er than in lower antiserum concentrations.
Formaldehyde treatment of erythrocytes be-

fore coating with either lipoglycan resulted in a
twofold decrease in hemagglutination capacity.
Hence some alteration, either chemical or physi-
cal, of the binding sites resulted from modifica-
tion of free amino groups. Among all of the
enzymatic treatments of erythrocytes, only tryp-
sin treatment exhibited an effect. Pretreatment
with trypsin actually increased twofold their
capacity to hemagglutinate. Thus, such treat-
ment appeared to unmask the receptor, and the
results also suggested that glycophorin plays no
role in binding of lipoglycans. Glycosidases
were used with both untreated and trypsin pre-
treated erythrocytes. In neither instance was
there any effect on hemagglutination capacity.
None of the lipolytic enzymes had any effect.

Preexposure of erythrocytes with different
carbohydrates (D-glucose, D-fucose, D-galac-
tose, D-ribose, D-mannose, kojibiose, sopho-
rose, nigeran, laminaran, maltose, cellobiose,
N-acetylglucosamine, isomaltose, gentibiose,
lactose, melibiose, and stachyose, 5 to 10
mg/ml), various proteins (bovine serum albumin

and human hemoglobin, 2 to 10 mg/ml), phos-
pholipids (phosphatidyl ethanolamine and phos-
phatidyl choline, 100 to 500 jig/ml; sphingosine
and sphingomyelin, 1 mg/ml; acylated sugars,
100 to 500 ,ug/ml), and Escherichia coli lipopoly-
saccharide failed to inhibit coating of cells with
lipoglycans as assessed by hemagglutination.

Isolation of receptor from erythrocyte stroma.
Table 1 presents data on erythrocyte coating
inhibition as measured by hemagglutination inhi-
bition and the chemical composition of fractions
derived during isolation of lipoglycan receptor
from sheep erythrocytes. Freezing and thawing
of erythrocyte stroma prepared in the presence
of either Mg2+ or EDTA resulted in partial
release of receptor activity into a soluble form
with concomitant loss from the stroma. Better
recovery of receptor was obtained by extraction
of stroma with n-pentanol by which receptor
activity was recovered in the aqueous phase.
This crude lipoglycan receptor exhibited from 4
to 8 major bands on polyacrylamide gels, a
significant reduction from the 18 observed with
erythrocyte stroma. Fewer protein bands, i.e.,
four, were observed when stroma were prepared
in the presence of EDTA but in the absence of
Mg2+.

This crude lipoglycan receptor could be sepa-
rated into two fractions by treatment with CaC12
or with CaC12 plus dextran sulfate. The precipi-
table portion, termed 1-lipoprotein or low-densi-
ty lipoprotein, was low in protein and high in
carbohydrate. The opposite was true for the
supernatant fraction, termed a-lipoprotein or
high-density lipoprotein. Gels on which these
two fractions were electrophoresed exhibited
two major bands for the ,-lipoprotein (not
shown) and four major bands for a-lipoprotein
(Fig. 1). The specific activity for lipoglycan
coating was fivefold greater in the a-lipoprotein
than in the P-lipoprotein fraction. These two
fractionation steps resulted in 13-fold purifica-
tion from stroma prepared in the presence of
EDTA.

Further purification was accomplished em-
ploying a column of controlled-pore-size glass
beads. The eluate of the column to which was
applied the a-lipoprotein fraction with 0.05 M
Tris-hydrochloride (pH 7.0) containing 1 M
NaCl at 4°C contained no coating inhibitory
activity. All of the activity was found in the
methanol eluate, which exhibited two bands on
the gels, both of which stained with Coomassie
blue and periodate-Schiff reagent. Repassage of
the total methanol eluate through the column,
but collecting fractions rather than the total
eluate, resulted in the recovery of essentially all
of the activity in the 20 to 26 ml (51% [dry
weight] of the total eluate) fraction and 36 to 40
ml (14% [dry weight]) fraction. The first fraction
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a -b c e W?
FIG. 1. Sodium dodecyl sulfate-polyacrylamide

patterns of various fractions derived from sheep eryth-
rocytes during purification of lipoglycan receptor.
Gels: (a) a-lipoprotein, (b) 1 M NaCl eluate from glass
bead column, (c) total methanol eluate from column,
(d) 20- to 26-ml methanol eluate, (e) 36- to 40-ml
methanol eluate, and (f) 42- to 48-mi methanol eluate.
The negative electrode is at the top. Gels were stained
with Coomassie blue.

