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ABSTRACT. Isolated rat hepatocytes bind and internalize the iron-binding protein lactoferrin (Lf) by a set
of high-affinity, recycling, C&"-dependent binding sites. We have purified a 45-kDa membrane protein
(p45) from rat hepatocytes that exhibits?Calependent receptor activity. In this study, we found p45 to

be identical to the major subunit (RHL-1) of the rat asialoglycoprotein receptor. Two tryptic fragments
of p45 showed 100% identity with RHL-1 internal sequences #et Lys!?6 and Phé? — Lys?20), and
monospecific antisera against p45 and RHL-1 cross-reacted equally well with each protein. Molar excesses
of anti-p45 IgG, anti-RHL-1 1gG, asialoorosomucoid, and asialofetuin competitively blocked the binding
of 129-Lf to isolated rat hepatocytes at°€. Similarly, either excess anti-p45 or Lf blocked the binding

of 4-asialoorosomucoid to cells at€. We did not detect the minor subunits of the rat asialoglycoprotein
receptor (RHL-2/3) in p45 preparations from Triton X-100 extracts of hepatocyte&and bound to
purified RHL-1 but not to RHL-2/3 immobilized on nitrocellulose. Nonetheless, anti-RHL-2/3 1gG reduced
the binding of*?3-Lf to hepatocytes at 4C. Exoglycosidases were used to remove terminally-exposed
N-acetylneuraminylo- and $-galactosyl, andN-acetylhexosaminyl sugars from human and bovine Lf
glycans, and lectin blotting confirmed that glycosidase-treated Lfs lacked detectable terminal galactosyl
sugars. Unexpectedly, these deglycosylated Lfs exhibited no loss in their ability to compete with unmodified
Lfs for binding to isolated hepatocytes. In addition, molar excegslattose but not sucrose competitively
blocked the binding of?3-Lf to cells, indicating that Lf bound at or very near the carbohydrate-recognition
domain of RHL-1. We conclude that RHL-1 is theZalependent Lf receptor on hepatocytes and that

it binds Lf at its carbohydrate-recognition domain yet in a galactose-independent manner.

Lactoferrin (Lf}t is a 78-kDa non-heme iron-binding 1993). By these sites, hepatocytes internalize apo- and holo-
glycoprotein that reversibly binds two metal atoms per Lf at a high rate and degrade Lf protein but retain Lf-
protein molecule (Baker et al.,, 1987). It is present in delivered iron (McAbee, 1995). We also found that loading
virtually all exocrine fluids and in neutrophil specific granules primary cultures of rat hepatocytes with iron reversibly
(Levay & Vilioen, 1995). Lfs exhibit diverse metal- increases the number of Eadependent Lf binding sites by
dependent and -independent functions and can reside ina mechanism that requires translation but not transcription
multiple extracellular and intracellular compartments (Brock, (McAbee & Ling, 1997). The identification and character-
1995; Lonnerdal & lyer, 1995). Following its release from jzation of the hepatocyte @adependent Lf receptor,
neutrophils, Lf is removed from the blood by the liver and therefore, is crucial for an understanding of hepatic metabo-
catabolized while its bound iron is recovered and retained |ism of Lf. To this end, we isolated a 45-kDa membrane
in parenchymal and non-parenchymal cells (Bennett & protein (p45) from rat hepatocytes which binds bovine Lf
Kokocinski, 1979; Courtoy et al., 1984; Regoeczi etal., 1985, Speciﬁca”y and in a Cza'_dependent manner (Bennatt &
1994). McAbee, 1997). Anti-p45 antibodies block the binding and

We reported previously that isolated rat hepatocytes bind endocytosis of Lf by isolated hepatocytes, indicating that p45
and internalize bovine Lf by Ca-dependent high-affinity  functions as the Ca-dependent hepatic Lf receptor. In this
sites that recycle during Lf endocytosis (McAbee et al., study, we provide evidence that p45 is identical with the

RHL-1 subunit of the ASGP-R. p45 shares amino acid
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chemistny Te|f§h§$:st%é§)a$§ﬂ% fltf‘}:eAL)J(’:‘"zggsz't)yéég%%E;ac + RHL-1 and p45 blocked the interaction of p45 with cells.
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dase (EC 3.2.1.22, green coffee beaf}N-acetylglu- 129-Lf /mL at 37 °C < 60 min in BME-BSA. Determination
cosaminidase (EC 3.2.1.30, jack bean), dextran sulfate (50000f non-specifict?3-Lf binding was performed by including
Da), EGTA, HEPES, Lfs (bovine colostrum, bovine milk, a 50-100-fold molar excess of unlabeled Lf in the binding
human milk), Nonidet-P40, Tween-20, and Triton X-100 mixture. Various competitive ligands, sera, or IgG from pre-
were purchased from Sigma (St. Louis, MO). lodogen was immune, non-immune, or immune rabbits were included in
obtained from Pierce (Rockford, IL)3-Galactosidase (EC  the reaction mixtures as indicated in the figure legends.
3.2.1.23, bovine testis), RCA digoxigenin-labeled lectin, Washed cells were resuspended into buffer B, transferred to
WGA digoxigenin-labeled lectin, SNA digoxigenin-labeled clean tubes, and assayed for cell-associated radioactivity.
lectin, anti-digoxigenin IgGalkaline phosphatase conjugate, p45 Purification and NHAmino Acid Analysis. Lf-
alkaline phosphatase substrate reagent kit, and collagenasagarose and ethanolamine-agarose were prepared using
(Type D) were from Boehringer Mannheim (Indianapolis, CNBr-activitated resin as described previously (Bennatt &

IN). Na'?¥ (17 Ci/mg of iodine) was from DuPont NEN
(Boston, MA). PMSF, sodium deoxycholate, and digitonin
were obtained from Eastman Kodak (Rochester, NY).
Ammonium persulfate,N,N,N,N'-tetramethylethylenedi-

McAbee, 1997). Digitonin-permeabilized hepatocytes (20
x 10f/mL, 4—10 x 10 cells total) were solubilized in buffer
C for 30 min at 4°C. Detergent-insoluble material was
sedimented (150@) 4 °C, 20 min), and the supernatants

amine, goat-anti-rabbit alkaline phosphatase conjugate andwere clarified by filtration (0.2¢em). Cell extract was dosed

substrate developer were from BioRad (Richmond, CA).

