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a monoclonal antipeptide antibody

The low density lipoprotsin (LDL)' receptor ia a single-

surface binding snd endocytosis of plasma lipoproteins con-
taining apoproteing B-100 or E (1). The receptor is crientsd
with its NH,-terminal 767 amino acide facing the extracellular
environment and its COOH-tarminal 50 amino acidy project-
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mal growth factor (RGF) (1). The EGF precursor region in
required for the hinding of LDL on the cell surface, and &
also plays a role In the acid-dependent relsass of LDL from
the receptar, an ovent that in nocossary for receptor recycling
{(2). Next is the O-linked sugar region, followed by the trans-
membrans region and the COOH-terminal eytoplasmic tal
{1)-

The binding activity of the LDL racaptor has been mesas-
ured in intact cultured cells (3), in plasma membrans vesicles
{4), and in salubilized receptors co-precipitated with phospho-
lipids (5). The receptor can alac be amayed by Lligand blotting
following sodimnn dodecyl sulfate (SD8)-polyacrylamids gl
slactrophoresis and transfer to nitrocelluloss {(8).

In the current paper, we report a new solid phase assay that
can be used to study LDL binding activity of receptors in
crude membrans extracts as well as in purified form. The
mwhhndvuﬁpnﬂhdommdthm

and a radiclabaled ligand or sscond antibody directad at a
different domain is added. We have used this aasay to dem-
anstrate the secretion of a truncated form of the LDL receptor
from cultured cells that were tranafected with a eDNA con-
taining a prematurs terminator codon preceding the mem-

brane-spanning region.

EXPERIMENTAL FROCEDURES

Mw—mmwwmwm-mm
antibodies used in thess studies are shown in Fig. 1 (see

Reaf 7). Monoclonal anti-LDL receptor antibodies IgG-C7 (8, B), IgG-
15C8 (8, 10), IgG-HL1 (11), and 1yG~4A4 (8) nnd a manocelonal

ware purifisd
mwmmﬂumwnm I-Imn
LDL (d L016-1.083 g/ml) was prepared by ul!
rediclabelad by the jodine monochlaride method (3).
deficient sarune (d >1.915 g/ml) was prepared as dageribed (3). TR

115-10h|0hm~hmmuﬂhnwnﬂuphmﬂ

encoding the entire human LDL receptor (pLDI.lt-!)(IS).GOS-MI

mmmmmmt of Microbislegy, Uni-

vemsity of California, Loa Angales). l"sm-nmu- (800

and ENHANCE were purchapsd from Now England Nutloar,
Salbid Phose e

Rodicimmunoassay for LDL
periormed in Immulon 1 Removawsl! Stripa (Dynatech Laborstories,
Catalogus Na. 011-010-§301) that had been washed once with distillad
watsr. An antl-LDL receptar monoelona] antfhody was abworbed to
esch well by incubatisn st a coneantration of 0.1 mg/mi in buffer A
(50 mM Tris-HCI at pH 8.0 eomtaining 2 ms CaCly). After 30-80 min
at 37 °C, the solution was ramoved. Nonspecific binding sites ware
saturstad by filling the wells with buffer A containing 1%
(w/¥) bovine ssrum albumin (BSA) and ineubsting them =t 37 °C for
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1 b Ths walls were then washed four tipaes with 0.35 ml of ies-cold
buffer A containing 0.8% BEA (buffer B), and sohitions containing
mLm(l—ﬂudpunﬁdnumruIW-Mp(dmﬂy

ng 2 mM giutemine, lwu.nllnl
streptomyein sulfate, 5% (v/v) fotal ealf serum,
and 10 mu HEPES, pH 74). On day £, the eslls wyre refad with

&mm%wﬂdmnmmm.uﬁmﬁ&-
aliquots

to electrophormsis on 8D
intensity of Coomassis Bhaw stxining to that of known amomts of
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BSA. Other prowain determinations were made by the method of
Lowzy (18) vaing BSA as a standard

Pig. 1 shows the five domains of the LDL receptor and
denotes the binding sites for the four monoclona] antibodies
that were used in these studies. Monoclonals IgG-15C8 and

LDL (panel B). The incubations were carried out in the
sheenes and presence of EDTA since specific bi
of thess ligands requires calcjum (1). Specific bi
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rose linearly in proportion to the amount of LDL
ldﬂuunnhnll.
Mmm“wmmmml.
that was producsd in Chiness hamster ovary filro-
that had bean tranafected with a cDNA encoding the
receptor (Fig. 3). The transfected cells were solubilised
with detergent, and the LDL receptor was partially purified
adsorption to DEAR-csllulose (see “Experimental Proce-
dures”). In the solid phase sssay, the human bound
WL.LDL with equally high affinity =t 4 °C and 37°C (Fig.
3A). Half-maximal hinding was obtained st approximately
1.8 nM st both temperatures. This differs from the findings
in intaet eslls in which the receptor has much lower affinity
at 37 “C (20). The affinity in the solid phase ssasy corresponds
to the high affinity stats of the receptor, which ia ochsarved in
cultured cells only at 4°C. IgG-HL1 also showed identical
affinitiss at 4 *C and 37 "C in the solid phase amay (Fig. 35).
At saturstion, the molar ratio for binding of "™I-LDL to *™I-
IgG-HL1 was 1:1. This caleulation was based on AL, valuea of
51z.ooommma-1ooofmummhmhofmn-mo
par mol of LDL) (21) and 147,000 for monocional IgG. Tha
spacific activity valuss used for ealeulating the hinding of **I-
and *-IgG-HL] were based on protein messurements
hythnlmmnthnd(m) We also meawured the
by guantitstive amino acid analysin
oversstimated the concentration of both
factor of 1.5 (LDL) and 1.3 (IgG-HL1)
did not ignificantly changs thé calculation of
toichiozast
llhﬂlth:dﬂnmmd"!-mlamd
1=1.1gG-HL1 binding at satnration to four different prepara-
ﬂuldhmnmLmnwudehm

ME
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A charactaristic property of the LDL receptor Ls its release
of LDL prefarentially st pH valuse less than 8 {2). Fig. 4
shows that this property is retained by the purifiad bovine
LDL in the solid phase immmoasasy both at 4 *C
(panel A) and xt 37°C (pansl B). The scld trestment aleo
caused the preferential releass of '*]-IgG-15C8 (cpen aymbols

A LDL 8 Ig8-HL1
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Fio. 3. Saturation eurves for biading of *I.LDL and
monoclonal antibodiss to LDL receptors at 4 °C and 37°C. A
mmmmmu&mmmmm
el ovmight a4 . Th el s e e s oomied
wolls .u'c Tha walls than received ths coneen-
tration of *[.LDL (214 paotein) (A) or "™-IgG-HL1 (81

cpm/fosnl
qn[ﬂnnl)(mudmhﬂhtdut'(:m)wﬂ'cwhlh
before the amgunt of beund radioactivity was determinad.

by parforming parallsl presance of
10 mu EDTA (A) or a 80-fold excesa of unlabaled IgG-HL1 (B). The
nonspecific values ranged from 4-11% (A) and 3-11% (B) of total

Tane I
Stoichiometric comparison of binding of *®I-LDL and ™]-iabsled
maonocional antl-receptor [gG o human LDL receptors at 4 °C

MlﬂypﬂldmnﬂmdmmLm (100-135
»g of protain) was hound to walls ovarnight at 4 °C.
Th.nlhlhnnuhﬂuﬂ- ml.tlinlmlnw

A: 13 aX in Experiments B-D) or 34 nM *™I.IgG-HL1
A-D). Ahrmhﬂnhlhut'&thhmmdw

tziplicate Incubations. Nonspecific was subtracted from esch
valus and was as describad In ths legend to Fig 3. Human
LDL recupbors were partially purifisd frars TRT15-18 cells on DEAR-
esllulons an described under “Expsrimental " Calculations
of ligand concentrution wers based on M. values of 513,000 for spoB-
100 in LD, and 147,000 for o monoclonal antibody with IgG2b beavy
chains and « light chaims. (The heavy chain of IgG-HL1 is subclam
Bominet  Thp REHL @ higeh
(a) ) a/b)
frmljwell
A -] 13 18
B 14 15 0.83
C 18 20 0.80
D M 20 0.2
Maan IT
i A A°C B. 37*C
o -
Ei L )
s MOp
!
| |
3 =35 a5

{panel A, 89 pansl
walls st 4 °C for 1 h In the abuemcs or presence of 10 mu EDTA, aftar
which the wells were washad at 4 °C to mmove (1]
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ths releass occurring within 10 min, followed by a much alower
second phase that was similar at both pH valuea,

Fig. 6 abhowa tha styocture of a recombinant plaamid that
was deslgned to achisve high level expression of a solubls,
sscretad form of the human LDL receptor. The vector usss
the promoter from cytomegalovirus fused to an LDL recaptor
¢DNA with & pramaiure tarmination codon &t residus 2805.
This receptor lacks the EGF precursor, O-linksd sugar, mam-
hrane-spanning, and cytoplasmic regions, and thus it should
be secreted from the cell. Tha vector also contains the early
region of the 8V40 virus, and it tharefore is replicatad to high
lovals when tranafected into monkesy COS-MS cells that pro-
doce BV40 large T antigen.
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Fig 1, ieft panel, shows an experiment in which COS-M8
calls were tranafocted with this plasmid and labaled with [*8]
methionine, Cells and madium were then subjectad to imesn-
noprecipitation with IgG-C7. After the 34-h labeling period,
soms of the receptor was still contained within the cell {lane
3). Mueh of the receptor had been sacreted into the medhnm
(fone 4). The secretsd recoptor was mare diffuse in mobility
and was larger than the intracellular form, possibly owing to
the processing of N-linksd carbohydretes. The trunosted
receptor containg two Asn-X-Ser soquences that are potantial
targets for N-linksd glycosyistion (7).

To estimate the amount of socroted receptor, we modified
the solid phase assay to circumvent the fact that the secreted
receptor Incked ths COOH terminus and tharefore eannot
resct with monoclonal IgG-4A4. Therefore, we coated the
hinding repsat (8). Various amounts of culture medium ware
then added to the walls in order to allow secreted receptom to
bind to the IgG-15C8. After washing the wells, we added '*J-
labelad IgG-HI.1, which bound to the wells in proportion to
the amount of medium that had bean added (Fig. 7, right,
panel A). Binding was competad with an excess of unisbaled
IgG-HL1. No binding waa ohserved whan we vsed medium
from control cells that were tmnafected only with salmon
sperm DNA (Fig 7, right, panel B). Assuming that 1 mol of
IgG-HL] binds t0 1 ma) of receptor, the data indicats that
the concantration of receptor in the culture madium is 0.08
mg/liter.

