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Characterization of a Membrane-associated Receptor from Rat
Sinusoidal Liver Cells That Binds Formaldehyde-treated
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When treated with formaldehyde, serum albumin is used either ras2larke4rotein targeting sinusoidal liver cells
known to be taken up and degraded by sinusoidal liver (3-5) or as a useful probe to elucidate the general mechanism
cells via adsorptive endocytosis. The present study of endocytosis (6, 7).
aimed at characterization and identification of the Nothing has been known, however, about the physiological
membrane-associated receptor on rat sinusoidal liver role(s) of the putative receptor which specifically recognizes
cells. Kinetic studies of binding of 125I-labeled formal- this particular ligand molecule. It was argued without any
dehyde-treated serum albumin ( 12.

I-f-Alb) with the experimental evidence that a structure alteration might not
membranes of sinusoidal liver cells demonstrated the occur in vivo to circulating serum albumin, producing a mo-
presence of specific, high-affinity, saturable mem- lecular species which could be recognized by the receptor just sbrane-bound receptors with an apparent Kd = 812 g of like f-Alb. It is equally possible that there might be other  'f-Alb/mlml and 
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8.0.. The I-f-
byAlb natural ligand(s) which could be recognized by the receptor

either native albumin, asialofetuin, methylamine- for the a rtificial ligand, f-Alb. For understanding the physio-
treated a2- macroglobulin, mannan, or immune corn- logical role of this receptor on sinusoidal liver cell membranes,
plexes. The binding process exhibited independence of it is requisite to characterize the binding specificity of this r--
calcium and susceptibility both to heat treatment and receptor.
to destruction by proteases. The binding was inhibited Like several ligands such as asialoglycoprotein (8), high-
by concanavalin A and the inhibition was effectively mannose type glycoprotein (9), and low-density lipoprotein
reversed by the presence of a-methyl-D-glucoside, a (10) known to be endocytosed by a receptor-mediated process,
haptenic inhibitor for this lectin, indicating the glyco- endocytosis of f-Alb is believed to be composed of at least T
protein nature of the receptor. The binding protein three steps: the initial binding of a ligand to its receptor on `
was extracted from the membrane preparations with the surface membranes, internalization of receptor-ligand
octyl B-D-glucopyranoside and immunoprecipitated by complexes, and subsequent delive ry to lysosomes, where the ,;
anti-ligand antibody as a complex with the ligand. degradation of the endocytosed ligand takes place (2, 11). r, '
Sodium dodecyl sulfate-gel electrophoresis of the im- Since it is generally accepted that the specificity of receptor-
munoprecipitate revealed two polypeptide chains with mediated endocytosis resides exclusively on the initial binding '
molecular weights of approximately 53,000 and step between a ligand and its receptor (12), we directed our
30,000, respectively, attention to the initial binding process by analyzing the

interaction of f-Alb with the membrane fractions isolated —s

from sinusoidal liver cells.
The present paper describes first some characteristics of

As early as 1965, Mego and McQueen (1) found that for- binding of 'I-labeled f-Alb to sinusoidal cell membranes,
maldehyde-treated 13.1-serum albumin was rapidly cleared and, second, the identification of the binding protein in the
from the blood stream and taken up by the liver when injected nonionic detergent extract of sinusoidal cell membranes as a
intravenously into mice (1). Subsequent studies by Nilsson binding protein-ligand complex with monospecific anti-ligand
and Berg (2) showed that f-Alb s was exclusively taken up and antibody.
degraded by sinusoidal liver cells both in vivo and in vitro.
The kinetic studies on in vitro uptake using isolated rat MATERIALS AND METHODS
sinusoidal liver cells have indicated the presence on the sur-

