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Endogenous ligands have not, to date, been identified for the
asialoglycoprotein receptor (ASGP-R), which is abundantly ex-
pressed by parenchymal cells in the liver of mammals. On the basis
of the rapid clearance of BSA bearing multiple chemically coupled
sialic acid (Sia)«2,6GalNAcB1,4GIcNAcB1,2Man tetrasaccharides
(SiaGGnM-BSA) from the circulation, and the ability of the ASGP-R
hepatic lectin-1 subunit to bind SiaGGnM-BSA, we previously
proposed that glycoproteins modified with structures terminating
with Siaa2,6GalNAc may represent previously unrecognized ex-
amples of endogenous ligands for this receptor. Here, we have
taken a genetic approach using wild-type and ASGP-R-deficient
mice to determine that the ASGP-R in vivo does indeed account for
the rapid clearance of glycoconjugates terminating with
Siaa2,6GalNAc. We have also determined that the ASGP-R is able
to bind core-substituted oligosaccharides with the terminal se-
quence Siaa2,6GalB1,4GIcNAc but not those with the terminal
Siaa2,3GalpB1,4GIcNAc. We propose that glycoproteins bearing
terminals Siaa2,6GalNAc and Siac2,6Gal are endogenous ligands
for the ASGP-R, and that the ASGP-R helps to regulate the relative
concentration of serum glycoproteins bearing «2,6-linked Sia.

clearance | galactose | N-acetylgalactosamine | hepatic lectin | serum
glycoproteins

I t is well established that the hepatic asialoglycoprotein recep-
tor (ASGP-R) identified by Ashwell and Morell (1) has a high
affinity for terminal B-linked galactose (Gal) or N-acetylgalac-
tosamine (GalNAc) residues (2). However, oligosaccharides on
the vast majority of serum glycoproteins terminate with sialic
acid (Sia) that is linked to the C3 or C6 hydroxyl of penultimate
Gal or GalNAc residues. Enzymatic removal of terminal o2,3- or
a2,6-linked Sia exposes the underlying Gal or GalNAc on these
glycoproteins and results in their rapid clearance from the
circulation by means of the ASGP-R. Thus, it has been widely
anticipated that in vivo ligands for the ASGP-R would be
circulating asialoglycoproteins that either have had their termi-
nal Sia removed or had not had Sia added during synthesis.
However, mice deficient inASGP-R binding activity because of
genetic ablation of either of its two subunits do not accumulate
asialoglycoproteins in their blood (3, 4). This lack of asialogly-
coprotein accumulation raises the question of whether asialo-
glycoproteins are the primary in vivo ligands for the ASGP-R.

We recently observed that BSA chemically modified with
15 trisaccharides, each with the sequence Siaa2,6GalNAcpI,
4GlcNAcB1,2Mana- (SiaGGnM-BSA; Man, mannose), is rap-
idly removed from the circulation after injection into the rat
(5). Furthermore, we demonstrated that the native ASGP-R
binds SiaGGnM-BSA as does the recombinant hepatic lectin-1
(HL-1) subunit of the ASGP-R (5). N-linked oligosaccharides
terminating with the sequence Siaa2,6GalNAcB1,4GIcNAcp1,
2Mana- occur naturally on a number of circulating glycopro-
teins including human glycodelin (6), and the following select
members of the rat prolactin-like protein (PLP) hormone
family: PLP-A, PLP-B, PLP-C, prolactin-related protein, and
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placental lactogen I variant (7). We therefore proposed that
these glycoproteins terminating with Sia may actually repre-
sent previously unrecognized examples of endogenous ligands
for the ASGP-R (5).