ASOR—desialylated with neuraminidase as described else-

where (Schachter et al., 197€anti-RHL-1, and anti-RHL-
2/3 sera were generous gifts of Dr. P. H. Weigel (University
of Oklahoma Health Sciences Center). Centricon micro-
concentrators were purchased from Amicon (Beverly, MA).
BME, obtained from Sigma, was supplemented with 2.4 g/L
HEPES, pH 7.4, and 0.22 g/L. NaGOBME-BSA is BME
containing 0.1% (w/v) BSA. HBS contained 150 mM NacCl,
3 mM KCI, and 10 mM HEPES, pH 7.4. Buffer A contained
HBS supplemented with 5 mM CaCand 5 mM MgC}.
Buffer B contained buffer A supplemented with 0.2% (w/v)
dextran sulfate. Buffer C contained buffer A with 1% (v/v)
Triton X-100. Buffer D contained HBS supplemented with
5 mM EGTA. TBS-Tween contained 10 mM Tris-HCI, pH
7.8, 0.5 M NaCl, and 0.2% (v/v) Tween-20. HBS-BSA
contains HBS supplemented with 0.1% (w/v) BSA.
Hepatocyte Preparation.Male Sprague Dawley rats
(100—350 g; Harlan Labs, Indianapolis, IN) were fed
standard laboratory chow and waset libitum Hepatocytes

periodically with PMSF (final concentration 0.1 mM)
throughout the preparation. Membrane extract was pre-
adsorbed on ethanolamine-agarose and then chromatographed
on Lf-agarose. The Lf-agarose was washed with 10 column
volumes of buffer B and eluted with buffer D. Pre-column
membrane extract and purified p45 were storee-20 °C
prior to use. For amino acid sequencing, purified p45 was
subjected to SDSPAGE and transferred via electroblotting
onto polyvinylidene difluoride membrane (Schleicher &
Schuell, Keene, NH). The membrane was washed exten-
sively in H,O, stained in 0.2% Ponceau-S for 1 min, and
washed in HO. Tryptic fragmentation and Nfterminal
amino acid sequencing of isolated fragments was performed
at the Worcester Foundation for Experimental Biology
Microchemistry Facility (Worcester, MA).

RHL Purification by AF-Agarose ChromatographiRHL
subunits were purified by AF-agarose affinity chromatog-
raphy (Ray & Weigel, 1985). Briefly, AF-agarose was
prepared at a density of 5 mg of AF/mL of resin. Digitonin-
permeabilized hepatocytes 2 10°/mL, 4—10 x 10° cells

were prepared by a modification of a collagenase perfusiontotal) were solubilized in 20 mM Cagl0.4 M KCI, 1%
procedure (McAbee & Esbensen, 1991; Seglen, 1973). CellsTrition X-100, and 10 mM Tris-HCI, pH 7.8, and applied to

were kept at approximately 30C during the filtration and

the AF-agarose column. The column was washed witB 5

differential centrifugation steps. Final cell pellets suspended bed volumes of 50 mM Cagl 0.5 M KCI, 0.5% Triton

in ice-cold BME-BSA were>85% viable and single cells.
Before experiments, cell suspensions-£x 10° cells/mL
in BME-BSA, 10% of the flask volume) were incubated at
37 °C for 60 min to allow recovery from the isolation
procedure. Cell viability was determined microscopically
by trypan blue exclusion.

Lf Preparation. Bovine colostrum Lf (commercial prepa-
ration >90% pure electrophoretically) at 5 mg/mL in 100
mM KCl and 10 mM KHPO,, pH 7.2, was further purified

by ion-exchange chromatography on diethylaminoethane-

X-100, and 10 mM Tris-HCI, pH 7.8, and AF-agarose bound

polypeptides were eluted with 0.4 M KCI, 0.5% Triton

X-100, and 40 mM ammonium acetate, pH 5.5. Eluted

fractions were stored at20 °C prior to use.
Exoglycosidase Treatment of Lf&fs (~5 mg/mL) were

treated with 0.5 U of neuraminidase in 50 mM KCIl and 10

mM KH,PQ,, pH 6.0, supplemented with 1 mM CagClor

16 h at 37°C to remove terminal NeuNA®@Q,6). Neuramini-

dase-treated Lfs were incubated with 0.1 Bafalactosidase

in 0.1 M sodium citrate phosphate, pH 4.3, for 16 h at 37

cellulose (McAbee & Esbensen, 1991). Commercial prepa- °C to remove terminal Gal from Gap{,3)-GIcNAc, Gal-

rations of bovine milk Lf and human milk Lf>95%

(61,4)-GlcNAc, and Galf1,4)-GalNAc linkages.-galac-

electrophoretically homogeneous) were dissolved at 5 mg/tosidase-treated bovine colostrum Lf was also treated with

mL in HBS. Lfs were dialyzed against HBS, filter-sterilized
(0.2 um), and stored at-20 °C before use. Lfs were 30

0.5 U of a-galactosidase in 50 mM KCI and 10 mM KH
PQ,, pH 6.0, for 16 h at 22C to remove terminal Gal-

70% iron-saturated as determined by 460:280 nm absorbancéal,n)-x, and subsequently with 0.5 U ¢f-N-acetylglu-

ratio (Hashizume et al., 1987)-*3-bovine Lf—prepared in
lodogen-coated tubeshad specific activities of 6101 dpm/
fmol. Homogeneity of radiolabeled and unlabeled Lfs was
confirmed by SDSPAGE.

Lf-Hepatocyte Binding and Endocytosis Assalfepato-
cytes (2x 1 cells/mL) were incubated with-12 ug of
129-Lf/mL on ice for 90 min in buffer A or with 5ug of

cosaminidase in 0.1 M sodium citrate phosphate, pH 5.0,
for 16 h at 22°C to remove terminal GalNa@{,n)-x and

GlcNac-{31,n)-x sugars. Following each glycosidase treat-
ment, Lfs were repurified by chromatography on diethy-
laminoethane-cellulose in 0.1 M KCl and 10 mM N,

pH 7.2, and concentrated by ultrafiltration (Centricon 10 000
Da cutoff). Mock-treated Lfs were subjected to the same
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procedures without added glycosidase. The presence ofinteraction of bovine Lf with hepatocytes (Bennatt &

glycan-terminal NeuNAce(2,6)%, Gal-(31,n)-x, and GlcNAc-
(81,n)-x were determined by blotting of electrophoresed Lfs
with digoxigenin-labeled lectins specific for these sugars.