Chemicals—Collagenase (type I and type IV), bovine serum albu-
face membranes of a specific receptor or binding protein which  min (Fraction V), Pronase, fetuin, and proteinase K were purchased
might se rve in learing of this ligand from the blood stream from Sigma. Mannan was obtained from Nakarai Chemical Co.
by receptor-mediated endocytosis (2). f-Alb has since been (Osaka, Japan). Na"I (15.8 mCi/µg of iodine or 661 mCi/ml) was

obtained from Amersham or New England Nuclear. Staphylococcus
* This work was suppo rted in part by a grant-in-aid for scientific aureus, Cowan strain A, was cultured and fixed with formalin accord-

research from the Ministry of Education, Science, and Culture of ing to the method reported by Kessler (13). Octyl,6-D-glucopyranoside
Japan. The costs of publication of this article were defrayed in part  (Dotite) was purchased from Dojindo Laborato ry (Kumamoto, Ja-
by the payment of page charges. This article must therefore be hereby pan). Human a2 - macroglobulin was purchased from Cappel Labora-
marked "advertisement" in accordance with 18 U.S.C. Section 1734 tory (Cochranville, PA). All reagents used were of the best grade
solely to indicate this fact. available from commercial sources.

' The abbreviations used are: f-Alb, formaldehyde-treated bovine Preparation of Ligands and Iodination—f-Alb was prepared from
serum albumin; BSA, bovine serum albumin; NaDodSO 4, sodium bovine serum albumin by a modification of the methods reported (1,
dodecyl sulfate; Staph A, formalin-fixed Staphylococcus aureus, 2). Briefly, 0.4 g of bovine serum albumin was dissolved at room
Cowan strain A; EGTA, ethylene glycol bis(p-aminoethyl ether)-  temperature in 5.2 ml of 0.45 M sodium carbonate buffer (pH 10.0),
N,N,N',N'-tetraacetic acid. followed by centrifugation to remove insoluble debris. To the super-
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electrophoresed on a NaDodSO.-polyacrylamide slab gel (6-14%) as
described previously (29) by using the buffer system of Maize! (30).
After electrophoresis, the gel was stained with Coomassie Brilliant
Blue R-250 and destained to locate the marker proteins for molecular-
weight determination. The corresponding gel slot was cut into 2-mm
thick slices, followed by determination of the radioactivity. Two
control experiments were performed. One was conducted in exactly
the same way as described above except for the omission of f-Alb as
the ligand. In another control experiment, f-Alb was replaced by the
same amount of native albumin (BSA), and then the mixture was
reacted with anti-BSA antibody-coated Staph A.

RESULTS

Binding of ' 25I-f-Alb to Sinusoidal Liver Cell Membranes—
Fig. 1 shows the time course for binding of 125I-f-Alb to
membranes isolated from rat sinusoidal liver cells. The bind-
ing reaction appeared to reach equilibrium within 60-80 min
at 0 °C. In the presence of a 1000-fold excess of unlabeled f-
Alb, the binding of 125I-f-Alb was reduced by more than 90%,
indicating that the unlabeled f-Alb and radiolabeled f-Alb
were competing for a limited number of the same binding
sites.

Fig. 2 shows the amounts of 125I-f-Alb bound at 0 °C as a
function of the concentration of 1211-f-Alb in the incubation
medium. A double reciprocal plot of these data (Fig. 2B)
indicated that the concentration of 125 I-f-Alb giving half-
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FIG. 1. Time course of 126I-f-Alb binding to sinusoidal liver
cell membranes. Each tube contained, in a total volume of 0.1 ml,
16.5 gg of membrane protein, 0.37 µg of 1 I-f-Alb (4670 cpm/ng), and
buffer A in the absence (O—O) or presence (•I) of 570 µg of
unlabeled f-Alb. After incubation at 0 'C for the indicated inte rval,
the total amount of 125I-f-Alb bound to the membranes was deter-
mined as described under "Materials and Methods."

maximal binding was approximately 8 µg of protein/ml. A
similar value for half-maximal 125I-f-Alb binding was obtained
when the binding assays were performed at 37 'C, although
the maximal amount of 125I-f-Alb bound to the membranes
was 1.8-2.0-fold higher than that at 0 'C (data not shown).