exhibited a specific activity of 3.7 to 4.0, and the
second fraction exhibited a specific activity of
125 to 160, depending upon the lot of starting
material. Each fraction exhibited only one band
on both 7 and 10% polyacrylamide gels and
stained positively for protein, carbohydrate, and
lipid. Chloroform-methanol extraction did not
reduce the activity, which was retained in the
methanol-water phase.
A similar but smaller quantity of active recep-

tor could be obtained by passage of the 0-
lipoprotein fraction through the column. The
fractionation into low- and high-density lipopro-
tein fractions could be bypassed, and the recep-

tor could be purified on the glass column directly
from the crude receptor fraction. The highly
purified receptor is a white granular powder
soluble in 0.1 M Tris-hydrochloride (pH 7.0).
More than 50% of its activity was lost by heating
at 70°C for 4 h; all of it was lost by heating at
100°C for 30 min. Treatment with 0.1 M HCI or
0.1 M NaOH for 15 min at 37°C destroyed 50%
of the activity. Likewise, the enzymes trypsin,
pronase, papain, and chymotrypsin destroyed
its activity. Treatment with glucosidases and
lipases had no effect on the coating inhibitory
activity.

Isolation of receptor from other tissues. Nor-
mal and trypsin-treated rabbit kidney and epi-
dermal cells as well as untreated membranes of
both types of cells inhibited coating of erythro-
cytes by lipoglycans. Tables 2 and 3 present data
on erythrocyte coating inhibition and the chemi-
cal composition of various fractions derived
during the isolation of lipoglycan receptors from
kidney and epidermal cell membranes. As with
erythrocyte stroma, cyclic freezing and thawing
resulted in partial release of receptor into a

soluble form with concomitant loss from the
membranes. However, upon extraction with n-

pentanol, the coating-inhibitory activity ap-
peared primarily in the organic phase (>90%).
Extraction of the dry residue, after removal of n-

pentanol, with petroleum ether left 80% of the
inhibitory activity in the insoluble residue. All of
the activity could be dissolved in methanol.
Passage of the methanol-soluble material from
kidney cell membranes through the controlled-
pore-size glass bead column yielded several
fractions with coating-inhibitory activity (Table
2). The most active fraction was F3 (28 to 30 ml)
and represented about 10% of the dry weight of
the total eluate. The specific activity correlated
best with the amount of protein present in each
fraction. Thin-layer chromatography of all frac-
tions from the isolation steps of all tissues exam-
ined did not reveal any qualitative or quantita-

TABLE 2. Isolation of lipoglycan receptor from rabbit kidney cell membranea

Fraction Protein Carbohydrate Total lipid Inhibitory Sp(pg/mg) (4g/mg) P (4g/mg) concn (,ug) activity

Membraneb 605 + 42 0.04 ± 0.01 ND" 200 ± 16 1
Petroleum ether 180 ± 7 0.01 ± 0 ND 5 ± 1 40

insoluble
Methanol soluble 1,057 ± 7 <0.01 4.4 4.5 ± 1 44.4
Fl (16 to 18 ml) 80 ± 7 <0.01 8.8 20 ± 3 10
F2 (20 to 26 ml) 30 + 3 <0.01 0.8 50 ± 10 4
F3 (28 to 30 ml) 240 ± 10 <0.01 8.8 1.5 ± 0.4 133.3
F4 (32 to 38 ml) 30 ± 4 <0.01 7.2 20 ± 4 10
F5 (40 to 46 ml) 140 ± 14 <0.01 7.3 4 ± 0.7 50

a See Table 1 for explanation.
b The starting material was 100 mg.
c ND, Not determined.
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TABLE 3. Isolation of lipoglycan receptor from rabbit epidermal cell membranes (SF-1 line)a

Fractionb Protein Carbohydrate Total lipid Inhibitory(Lg/mg) (ig/mg) P (pg/mg) concn (,ug) p act

Membranec 586 0.03 NDd 150 1
Petroleum ether 197 0.01 ND 3 50

insoluble
Methanol soluble 138.5 <0.01 5.3 2.5 60

a See Table 1 for explanation.
b Only one lot consisting of a pool from three batches of cells was used.
The starting material was 61 mg.

d ND, Not determined.