DIBCUBSION

In the current paper, we deacribe a solid phass Jigand
hndlulmythnunhmdbehmmhpmﬁdm!.
receptors, impure receptors in cruds extracts of solubllised
mhnn- and secreted, truncated receptors that lack the
memhrane-spanning region. In contrast to the nitrocaltulose-
hgdllnndhindinlmly. which requires SDS-polyscryl-
amide gul electrophorusis (6), the current asssy measures
hinding to the native, nondenatured form of the receptar.
Moreover, the binding activity in the current amssy is quen-
tified by scintillation counting, which is more preciss than
the sutoradiographic procedure used in the ligand blotting
amsy (8).

The LDL receptor in this asany shows high affinity for “*]-
LDL at 37 *C as well as at 4 °C. In intact cells, the recaptor
shown much lowsr affinity at 37 °C, apparently owing to a
rocre rapid dissociation rats (20). It is possible that the high
ruis of dissociation at 37 ‘C dependa on the mohility of tha
recepior in the plans of the membrane or upon its interaction
with another protein. It does not seem to be an intrinsie
property of the receptor, since it is not manifest in the solid

phats amay.

In vivo, LDL is released from ths receptor in an aeidic
endosomal compartment, and this allows the receptor to
recycls to the cell surface (1). The acid-dependsnt release of
bound ligands that is chearved for receptors in intact cells
was reproduced in ths aolid phase systsrn. The data in Figs. 4
and 5§ demonstrating the relesse of LDL from immobllised
recaptars in vitro strongly suggest that the releass phenome-
naon is due to a pH-dependsnt effect on the receptor molecule
jtssl!. Pravious mutational analyses showed that the EGF
precursor domain of the receptor mediates this conforma-
mmta).lthmmmmhmuh
the ligend binding domain, retains its structural integrity
during purification of the reesptor.

In the current assays, the human LDL receptor bound **1-
LDL and *®I-IgG-HIL.1 in a 1:1 molar ratio {Fig. 3 and Tabls
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Fio. 7. Detection of seoreted form of the LDL recaptor in the culture medium of COS-M6 oslls. On
dwo.lxlo'cos-mulllmnehdInwu:ho!'t.hﬂnﬂ-mallmdlﬂlnlnlnldndm!(Dnll:m'l
modified Engle's medium 10% final calf serum, 100 units/mi panielllin, 100 ag/ml streptomyein
and 10 mu HEPES, pH 1.5). On day 1, dishas were transfected with salmon sperm DNA (two diahes) or with

as proviously described (24). All dishes recsived 3 ml of mediom E. On day 3, one of the
&hwdmnhmmDNAudmhhwdﬁpmmumldm
free madium E containing 0.2 wmCl of [*8]methionine (300 Ci/mmol) snd 2 am unlabeled methionine. The
medhum from all dishes and the cells of the |mmmmmwmdqa.mmm
colls (laner 1, 3, and 3) and medium (2, 4, and §) of the [*S]methlonine-labaled dishes that were transtected with
d:lnr-lmnqnmDmthnldl)wpnﬂl(hwmmwmd(mﬂnhm)
with an anti. LDLm-nﬂbd.r llG-CT(h-l-ﬂ.erlmduMlﬁmthn-Sde].ndlhl

immmmoprecipitates were to SDB-pelyserylamlis gul alectrophoresie and y- The ENHANCE-
treated and drisd gal was exposed to Kodak X-Omat XRP film for £ h at =70 °C. The of M, standards
are indieated, C, cellx; M, medivm. Right ponel, lhﬂdmllmdnhthndldmn-n Jmethionine was

dlhdlo-bhl-hhan’mwx-lmdnwmmwwlmdmdhmmn&d
to 1gG-13C8-conted wells and incubated overnight at 4 *C. "I-IgG-HL] at 34 nM (55 cpm/fimol) was added te the

walls in the absence (@, l) or prasence (O, [J) of 1.7 aM unlabelsd IgG-HL1. Aftar Incubstion for 1 h at 4 °C, the

smount of total bound redicactivity was

I). IgG-HL1 has only one binding site per human LDL recep-
tor, the linker betwean repeats 4 and § (Fig. 1). These data
therefore strongly suggest that 1 mol of LDL hinds to 1 mel
of human LDL receptor. Beisisgel et al (9) cheerved a similar
1:1 stoichiometry of binding to intact human fibroblasts of
LDL and 1gG-C7, a monoclonal antibody that reacts primarily
with the first ligand binding repeat (8). Moreover, Gavigan e
al. (23) reported that maximum binding of LDL to eultured
human fibroblasts st 4 *C wes the sams as that of an anti-
receptor monoclonal antibody (10A2) and of Fab fragments
prepared from the antihody.

In addition to binding LDL, which has a singls copy of the
512-kDa apoB-100, the LDL recsptor alao binds apoB-HDL,,
which contains multipls copiss of the 33-kDa apoE (1). The
affinity for apaE-containing particles is much higher than it
is for the apoB-100-containing particles, apparently owing to
the multiplicity of binding sites on the apoE-containing par-
ticles (23). At saturstion, hnm.ﬂuLDLnuptonbinll
only ons-fourth as many epoE-containing particles as LDL
(14, 23). If each molecule of receptor binds a single LDL
particla, as suggested by the current study and earlier studies
particle (which containg multiple copies of apoE) must bind
to four receptors. Most of the LDL receptors on the cell
surface are helisved to exist as dimers, as revealed by chamical
cross-linking techniques {11). Each of these dimers may bind
two LDL particles, and a pair of dimers might bind to a single
apaE-containing particle.

We have used the solld phase ligand binding amay to
estimate the amounts of receptor secreted by cultured cells
that ware trensfected with an expressible cDNA encoding &
trunicated form of the recaptor which lacks the membrane-
spanning domain. The tranafactad COS calls produced ap-
prozimataly 0.08 mg of truncated LDL receptor per litar of
culture medium. It in likely that this result represents an
underestimats, sines not all of the receptor may adhere to the

All valuee are the average of triplieats incubstions.

antibody-coated wells in a form that is competent to bind a
second entibody. Neverthaless, this sssay ahould reveal the
relative amount of receptor when diffarent subclones of per-
manently transfected cells are examined. The vector that
contains the LDL receptor cDNA also containg an expressible
gene for dihydrofolate reductase, which confers resistance to

expression of the truncated LDL receptor so s to purify largs
amounts of it. This in turn will allow us to perform a standard
curva so that we can usa the solid phase ligand binding ssaxy
for abasohste quantification.

In studying the nmman LDL receptor, we have used mono-
clonal *™I-igG-HL), which reacts with a single site on the
receptor. This antibody does not react with LDL receptors
from cowa or other specion, and therefore the assays with
bovine LDL receptors were performed with '™1-IgG-15CS.
Tha lattar antibody binds with high affinity to the first repeat
in the ligand binding domain of the human LDL receptor (8).
It also reacts to some extent with other repeats, and thexefore
more than 1 mol of [gG-15C8 may bind to sach mol of
receptor. For this reason, IgG-15C8 is not useful for ealeulat-
ing the absolute stoichiometry of binding. Nevertholess, when
this antibody is used at a standard concentration, it hinds to
receptars in proportion to the number of receptors presmt
(Fig. 2), and thus it can be ussd to measure the relative
number of LDL. receptors in a given coll extract.
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Hepatitis C virus and other Flaviviridae viruses enter
cells via low density lipoprotein receptor
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Endocytosls of the Flaviviridae vinses, hepatitls € virus, GB virus
C/hapatitis G virus, and bovine viral diarrheal virus (BVDV) was
shown to be madiated by low density lipoprotein (LDL) recaptors
on cultured calls by saveral lines of evidence: by the demonstration
that endocytosis of thase virus correlated with LDL recapter activ-
Ry, by complets inhibition of detectable endocytosls by anti-LDL
vecaptor antibady, by Inhibition with anti-apolipoprotain E and
-apolipoprotein B antibodles, by chemical mathods abrogating
lipoprotein/LDL recsptor interactions, and by Inhibltion with the
endocytosls Inhibitor phanylarsine oxide. Confirmatory evidence
was providad by the lack of detectahie LDL receptor an cslls known
o be rasistant to BVDV infection. Endocytosls via the LDL receptor
was shown to ba madiated by complexing of the virus to very low
density lipoprotein or LDL but nat high density lipoprotain. Studies
using LDL mceptor-deficent cells or a cytolytic BVDV system
indicatad that the LDL eceptor may be the main but not axcusive
means of ool antry of these virusas. Studies on other types of
viruses Indicatad that this mechenism may not be exdusive to
FAaviviridas but may be usad by viruses that associats with lipopro-
tain In the blood. These findings provide svidence that the family
of LDL recaptors may serve as viral recaptorn.

epatitis C virus (HCV), the principal viral canse of chronic

hepatitis, is not readily replicated in cell culture systema,
and, as yet, no information on cell receptors for the virus is
available. However, several observations from studies on the role
of HCV in mized cryoglobulinemia (1-3) have provided some
insights to HCV entry into cells.

Mixed inemia is a systemic vasculitis associated with
cold-precipitable immunoglobulina in the blood. During the past
S years, a strong association of HCV infection with mixed
cryoglobulins has been established (4), and the specific concen-
tration of HCV in type Il mixed cryoglobulins that conaist of
polyclonal IgG and monoclonal IgM has been demonstrated (1).
It also was thown that very low density lipoprotein (VLDL) is
selectively associated with HCV in type 1I eryoglobulins (2). In
studies on the cutaneous vasculitic Jesions in type II eryoglob-
ulinemia using in sine hybridization (ISH), the HCV RNA virion
form (positive strand) but not the putative replicative form
(ncgative strand) of the virus was detected in keratinocytes in
lesions but not normal skin of the samo patients (3). Further-
more, it was demonstrated that LDI. rccoeptors were up-
regulated on keratinocytes in cutaneous vasculitis lesions com-
pared with normal skin (3). These observations and the finding
that anti-g lipoprotein precipitates HCV from infected serum
(5) suggested that the low density lipoprotein (LDL) receptor
also may be a receptor for HCV compleoxd to VLDL or LDL.
This hypothesis led to this study to determine whether the LDL
receptor is also a receptor for HCV and other members of the
family of viruses Flaviviridae.