The ASGP-R consists of two distinct subunits, HL-1 and
HL-2, that are required for the expression of functional receptor
in vivo (8-12). Oligosaccharide binding activity is predominantly
associated with the HL-1 subunit which is expressed in all
mammals that have been examined to date and retains a high
percentage of identical residues in its amino acid sequence when
compared across species. For example, mouse HL-1 and human
HL-1 are, respectively, 89% and 80% identical to rat HL-1. All
of the ASGP-Rs in mammals share their specificity for terminal
Gal or GalNAc; however, the activity per gram of liver for
terminal Gal or GalNAc varies markedly among mammals (13).
The specificity for terminal Siaa2,6GalNAc is also retained
among mammals. The ratio of Siaa2,6GalNAc to GalNAc
binding activity is greater in rat liver membranes than in mouse
liver membranes (13), a difference that is retained by recombi-
nant rat and mouse HL-1 expressed in human embryonic kidney
293 cells. This variation in specificity can be mapped to differ-
ences in the amino acid sequence of the rat and mouse HL-1 that
are both near the proposed GalNAc binding site and distant
from the site (13).

We now take advantage of a genetic approach by using
ASGP-R-deficient mice to provide compelling evidence that the
ASGP-R does indeed account for the clearance of glycoproteins
terminating with Siaa2,6GalNAc from the blood. In addition, we
show that the HL-1 subunit is able to recognize core-fucosylated
glycoconjugates terminating with Siaa2,6Gal but not those
terminating with Sica2,3Gal and propose that clearance by the
ASGP-R may account for the more rapid removal from the
blood of glycoconjugates terminating with Sia«2,6Gal than those
terminating with Siaa2,3Gal. We hypothesize that the ASGP-R
functions to help regulate the concentration of glycoproteins
bearing Siaa2,6Gal in the blood.

Experimental Procedures

Materials. The preparation of BSA modified with covalently
attached oligosaccharides has been described for SiaGGnM-
BSA (5), GalNAcB1,4GlcNAcB1,2Mana-BSA (GGnM-BSA)
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Table 1. Glycoconjugates utilized for binding assays and clearance studies

Oligosaccharides

Conjugate Oligosaccharide structure per BSA, mol/mol
SiaGGnM-BSA Siaa2,6GalNAcB1,4GIcNAcB1,2Man-BSA 15
GGnM-BSA GalNAcB1,4GIcNAcB1,2Man-BSA 15
Gal-BSA Gal-BSA 34
BiF10-BSA GalB1,4GIcNAcB1,2Manal,6\ Fuca1,6\ 3.9
Manp1,4GIcNAcB1,4GIcNAc-BSA
Galp1,4GIcNAcB1,2Manal,3/
BiF1226-BSA Siaa2,6GalB1,4GIcNACB1,2Manal,6\ Fucal,6\ 2.9
Manp1,4GlcNAcB1,4GIcNAc-BSA
Siaa2,6GalB1,4GIcNAcB1,2Manal,3/
BiF1223-BSA Siala2,3GalB1,4GIcNAcB1,2Manal,6\ Fuca1,6\ 4.6
Manp1,4GIcNAcB1,4GIcNAc-BSA
Siala2,3GalB1,4GIcNAcB1,2Manal,3/
Fuc, fucose.

(14), the complex-type biantennary core-fucosylated decasac-
charide BiF10-BSA, and the «2,3- and «2,6-sialylated dode-
casaccharide derivatives of BiF10-BSA, BiF1223-BSA, and
BiF1226-BSA (15). Galactosyl-BSA (Gal-BSA) was purchased
from EY Laboratories. The structures of the oligosaccharides
and number of oligosaccharides conjugated per BSA molecule
(mol/mol of BSA) are summarized in Table 1.

Radiolabeling. Twenty-five micrograms of BSA conjugate was
dissolved in 95 ul of 20 mM Tris-HCl/150 mM NacCl, pH 7.4, and
incubated on ice for 15 min with one IodoBead (Pierce) and 500
wCi (1 Ci = 37 GBq) of Na!®I. Free '2°1 was separated from the
labeled conjugate by using a Bio-Spin 6 Tris Column (Bio-Rad).
The '>I-labeled neoglycoconjugates were stored at —20°C in
buffer A (25 mM Tris'HCl/150 mM NaCl, pH 7.4) containing
BSA (1 mg/ml).