Fig. 3 shows the effect of unlabeled f-Alb and several
preparations of denatured albumins on '

25

I-f-Alb binding to
the sinusoidal cell membranes. In the presence of 3.7 pg of
protein/ml of i25I-f-Alb, 50% competition with unlabeled f-
Alb was achieved at a concentration of less than 18 Ag of
protein/ml. In contrast, albumin preparations denatured
either by 8 M urea or 6 M guanidine hydrochloride did not
compete with 125I-f-Alb binding to the membranes. Albumin
preparations which were S-carboxymethylated or S-carbox-
amidomethylated in the presence of 6 M guanidine hydrochlo-
ride were also ineffective at a concentration of 200 ug/ml
(data not shown). These findings indicate that the drastic
denaturation of albumin molecules is not required for the
specific recognition by the membrane-associated receptor.

At a fixed concentration of 125I-f-Alb, the amounts bound
to the membranes were approximately proportional to the
amounts of membranes present in the assay medium up to a
concentration of 250 µg of membrane proteins/ml (Fig. 4).
When the reaction was performed at different pH values
ranging from 6.0 to 9.0, the maximal binding of 125I-f-Alb
occurred at pH 8.0 (Fig. 5). The binding was similar in
phosphate or Tris buffer.

To inquire into the nature of f-Alb receptor(s) on mem-
branes, the association of f-Alb with the membranes was
examined for heat stability and susceptibility to the proteases.
Prior to binding of 125I-f-Alb, the membranes were subjected
either to heat treatment or to protease treatment. The binding
capacity was reduced by more than 84 and 98% upon incu-
bation for 10 min at 55 and 80 °C, respectively (Table I). The
binding was also affected by treatment with either Pronase
or proteinase K. A possibility that proteolytic cleavage of 125I-
f-Alb might abolish its ligand activity seems unlikely: (i) an
increase in trichloroacetic acid-soluble radioactivity was
negligible when 125I-f-Alb alone was incubated either with
Pronase or proteinase K, and this protease treatment did
not alter the electrophoretic mobility of 125I-f-Alb on a
NaDodSO 4-polyacrylamide gel; and (ii) when the binding
reaction was performed after washing the membranes to re-
move proteases, a similar result was obtained (data not
shown).

To test for the divalent cation dependency of 125I-f-Alb
binding to its putative receptor, the effect of Cat, Mg2+,
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FIG. 2. Binding of 126I-f-Alb to si-
nusoidal liver cell membranes as a
function of its concentration. A, each
tube, containing, in a final volume of 0.1
ml of buffer A, 16.5 µg (in protein) of
membranes, and the indicated concen-
trations of ' 251-f-Alb (4670 cpm/ng), was
incubated for 1 h at 0 °C. The total bind-
ing (O--O) was determined as de-
scribed under "Materials and Methods."
Nonspecific binding ( I•) was de-
termined by parallel incubations in the
presence of 570 gg of unlabeled f-Alb.
Nonspecific binding was less than 10%
of the total binding. Assays were run in
duplicate. Specific binding (A—A) was
plotted after correction for nonspecific
binding as described under "Materials
and Methods." B, the double-reciprocal
plot of specific binding data in A.
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FIG. 3. Effect of unlabeled f-Alb on 126I-f-Alb binding to
sinusoidal liver cell membranes. Each tube contained, in a final
volume of 0.1 ml of buffer A, 16.5 µg of membrane protein, 3.75 µg/
ml of 125 I-f-Alb (4670 cpm/ng), and the indicated concentration of
the unlabeled f-Alb (4--0). After incubation for 1 h at 0 'C, total
amounts of 125I-f-Alb bound to the membranes were determined as
described under "Materials and Methods." The effect of BSA dena-
tured either by 8 M urea (A-0) or 6 M guanidine chloride
• -t) was also examined by parallel incubations.
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FIG. 5. Effect of pH on 151-f-Alb binding to sinusoidal cell
membranes. Each tube contained 16.5 gg of membranes, 0.37 µg of25