Materials and Methods

Heagants, Antisera Virus Stocks, and Call Lines. Cyclohcxanedione,
phenylansine axide (PAQ), heparin sulfate, and EGTA wers pur-
chased from Sigma; 1,1'-dioctadecyl-3,3,3 3 -tetramethylindocar-
bocyanine iodine (Dil) was purchased from Molecular Probes.
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Purified IgGG 2a mouse monoclonal anti-LDL receptor antibody (C7
clone) was obtained from Scientific Products (Cam-
bridge, MA). Anti-bovine viral diarthea virus (BVDV) envelope
antibody bovine serum, a49, was provided by Marc S. Callett { Viro
Pharma, Malvern, PA). Mouse monociopal IgG 2s anti-CD-16,
mti-CD-19, and anti-transferrin (CD71) were purchased from
Immunotech (Hialeah, FL). Anti-u was purchased from Jackson
ImmunoResearch. Anti-apolipoprotein (aapo) E and aspo A-l
were purchased from Cortex Pharmaceuticals (San Leandro, CA);
anpo B was purchased from Sigma. Purified mouse monoclonal
IgG aapo B (1D7), aspo A-l (3G10), and aapo B (4G3) were
purchased from the University of Ottawa Heart Ingtitute, F(ab'),
an antibody fragment with two entigen-combining sites, prepara-
tions of mouse [gG were prepared by treating the mouse mono-
clonal antibodies from 30 minutes to 10 hours with 3% pepain
(Sigma) (pH 3.5) at 37°C. The F(ab')2 fragments were isolatcd by
column chromatography using a HR 10/30 Superoee 12 column
(Amersham Pharmacia). Bovine viral diarrhea virus-free donor calf
serum was purchased from Boyt Veterinary Laboratory (Neosho,
MO). Potassium bromide density gradient ohracentrifugation was
undfmmnmdﬂbkmhmdhghqulmm
{(HDL) from normal sera, and these I complexed to
HCYV from infected sera. The VLDL band [density (d) = 0.95-1.005
g/ml], the LDL band (d = 1.019-1.063), the HDL band (d =
1.063-121 g/ml}), and HCV free of lipoproteins (d > 1.21) were
isolated by aspiration and then dialyzed against Hanks’ balanced
salt solution (Sigma) containing 0.019% EDTA. Isolated HCV-
VLDL was dissocisted to HCV end VLDL by troatment with
deaxycholate and fractionated by sucrose density gradient ultra-
centrifugation as described (6). The high density HCV fraction, free
of lipoproteins, was further fractionated by column chromatogra-
phy on a lecithin pretreated Superose 6 (Amersham Pharmacia).
The peak of HCV present in the void volume was contaminated
with small amounts of imn that were removed by using
immobilired rProtein A (Repligen). Immoblotting (dot blots) 1o
detect small amounts of protein was performed as described (7).
Sensitivity of the assay was 100 pg for IgG and IgM and 200 pg for
apolipoproteins B and B. Lipoproteins were quantitated by Lowry
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myuingmmerdﬂﬁn(&ipa).lﬁghlypuﬁdw.DLlDL
and HDL were purchased from Cortex. Labeling of LDL with Dil
was performed as described (8).

Infiected buman sera were used as stocks for HCV (3 x 10°
genomic equivalems per millimeter [gE/ml]), GB virus titis
Gvn‘us(HGV)(!Xlo'gEIml),mdh:rpunmplﬂvm(HSV).
BVDV stmins NY-1 and National Animal Disease Laboratory
(NADL) and vesicular stomatitis virus (VSV), Indiana strain, and
respiratory syncytial virus wero obtained from American Type
MD). Bovine turbinate (BT) and

kidney (MDBK) cell lincs, Hep G2, a hepatama cell line that is
bind:mi:ﬂy:‘milnnnhgpatoqu@).Dmdi,lelllympho-
blastoid cell line, the Molt-4 T cell line, HEp 2, & squamous
carcinoms cell line, and normel fibroblasts (MRC-5) wers abtained
from the American Type Culture Collection. The B
knes G4 and El1l were genemated from fusion of FIB6 human-
mouse heterohybridoma with peripheral B cells from patients with
type I cryoglobulintmia and rheumatoid arthritis, respectively.
Development of the 35G6 peripheral B cell line, cloped from a
normal patient, was previously described (10). Four LDL receptor
negative cell lines, GMOO488C, GM@2000G, GMDO701C, and
GMOSMGB.mobm:dﬁmtbeNmmﬂlnmtubomeenl
Medical Sciences, Human Genetics Mutant Cell , Co-
rioll Institute for Medical Research (Camden, NJ). Celllrsnunt
to infection with BVDV (CRIB) were provided by R. O. Donis
(University of Nebraska, Lincoln, NE).

LOL Recwpinr Asswys. Cells were cultured in RPMI medium 1640
supplemented with 10% BVDV-free bovine calf serum or
expresgion of the LDL receptor was up-regulated by culturing for
24 hours in RPMI medinm 1640 supplemented with 10% Li-
in-deficient BVDV-free medium. The cells then were
washed twice with PBS (pH 7.2). Cytospin preparations were
made, fixed with acetone, and blocked with 5% normal mouse
serum, and the LDL. recoptor was visualized by incubating the
slides with 5 pug/ml purified IgG 2a monoclonal anti-LDL
receptor antibody followed by a 1:50 dilution of FITC-labeled
goat anti-mouse [F(ab')y] second antibody (Jackson ImmunoRe-
search). The demonstration of LDL receptors cn adherent cells,
MDBK, CRIB, fibroblasts, Hep G2, and HEp 2 was
in the same manner except monolayers of cells were cultured and
fixed on slides.

Demonstration of of Dil-LDL by cells was per-
formed by incubation af 2 X IIPu-JlswahounlﬁT'CmS%CO;
with 20 xg/ml Dil-LDL as described (11). The cells were washed
twice with cold PBS and were fixed with 19% buffered paraformal-
dehyde, and cytospin preparations were made for flucrescent
microscopic studies or cells in suspension were analyzed by flow
cytometry, Flow cytometric analysis was performed by using the
Epic XL-MCL cytometer (Coulter) using a 575 BP filter. Nonspe-
cific binding of Dil-LDL was determined by using Dil-LDL treated
with cyclohexanedione and was subtracted from the Dil-LDL
binding to give specific Dil-LDL binding 1o cultured cxlls.

HCV RNA and Asszys. HCV RNA, reverse transcriptase
(RT}-PCR, and 1SH assays were performed as described (12).
Specificity of the ISH method for HCV was dotermined by
comparing monol of human fibroblasts inoculated with
oither 3 X 107 gB/ml HCV or dilutions of adenovirus or
respiratory syucytisl virus that produced pathologic changes in
cells at 24 hours, After incubation for 24 hours at 37°C, the
cultures were assayed for HCV RNA by ISH. The

assay for HCV was performed as described (12). Daudi cells (3 X
10° cells) were inoculated with 3 X 107 gE HCV or GB virus
C/HGYV, were incubated for 3 hours at 37°C, were washed three
times, and were assayed for intracytoplasmic HCV RNA or GB
virus C/HGV RNA by ISH. RT-PCR and ISH assays for GB
virus C/HGV RNA were performed as described (13). The same

Agnella ot ol

FAg. 1. Demonstration of the specificty of tha 5H method for HCV. (A) HEp
2 cells 24 houns after Inodstion with HCV. Tha brown staining Indicatas the
preserca of positive-strand HCV. (8 and €) HEp 2 cells Incubated with respl-
ratory syncytial virus or adenovirus, respectively, show no stalning for HCV
wusing tha same 5H mathod as In A. Nota tha cytopathic sffect of thess viruses
on the Hep 2 monalayers. Original magnificstion, X500

methodaology also was used for studies with HCV-lipoprotein
recombinants. One hundred micrograms each of normal VLDL,
LDL, HDL or cyclohexanedione-treated VLDL, or LDL were
incubated with 10 gE HCV free of lipoproteins and immuno-
globulins for 30 minutes at 37°C and then were added to the
Daudi cells.

For cytolytic viruses, BVDV, NADL, VSV, and HSV, various
dilutions of the respective viruses were incubated with monolayers
of cells at 4°C for 1 hour, were washed thres times with cold PBS,
and were incubated with fresh medivm. Virus dilutions that pro-
duced complote cytolyzis at 72 hours for BVDV and VSV and 48
hours for HSV were selected. Immunofiuorescent detection of

BVDV was performed on acetone-fixed slides by
using 1:50 dilutions of anti-BVDV serum and a FITC-labeled
anti-bovine secomd antibody. The presence of BVDV in cells was
confirmed by RT-PCR using BVDV specific primers (14).

inhibition Stwdles. Blocking of LDL receptor with various dilu-
tions of antibodies (anti-LDL receptor, 5-20 pg/ml; control
antisera, 5-20 ug/ml) or inhibitors was performed by pretreat-
ment of cells with various concentrations of antisera or inhibitor
for 15 minutes at 37°C and inoculating with virus without
washing the cells. Additions of antisera during incubation period
were made at 45-minute intervals, Treatment of LDL and VLDL
with cyclohexanedione was performed as described (15). In
experiments with cytopathic virus, cells were pretreated with 50
pg/ml of anti-LDL receptor antibody for 30 minutes at 4°C
before inoculation with virus at 4°C.
nlln'bmon of endocytosis by PAO was assesscd by

described (16), and then endocytosis of LDL or HCV was evaluated
by the Dil-LDL asay or HCV-ISH, respectively, as described
earlier.