Bacterial Expression of Carbohydrate Recognition Domain (CRD) Re-
gions of Mouse and Rat ASGP-R HL-1. cDNAs encoding chimeric
proteins consisting of the CRD of either the mouse or the rat
ASGP-R HL-1 subunit followed by a V5 epitope and a poly(His)
tag were cloned into the bacterial expression vector pET22b(+)
as described in ref. 13. The CRDs were purified by Ni-chelate
affinity chromatography after solubilization from inclusion bod-
ies. The CRDs were allowed to fold, and those with GalNAc-
binding activity were isolated by affinity chromatography on
GalNAcB-agarose. The isolated mouse and rat ASGP-R CRDs
were designated M1-CRDVS5His and R1-CRDVS5His, respec-
tively. Binding activity was examined by using 1 pmol of purified
CRD in the binding assay (see below).

Binding Assays. Binding studies were performed as described in
ref. 5. Each reaction mixture contained 75 ul of buffer B (25 mM
Tris'HCI, pH 7.4/500 mM NaCl/10 mM CacCl,) containing 0.5%
(wt/vol) Triton X-100, 2 X 10* to 5 X 10* cpm **I-labeled BSA
glycoconjugate, and 1 pmol of either M1-CRDVS5His or R1-
CRDVS5His. After incubation for 60 min at 25°C, ligand-
receptor complexes were precipitated by adding an equal volume
of ice-cold 20% (wt/vol) polyethylene glycol 8000 in 25 mM
Tris'HCI, pH 7.4/500 mM NaCl and incubating for 30 min at 4°C.
Precipitated ligand-receptor complexes were collected by vac-
uum filtration on glass-fiber membranes (Millipore, multiscreen-
FC, clear plates). The filtrates were washed three times with 150
wl of ice-cold 10% (wt/vol) polyethylene glycol 8000 in buffer B.
Individual filters were counted in a y counter. Inhibition curves
were generated by adding incremental amounts of Gal, GalNAc,
or Sia. Analyses were performed by using PRISM 4.0 software
(GraphPad, San Diego).

17126 | www.pnas.org/cgi/doi/10.1073/pnas.0508537102

Clearance Studies. Clearance studies were performed by using
C57BL/6 (wild-type) and ASGP-R HL-2-deficient (knockout)
mice (The Jackson Laboratory, B6;129SV7-ASGR2tmI/Her) that
have been shown to be deficient in ASGP-R expression (16).
Mice were anesthetized by Metofane inhalation during the study.
One-half of a microgram of '?I-labeled BSA glycoconjugate was
introduced by retroorbital injection, and blood samples were
collected from the opposite orbital venous sinus at designated
times. The amount of '2°I glycoconjugate in 20 ul of blood was
determined by using a vy counter. Blood collected immediately
after injection was designated as 100%, and this value was used
in calculating the serum half-life of glycoconjugates. Mice were
killed by cervical dislocation at the termination of the clearance
study.

Results

Monosaccharide Specificity of the Rat and Mouse ASGP-R HL-1 CRDs.
R1-CRDVS5His and M1-CRDVS5His are both able to bind
SiaGGnM-'%I-BSA and Gal-'I-BSA. K; values for the inhibi-
tion of binding by GalNAc, Gal, and Sia are summarized in Fig.
1 and Table 2. The inhibition studies were carried out in the
presence of 500 mM NaCl to reduce potential nonspecific ionic
interactions. Free Sia inhibits binding of SiaGGnM-!*I-BSA by
both R1-CRDV5His and M1-CRDV5His (Fig. 14) with similar
K; values of 37.0 mM and 24.6 mM, respectively (Table 2),
supporting the conclusion that Sia interacts with specific residues
in the binding pocket of the CRD. The K; values obtained for
inhibition of SiaGGnM-!%I-BSA binding by free Sia are 50- to
60-fold greater than those obtained for free Gal and 1,200-fold
greater than those obtained for free GalNAc (Table 2).