tive distinction in lipid composition. Treatment
of each fraction from both kidney and epidermal
cells with trypsin destroyed coating-inhibitory
activity, whereas treatment with wheat germ
lipase had no effect. Further fractionation of the
methanol-soluble material from epidermal cells
was not performed because of the small quantity
of material obtained. As with the purified recep-
tor from erythrocyte stroma, binding of kidney
and epidermal cell membranes to lipoglycans did
not block the antibody binding sites on the
lipoglycans. Preincubation of 1 coating unit of
lipoglycan with 10 inhibitory units to the recep-
tor did not change the hemagglutination inhibi-
tion titers. Furthermore, purified receptors from
both kidney and epidermal cell membranes did
not block the receptor site for lipoglycans on
erythrocytes. Erythrocytes were incubated with
10 inhibitory units of purified receptors from
kidney and epidermal cell membranes for 45 min
at 37°C. After four washings, the treated eryth-
rocytes were exposed to 1 coating unit of lipo-
glycans. The hemagglutination titers were iden-
tical to those obtained with untreated
erythrocytes.

Binding of radiolabeled lipoglycans to erythro-
cyte stroma. Erythrocyte stroma, rather than
erythrocytes, were used to examine binding of
radiolabeled lipoglycans since higher concentra-
tions of lipoglycans, in particular that of A.
axanthum, cause lysis of intact erythrocytes.
The results of a typical experiment, in which the
concentration of stroma are varied, are shown in
Fig. 2. A typical dose-response curve was ob-
tained, indicating a finite number of receptors
per unit of stroma. This binding was not affected
by temperature, but was somewhat dependent
upon time of incubation reaching a maximum at
25 min (Fig. 3). Specific binding was corrected
for nonspecific binding by incubation of stroma
with 1.5 mg of unlabeled lipoglycan for 1 h
followed by the addition of 50 pAl labeled lipogly-
can and further incubation for 30 min. Each
experimental value has been corrected by sub-
traction of radioactivity bound under these con-
ditions from the value obtained without preex-

posure to unlabeled lipoglycan. The specificity
of binding to stroma was further confirmed by
demonstration of reduction of radioactivity as-
sociated with stroma in the presence of purified
receptor. Figure 4 shows that as the receptor
concentration was increased, less radioactive
lipoglycan sedimented with stroma, with 20 ,ug
of receptor preventing attachment of 80% of the
lipoglycan added.

Properties of lipoglycans. Attempts were made
to define the portion of the lipoglycan molecules
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FIG. 2. Binding of [14C]lipoglycans to erythrocyte
stroma. (A) A. granularum, (B) A. axanthum.
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FIG. 3. Effect of incubation time and temperature
on binding of [14C]lipoglycan from A. granularum to
erythrocyte stroma.

which is involved in their attachment to erythro-
cytes. Preincubation of lipoglycans with various
compounds before the addition of erythrocytes
was performed to assess their effect on attach-
ment or competition for the binding sites on
erythrocytes (Table 4). All of the carbohydrates
tested had no effect on lipoglycan binding. Prein-
cubation with bovine serum albumin at a con-
centration of 200 ,ug/ml completely inhibited
binding of a maximum of 20 .g of lipoglycans.
This concentration of albumin was 80-fold larger
than the amount of purified receptor required,
and the binding was therefore considered to be
nonspecific. Hemoglobin (0.1 to 4 mg/ml) had no
effect on the capacity of lipoglycan to coat
erythrocytes. Glycophorin caused total inhibi-
tion at a concentration of 800 ,ug/ml, i.e., it was
four times less active than serum albumin. Since
nonspecific adsorption of lipoglycan to albumin
and glycophorin was observed, a series of 17
different amino acids were tested at concentra-
tions of 2 to 6 mg per ml. None of these had any
effect.

Periodate-oxidized, borohydride-reduced li-
poglycans appeared to bind to erythrocytes,
although these coated erythrocytes no longer
could agglutinate in the presence of specific
antisera against lipoglycans. However, exposure
of erythrocytes, pretreated with oxidized lipo-
glycan, to 1 coating unit of untreated lipoglycan
no longer were capable of hemagglutination.
Apparently receptor sites on erythrocytes were
occupied with lipoglycans on which the antigen-
ic determinants had been destroyed (17).