Electrophoresis and Western, Lectin, af-Lf Ligand

McAbee, 1997). To determine the novelty of p45, we
electrophoretically purified p45 by SDFAGE followed
by limited trypsinization and automated BbHterminal se-
guencing of multiple tryptic fragments. Analysis of two

Blotting. Samples for electrophoresis were denatured in 63 fragments gave the sequences LLLHVK and FVQQHMG-

mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol,
and 0.01% (w/v) Bromophenol Blue, heated for 5 min at 60

PLNTWIGLTDQNGPWK, which upon Blast search of the
NCBI data base showed 100% identity with E&u— Lys!26

°C and electrophoresed at 200 V on a 7.5% acrylamide and Ph&® — Lys??, respectively, of the RHL-1 subunit of

discontinuous Tris-HCI slab gel containing 0.1% SDS using

the ASGP-R (Leung et al., 1985). RHL-1 is a 42 kDa type

a Mini-Protean Il slab gel apparatus (BioRad). Polypeptides !l membrane protein that is the major component of the rat

were visualized by fixation staining in 0.25% (w/v) Coo-
massie Brilliant Blue R250, 45% (v/v) methanol, and 10%
(v/v) acetic acid. M of various polypeptides were deter-

ASGP-R which consists of three subunits (RHL 1, RHL-2,
RHL-3) isolated from rat liver by ligand affinity chroma-
tography (Drickamer et al., 1984). ASGP-Rs bind specifi-

mined relative to Sigma or BioRad prestained electrophoresiscally to Gal- and GalNAc-terminated glycoconjugates (Ash-

standards. In some cases, polypeptides fractioned by-SDS
PAGE were electroblotted onto nylon-supported nitrocel-
lulose (BioRad) in 0.15 M glycine, 20 mM Tris, and 20%
(v/v) methanol at 200 mA for 45 min. Western blotting was
performed using a modified procedure of Burnette (1981).
Blocking and antibody incubation buffers contained 0.5 M
NaCl, 20 mM Tris-HCI, pH 7.8, and 5% (w/v) BSA.
Nitrocellulose wash buffer contained 0.5 M NaCl, 20 mM
Tris, pH 7.8, 0.1% (w/v) Nonidet-P40, 0.1% (w/v) SDS, and
0.25% (w/v) sodium deoxycholate. Nitrocellulose-bound
rabbit IgG were detected with goat anti-rabbit lg&kaline

well & Harford, 1982; Hardy et al., 1985). Our p45
sequences coincided with portions of the domain positioned
between the “neck” and carbohydrate-recognition domains
of RHL-1's extracellular region (lobst & Drickamer, 1996;
Ruiz & Drickamer, 1996).

If RHL-1 functions as the Cd-dependent Lf receptor, then
ligands specific for RHL-1 should compete with Lf for
binding to intact hepatocytes. We assayed hepatocytes for
their ability to bind?3-Lf at 4 °C in the presence or absence
of molar excess of ASOR, a desialylated form of orosomu-
coid possessing multiple Gal-terminated, triantennary Asn-

phosphatase conjugate and an AP conjugate substrate kitinked N-acetyllactosaminyl complex glycan chains (Pricer
(BioRad). Carbohydrates were detected using a DIG glycan& Ashwell, 1971). We found that a 56150-fold molar

differentiation kit (Boehringer Mannheim) according to the

excess of ASOR reduceé-Lf binding to the Ca&"-

manufacture’s instructions. Digoxigenin-labeled lectins used dependent Lf binding sites-90%, comparable to the

included SNA to detect NeuNA@@,6)%, RCA to detect
Gal-(31,n)-x, and WGA to detect GIcNAcALn)-x. For
ligand blotting studies, purified RHL was electrophoresed
on 4—15% acrylamide slab gels under non-reducing condi-
tions followed by electrophoretic transfer to nitrocellulose.

reduction observed with a 50-fold molar excess of unlabeled
Lf (87%) (Figure 1A). A 50-fold molar excess of Afanother
high-affinity ligand for the ASGP-Ralso reduced?d-Lf
binding to cells by>60% (Figure 1B). In other experiments,
we found that a 50-fold molar excess of Lf reduc@d-

Lanes containing molecular weight standards and RHL were ASOR binding to hepatocytes by40% (Figure 1C). Itis

stained with 0.1% (w/v) amidoschwartz 10B (Serva, New
York, NY) in 7% (v/v) acetic acid. Lanes with immobilized
RHL were incubated overnight at’€ in HBS supplemented
with 20 mM CaC}, 5% (w/v) BSA, and 0.2% (v/v) Tween-
20. Nitrocellulose was then incubated wittl-Lf (5 ug/
mL; 101 dpm/fmol) in HBS, 5 mM CaG| 0.2% (v/v)
Tween-20, 5% (w/v) BSA fo2 h atroom temperature after

likely that the differences in competitive binding activity of
Lf as compared to ASOR reflect Lf's20—50-fold higher
Kq values for binding isolated rat hepatocytes (Hardy et al.,
1985; McAbee & Esbensen, 1991).

We then examined p45 and RHL subunits for immu-
nocrossreactivity. p45 was purified by Lf-agarose affinity
chromatography as described previously (Bennatt & McA-

which the papers were washed three times, 10 min per washbee, 1997). Routinely,48 times more RHL-1 was purified

in 25 mL of HBS, 5 mM Ca(l, , 0.02% (v/v) Tween-20.

by ligand-affinity chromatography than RHL-2 and RHL-3,

125.| f was detected by exposure of papers to a phosphor a ratio that generally reflects the RHL subunit content of rat
screen and developed on a Molecular Dynamics Storm 840hepatocytes (Halberg et al., 1987; Herzig & Weigel, 1990;

image analyzer (Sunnyvale, CA).
General. Protein was determined by the bicinchoninic

Sawyer et al., 1988). p45 and RHL subunits were then
probed for immunoreactivity using mono-specific antibodies

acid protein assay procedure using BSA as standard (Pierce)‘:igainst p45, RHL-1 (carbohydrate-recognition domain), and

Centrifugation of cell suspensions was at ¢@6r 2 min at
4 °C (Sorvall RT6000B centrifuge; DuPont Co., Wilmington,
DE). 23 radioactivity was determined using a Packard

RHL-2/3. We found that both anti-p45 and anti-RHL-1
antibodies each detected p45 and RHL-1 in an identical
manner (Figure 2B, compare lanes 1 and 2 with 3 and 4). In

Cobra Auto-Gamma counting system (Model 5002; Packard €ach case, a dominant 45-kDa polypeptide was detected as

Instrument Co., Downers Grove, IL). Spectroscopic mea-

surements of Lfs were done using a Beckman DU-64
spectrophotometer (Fullerton, CA).