Results
Endocytosis of HCV via the LDL Receptor. We proviously dem-
onstrated that endocytosis of HCV in vitro correlates with the titer
of HCV in the inoculum. The percantage of cells positive for HCV
RNA by ISH correlated directly with the number of gE of HCV per
cell as determined by RT-PCR (12). There was alo a crude
carrelation between intensity of ISH staining for HCV RNA and
gE HCV per cell by RT-PCR. The specificity of this ISH assay for
HCV is shown in Fig. 1. Cell cultures infected with viruses other
than HCV were negative using this assay.
Fouﬁmhzrmmnotﬂﬂocymnofﬂcvwwmmm
a varicty of human cell culturcs (sce Materials and Methods) were
demonstrated to have LDL receptors with the use of anti-LDL
receptor antibody or Dil-LDL uptake. These cell lincs then were
inoculated with 2 high titer HCV-positive buman serum. Intracel-
lular HCV RNA then was detected by maing ISH. To determing
whether endocytosis of HCV correlated with the level of LDL
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Table 1. Uptake of LDL by cultured cells
Mean

Cell line Culture medium Treatment fluorescence
G4 Routing* None 08=04
G4 Routine DI-LDL 420
G4 Upoprotein deficlent? DI-LDL 16x7
Hep G2 Routine None I+
Hep G2 Routine DIHDL 16=5

*RPMI with 10% fetal bovine serum.
"RPMI with lipoprotain-defident serum.

upreﬁmmwﬂs.thawdknwnmoduhmdbauf
on the LDL receptor was used 1o increase the number
oﬂ.DLreecplxm(up-u;u]m)onecllsbyuﬂtmmgmhpopmum-
deficient media. Relative differences in endocytosis of LDL by
various cultured cell lines could be demonstrated by the specific
uptaks of Dil-LDL. The specific Dil-LDL uptake of Hep G2 cells
as shown in Table 1 was four times greater than of the peripheral
B cell line, Gd, without up-regulation,

Up-regulating these B cells produced a LDL uptake equivalent
10 that of the Hep G2 celis without up-regulation. These results
were confirmed by immunofluorescent studies ysing anti-LDL
receptor antibody steining and Dil-LDL uptake (Fig. 2A4 and B).

Up-regulation of the LDL receptors of G4 cells resuited in
70-80% of cells staining positive for the LDL receptor, a result
that was similar 10 the 70-80% colls positive for the LDL
receptor on Hep G2 cells (Fig. 3E) and Daudi cells (Fig. 3G),
also known to have higher denaities of LDL receptor (11).

The percentage of cells positive for HCV by ISH was shown to
correlate with the percentage of cells potitive for LDL receptor by
immunoflucrescence using anti-LDL antibody or Dil-
labeled LDI. Endocytosis of HCV by peripheral B cells that
showed 5-30% weakly positive cells in routine culture (Fig. 34)
whmup-mguhmdihmedapemupofpmwuﬂsmdm
intensity of staining (Fig. 38) compareblc to Hep G2 cells (Fig. 3E)
mdmuamm(ﬁ;w)mntmuchm-mmnm

Direct evidence that the LDL recepior-mediated endocytosis
of HCV was obtained by inhibiting endocytosis with anti-LDL
receptor antibody. The endocytosis of HCV could be inhibited
in a dose-dependent manner by preincubating the cells with
anti-LDL, receptor entibody. At sufficient concentrations of
anti-LDL receptor antibody, complete inhibition of endocytosis
of the virus could be demonstrated for both G4 and Hep G2 cells
(Fig. 3 C-F). Similar results were obtained by using infected
serum or VLDL-HCV complexes isolated from type II cryo-
globulins as the inoculum in these experiments. No inhibition
was observed with control mouse 1gG 2a or antisera to specific
cell surface antigens at a concentration up o 20 times the lowest
inhibiting concentration of anti-LDL receptor: antisera to u
heavy chain, CD-19, and CI>-16 surface antigens on peripheral
B cells and Daudi cells and antiserum to transferrin receptor on

Ap. 2. (A) Demonstration of the LDL recaptor on up-reguistsd G4 call using
anti-LDL receptor antibody (green fluarsscant stalning). The signal was vary
wask In ~30% of G4 cell without up-regulstion of the LDL recaptor (not
shown). (B) Demonstration of the uptaks of 5 ug of DIHLDL by G4 catls that
have up-regulated LDL receptors as In A. (Q Inhibition of 5 up of DiIHDL
andocytosis by 30X excess of uniabeled LDL (D) Same fleld & C by phase
contrast microscopy. Original magnification, X500.
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Hep G2 cells did not inhibit the endocytosis of HCV by these
cells. Morcover, treatment of Daudi cells with the endocytosis
inhibitor PAQ at 2 uM concentration completely inhibited the
endocytosis of HCV (Fig. 3 G and H).

The role of the LDL receptor in the endocytosis of HCV was
confirmed by demonstrating competitive inhibition with LDL
and VLDL but not HDL, which is known not to bind to the LDL
receptor. With use of hepatoma cells (Hep G2) or B cells (G4
and E11), 25-100 pg/ml of LDL or VLDL completely inhibited
endocytosis of HCV whereas concentrations of HDL up to 200
pg/ml (a 5- to 20- and 10- to 40-fold molar exxcess over LDL and
VLDL, respectively) did not inhibit. Treatment of LDL or VLDL
with cy:lohmzdlone, which is known to alter a critical arginine
residuc in the LDL receptor binding site of apolipoproteins B
and B (15), the main apolipoproteins found in VLDL and LDL,
respectively, eliminated the inhibition by LDL or VLDL. More-
over, 25 upits/ml of heparin sulfate or 2 uM EGTA inhibited
endocytosis of HCV. Both are known inhibitors of LDL receptor
endocytosis of lipoprotein (17).

To determing whether lipoproteins were involved in the
endocytosis of HCV, we performed inhibition studies using
various previously chamacterized antisera to apolipoproteins
[aapo E, ID7 (1B); aapo B, 4G3 {19); and aapo A-1, 3G10 (20)].
F(ab'); fragments were prepared and were used for all of the
studies; imhibitory activities of the preparations were tested
against Dil-lsbeled VLDL, LDL, and HDL isolated from a
normal seruw. Optimum F(ab'); sntibody cancentrations and
conditions for inhibition of endocytosis wers determined. Op-
timum conditions required addition of F(ab')ys after pretreat-
ment during the incubation period, and both eapo E and aapo
B were required for maximal inhibition of VLDL
whereas aapo B was sufficient for maximal inhibition of LDL

is. Under these conditions, the maximum inhibition of
HCV endocytosis achieved was §5%, with the remaining positive
cells showing anly trace staining. Pretreatment with aapo A-I
gave 10% inhibition, with the remaining positive cells showing no
decrease of staining compared with the contral. The addition of
anpo A-1 during incubation did not incroase inhibition, The
finding that both aapo B and aapo B were required and that
additional F{ab‘')a during the incubation increased inhibition
was most likely attributable to the complexity of VLDL metab-
olism end dissociation of F(ab')};s binding at 37°C. Hence, it
could not be determined whether VLDL alone or both VLDL
and LDL mediated is of HCV. Moreover, because
complete inhibition could not be achieved, direct endocytosis of
HCV by the LDL receptor could not be excluded.

Endocytosis experiments of isolated HCV-lipoprotein complexes
and recombination experiments with HCV and lipoproteins pro-
vided mare definitive data on the role of lipoproteing in endocytosis
of HCV via the LDL receptor. Isolation of HCV by dissociation of
HCV-VLDL complexes was unsuccessful; bowever, density gradi-
entﬁlmmofamemwnmgnhnhmnmmof
HCV produced not only HCV ki fractions but also 2 high
density HCV fraction free of lipoprotein. ins con-

the latter fraction were removed, providing a “free”
HCYV fraction for réecombinant studies. Comparison of endocytosis
of the various frections is shown in Table 2, The HCV-VLDL and
HCV-LDL, but not the HCV-HDL or high density HCV, fractions
were endocytosed. Addition of VIDL or LDL but not HDL,
isolated fram normal serum, 1o the free HCV requlted in restora-
tion of is. Cyclohexanedione treatment of the VLDL or
LDL abrogated the rescue (data not shown).

Further studies were performed by ming the LDL receptor-
deficient fibroblast cells (21). Inoculation of these cells with
HCYV showed only weak endocytoais that could not be increased
with preincubation of cells in lipoprotein deficient medium nor
inhibited by anti-LDL receptor antibody (data not shown).

Agnello etal,
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Fg. 5 (A} HCV I5H of HCV-inoculsted G4 calls that wars not up-regulated. Dark brown cytoplasmic staining Indicates the pressnce of the virlon form of HOV:
only ~30% of the cells are waakly positive. {5} By contrast, HCV was prasent In most calls In cultures in which the LDL recaptor wes up-regulated before HCV
snposure. Original magnificaion for A and 8, %500. (C) High-power view of HCV-infected G4 oails with up-reguisted LDL racepior as in B, (D) G4 cells praparad
3¢ In B and C were pretreated with anti-LD\. receptor antibody. Blocking of the receptor by the antibodies decreased the uptaks of the virus below the detaction
limk of 154, Control antisers (see text) did not have such bloddng sffact {not shown). Original magnification for Cand D, 1,250, (E) Uptake of HCV by Hep G2
hepstoms cull line Is shown by ISH. (F) Bladking the LDL receptor with ks specific antihody complately preventad the endocytosls of the ving, ss demonstratad
by 5H In E. Original magnification for £ and F, 3500. {G) Incubation of Deudi cells with HCV-poaltive serum resulted In positive stalning by ISH. (M) Pretreatment
of Daud! calls with 2 uM PAQ completely inhibitad the endocytosls of HCV, as [Bustrated in G. Original magnifiestion for G and M, X1250.

Furthermore, this low level endocytosis could not be competi-
tively inhibited with excess VLDL.

RepBoxtion of Endocytosed HCV. Replication of HCV has been
reported in Hep G2 and Daudi cell cultures. Extended cultures
of Hep G2, Daudi, and G4 cells wore tested serially by ISH for
evidence of replication. In the Hep G2 cells, only positive-strand
HCV was detected in the cells up to 1 week, but, at 3 weeks, 85%
of the cells contained positive-strand HCV and 65% contained
negative-strand HCV (data not shown). At 4 weeks, the cclls
were negative for HCV. In Daudi cells, only positive strand was
detected through day 10, but on days 15 and 20, both positive-
and negative-strand genome sequences were present in 80%
cells. The cells died in the fourth week of culture. Only the
positive strand of HCV was detected in G4 cells up to 1 week;
the cells died after 1 weck.