Sia is a less effective inhibitor of Gal-'*I-BSA binding than
SiaGGnM-'I-BSA binding (Table 2). At 100 mM Sia, there is
less than a 10% decrease in the amount of Gal-'I-BSA bound
by M1-CRDVS5His (Fig. 1B). Because free Sia would be com-
peting with the region of an extended binding site that is
occupied by the a2,6-linked Sia of SiaGGnM, it is not surprising
that in the absence of covalently linked terminal Sia, free Sia no
longer inhibits binding to M1-CRDV5His. Free Sia is able to
inhibit binding of Gal-'>I-BSA by R1-CRDV5His but with a K;
of 65 mM as compared with 37 mM for inhibition of SiaGGnM-
125]-BSA binding. This finding suggests that there are differences
in the orientation of the bound Sia relative to the terminal Gal
of the Gal-BSA ligand bound to R1-CRDVS5His, as compared
with M1-CRDV5His, that allow the Sia to interfere with occu-
pation of the binding site by terminal Gal to a greater extent in
the rat CRD than in the mouse CRD (13).

Sialoconjugate Binding Activities of the Rat and Mouse ASGP-R HL-1

CRDs. Because the rat and mouse HL-1 CRDs both bind ligands
terminating with Siaa2,6GalNAcB1,4GlcNAc, we examined the

Park et al.
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Fig. 1. Monosaccharide inhibition curves for rat and mouse ASGP-R HL-1

CRDs. The amount of SiaGGnM-123|-BSA (A) or Gal-'2%I-BSA (B) bound by 1
pmol of R1-CRDV5His (thick lines, filled symbols) or M1-CRDV5His (thin lines,
open symbols) in the absence of monosaccharide inhibitor was set to 100%.
The amount of SiaGGnM-"25]-BSA or Gal-'25]-BSA bound in the presence of
increasing amounts of GalNAc (squares), Gal (circles), or Sia (diamonds) was
then determined.

relative binding capacity of these CRDs for ligands that termi-
nate with Siaa2,6GalpB1,4GlcNAc. Each of the BSA neoglyco-
conjugates was examined by using increasing amounts of R1-
CRDVS5His and M1-CRDV5His as shown in Fig. 2. With the
exception of BiF1223-125I-BSA, which has terminal a2,3-linked
Sia, each of the BSA glycoconjugates was bound and precipitated
by R1-CRDV5His and M1-CRDV5His. SiaGGnM-'>1-BSA
was bound with a Ky of 1.28 uM and 1.26 uM by rat and mouse
CRDV5His, respectively, whereas Gal-'2I-BSA was bound with
a K4 of 0.19 uM and 0.22 uM by rat and mouse CRDV5His,
respectively. BiF10-'2I-BSA was bound with Ky values of 0.16
uM and 0.45 uM that are similar to those for binding Gal-?°1-
BSA, even though there are only a total of eight terminal Gal
residues per BSA on BiF10-!2[-BSA as compared with 34 on

Gal-'>1-BSA. BiF1226-!2’I-BSA was bound with a K4 of 2.5 uM
by the rat CRDVS5His and 3.6 uM by mouse CRDVS5His.
Saturation curves obtained by using increasing amounts of
Gal-'»1-BSA and BiF10-!25I-BSA confirmed the K4 values ob-
tained for these compounds by using increasing concentrations
of R1-CRDV5His and M1-CRDV5His (data not shown). Thus,
even though there is an 8- to 16-fold reduction in the affinity of
the rat and mouse HL-1 CRDs for glycoconjugates terminating
with Siaa2,6GalB1,4GIcNAc compared with Galp1,4GIcNAc,
binding of the Sia-containing structures is detectable and highly
specific for a2,6-linked Sia relative to a2,3-linked Sia.