RESULTS

Identification of p45 as RHL-1In the companion study
to this report, we purified a 45-kDa membrane polypeptide
(p45) from rat hepatocytes that mediated thé'@ependent

well as a band at-90 kDa; we have shown elsewhere that

the 90-kDa form is a disulfide-bonded dimer of the 45-kDa
species that is generated during SEFAGE (Bennatt &
McAbee, 1997). Antibodies specific for RHL-2/3 detected
these proteins in the fractions eluted from AF-agarose (Figure
2B, lane 6), but RHL-2/3 were not detected in fractions eluted
from Lf-agarose (Figure 2B, lane 5). Taken together, these
data suggest that Lf readily binds RHL-1 but may not bind
to RHL-2/3. To address this more directly, we examined



8370 Biochemistry, Vol. 36, No. 27, 1997 Bennatt et al.

1251Lf Bound (fmol/sample)

0 200 400 600 800 A
no additions '
1234
L 89-
50x | 677 RHL-3
ASOR - 49+ RHL-2
150x A RHL-1
no additions 377
Lf
AF e B 0-p45  a-RHL-1 o-RHL-2/3
0 200 800 1200 1 2 3 4 5 6
125|.Lf Bound (fmol/sample) - |
- —T— ¢ 90 e Tl
e ~ |}RHL3
i 45 e . 4 e -RHL—2
i : : 45 ‘ o -| FRHL-1
0 100 200 300 400 ‘ |
125,
I-ASOR Bound (fmol/sample) Lfagarose elute + - 4+ - + -
Ficure 1: Competition binding of Lf, ASOR, and AF to isolated
rat hepatocytes. Hepatocytes £21(P cells/mL) were incubated AF-agaroseelute - 4+ = 4+ = 4
with 129-Lf (2 ug/mL) or 29-ASOR (1ug/mL) for 90 min at 4°C
in buffer A in the absence (no additions) or presence of a 50-fold c
molar excess of unlabeled Lf (Lf, a 50- and 150-fold molar excess
of ASOR (A), or a 50-fold molar excess of AF (B). Cells were 2
washed in cold buffer B and assayed for cell-associated radioactivity 2PN
as described in. Values are means of duplicate samples; error bars e “‘T'
reflect standard deviation from the mean. Experiments shown were v 3
performed with different preparations of hepatocytes. RHL-3- -
-
the ability of 12-Lf to bind to purified RHL subunits RHL-2-
immobilized on nitrocellulose. Affinity-purified RHL was RHL-1- .

subjected to SDSPAGE, transferred to nitrocellulose, and
blocked with BSA in the presence of €aand Tween-20 :
overnight. Such treatment has been shown to renature the .
ligand-binding activity of RHL subunits following denaturing

electrophoresis (Zeng et al., 1996). We found that im- o . ) o
mobilized RHL-1, but not RHL-2/3, bountsi-Lf (Figure Ficure 2: Purification of RHL subunits and immunocrossreactivity

: . : of p45, RHL-1 and RHL-2/3. (A) ASGP-R subunits were purified
2C, lane 2), consistent with the conclusion that RHL-1 alone ¢, .30 1ated rat hepatocytes by ligand affinity chromatography

interacts with Lf. - o on AF-agarose as described in Experimental Procedures. AF-
To provide further confirmation that p45 is identical to agarose-bound material was eluted at pH 5.5 in the absencéof Ca

RHL-1 and responsible for Lf binding to hepatocytes, we and analyzed for polypeptide composition by SEFAGE (lane

; o ; ; ; . R). Lane S shows migration of molecular weight markers. (B) p45
examined the ability of antibodies against p45, RHL-1, and and ASGP-R were purified as described in Experimental Procedures

_RHL'2/3 to block the binding ot?3-Lf and *?4-ASOR to and subjected to SDSPAGE. Fractioned p45 (Lf-agarose elute,
isolated rat hepatocytes. We found that 12.5 molar excessjanes 1, 3, and 5) and ASGP-R (AF-agarose elute, lanes 2, 4, and
of anti-p45 1gG, but not non-immune IgG, reduc&d- 6) were transferred to nitrocellulose and probed with 1:200 dilutions
ASOR binding by 43% (Figure 3A). Likewise, a 12.5-fold ©f rabbit antisera against p4&.{45, lanes 1 and 2), RHL-Tof

. s _ RHL-1; lanes 3 and 4), or RHL-2/3x¢RHL-2/3; lanes 5 and 6).
molar excess of anti-p45 I9G and anti-RHL-1 1gG reduced Bound 1gG was detected using a goat anti-rabbit tgikaline

129-Lf binding to cells by 62 and 54%, respectively (Figure pnosphatase conjugate (1:3000 dilution) and AP substrate kit

3B). Unexpectedly, we found that excess anti-RHL-2/3 also (BioRad). (C) Affinity-purified ASGP-R were subjected to SBS

reduced 129-Lf binding to cells by 62% (Figure 3B), PAGE, transferred to nitrocellulose, and incubated WithLf as

suggesting that RHL-2/3 subunits are in sufficient proximity described in Experimental Procedures. BotfiiLf was detected

to p45/RHL-1 on hepatocyte surfaces that antibodies agains Aysgpplgzqslphor-umagmg system. Lane 1, Amidoschwartz-stained
. ; . ) -R; lane 2, ASGP-R incubated witF-Lf.