Endocytoshs of Other Aaviviridas Virasas. We investigated commer-
cial bovine sera that were known to be contaminated with the
pestivirus BVDV (22, 23). Human cell lines routinely cultured in

Table 2. Comparison of endocytosls of HCV In lipoprotain
fractions and the high density HCV fraction

Endocytosks of
1X10%gE
HCV from sach
fraction,
Endocytosisof 5 ug  parcent aall

Upoprotein, DiHabeled fraction  positive,
HCV, concemtration, mean fluorescence,  intensity of
Fraction gE/ml mg/ml log scale stalning
VIDL 25x104 0.48 2.4% 0%, ++
LDL 29 x 10 147 9.58 75%, +
HDL 43 x 104 2.56 1.88 [}
d>121 3.9 x 106 - - L]

++, Modarately positive: +, weakly pasitive.

Agnalio stal

media containing bovine serum were found 1o be positive for
intracytoplasmic BYDV by immunofluorescence using anti-
BVDYV antibody. The presence of BVDV was confirmed by
RT-PCR using BVDV-specific primers, Negative-strand BVDY
was not detected in cells nonpermissive to infection. BVDV-
positive buman nonpermissive cells became negative over a
4-week culture period in noncontamipated media. Bndocytosis
of BYDV by nonpermissive cultured cells could be inhibited
completely with anti-LDL receptor antibody but not with the
cantrol anti-transferrin receptor antibody (dats not shown for
this set of experiments).

With use of the cytopathic NADL struin of BVDV and
permissive cells, BT or bovine kidney (MDBK) cells, anti-LDL
receptor antibody but not control antiserum inhibited the
pathic effect and positive fluoresconce at 3 days (Fig. 4 A-D).
Five days after infection, therc was complete cytolysis of both the
inhibited and control cells. Similar studies using VSV and HSV
showed no inhibition of infection by anti-LDL antibo
for HSV (Fig. 4 E, F, and 1) but soms inhibition for VSV at
hours, which was no longer apparent at 72 hours (Fig. 4 G=I).

Additional evidence for endocytosis of BVDV by LDL. recep-
tor was obtained by using a cell kine (CRIB) resistant to BVDV
that wai derived from a permissive bovine kidney cell line
(MDBK). As illustrated in Fig. 5, the CRIB cells that do not
permitentryofBVDV(ﬂ}nlndonotnndocytou[DL.The
CRIB cells were ncgative for LDL receptors by immunofluo-
rescence using anti-LDL receptor anti {data oot shown).
However, the absence of Dil-LDL staining (see Fig, 5) is a more
sensitive indication of the ahsence of LDL and LDL
receptor endocytosis because accumulation of Dil-LDL occurs
from the rapid turnover of LDL by LDL receptor in the course
of cholesterol metabolism,

A third member of the Flaviviridae family, GB virus C/HGV,
was reported to associate with lipoproteins in the blood (25).
Evidence also was obtained for LDL tor-mediated endo-
cytosis of this virus, as fllustrated in Fig.

Discussion
Several lines of evidence were presented ing the hypothesis
mncvmmmmawmm
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Ag.4. (A) Demonstration of infection of BT call monolayers by cytopathic BVDV (NADL strain) after 72 hours of incubation by Immunofiusrescence wusing art-BVDV
(green fluoresomt stalning). (8) Same field as [n A by phase contrast micrascopy. (€} Preincubation of BT cell monolayers with anti-LDL recaptor antibody has completaly
prevented the infaction (shown in A) of BT calls, 85 seen after 72 hows of culturing. Same detection method as in A. (D) Phase contrast photomicrograph of the same
flekd a3 In €. Original magnification for A-D, %500. (£} Inoculation of MRC-5 fibroblasts with HSV resulted [n widespread cytolysls and destruction of the manalayer
after 48 hours. {f) Pretrestmant of the monolayers with ant-LDL receptor antibedy, wsing the sime protocol as In G, did not prsvent cytolysis and cell death. (G)
incubation of MRC-5 ealls with dikrtions of VSV also resulted in cytopathy and decerforation of the monolayer. (H) Pretreatment with ant-LDL recaptor showad same
Inhibition of the destruction of tha osla. Pretraatment and incubation conditions wene 85 in € and F. {j) Control MRC-3 call monolayer treated with ant-LDL recptor
amtibody s In G, £, and H but not Inoculated subsequently with virus, Note the uniformity and healthy appearance of thess flbrobiasts. Original magnificortion for 5-1
X250

the LDL receptor, Endocytosis of HCV was shown to correlate with
cell LDL receptor activity by experimantal modulation of LDL

receptor activity and with the striking demonstration that the CRIB
cell line, resistant to infection with BVDV for unknown reasons
(24), lacked detectable 1L DL receptor activity. Direct evidence for
lhehypmh-:mprmdedbymhiblmmofﬂcv
BVDV, and GB virus C/HCV with unu-LDLrawpmrmt.ibody
Moreover, known biochemical inhibitors of LDL

the endocytosis inhibitor, PAO, inhibited LDL :ewptor-modnwd

Ag5. (A) Intense uptake of DII-LDL by » manolayer of the MDBK cells. () Phas
contrast microlaopy of the same field as A. {C) Tha larck of endocytusis of DIHDL
was cemonstratad (n the CRE cell lina that i resigtant to BVDV Infection. (D) Samae
Tiekd ms in Cwith phass contrest. (£} Demonstration of the brfaction of MDBK calls
with the NY-1 nancytopethic strain of BVDV after 72 houss of incubation by
Immunofivarescnce wing st-BVDV (green flucrescent etalning). () Phas

|
-

FAg.6. (A)Daudi celis Inoculated with HGV show the pressnce of HGV virion

contrast picturs of E. (G) No BVDVY was demonsirated by immunofucrssoenos in
the BVDV-resistant CRIB cells that have baen incubated with the vina. Concitions
were a8 In E-F. (H) Phasa convivast for G. Originel magnificstion for A-H, x500.

12770 | www.pnaiong

In the cytoplasm using i specific for this virus. () Preincubation of the oells
with anti-LDA. receptor antibody decrsasad the uptake of this virus balow the
detection limit of 5H. Original magnificstion for A and &, x1,250.
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is of these viruses. The reports that up-reguiation of LDL

facilitated persistent HCV infection it vitro (26) and the
indnction of HCV binding with transfection of the LDL recepior
gene in COS-7 cells that were unshle to bind HCV (27) are
consistent with these findi

Evidence also was presented that endocytosis of HCV via the
LDL was mediated by the complexing of HCV to VLDL
or LDL. Although, HCV also appeared to complex with HDL in
the serum to the same extent as VLDL and LDL, there was no
evidence of HDL-mediated endocytosis of HCV. It could not be
determined from the studies performed whether the low level of

is of HDL compared with those of VLDL and LDL,
as shown by cytometric studies with Dil-labeled i ins, was
responsible for the absence of detectable levels of HDL-
mediated endocytosis of HCV.

The complete inhibition by anti-LDL receptor antibody of
HCYV endocytosia by a variety of cells in vitro suggests that the
LDL receptor may be the main mechanism for entry of HCV into
cells. However, the detection of small amounts of intracellular
HCV in LDL-defictent fibroblasts inoculated with HCV that
could not be inhibited by anti-LDL receptor antibody suggesied
that receptors not related to the LDL receptor mediate viral
ontry in thesa cells. Furthermore, the finding that there was only
a de cffect of anti-LDL receptor antibody on the cyto-
pathic effect of the NADL strain of BVDV indicates that
recepiors for BVDV other than LDL receptors or low affinity
LDL receptors were present. This finding is consistent with the
observations of Flores and Donis (24) that CRIB cells could be
infected with high concentrations of BVDYV. Hence, the LDL
reccptor may be the main but not exclusive means of entry of
these viruses into these cells.

The evidence of HCV replication in Hep G2 and Dandi cells,
although transient, suggests that endocytosis of HCV mediated
by the LDL receptor can result in infoction. Whether this route
of entry can result in a productive infection in vivo and whether
all members of the Flaviviridae family of viruscs use this
mechanism of cell entry remain to be determined. The evidence
presonted in this study that VSV also may be endocytosed by the
LDL reccptor appears to be contrary to an earlier study (28) that
foumd interferon-a induces a soluble LDIL. receptor fragment
that inhibits VSV infection but concluded that the LDL receptor
was not a receptor for VSV, The latter conchision was reached
because VSV was found to infect LDL receptor-deficient fibro-
blasts. From our finding that entry of HCV into LDL. receptor-
deficiant fibroblast was independent of the LDL recoptors, it is
apparent that Fischer ez al (28) did not present definitive
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evidence that VSV was not endocytosed by means of the LDL
receptor because receptors for VSV otber than LDL recepiors
may have been present on those cells.

LDL receptor-mediated endocytosis may not be exclusive to
Flaviviridae. Rather, thumochmmmybeundbylll viruses
that can amociate with VLDL or LDL in the blood, The reported
association of VSV with lipoproteins in the blood, particularly
VLDL (29), is consistent with this notion.

Thus far, there only has been indirect evidence of in wivo
endoqmofHCVmedmudbyth:LDLm that &, the

apparent endocytosis of HCV by keratinocytes in the inflammatory
skin lesions of patients with type II cryoglobulinemia (3). In this
study, cvidonce that BVDV contaminated media from bovine

mumdoqlmedbynmdennetydhummcalknmpemu—

sive to BVDV infection that this mechanism may explain
theptmofpwmdeCVthathubamwﬂdyupﬂed
in human nonhepatic cells, peripheral blood mononu-

particularly
clear cells. This mechanisn must be considered before amigning
HCV tropism for tisues other than the liver where cloar evidence
for HCV replication has been demonstrated.

The potential involvement of the LDL receptor in HCV
mfection bas implications for the current therapy of HCV
infection and also provides the rationale for a new approach to
therapy—specifically, administration of anti-LDL receptor an-
tibody or analogues of the LDL receptor binding site of apoli-

ins B and E. The effect of IFNa, the current therapy for
HCV infection, may be mediated in part by the down-regnlation
of LDL receptors. IFNa is known to induce IL-1 receptor
antagonist (30), which blocks the IL-1 receptor-mediated stim.-
ulation by IL-1. Because 1L-1 is known to increase LDL receptor
activity (31), IFNa would indirectly cause & down-regulation of
LDL recsptor activity by stimulating IL-1 receptor antagonist
production, thereby decrcasing IL-1 receptor-mediated stimu-
lation by IL-1.