The ASGP-R Accounts for Clearance of Neoglycoconjugates with
Terminal Gal and Siaa2,6GalNAc in Mice. We previously reported
that SiaGGnM-'2°1-BSA is rapidly cleared from the circulation
of the rat (5). We also determined that HL-1 of the ASGP-R of
the rat binds SiaGGnM-'I-BSA and could therefore account
for the clearance of glycoproteins bearing this structure. We
examined the clearance of the glycoconjugates described in
Table 1 in wild-type mice and mice genetically deficient in HL-2
of the ASGP-R. Expression of the ASGP-R at the cell surface of
hepatocytes is deficient in these knockout mice (16). Clearance
of BiF10-BSA, which bears terminal 81,4-linked Gal, is markedly
reduced in ASGP-R-deficient mice as compared with wild-type
mice (Fig. 3C). Similarly, clearance of SiaGGnM-BSA is reduced
in ASGP-R-deficient mice as compared with wild-type mice
(Fig. 34). In contrast with BiF10-BSA with terminal Gal and
SiaGGnM-BSA, the rapid clearance of GGnM-BSA with its
terminal B1,4-linked GalNAc is not altered in HL-2-deficient
mice (Fig. 3B). BiF1226-BSA and BiF1223-BSA were cleared at
rates too slow to detect any difference between wild-type and
ASGP-R-deficient mice at 10 min. (Fig. 3 D and E).

Discussion

This study demonstrates that the ASGP-R accounts for the
in vivo clearance of glycoconjugates terminating with
Siae2,6GalNAc from the circulation. Glycoproteins bearing
oligosaccharides that terminate with Siaa2,6GalNAc therefore
represent examples of endogenous ligands for the ASGP-R.
Oligosaccharides terminating with Siaa2,6GalNAc have been
described on a number of glycoproteins, including human gly-
codelin isolated from amniotic fluid (6), urokinase (17), tissue
plasminogen activator produced by Bowes melanoma cells (18),
recombinant protein C (19), glycoprotein hormones (20), bovine
lactotransferrin (21), bovine CD36 (22), bovine butyrophilin
(23), and members of the PLP family of hormones produced by
spongiotrophoblasts in the rat placenta (7). 81,4-Linked GalNAc
is transferred to Asn-linked oligosaccharides on pituitary glyco-
protein hormones (24) and the PLP family of hormones (7), as
well as a number of other glycoproteins, by one or more
protein-specific B1,4-N-acetylgalactosamine-transferases
(B1,4GalNACT) that are expressed in a wide range of tissues and
cells (25). Oligosaccharides terminating with the disaccharide
sequence GalNAcB1,4GIcNAcB- can be further modified
with Sia, SO4, or Fuc to produce the unique structures
Siaa2,6GalNAcB1,4GlcNAcB-, SO4-4-GalNAcB1,4GIcNAcB-,

Table 2. K; values for inhibition by monosaccharides

K; for complex inhibition, mM

. CRD-SiaGGnM-BSA CRD-Gal-BSA
Monosaccharide
inhibitor R1-CRDV5His M1-CRDV5His R1-CRDV5His M1-CRDV5His
GalNACc 0.03 = 0.003 0.02 = 0.001 0.05 + 0.013 0.10 = 0.003
Gal 0.6 = 0.1 0.5 £ 0.02 2.7 +0.8 3.8+ 0.5
Sia 37.0 £ 11.2 246 = 1.2 65.1 + 28.8 330.5 = 30.7
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Fig.2. Binding curves for BSA glycoconjugates. Increasing concentrations of
R1-CRDV5His (®) and M1-CRDV5His (A) were incubated with 1 nmol of each
neoglycoprotein: SiaGGnM-'23|-BSA (A), Gal-'25I-BSA (B), BiF10-'25I-BSA (Q),
BiF1226-'23|-BSA (D), or BiF1223-'25-BSA (E). The amount of bound '25I-BSA
glycoconjugate was determined by precipitation with polyethylene glycol
8000 as described in Experimental Procedures.

or GalNAcpB1,4[Fucal,3]GlcNAcp-, respectively (24). Thus, the
synthesis of oligosaccharides terminating with Siaa2,
6GalNAcB1,4GlcNAcp- that will be recognized by the ASGP-R
is a highly regulated and protein-specific event in vivo.
SiaGGnM-BSA is cleared from the circulation of both the
mouse and the rat, although relatively little binding activity for
SiaGGnM-BSA is detected in liver membrane extracts from the
mouse. This reflects differences in the specificity of the mouse
and rat HL-1 subunit for terminal Siaa2,6GalNAc that is re-