these proteins blocked Lf's interaction with p45/RHL-1. We

conclude from all the above data that p45 and RHL-1 Role of Lf's Glycan Structure in its Interaction with p45/

polypeptides are identical and that RHL-1 of the ASGP-R RHL-1. The ability of fucoidin to block hepatic uptake of

constitutes the Ga-dependent Lf receptor on rat hepatocytes. Lf suggested that blood Lf was cleared from the circulation
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1251.ASOR Bound (fmol/sample) ' L B T
0 25 50 75 100 s
" A —
no additions 3
= i
o
(&
o-p45 X
el
c -
>
non-imm. ]
3
no additions B o .
o
Lf
0 1 1 1
! 0 50 100 150
non-imm. Competitor Lf (Molar Excess)
o Ficure 4: Competition binding activity assay for human Lf, bovine
o-RHL-1 milk Lf, and bovine colostrum Lf. Hepatocytes § 10° cells/mL)
were incubated with?3-Lf (bovine colostrum; 2«g/mL) in buffer
45 A for 90 min at 4°C in the absence or presence of a molar excess
&P of unlabeled bovine colostrum LA, bovine milk Lf (@), or human
milk Lf (O). Cells were washed in cold buffer B and assayed for
o~-RHL-2/3 cell-associated radioactivity as described in Experimental Proce-
. L dures. Values represent the percent?8fLf bound by cells in the

0 50 100 150 absence of competitor Lf (% control).
125|-Lf Bound (fmol/sample)
Ficure 3: Ligand competition binding activity of anti-p45, anti- Bovine Lfs contain four Asn-linked oligosaccharides in
RHL-1, and anti-RHL-2/3 1gG. IgG was purified from non-immune ~ Which at least two glycans are polymannosyl oligosaccharides
rabbit sera and rabbit antisera raised against p45, RHL-1, or RHL- and up to two glycans arh-acetyllactosaminyl oligosac-
2/3 by affinity chromatography on protein A-agarose. (A) Hepa- charides, the ratio of polymannosylbacetyllactosaminyl-

tocytes (2x 10° cells/mL) were incubated witt?4-ASOR (1 ug/ : ) : .
ngl for (90Xmin at 4°C in) buffer A in the absence (no aéldftti%ns) glycans depending on the cow’s lactational stage (Coddeville

or presence of 59g of either non-immune IgG (non-imm.) or anti- ~ €t al., 1992). Lf from human milk possesses two glycan
p45 1gG @-p45). Cells were washed free of unbou#8l-ASOR chains—one per each lobe of the protetboth of which are
in cold buffer A and assayed for cell-associated radioactivity as N-acetyllactosaminyl oligosaccharides (Spik et al., 1994,
gesf_”bed in Exlpefime”tak') Procef‘ljurtesi V?j'uzséep_retsem ?“ea”tShORQSZ). Notably, bovine and human Lfs are heterogeneous
muepaﬁs_tﬁsamgpzi’me;{g; (Sridrﬁeceellcs/?ni;] V\‘;’gre iﬁ\éﬁbgtg?j \Satmh €with regard to capping oN—.acetyIIactosaminyI glycans _in
125|_Lf (2 ﬂg/ml-) for 60 min at 4°C in buffer A in the absence that one arm Of mOSt blantennal’y StrUCtUI’eS term'nate
(no additions) or presence of 10@ of unlabeled Lf (Lf), 20ug invariably in NeuNAc-{2,6)—Gal-(51,4) while the other arm
2; "Sg'im”}”net-'g%r}ogimmﬁé2@9Ozfoan“'FFHL;-lF'gg.fL%}?fL{; terminates predominately in either NeuNAz2(6)—Gal-
or anti- - , Oor or ant- -
(aLRH/IngZIB). CeIFI)s we%e w@aghe)d in coI%Igbuffer B and assa;!/ed for (B1.4), GaI-(Bl_,4)—GICNAc-(ﬂ.1,2)_, or Gal-q1,3)-Gal-
cell-associated radioactivity as described in Experimental Proce- (51,4) (COddeV'"? etal., 1992; Sp'k etal., 1988). _We fou_nd
dures. Values are means of duplicate samples; error bars reflecthat Lfs from bovine and human milk competed with bovine
standard deviations from the means. colostral*®-Lf for binding to isolated rat hepatocytes at 4
°C (Figure 4). In this particular experiment, a 150-fold molar
by its interaction with fucosyl receptors on liver parenchymal excess of human Lf reducédd-Lf by >65% whereas a
cells (Prieels et al., 1978). It was subsequently found, similar excess of bovine milk Lf reducéé-Lf binding by
however, that fucoidin and Lf form tightly-bound complexes ~75%. By comparison, unlabeled bovine colostral Lf
that interferes with Lf clearance and that defucosylated Lfs reduced?3-Lf binding by >80%. These data suggest that
competed fully with native Lfs for clearance from rat and human and bovine Lfs bind to the same Lf receptors, but
mouse circulation (Imber & Pizzo, 1983; Moguilevsky et the affinities of these Lfs for cells may differ. These data
al., 1984). Furthermore, it was learned that granulocyte- also indicate that the presence of high-mannose oligosac-
derived Lf—unlike milk Lf—is not fucosylated (Derisbourg charides on bovine colostral Lf is not crucial for its
etal., 1990), and modification of Lf protein by carbamylation interaction with hepatocytes because human milk Lf, which
reduced its clearance from the blood (Moguilevsky et al., lacks high-mannose glycans, competed vigorously with
1984). In addition, ligands specific for various mammalian bovine colostral?3-Lf for binding to cells.
hepatic lectin systems, when co-injected with Lf, did not In the next series of experiments, we modified the glycan
reduce Lf clearance from the circulation (Imber & Pizzo, structures of bovine colostral and human milk Lfs using
1983). In view of these findings, we investigated what role various glycosidase treatments and examined the ability of
Lf's glycan chains played in its interaction with p45/RHL- modified Lfs to compete with native bovine colosttail-
1, a protein whose carbohydrate recognition properties haveLf for binding to cells. Initially, bovine Lf was treated with
been well documented (Halberg et al., 1987; lobst & endoglycosidase-F at 3T for <96 h, which removed only
Drickamer, 1996; Weis & Drickamer, 1996). Initially, we high-mannosyl oligosaccharides (as determined by lectin
examined the ability of various Lfs possessing different blotting using digoxigenin-labele@Galanthus nialis ag-
glycan structures to compete with bovine colostral Lf for glutinin, which recognizes terminal mannose residues); such
binding to isolated hepatocytes in a?Calependent manner.  treatment did not alter Lfs ability to compete with native Lf
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for binding to hepatocytes (data not shown). Human and A amido