It has been reported that a minor group of human rhinovirus
(HRV2) (32) and Rous sarcoma virus A (33) enters cells via the
LDL receptor-related protein, In the latter report, evidence was
presented that a viral envelope moiety binds to LDL receptor-
related protein. Our study provides evidence that the family of
LDL reeeptors may scrve as viral receptors.
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onstrated.

blocked when the tissus was homogenized In the pres-

enco of sulfhydry] alkylating agents, indicating that
melf-agsoeisted noncovalently

promal

and 814, which produced shortemed recoptors that re-

tained 2, 17, and 22 of the original 50 amino acids of
oytoplaasmio domain

ot enter coated pits and were not rapldly internslized
by cells. Bowever, the mutant receptor that terminates

oligomer reduced.
m:mﬂmammumau-
rosine at position 807, which internalised very slowly,
showed a normal susceptibility to eahemical oross-link-
ing. Delotion of external domains of the LDI. receptor,
including the epidermal growth factor homalogy re-
gion and the O-linked suger domain, did not alter
nmpdhﬁltyhehmhnlun.—linhlu We coneluds
the oytoplasmie domain of the LDL receptor is
both for self-amsaciation into oligomers and
for olustering in coated pits, but the avallable data do
not establish a caosal connection between thess two
eventa.
*  *'This work was supportsd by Ressarch Grant H1, 20948 frem the
Nmmdmmmdmdmm
ware defrayed In part by the pxyment of page chargea. This articls
must tharefire be hayeby marked “adpertistmant” in accordance with
18US.C. Mmlﬂlnhbhuﬂlﬂtﬂl
anhpd'thﬂl-

Many of the cell surface receptors that participats in recep-
tor-mediated ondocytosis exist a8 multimars. Examplas in-
clude the tranaferrin recepior, which is & disulfide-linknd
dimar of identical subunits (1), and the insulin receptor, which
mammamwmu.m

linking agents (4). Aunother receptor, the receptor for epider-
mal growth factor (EGF),"' is belisved to form noncovalent
dimars after the binding of EGF (B).

The receptors that madists sndocytosis cluster in coated
pits (8). No relation between multimer formation and cluster-
ing has yet bosn established Indeed, the chicken bhepatic
lactin had the sams distritartion of muitimers when chemical
mhh'mm:nplmmh::nmﬂ
vasicles, or membranss of the microsomal frastion (4).

mmmmmmwhﬂm
formation and endocytosis is the low demsity L
(I.DL)mmTthmMn-thm
ing and uptake of chalesteral

singla-chain

spans the memhrane onca (7) and is oriented with ita NH,
terminus facing the extraceliular environment and its COOH-
terminal 50 aminn acids facing the cytoplaam (8). The extra-
cellular portion is compossd of three diserets domaine 1) an
NH,-terminal ligand binding domain of 392 aming aclds that
is composed of seven imperfact repeats of a 40-amine acid
cystaine-rich ssquance (9); 2) a sequance of ~400 amino acids
that is homologous to the precursar for spidermal growth
Mmdthnplwlamhmmmnhu(m).mdm
a soquence of 58 amino acids immediately external to the
?ITlnh“. that comtains clustered O-linked carbolrydrates

Monomsrs of the LDL receptor, which have been isclatad
by sodium dodecy! sulfate (8DS)-polyncrylamids gel alectro-
phoresis, are abls t0 bind LDL on ligand blots after transfer
to nitrocelluloss (12). Moreover, target inactivation studies of
thouaptumhnﬂﬁhuﬂlﬁnv-lam-u'htd
108,000 for the active binding species, which is consistent
wnhlmhrndthomua) However, thase

"I'hll:hmﬂnludmﬂ? spidermal growth factor: §-
VLDL, igrati disuccinimi-

800Z ‘ZZ 1nfimy uo ‘g ONOHAS "D YOUIDIH " LS1 1w B0-3q[" MM WO} PEPEORIMOQ



16128

- studies can only astimate the size of the ligand binding subunit
and do not rule out the presence of noncovalently sssociatad
multimers in the mambrans sovironment. Pitas ¢f ol (14)
_showsd that a lipopwotsin perticle that contains multipls
apoprotein E moleculss can engage more than ons LDL
mphr-h;dmmhthpuibﬂmthnthmbm
exists in an oligomeric state in the mamhrane.

In the steady state in cultured human fibroblasts, about
T0-80% of ths cell surfuce LDL recsptors are located in coated
pits, a clustering raaction that doss not require tha hinding of
ligand (6). Rather, this localisation is mediated by the juxta-
mambranoos 22 amino acids in the 50-amino acid cytoplasmic
domain of the receptor (15). Naturally cecurring human mu-
tations that eliminate this segment or alter its amino acid
sequance destroy the shility of the receptor to cluster in coated
pita (16, 17). Detailed studies of artificially producad muta-
mmumithDmeDNAhnvaumhda
atrict for an arcmatic residus at position 807 in
the cytoplaamic damain (15).

In the current studies we have sought to determine whether
the LDL receptor is capable of forming dizaars or higher order
oligomers in salution, in membranes, or in intsct cells and to
determine whether this sslf-association is madiated by the
cytoplaamic domain.

EXPERIMENTAL PROCEDURES

Materialy—Oligenuclectides were synthesised by ths phosphor-
smidite mathod (18) with an antomsted DNA mynthesizsr (model
380A, Applisd Biowyntems). Cys-Arg-Gly-Lau-
Tyr-Val-Fhe-Gin. mnm
lﬂ-lﬂdtbmmhmm.“m Penin-

Topmhmnm HL1, & wynthetie paptide
to residuss 183-174 of the buman LDL receptor (7)

ul\.

Self-assaciation of LDL Receptor

medium A (Ham's ¥-13 containing 20 mm Hepes (pH 7.4), 1% (v/v)
Hﬂnﬂlﬂ‘: ('ﬂmmﬂz ﬂu{:lm)

mM
gm“wmdmammw
and 0.1 gg/ml 25-hydroxycholesterol to suppress the
sxpresuion of the andogenous recaptor in diA-7 cails. On day 3, calle
wars 1eed for axpariments.

Imiation and lodingtion of Adrenal Cortex Membroanss—Bovine
Mmﬁ-n(lg)mdnmdm Ina
gam-Teflon in § volurass (w/v) of buffer B (50 mm
qu(pﬂ'M)udanllNlCl)mm'lull
mlfony! flooride and

;:&

Sarvall S8A-600 rotar. The ssparnatant was filtered through ono layer
was
Man“Muﬂmuﬂnlﬂldfhm

fodinate thess vesicies, tha protsin conesntration was dibbed
to 5 mg/ml in a final vohuma of 100 .l of buffer B. Than thres I0DO-

B enntlh.hl th un-lnhr indieated in the ﬁ'ln lagmads. The
reactions were torminsted st the times specifiad in the Ggure lagenda
gﬂ-ﬂundmumﬂmw-mmmm

& 10,000 X g for 30 3, the calls wars lysed In 100

, in buffer D for 1 h st room temperature. Aftar two 16-
mis washss in buffer D, "I-labelad yubbit anti-mouse or goat anti-
rebbiz [gG autibodiss (IgG fraction, Cooper Biomadical,
Wﬁﬁmmuxwwﬂmmmm
activity, 1-% x 10" cpm/ng) for 1 h at room tamperature. Aftar thres
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Self-association of LDL Receptor

development reagents according to ths manufacturer's instructions
(Bio-Red).
Ligmed blotiing with 181.8-VLDL (3 g of protain/iul, 440 epm/ng
daseribed (12).

lamide gel electrophoresis
was performed by the method of Laemmll (28). Samples did not
receive sullhydryl reduring agent uniess otherwise stated. Apperent
molecular massss weore calculated by reforenes to the migration of the

following marker protains: myosin (200 kDa), S-galactosidess (118
kDa), phospborylase b (97 kDa), and bovine serum albumin (88 kDa).

Markar protsins were always reduced with 3% (v/v) 2-mercaptosth-
anal prior to elsctrophoresis.

1. Lahaled proteins ware visualized by &t room tem-
porsture using Kodak X-Omat RP-1 Slm and Du Pont Lightning
Phus intensifying screens uniess otherwise stated.

RESULTS

In previous studies we isolated the LDL receptor from
membranes of bovine adranal eortex by solubilixation in non-
denaturing detergents followed by ion exchange and affinity
chromatography (26). The true M, of the mature LDL recep-
tor including the protein component (93,000) and the carbo-
hydrate component (~22,000) is ~115,000 (7, 28). The purified
LDL receptor migrates anomaloualy on SDS gels with an
apparent molecular weight of 160,000 in the pressnce of
sulfhydryl reducing agents. The anomalously slow migration
of this glycoprotein is caused by the clustered O-linked sugars
(11, 29). In the absence of reducing agents, the LDL receptor
migrates fastar (apparent molacular weight, ~130,000) (12)
apparently because of the globular structures created by the
multiple intramolscular disulfide bonds in the cysteine-rich
repeats (7).

To determine whether the membrane form of the LDL
meptorilamommr.nmh'pudhwimmmlm-
branes to radioiodination, then solubilizsed and immunopre-
cipitated the LDL receptors with a monoclona) antibody (Fig.
1). The immunoprecipitates were subjectad to electrophoresis
either without reduction (Fig. 14) or after treatment with 5%
2-mercaptosthanol (Fig. 1B). In the nonreduced form most of
the receptors migrated with a molacular weight of approxi-
mately 220,000 (Fig. 14 ), which was reduced to 160,000 in the
presence of 2-mercaptoethanol (Fig. 18). No other major
bands became apparent upon reduction even when samples
were alectrophoresed in e higher percentage polyacrylamide

A. Nonreduced B. Reduced
n - T 200-
Q 200 o
o »
-3 =
97— 97 -

Fia. I. Immunoprecipitation of LDL recepiors from '™]-
labsied bovine adrensl cortex. Membranss were isolatad and
jodinated as deacribed under “Exparimental Procadures.” Aligoots of
the "™]-labslad mamhrans proteins (500 ug of protein} were incubatad
with insoluble immune containing sither IgG-2001 or 19G-
C7 as previously described (33). The immunoprecipitates were sub-
pldmmmnllsmmmlnlhdu

abssnice (A} ar presence (B) of 5% (v/v) 2-mereaptosthancl. The
migration of marker proteins is indieated. The dried gels were exposed
to XAR-5 film for 18 h
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gel (data not shown). These data raised the possibility that
the bulk of the receptors in the radiciodinated membranses
was present as disulfide-linked dimers.