I-f-Alb (4670 cpm/ng), and buffer A in the absence (O---O,
A-A) or presence (•- -- , A-A) of 5 mg/ml of unlabeled
f-Alb. After incubation for 1 h at 0 'C at the indicated pH, the
total amount of 1aI-f-Alb bound to the membranes was determined
as described under "Materials and Methods." A 50 mm sodium
phosphate buffer was used to adjust pH from 6.0 to 7.5 (A-L,
A-A). A 50 mm Tris-HCI buffer was used to adjust the pH from
7.0 to 9.0 (O-O, •).
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FIG. 4. Dependency of 126I-f-Alb binding to sinusoidal liver
cell membranes upon amounts of membranes. Each binding
assay was carried out at pH 7.5. The reaction mixtures contained, in
a volume of 0.1 ml, the indicated amounts of sinusoidal cell mem-
branes, 0.37 µg of 125I-f-Alb (4670 cpm/ng), and buffer A in the
absence (0-- O) or presence (•- -I) of 5 mg/ml of unlabeled
f-Alb. After incubation for 1 h at 0 'C, the total amount of I-f-Alb
hound to the membranes was determined as described under "Mate-
rials and Methods."

EGTA, and EDTA was examined. However, none of these
reagents affected appreciably the binding of f-Alb with mem-
branes (data not shown). Thus, the binding between f-Alb
and its membrane receptor appeared to be Cat-independent.

In an attempt to examine whether the receptor involved is
of glycoprotein nature, the effect of concanavalin A, a lectin
specific for mannose core of oligosaccharides, on the binding
process was tested. As shown in Table II, the binding was
substantially inhibited by this lectin (more than 70%) and,
furthermore, this inhibition was protected by the presence of
a-methyl -D-glucoside, a specific haptenic inhibitor for this
lectin. Since f-Alb did not interact with this lectin (data not
shown), this finding suggests that the f-Alb receptor could be
a glycoprotein having mannose-type oligosaccharide struc-
ture.

Effect of heating and treatment with proteases on 1251-f-Alb binding to
sinusoidal liver cell membranes

Experiment A. The membrane fraction (18 µg of protein) sus-
pended in 10 µl of 0.15 M NaCI, 1 mm CaC12 , and 10 mm Tris-HCI
(pH 7.4) was subjected to heat treatment either at 55 or 80 'C. After
10 min incubation, each membrane fraction was rapidly chilled on
ice and tested for the capacity to bind 125I-f-Alb. The reaction mixture
contained, in a total volume of 0.1 ml, heat-treated membranes, 0.37
µg of'ul-f-Alb (4,670 cpm/ng), 50 mM Tris-HCI (pH 7.4), 0.1 M NaCI,
0.5 mm CaC12 , and 20 mg/ml BSA in the presence or absence of an
excess amount of unlabeled f-Alb (570 µg). The mixture was placed
on ice for 1 h with occasional intervals on a Vortex mixer, followed
by washing the membranes as described under "Materials and Meth-
ods." Experiment B. To 10 µl of membranes (1.8 mg/ml) in 0.15 M
NaCl, 1mM CaCl 2 , and 10 mm Tris-HCI (pH 7.4) was added 10-30 yl
of a solution of protease (Pronase or proteinase K) dissolved in 30
mm sodium phosphate buffer (pH 7.3) to give a final amount of 15,
45, and 300 ng, followed by incubation at 37 'C for 10 min. The
reaction mixture was rapidly chilled on ice and tested for 125I-f-Alb
binding capacity as described for Experiment A. After incubation for
1 h at 0 °C, the amount of `

ZSI-f-Alb bound to the membranes was
determined as described under "Materials and Methods." For Exper-
iment A and B, values for total and specific binding were obtained as
described for Fig. 2.

Treatment Total
binding

Specific
binding Control

cpm/system cpm/system %

Experiment A
None 15,600 11,170 100
55 'C, 10 min 3,700 1,700 15.3
80 'C, 10 min 2,460 150 1.3

Experiment B
None 16,110 14,630 100
Pronase (0.15 µg/ml) 5,810 4,390 30
Pronase (0.45 µg/ml) 3,270 2,190 15
Pronase (3 µg/ml) 2,120 440 3
Proteinase K (0.15 µg/ml) 2,270 1,020 6.9
Proteinase K (0.45 µg/ml) 1,890 330 2.2
Proteinase K (0.3 µg.ml) 1,460 90 0.6

Several ligands have been known to be endocytosed via a
receptor-mediated pathway. As shown in Table III, no appre-
ciable inhibition of 125I-f-Alb binding to the membranes was
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