bovine Lfs were then treated sequentially with neuraminidase black  SA 02-6 Gal p1-4
and g-galactosidase to remove NeuNAaZ6) and Gal- s 1 2 3 4 5 6
(61,4) from the terminal positions of Lf&-acetyllactosami- N

nyl oligosaccharides. We found that glycosidase-treated Lfs 107 i) Y 2

migrated slightly faster on SDPAGE gels than did mock- =L L

treated Lfs (Figure 5A, lanes 1 and 2), indicative of a loss B0 g b

of sugar moieties. That these sugars were actually removed 504

from the Lfs was confirmed by lectin blotting using digoxi- il
genin-labeled SNA lectin, which specifically recognizes mock-treated hLf - + +

terminal NeuNAc-¢2,6) (Figure 5A, lanes-34; Figure 5B,
lanes +3) and digoxigenin-labeled RCA lectin, which
specific_ally recognizes terminal Ga#4,4) (Figure 5A, lanes B SAa2-6 Galp1-4
5—6; Figure 5B, lanes 46). Importantly, Gal{{1,4) on s 1 2 32 5 &
glycosidase-treated human Lf (Figure 5A) and bovine Lf —

(Figure 5B) was not detected by lectin blotting despite 1074

overloading the gel (g of protein per lane). If Lfs bind | i : .
p45/RHL-1 via their terminalg-Gal moieties, then the 80 - o =

degalactosylated Lfs should not compete with nativelf

deglycosylated hLf <+ +

for binding to cells. We were surprised to find, however, 52
that a 50-fold molar excess of degalactosylated human or untreated bLf + - - 4 = =
bovine Lf reduced the binding é#3-Lf to cells by the same deglycosylated bLf - + - - 4+ -
extent &75%) as did mock-treated Lfs (Figure 5C). mock-treated bLf - - 4+ - - 4
Up to 25% of bovine Lfs possess biantennary glycans in
which one of the antennae terminates in either @al;§)— C
Gal-(51,4) or NeuNAc-¢2,6)—-GalNAc-(51,4). Inthe latter no additions —

instance, the penultimate GalNAG4(,4) would be exposed

following neuraminidase treatment and potentially could  mock-treated bLf
mediate the interaction of degalactosylated Lfs with p45/

RHL-1. It has also been reported that thioglycosides of deglycosylated bLf
a-Gal in neoglycoproteins are bound by the ASGP-R (Lee,

1989). To address these possibilities, bovine Lf was treated mock-treated hLf
with neuraminidaseq-galactosidase-galactosidase, and
N-acetylhexosaminidase and examined for the presence of
terminalo-NeuNAc, 5-Gal, and3-GIcNAc by lectin blotting deglycosylated hLf | L
(Figure 6A). Glycosidase-treated Lf lost all detectable 0 150 300 450 600
terminala-NeuNAc (Figure 6A, lane 4) and-Gal (Figure 125_

6A, lane 6) as compared to mock-treated Lf (Figure 6A, lanes I-Lf Bound (fmol/sample)
3and 5). The amount ¢f-GIcNAc present on glycosidase- FIGURE 5: Deglycosylation and Ligand Competition Binding

; _ Activity Assay of Human and Bovine Lfs. (A) Human milk Lf
treated Lf was reduced slightly as compared to mock treatedwas incubated at 37C sequentially in the absence (mock-treated

Lf (Figure 6A, compare Ian.es 7 and 8), which was likely | ) or presence (deglycosylated L) of neuramindase Amglac-
due to the resistance of inner cofeGIcNAc to 3-N- tosidase as described in Experimental Procedures. Purified Lfs (5
acetylhexosaminidase treatment. We have found in otherug/lane) were subjected to SB®AGE, electrophoretically-
analyses that all Asn-linked oligosaccharides released fromtransferred to nitrocellulose, then either stained with amido black

Lf by hvdrazinolvsi full tible t id (lanes 1 and 2) or probed with digoxigenin-labeled SNA to detect
y hydrazinolysis were fully susceptible to mannosidase o ying| NeuNAc (SAx2—6; lanes 3 and 4) or digoxigenin-labeled

treatment (data not shown), indicating thidtacetylhex-  RCA to detect terminals-Gal (Gal f1—4; lanes 5 and 6).
osaminidase had indeed removed all termg@alNAc and Digoxigenin-labeled lectins were detected with anti-digoxigenin IgG
B-GIcNAc from Lf. We found that<80-fold molar excess  (Boehringer Mannheim). (B) Bovine colostrum Lf was deglyco-

. _ ~ . sylated sequentially with neuraminidase ghdalactosidase as in
of glycosidase- and mock-treated Lf competed vigorously panel A. Equivalent amounts of untreated bovine colostrum Lf

with *29-Lf for binding to cells at 4°C (Figure 6B). The  (untreated), deglycosylated Lf, and Lf incubated af@without
removal of terminal Gal or GalNAc from a fraction of Lf  glycosidases (mock-treated) were fractioned by SP&GE and

molecules should result in a partial loss of competition transferred to nitrocellulose. Lfs were probed with digoxigenin-
binding activity in these Lf preparations, but we observed abeled SNA and RCA lectins as described in panel A. (C)

. . L Hepatocytes (X 10° cells/mL) were incubated witk3-Lf (2 ug/
no differences in the competition isotherms between the two 'y or 90 min at 4°C in buffer A in the absence (no additions)

forms of Lf. In other experiments, we have found that or presence of a 50-fold molar excess of either mock-treated or
RHL-1 can be purified on affinity columns derivatized with  deglycosylated bovine or human Lf. Cells were washed in cold

neuraminidase- ang-galactosidase-treated Lf (data not buffer B and assayed for cell-associated radioactivity as described.
shown). We conclude from all these data, therefore, that g}g’;p;;'rr:(?g}felcf;c’t(;er]‘élgredsazsggﬁgﬁéengzgigfd“pl'cate samples;
p45/RHL-1 binds to bovine and human Lfs in a?Ga

dependent manner but by a mechanism independent of the Although relatively large bulky protein ligands blocked
presence of terminal Gal or GalNAc moieties on Lfs’ glycan Lf binding to ASGP-R, it is not clear from these data if Lf
structures. bound to the carbohydrate-recognition domain or some other
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FiIGURe 7: Effect of 3-lactose and sucrose on Lf and ASOR Binding
0 N \ . to hepatocytes. Hepatocytes ¥210°/mL) were incubated at 4C