Deacylation of lipoglycan from A. granularum
destroyed its capacity to bind to erythrocytes as
assessed by hemagglutination and competition
with intact lipoglycan. However, deacylation of
lipoglycan from A. axanthum had no effect on its
binding. Since A. axanthum lipoglycan contains
N-acyl fatty acid residues, these would not be
removed by mild alkali. Therefore, deacylated
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FIG. 4. Inhibition by purified lipoglycan receptor
from erythrocytes on binding of ['4C]lipoglycan from
A. granularum to erythrocyte stroma.

lipoglycan from another species, Acholeplasma
modicum, was examined. This deacylated lipo-
glycan exists as a monomer, a dimer, and a
tetramer (18). The dimer and the tetramer re-
tained the ability to attach to erythrocytes.
Hence, it would appear that size rather than
fatty acid residues is of importance for binding.
The monomeric weight of the lipoglycan from A.
granularum is 20,000, that of the lipoglycan from
A. axanthum is 100,000, and that of the lipogly-
can from A. modicum is 36,000 (18).

DISCUSSION
Preliminary examination of the nature of the

interaction between acholeplasmal lipoglycans
and intact sheep erythrocytes suggested that
lipoglycan binding was not ionic in character
since variations in ionic strength and pH had no
effect. However, periodate oxidation of intact
erythrocytes increased the hemagglutination ti-
ter directed against lipoglycans. It is possible
that such treatment removed glycophorin or
other surface carbohydrates, thereby exposing
more lipoglycan receptor sites. On the other
hand, treatment of erythrocytes with formalde-
hyde has caused a reduction in hemagglutination
capacity by specific antiserum to lipoglycans.
Formaldehyde treatment might have altered the
surface of the erythrocytes masking the avail-
ability of the receptors or have caused some
conformational change in the receptor itself.
Pretreatment of erythrocytes with trypsin
caused a twofold increase in capacity to hemag-
glutinate. As with periodate oxidation, trypsin
digestion apparently unmasked the receptor,
possibly by the removal of glycophorin, which
was found to have no significant inhibitory activ-
ity toward binding of lipoglycans. Likewise

VOL. 38, 1982



1086 AL-SAMARRAI, SMITH, AND LYNN

TABLE 4. Potential inhibitors of binding of
acholeplasmal lipoglycan to sheep erythrocytesa

Potential inhibitor tested

Glycophorin
Bovine serum albumin
Phosphotidyl ethanolamine
Phosphotidyl choline
Hemoglobin
Lipopolysaccharide (E. coli)

Range of
concn
(mg/ml)

0.05-1.0
0.01-1.0
0.1-0.5
0.1-0.5
0.1-4.0

0.01-0.5

Inhibitory
concn
(mg/ml)

0.8
0.2
NIb
NI
NI
NI

a Various amounts of potential inhibitors were add-
ed to 15 ,ug of lipoglycan in phosphate-buffered saline
and incubated 1 h at 37°C. The mixture was added to
0.1 ml of packed sheep erythrocytes, incubated 45
min, washed three times with phosphate-buffered sa-

line, and suspended to a concentration of 2%. A
twofold decrease in hemagglutination titer with rabbit
antilipoglycan serum was considered significant inhibi-
tion. The following amino acids were not inhibitory at
concentrations of 2 to 6 mg/ml: L-glycine, D,L-serine,
D,L-valine, D,L-alanine, D,L-threonine, D,L-methio-
nine, D,L-phenylalanine, D,L-aspartic acid, L-tyrosine,
L-histidine, L-asparagine, L-glutamic acid, L-arginine,
L-lysine, L-cystine, L-proline, and L-isoleucine. The
following carbohydrates were not inhibitory at con-

centrations of 0.5 to 8.0 mg/ml: D-ribose, D-mannose,
D-fucose, D-galactose, N-acetylglucosamine, koji-
biose, sophorose, nigeran, laminaran, maltose, cello-
biose, isomaltose, gentibiose, lactose, melibiose, and
stachyose.

b NI, Not inhibitory.

preexposure of erythrocytes to a wide variety of
carbohydrates, lipids, and proteins failed to in-
terfere with lipoglycan binding.
A scheme for the isolation and purification of

the erythrocyte receptor for lipoglycans was
devised, based upon the work of others (2, 11,
12, 23, 24). n-Pentanol was chosen for extraction
of erythrocyte stroma because this procedure
resulted in better recovery of receptor. Zwaal
and Van Deenen (24) reported that the aqueous
phase from n-pentanol extraction, i.e., the frac-
tion containing the lipoglycan receptor, consist-
ed of lipoproteins. These were separated further
into an oa-lipoprotein and a P-lipoprotein fraction
(7). The concentration of lipoglycan receptor
was found to be fivefold higher in the a-lipopro-
tein fraction. However, upon development of
the next fractionation step, it was found that this
separation into a- and P-lipoproteins could be
bypassed. A logical further step was an attempt
to separate the proteins in the ca-lipoprotein
fraction on the basis of size. When a column of
controlled-pore-size glass beads was employed,
neither water nor 1 M NaCl would elute any
activity. The use of methanol to strip the column
resulted in a useful fractionation. Apparently,
the proteins were more soluble in methanol than
in water. However, once eluted and freed of