To determine whether the intermolecular disulfide bond
formed before or after homogenization, we homogenized the
adrenal cortex in the absence or presence of an alkylating
agent (either N-gthylmaleimide or iodoacetic acid) (Fig. 2).
The receptors were then solubilized, subjected to electropho-
resis in the ahsence or presence of 2-mercaptosthanol, and
visualized by immunoblotting. When the homogenates were
prepared in the sheence of alkylating agents, moat of the
receptor was present as dimers (Fig. 24 ), which were reduced
to monomers in the presence of 2-mereaptosthanol (Fig. 2D).
When homogenisation was performed in the presence of N-
ethylmaleimide (Fig. 2B) or iodoacetic acid (Fig. 2C), the
amount of dimer was much reduced.

Woa intarpret the experiment of Fig. 2 to indicate that the
receptors in the adrenal membransa exist largely as nonco-
valently associated dimers and that covalent cross-linking
by intsrmolecular disulfide bond formation after the
tissue is homogenized. The formation of disulfide bonds is
prevented when cysteines are alkylated at the time of homog-

On nitracellulose blots the disulfide-bonded dimeric recep-
tor was able to bind not only the monoclonal antibody IgG-
18C8 (Fig. 38) but also the physiologic ligand 3-VLDL (Fig.
3D). When the ization was carried out in the pres-
ence of N-sthylmalsimide, dimer formation was prevented,
and the receptors remained as monomers. These monomers
bound both IgG-16C8 (Fig. 34) and #-VLDL (Fig. 3C). Thus,
the dimerization reaction did not affect the binding of 8-

VLDL. Similar results were obtained with LDL (data not

shown).
To determine whethar covalent dimer formation requires

Nonrsduced Reducad
'apc''p E F!

Y -.i -
-9- 200
" - apes
i 11s- "% .
97— l—
el o L I el R R
Alkylating Agent

Fic. 3. Immonobiot analysis of LDL recsptors from bovise

homogeniza centrifagation stepa.
lﬂullN-odwlmnhmb 10 mM EDTA, and 10 mM BGTA.Clnd
F, 10 mM iodoacetic acid, 10 mM EDTA, and 10 mm EGTA. Aliquots
dﬂnmhm(l@udmﬂmdbdmﬁbﬁumyh
buffer either in the abssnce (A-C} or presence (D-F) of 8% 2-
mercaptosthanol and subjected o electrophoresis in a 4% 8D8-

receptor IgG-16C8 (A-C) or a polyclonal mbbit anti-LDL reelpmr
OOOH-ummlllnM {D-F), and then probed with the appro-
priate ™I-labsled socond antibody ss describad under “Exparimanta)
Procadures.” The mobilitiss of standard proteins are indieated. The
dried mitrecellulose wes expossd to fllm for 8 h (A-C) or 18 h (D-F).
‘The anti COOH-terminal was used in D-E becmume IgG-
15C8 reacts poorly with the reduced form of the receptor.
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Alkylating Agent

Fic. 3. Ligand blot analysis of LDL receptors from bovine
adrenal mambranes. Membranes were propared as deseribed under

-&mm_'mmmmmm

izarion and cemtri atepe; A and
C, 10 mM N-sthylmaleimids, 10 mma EDTA, and 10 mM EGTA: B
and D, nona. Aliquots of the memhranes (100 pg of protein) were
added to SDS sample buffer that did not comaln reducing agent and
mwmphmhﬂhlllsn&pwmﬂnplm
olectrophoresia, proteins were tranaferred to nitrocriluloss mam-
brunes and incuhated with either *I-lshelod mouse monocional anti-
receptor IgG-16C8 (A and B) or "1-labeled mbhit 5-VLDL (C and
D) as deacribad under * Procsdures.” The symbols Ix
and 2x indicate the propased moncmeric and dimeric forms of the
LDL recapior. M, standards are shown. The pitrocellulose was ex-
posed to film for 38 h.

ABCDEFGHI

16— = - @ @ -4

00| 30120 | 10
=|+|-|+|-[+]|-]+

F10. 4. Immunchiotting of LDL receptors in bovine sdrenal
membranes aftar digastion with trypain. Membranes (270 ug of
proteln) were remmpended in 100 gl of buffer B containing 2 mu
CaCl, the indicated coneantration of trypain, and 0.5% Triton X-100
= indicated. After a 1-h incubation at 37°C, all samples received 10
sl of 3 mpg/ml soybean trypein inhibitor and 2 al of 0.5 M phenyl-
methanesulfonyl fluoride. One-half of each mmple was subjocted to
slectrophoresis in & 4% SDS-polyscrylamide gel in the absence of
reducing agents. After electrophoresis, protains ware transferred to
nitrocellulose membranes, incubsted with mouss monoelanal anti-
receptor IgG-16C8, and then probed with ™[-labeled mbbit anti-
mouse IgG. The symbols Jx and 2x indicate the propossd monomeric
and dimerie forma of the receptor, M, standards are indicated. The
nitrocellulose wus exposed to film for 1 h.

Trypsin (ug/mi) | O
TritenX-100 [ _

the cytoplasmic portion of the receptor, we prepared adrenal
membrane vesicles in the absance of alkylating agents and
digested the vesicles with trypsin. The receptors were than
subjected to solubilization, electrophoresis, and visualization
by immunoblotting (Fig. 4). When the membranes were in-
cubated in the absence of trypsin, most of the receptor was in
the dimer form (Fig. 44). When the membranes were incu-
hated with 10 ug/ml trypsin, there was a marked decline in
the amount of dimer and a corresponding increase in the

U3

Self-association of LDL Receptor

amount of monomer (Fig. 4H). The molecular weight of the
monomeric form was reduced by about 5000 (Fig. 4H), and it
no longer reacted with an anti-peptides antibody that is specific
for the COOH terminua (data not shown). When the digestion
was performed in the presence of Triton X-100, nearly all of
the receptors were totally destroyed (Fig. 41). Higher concen-
trations of irypsin guve similar results, except that at very
high concentrations of trypsin the receptor was destroyed
aven in the absence of Triton X-100, apparantly due to entry
of trypain into ths membrane vesicles (Fig. 4B). We intarpret
these results to indicate that most of the adrenal membrane
vuehmmnb—om.mdnheﬁm-dlltmthl-nmb-
main exposad to the protesse. Removal of this cytoplasmic
domain with trypsin reduces the malecular weight by 5000
and causes the dimar to dissociate into monomers.

We have performed experiments similar to those deseribed
above with purified coated vesicles from bovine adrenal cortex
and rat liver. In both cases most of the recepior was found to
be a disulfide-bonded dimer. In the hovine coated vesicles the
cytoplasmic domain was required for dimer formation as
indicated by proteclysis experiments similar to thoss in Fig.
4 (data not shown).

To datermine whether the solubilized purified LDL recoptor
was capable of forming multimars, we purified the receptor to
homogeneity by ion exchange and immunoaffinity chroma-
tography in the presence of dstergents (26). We then incu-
bated the receptor with varying concentrations of a chemical
cross-linking agent, DFDNB, in the presence of 0.5% Triton
X-100 (Fig. 5). The receptor that was purified in this fashion
ran as 8 mopomer on SDS polyacrylamide gels even in the
absence of reducing agent (Fig. 54). Addition of DFDNB at
0.13 mg/ml caused a high proportion of the receptor to be
crosa-linked into species that migrated at approximately
200,000 daltons and approzimataly 300,000 daltons, suggest-
ing the existencs of dimeric and trimeric forms of the receptor.
Further increases in the concentration of DFDNB did not
cause further cross-linking, but the mohility of all forms of
the receptor progressively increassd, probably because of the
formation of a more tightly packed globular structure through
the formation of intramolecular cross-links. A similar increase

B

DFDNB (mg/ml}

Fic. 5. Croas-linking of purified bovine LDL receptors st
different concentrations of DFDNB. Purified bovine LDL recep-
tors in a sohition containing 0.6% Triton X-100 were cross-linked as
described under “Exparimental Procedures™ with tha indicated con-
centrmtions of DFDNB. Cross-linked produets {0.5 ug) were wparated
mn4l SDS-polyscrylamide gol in the absence of reducing sgent.

Afler alectrophoresis, immunoblotting analysis was earried out as
described in the legend 10 Fig. 4. The aymbals /z, 2x, and 3r indicste
ths proposed monomeric, dimeric, and trimeric farms of the receptor.
Tha nitrocelluloss was exposed to film for 30 min.
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~ in mobility was reportiad by Loeh and Drickamer (4) in studies
of the chicken hepatic lectin, The croas-linking of purifiad
LDL receptor was not affected by the addition of 5 mm EDTA,

. 5 mu EGTA, 5 mM N-ethylmaleimide, or 0.5 M NaCl to the
reaction mixture (data not shown)}.

To determine whethar the LDL receptor could be croas-
linked into a multimeric form in intact cells, we examined
mutant hamater cells that had been transfected with a plasmid
encoding the normal human LDL recepior (pLDLR-2) under
control of the SV40 early region promoter. These cells, des-
ignated TR-715 calls, produce higher levels of human LDL
receptors than do normal cultured fibroblasts (11). The results
in Fig. 64 show that in the absence of cross-linking agent the
LDL receptor migrated as a monomaric specias, even in the
ahsence of sulfhydryl reduring agents. In the presence of any
of three different cross-linking reagents, DTSSP (Fig. 88),
DST (Fig. 6C), and DSS (Fig. 6D), a fraction of the receptnrs
was crass-linked so that they migrated as dimers. The most
potent cross-linker was DTSSP (Fig. 65).

Fig. 7 shows an experiment in which TR-715 cells were
incubated with increasing concentrations of DTSSP followed
by solubilization, electrophoresis, and visualisstion of the
LDL receptor by immunoblotting. DTSSP was able to cross-
link a maximum of about 20% of ths receptors into a dimeric
form_ The efficiency of cross-linking in several experiments
varied from ~15 to 256% as judged by densitometric acans of

sutoradiograma. The failure to achieve a highar level of croas-
linking is likely attributahls to the low efficisncy of chemical

croas-linking agents in intact cells (4, 30).