0 25 5lo 75 100 with 123-Lf (2 ug/mL; panel A) or*?3-ASOR (1ug/mL; panel B)
bLf (ug/mL) in the absence or presenceflactose [0, O) or sucroseM, ®) at

the designated concentrations for 90 min. Cells were washed in
FIGURE 6: Deglycosylation of bovine colostrum Lf and titration ~ cold buffer B and assayed for cell-associated radioactivity as
of its ligand competition binding activity. (A) Bovine colostrum

described in Experimental Procedures. Values represent means of
Lf was treated with neuraminidase.galactosidaseg§-galactosidase, ~ duplicate samples; error bars reflect standard deviations of means.
andN-acetylhexosaminidase as described in Experimental Proce-

dures. Deglycosylated Lf and Lf treated similarly but without DISCUSSION

glycosidases (mock-treated) were subjected to SBSGE and . . .
transferred to nitrocellulose. Fractioned Lfs were either stained with ~_Solated rat hepatocytes bind and internalize Lf by a set

amido black (lanes 1 and 2) or probed with digoxigenin-labeled of high-affinity, C&"-dependent recycling binding sites
SNA to detect terminal NeuNAc (SAx2—6; lanes 3 and 4), (McAbee & Esbensen, 1991; McAbee et al., 1993). In a
gigoxijgeg)in-labi}ged RCAto ?Iegeclzt(tjer\r/nvigrs?l ((éa{ﬁé;éfli Im\es companion study to this paper (Bennatt & McAbee, 1997),
and 6), or digoxigenin-labele o deteBtGIcNAC ; o :

(GIcNAC; lanes 7 gnd %). Digoxigenin-labeled lectins were detected € |.dent|f|ed and |solate_d a 45-kDa Cadependent Lf-
with anti-digoxigenin IgG (Boehringer Mannheim). (B) Hepatocytes Pinding membrane protein (p45) from rat hepatocytes that
(2 x 1P cells/mL) were incubated witt?SI-Lf (bovine; 2 ug/mL) functions as the Ca-dependent hepatic Lf receptor. Two
for 90 min at 4°C in buffer A supplemented with the designated lines of evidence presented in this report argue strongly that
concentration of either mock-treated)(or deglycosylatedl) Lfs p45 is identical to the RHL-1 subunit of the ASGP-R. First,

analyzed in panel A. Cells were washed in cold buffer B and - . . .
assayed for cell-associated radioactivity as described in Experi- two tryptic peptides of p45 (6 and 23 amino acids) showed

mental Procedures. Values represent means of duplicate samples100% identity with corresponding sequences of RHL-1.
error bars reflect standard deviations of means. Second, affinity-purified RHL-1 and p45 exhibited identical
migration patterns on SDSPAGE gels, and monospecific
site(s) on ASGP-R. Gal-terminated oligosaccharides antibodies to p45 cross-reacted with RHL-1 protein, and anti-
alone-branched or monovalenbind to ASGP-R via the ~ RHL-1 antibodies recognized p45 protein (Figure 2B).
receptor's carbohydrate-recognition domain and thereby While homooligomers of RHL-1 and RHL-2/3 can function
block the interaction of Gal-terminated glycoproteins with &S independent receptors for galactosylated ligands (Geffen

) : . t al., 1989; Halberg et al., 1987), it appears that a portion
hepatocytes (Lee et al., 1983; Weis & Drickamer, 1996). € . ,
To address this issue, we examined the ability3-déctose of RHL-1 and most of RHL-2/3 exist as heterooligomers on

. : i 125 . the cell surface (Herzig & Weigel, 1989, 1990; Oka et al.,
to block the interaction o*4-Lf and *23-ASOR to isolated 1990; Sawyer et al., 1988). Data presented here and in the

rat hepatocytes. We found that, at Iarge_ molar _excessestompanion study (Bennatt & McAbee, 1997), however,
f-lactose progressively blocked hepatocyte interactidfef g, 4q0ct that Lfs bind to RHL-1 but not to RHL-2/3. First,
Lfby <77% (Figure 7A) and oS-ASOR by <62% (Figure e found that?3-Lf cross-linked to hepatocytes by dithiobis-
7B). An equivalent amount of sucrose had little or no effect (syfosuccimidylproprionate) was detected by autoradiogra-
on the interaction of these ligands with the cells. Comparison phy at M of ~125 000; no higher molecular weight bands
of the 3-lactose titration isotherms suggests that it was a more corresponding to complexes of Lf with RHL-2/3 were
potent competitor for Lf binding than for ASOR binding. detected in a cross-linker- and Talependent fashion
These findings strongly suggest that Lf interacts with the (Bennatt & McAbee, 1997). In contraséi-ASOR cross-
carbohydrate-recognition domain of ASGP-R. linked to intact hepatocytes with seveiddhydroxysuccin-
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imidyl-based cross-linkers with-12-A linker arms similar

to dithiobis(sulfosuccimidylproprionate) form adducts with
RHL-1, RHL-2, and RHL-3 in roughly equimolar quantities
(Herzig & Weigel, 1990). Second, RHL-2/3 does not
copurify with p45/RHL-1 on Lf-agarose( Bennatt & McAbee,

Bennatt et al.

detectable terminal Gal moieties competed as well as
unmodified Lfs for binding to cells (Figures 5 and 6). (iii)
Nonglycosylated recombinant Lf polypeptides inhibit binding
of native Lf to hepatocytes. We have expressed two
truncated variants of bovine Lf ifEscherichia coli one

1997) (Figure 2B), whereas all three RHL subunits are lacking the first 70 NH-terminal amino acids and the other
purified on AF-agarose (Figure 2A, lane R; Figure 2B, lanes lacking the first 270 N-terminal amino acid&. coli extracts

4 and 6). This suggests that Lf binding to RHL-1 may
displace RHL-2/3 from RHL heterooligomers. Thifd3l-

Lf binds to RHL-1 immobilized onto nitrocellulose whereas
it interacts poorly or not at all with immobilized RHL-2/3

enriched in either of these variant proteins, but not extract
from mock-transformed cells, specifically block the interac-
tion of native Lf to the C& -dependent sites on hepatocytes
(Sitaram et al., 1996). We conclude, therefore, that Lfs bind