17128 | www.pnas.org/cgi/doi/10.1073/pnas.0508537102
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Fig. 3. Comparison of clearance rates in wild-type and ASGP-R-deficient
mice. Wild-type (#) and HL-2-knockout (<) mice were injected with 25
labeled BSA glycoconjugates, and the amount of label remaining per 20 ul of
blood was determined at the times indicated for SiaGGnM-BSA (A), GGnM-
BSA (B), BiF10-BSA (C), BiF1226-BSA (D), and BiF1223-BSA (E).

flected in a 35-fold greater ratio of SiaGGnM-BSA to GGnM-
BSA binding activity in rat liver membrane extracts than in
mouse liver membrane extracts (13). Nonetheless, the amount of
Siaa2,6GalNAc-specific binding activity is adequate in the
mouse to mediate the rapid clearance of SiaGGnM-BSA from
the blood. Genetic ablation of the HL-2 subunit results in loss of
ASGP-R function and reduces the rate of clearance for SiaG-
GnM-BSA and BiF10-BSA, which contains terminal 81,4-linked
Gal, as compared with wild-type mice, indicating that the
ASGP-R represents the major, if the not only, mechanism for
rapid clearance for SiaGGnM-BSA and BiF10-BSA. In contrast
with SiaGGnM-BSA, the rapid clearance of GGnM-BSA is not
altered by ablation of HL-2 of the ASGP-R. The rapid clearance
of GGnM-BSA suggests that another receptor that recognizes
terminal GalNAc but not Siaa2,6GalNAc or terminal (1,4-
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linked Gal mediates the clearance of GGnM-BSA in the absence
of the functional ASGP-R.

The impact of genetic ablation of HL-2 of the ASGP-R on
clearance of SiaGGnM-BSA suggests that endogenous glycop-
roteins bearing oligosaccharides terminating with Siaa2,6Gal
are removed from the circulation by the ASGP-R. In support of
this possibility, we found that monomeric, recombinant forms of
the CRD of HL-1 bind BiF10-BSA with an affinity that is 3- to
5-fold greater than SiaGGnM-BSA and 8- to 16-fold greater than
BiF1226-BSA. BiF1226-BSA has a reduced serum half-life rel-
ative to BiF1223-BSA as determined by examining blood levels
1 h and 6 h after injection into wild-type mice (15). Complex-type
biantennary N-glycans with a bisecting GIcNAc bearing «2,6-
linked Sia also have a shorter serum half-life than the identical
biantennary N-glycans bearing «2,3-linked Sia. However, the
difference in serum half-life is only slight for these sialylated
forms in the absence of either of the core Fuc or bisecting
GlcNAc (15, 26, 27), suggesting these core substituents promote
recognition of the Siaa2,6Gal termini. We did not observe a
difference in the clearance rate for BiF1226-BSA in wild-type as
compared with ASGP-R-deficient mice (Fig. 3E). The lack of a
difference in clearance rate may reflect the short duration of the
present studies (<10 min) and the slow rate of clearance.

There is no doubt that the ASGP-R rapidly removes glycop-
roteins bearing either B1,4-linked Gal or GalNAc from the
circulation; however, glycoproteins with such termini have not
been identified in either normal individuals or mice that are
deficient in ASGP-R activity because of ablation of either HL-1
(4) or HL-2 (3). The lack of asialoglycoprotein accumulation in
the blood of receptor-deficient mice is remarkable in light of the
abundance of the ASGP-R on hepatocytes, with reports of
150,000-500,000 binding sites at the cell surface of isolated
hepatocytes (28-30); the large number of hepatocytes present in
the liver, ~2 X 10% per mouse (31, 32); and the rapid rate of
ASGP-R internalization, 0.1 pmol/min per 10° cells (28, 33). On
the basis of such estimates, the ASGP-R is capable of removing
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