methanol, the proteins were readily soluble in
water or buffer. Although activity was found in
several fractions, only one possessed high spe-
cific activity and exhibited one band on sodium
dodecyl sulfate-polyacrylamide gels of different
concentrations. Its ability to stain with Coomas-
sie blue, periodate-Schiff reagent, and Sudan
black suggested that it was a lipoglycoprotein.
This purified receptor did not interact with the
receptor site on intact erythrocytes or with the
antibody binding site of the lipoglycans. This
receptor appears distinct from the erythrocyte
receptor for gram-negative bacterial lipopoly-
saccharides. Springer et al. (22) purified a recep-
tor for lipopolysaccharide from aqueous n-buta-
nol extracts of human erythrocyte stroma and
characterized it as a lipoglycoprotein. Although
this receptor inhibited coating of gram-negative
lipopolysaccharide onto erythrocytes, the puri-
fied acholeplasmal lipoglycan receptor had no
such effect. Furthermore, the lipopolysaccha-
ride receptor is concentrated in the P-lipoprotein
fraction, whereas the lipoglycan receptor sepa-
rates into the a-lipoprotein fraction. The com-
parative composition of the two receptors also
differs.
A receptor for acholeplasmal lipoglycans also

was isolated from rabbit kidney cell and cultured
epidermal cell membranes. It appears to possess
physicochemical characteristics differing from
those of the receptor from erythrocytes. Anpar-
ently these differences are related to a higher
content of lipids as judged from thin-layer chro-
matography and its extraction into the organic
phase with n-pentanol. However, only trypsin
destroys its coating-inhibitory activity. Springer
and Adye (21) isolated a receptor for gram-
negative lipopolysaccharide from human leuko-
cytes and platelets. However, in contrast to
their receptor from erythrocytes, the receptor
from these blood cells was lipoidal in nature as it
was found to be soluble in petroleum ether.
The receptor for acholeplasmal lipoglycans

also appears different from that reported for
Mycoplasma species. For two organisms which
have been examined in some detail, Mycoplas-
ma gallisepticum (4) and Mycoplasma pneumo-
niae (5), the sialoglycoprotein, glycophorin, of
the erythrocyte membrane appears to be in-
volved. In the case of Acholeplasma species,
glycophorin and bovine serum albumin pos-
sessed very low activity and were considered
nonspecific inhibitors of lipoglycan coating of
erythrocytes. The specificity of the receptor for
lipoglycans was confirmed by demonstration of
binding of radiolabeled lipoglycans to erythro-
cyte stroma and the competition for this binding
by purified receptor. Attempts to produce anti-
body against the receptor which would prevent
this competition were unsuccessful. However,
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similar difficulties have been experienced with
the receptor for lipopolysaccharides (22).

It is probable that the intact lipoglycoprotein
molecule is required for binding of lipoglycans,
since destruction of polysaccharide moiety by
periodate oxidation and proteolysis with trypsin
destroys its activity. Removal of extractable
lipids and treatment with lipases, however, has
no effect. Nevertheless, neither procedure en-
sures total destruction of the lipid moiety. A
partial examination of the lipoglycan segment
involved in binding to the receptor was per-
formed. The inability of a wide variety of lipids
to interfere with binding and the retention of
binding capacity upon deacylation suggests that
the lipid radicals of the lipoglycans are not
involved. Neither is the specific antibody bind-
ing site on the lipoglycan, since coating of eryth-
rocytes does not mask the interaction between
the terminal sugar units and antibody. Presum-
ably, internal segments of the polysaccharide
chain are involved. The size of the polysaccha-
ride chain also is critical since monomers of the
smaller lipoglycans, i.e., A. granularum and A.
modicum, can no longer bind.
The biological significance of this specific

binding of lipoglycans from Acholeplasma spe-
cies, which are considered nonpathogenic, is not
clear. It may be involved in modulation of the
immune response (9) and initiation of their endo-
toxin-like activities (17) since these organisms
are found associated with certain disease proc-
esses.
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