(Figure 2C). Studies examining the lactoperoxidase-medi- to p45/RHL-1 by a mechanism that is independent of Gal-

ated'®-labeling of RHL subunits on intact cells suggest

or GalNAc-terminated glycans. To our knowledge, this is

that RHL-2/3 subunits are more topologically prominent on the first report showing that the major subunit of the ASGP-R
the cell surface than RHL-1 (Lee & Lee, 1987; Sawyer et binds to a protein ligand with high affinity in a carbohydrate-
al., 1988). As such, our finding that anti-RHL-2/3 antibodies independent manner.

blocked the binding o#?3-Lf to hepatocytes (Figure 3B) is

consistent with the notion that interaction of anti-RHL-2/3
antibodies may sterically hinder the interaction of Lf with
RHL-1. At present, we are examining the interaction of Lf

Previous reports suggest the ASGP-R is not involved in
clearance of plasma Lf based on the observations that ASOR
and Lf do not block removal of each other from murine
circulation (Imber & Pizzo, 1983; Moguilevsky et al., 1984).

with Swiss 3T3 fibroblasts expressing the human RHL While ASOR and Lf compete for binding to isolated rat
homologs H1 and/or H2 (Fuhrer et al., 1994) to determine hepatocytes, the two ligands appear to bind ASGP-Rs by

if one or both ASGP-R subunits are required for Lf binding
and endocytosis.
Even though RHL-1 functions as the €alependent Lf

different mechanisms. First, ASOR’s interaction with the
ASGP-R is mediated by Gal sugars that terminate its glycan
structures (Pricer & Ashwell, 1971) whereas Lf binds at or

receptor on isolated hepatocytes, several lines of evidencenear the carbohydrate-recognition domain of RHL-1 yet in
argue that Lf binds to RHL-1 in a Gal-independent manner. a Gal-independent manner (Figures®. This is consistent

(i) Lf's glycan structure predicts it to be a low-affinity ligand

with the earlier report that Lf's protein, but not its carbo-

for the ASGP-R. The number of Gal residues per glycan hydrate, is responsible for its binding to hepatocytes (Mo-
cluster and the extent of glycan branching are major guilevsky et al., 1984). Second, high-affinity binding of
determinants of the binding affinity of ligands to the hepatic ASOR to hepatocytes is mediated by heterooligomers of

Gal/GalNAc receptor. Tetraantennary and triantenrday

RHL-1 and RHL-2/3 (Herzig & Weigel, 1990; Sawyer et

acetyllactosamine type glycans bind to Gal/GalNAc receptors al., 1988) although ASOR can bind to H1 homooligomers

on isolated hepatocytes with affinities3@ld greater than
biantennaryN-acetyllactosamine type glycans and-1@ld

alone with high affinity (Bider et al., 1995). Lf, on the other
hand, binds readily to RHL-1 subunits but poorly or not at

greater than monoantennary chains (Lee et al., 1983). Lf'sall to RHL-2/3 (Figure 2B,C) (Bennatt & McAbee, 1997).

biantennary complex-type oligosaccharig@s which only
one arm terminates in Gapredicts that Lf should bind to
the ASGP-R via its terminal Gal sugars with affinity
constants in the milli- or micromolar range, yet bovine
colostral Lf binds to isolated rat hepatocytes with high-
affinity (Kq = 20—75 nM; Sitaram & McAbee, 1997;
McAbee & Esbensen, 1991). Examination of bovine Lf's

three-dimensional structure reveals that Asn-linked glyco-

sylation sites (As#® Asn’® that attach at least one

Third, hepatocytes possess a large intracellular pool of
ASGP-R (Ashwell & Harford, 1982; Weigel & Oka, 1983)
that bind'®4-ASOR or'®-anti-ASGP-R IgG when cells are
permeabilized with digitonin (McAbee et al., 1991; McAbee
& Weigel, 1988; Weigel & Oka, 1983; McAbee & Ling,
1997). In contrast, digitonin-permeabilized rat hepatocytes
in suspension or primary cultures do not bind significantly
more 24-Lf than do intact cells (McAbee et al., 1993;
McAbee & Ling, 1997), suggesting that intracellular ASGP-

N-acetyllactosamine type glycan are at opposite faces of theRs can bind ligands by their lectin activity but not to ligands

C-lobe of the Lf molecule, a linear,Go C, distance of 46.7

A (Haridas et al., 1994). Even though Lf's glycan chains
exhibit considerable conformational flexibility (Dauchez et
al., 1992), it is unlikely that Gal- or GalNAc-bearing
N-acetyllactosaminyl antennae present on¥&and Asri’®

could attain a geometry suited to bind to multiple adjacent

p45/RHL-1 subunits (1525 A; Hardy et al., 1985). Even
if this occurred, juxtaposition of two terminal Gal residues

by a Gal-independent mechanism. Some evidence suggests
that the intracellular ASGP-R subunit composition is similar
to that on the cell surface (Herzig & Weigel, 1990; Oka et
al., 1990), but others have reported biochemical and subunit
compositional differences between plasma membrane and
intracellular ASGP-R as well as differences in subunit
expression (Andersson et al., 1988; Enrich et al., 1992). It
remains to be determined conclusively, therefore, that the

would yield at best a bivalent interaction, a density of Gal
sugars that typically produces ligand affinity constants in removal of these two ligands from the circulation by entirely
the micromolar range (Hardy et al., 1985; Lee et al., 1983). different receptor systems.

(ii) Hepatocytes bind degalactosylated and native Lfs equally At least two implications arise from our findings. First,
well. If Lf binds p45/RHL-1 via terminal Gal sugars, then ASGP-Rs may be multifunctional, binding different ligands
enzymatic removal of even a fraction of Lfs’ Gal sugars by carbohydrate-dependent and -independent mechanisms.
should at the very least reduce the ability of the modified One precedent for this is the cation-independent mannose
protein to compete with native Lfs for binding to hepatocytes. 6-phosphate/insulin-like growth factor Il receptor that deliv-
Our evidence indicates, however, that Lfs which lacked all ers populations of acid hydrolases bearing mannose 6-phos-

lack of ASOR competition for Lf clearance reflects the
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