We next sought to determine whether the susceptibility to
cross-linking in intact cells required the presence of the
cytoplaamic domain in the receptor. For this purpose we
employed cells that were transfected with expressible cDNAs
from which segments encoding various regions of the LDL
receptor were either deleted or altered by mutagenesis (Fig. 8
and Table [). The results of thess experiments are presented
in Figa. 9 and 10. The LDL receptor expressed by the normal
cDNA was cross-linked into a dimeric form (Fig 9B). A
similar cross-linking was obtained with the receptor that
terminated at residus 829, which eliminates the COOH-ter-
minal 14 amino acids (Fig. #D). In contrast, the receptor that
terminated at residue 812 showed no cross-linking (Fig. 9F).

ABCD
1
200- — &= &

]
o 11— DBBE® -2
* 97—
= @g8—

e oo

Fia. 6. Use of three agmnts to eross-link LDL receptors In
intact cultured flbroblasts. Monolayers of hamster fibroblasts
tranafected with pLDLR-2 ware treatad for 1 h at 4°C with one of
the following chamicals: A, nons: B, 2 mg/ml of DTSSP; C, 2 mg/ml
of DST: or D, 1 myg/ml of DS8. The samples were salubilized and
Mnaﬁwbommalﬂﬂbﬂﬂuyhmﬁ-lhm

mouse 1gG. The symbols Iz and 2x indicats the propossd monomeric
sund dimeric forms of the receptor. M, standard are shown. The
nitrocsliuloss was exposed to film for 16 h.
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Fi6. 7. Crose-linkiag of LDL recepiors in intact cultnred
fibrobiasis at different concentrations of DTSSP. Monolayerns
of hamster rells trunsfected with pLDLR-2 were treated with the
indicated concentration of DTSSP for 30 min at 4 °C, solubilized,

the absence of reducing agents. After electrophorssis, immunoklotting
analysls for the dstection of LDL receptors wes carrisd out as de-
scribed in the legend to Fig. 8. The symbols Ix and £x indicats the
mdmmhnddlm' forms of the receptor. M, standards
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Fio. 8. Btructares of mutant LDL recsplors. Plasmid
pLDLR-2 encodes the entire sequence of the human LDL recepor.
‘The seven cysteine-rich repest sequences of the ligand hinding do-
main (1-7), the thres growth factor repeats in the EGF homology
mM.EMC).lhO-Imhdmmﬂ-mbﬂn

Tanre |
Dexcription of LDL receptor mutents
Plamid Mutasion Trazalcied  Raference
pLDLR-2 Nome TR 715-19 11
Delation of TR T22-18A 1
residues 700-T47
pAEGFP  Delstion of TR B41A-2A 10
residuss 203-692
pStop792 Trp™ — Stop TR 8073 15
pStopB07  Tyr™ — Stop TR 889 16
pCye807 Tyr™ — Cys TR T38-TA 15, 18
pStopfi2  Gh'" — Stop TR 997-1 16
pBlop820  Arg™ — Stop TR 884-10 15
* Formarly named pLDLR-2 M(The™-8er™) (11).

In other experiments we have obsarved a trace amount of a
dimeric form of this mutant receptor after croes-linking.
However, the matio of dimeric to monameric receptors was
never more than one-tenth of the ratio found for the normal
receptor in the sams experiments (data not shown). Despite
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Fic. 9. Cross-linking of mutant LDL receptors In intect
cultored Mbroblasts. Monolayers of hamster cells transfected with
the indicated plaamid were incubsted for 30 min at 4 "C in the absence
or presance of 2 mg/ml DTSSP s indicated The samples were

solubilized and subjected to alectrophoresis in a 4% SDS-polyaeryi-
amide gel in the ahsence of reducing aganta. After electrophoresia,
imomnchlotting analysis for detectlon of LDL receptors was carriad
oul as deseribed in the legand to Fig. 6. The pymbols Jx and 2¢
indicate the propased monomeric and dimeric forms of the receptor.
M, standards are indicatad. The nitrocsiluloss was sxpossd to film

for 6 b,
o ! E o a
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oo —
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Fio. 10. Cross-linking of mutant LDL receptors In Intact
cultared fibroblasts. Monolayers of hamster cells transfected with
ﬂnhﬂiﬂldplmldlmwhrm_mlnnl'cinm

ng
ﬂmﬁ.mﬁmmmmﬁmﬂwlmuﬁhmhmq.inm—
bated with mouse monoclonal anti-receptor lgG-HL1, and probed
with alkaline phosphatass-coupled goat anti-mouss IgG. The symbola
Ix and 3¢ indicate the proposed monomeric and disneric forms of tha
receptor. M, standards are shown.

this resistance to cross-linking, the receptor that terminates
at position 812 is internalized by cells at a normal rate (15).

As shown in the iefi panel of Fig. 10, LDL receptors that
terminate at position 807 (Fig. 10F) or position 792 (Fig. 10H)
showed no susceptihility to cross-linking. These receptors
retain only 17 and 2 of the original 50 amino acids in the
cytoplasmic domain, respectively. Both of thass receptors
have a markedly reduced ability 1o clustar in coated pits and
intemnaliza receptor-bound '"®[-LDL (15). On the other hand,
the receptor with a cysteine substituted for tyrosine at residue
807 showed a normal susceptihility to cross-linking (Fig. 10D).
This amino acid substitution markadly reduces the mte of
clustering in coated pits (15, 18).

Extensive alterations in the extracellular domain of the
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LDL receptar did not abolish cross-linking. Thus, the receptor
lacking the clustered ()-linked sugar region was cross-linked
in a normal fashion by DTSSP (Fig. 10L). Similarly, the
receptor that Jacked tha entire EGF precursor region was also
susceptible to cross-linking (Fig. LON), although the propar-
tion of cross-linked receptors appeared to be somewhat less
than was observed in the cells expressing the normal receptor
{Fig. 10J). The receptors that lack the O-linked sugar region
and the EGF precursor region enter cells at normal rates (10,
11). The latter recaptor returns to the cell surface sluggishly,
spparently becauss of a defective ahility to dissociate from
tha lipoprotein ligand at acid pH (10).

The current results indicate that hovine and human LDL
receptors have the capacity to undergo noncovalent self-
association to form dimers and higher order structures. When
the receptors were immunoprecipitated from bovine adrenal
membranes, many of the dimers were covalently joined by
disulfide bonds that formed after homogenization. When the
free cystrines residues were blocked by reartion with N-sthyl-
maleimide or with iodoacetic acid at the time of homogeni-
zation, covalent dimer formation was markedly reduced.

When LDL receptors were solubilized from the adrenal
membranes and than purified by DEAE-cellulose chromatog-
raphy and affinity chromsatography with a monocional anti-
bady, the disulfide-linked species was not apparent (Fig. b),
perhapa becauss of reduction of disulfide bonds during the
purification procedure. However, the purified receptor could
be covalently linked into dimeric and trimeric forms by the
addition of bivalent cross-linking agents (Fig. B), indicating
that it was still present as oligomers. We belisve that this
croas-linking represents the attachment of the receptor to
itself and not to some other protain for three reasons: 1) the
sizs of tha cross-linked product corresponds to the sive ex-
pected for a dimeric species; 2) the size of the cross-linksd
receptor in crude preparations of membranes (Figs. 1-4) or
cells (Figs. 8, 7, and 10) was similar to the size of the dimer
that was formad when purified receptor was chemically cross-
linked (Fig. 5); and 3) reduction of the *®1-labeled immuno-
precipitated 220-kDa dimers resultad in the appearance on
SDS pals of only one protein, which corresponded in size to
the 160-kDa receptor monomer (Fig. 1). No other protein was
liberated from this

Covalent cross-linking by disulfide bond formation in the

of the cytoplasmic domain of the receptor. Thus, digestion of
inaide-out membrana vesicles with Lrypsin removed the cyto-
plasmic domain and caused the dimeric species to disappear.
Simultaneously, there was a marked increase in the amount
of monomer (Fig. 4H). The cytoplasmic domain of the LDL
receptor contains one free cysteine located 29 amino acids
from the transmembrane domain. It is possible that these
cysteine residues on two adjacent recepiors are brought into
justaposition by self-association and that they form a disulfide
hond when the cell is homogenized and the cytoplasmic do-
main of the receptor is no longer exposed to the strong
sulfhydry] reducing environment of the eytoplasm.

To gain additional inaight into the role of the eytoplaamic
domain in the self-association process, we turned to the use
of chemical cross-linkers In intact cells that were transfected
with expressible cDNAs encoding normal and mutant forms
of the LDL receptor. In hamater fibroblasts that were trans-
focted with the normal human cDNA but not trested with
chemical cross-linking agents, we only occasionally observed
trace quantities of a disulfide-linked receptor dimer (data not
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“shown). Nevertheless, spproximately 18-25% of the LDL
receptors were susceptible to cross-linking with a varisty of
cross-linking agents (Fig. 6, B-D). One of thase agents
~(DTSSP) was effective sven though it is unable to penstrats
cells (31). Thua, the LDL receptors of intact cells, like those
nfmhhdmmnl-ltpnrﬂym:nw

depended on the presence of the cytoplasmic domain, Thus,
cross-linking was markedly reduced or undetectahla with re-
mthnm.uuhdhycnﬂhthtmnduudm
termination st positiona 7932, 807, ar 812. These receptors
mundz.l'f ndnnfthonmnlﬁo.lmnmdlmm

linking.

Thes most likely explanation for these findings is that the
Justamamhrenous portion of the cytopleamic domain containg
the aite that undergoes self-recognition to hind the recapior
into dimers or higher order multimars. It ia likaly that the
trancmembrans region plays a permissive role in the oligo-
merizsation, but we doubt that this region is the primary site
for self-recognition becavas this sequence shows relatively
littls conservation among different animal species (8, 32).
Through proteclytic clsavage expsriments, Losb and Dricka-
mer {4) found that self-sssociation of the chicken hepatic
loctin was mediated by a asquence in or near the transmem-
brans regiom, but they ware not sble to determine which side
of ths membrane contained this information.

Ths number of LDL receptors present in sach olignmeric
complex cannot be resolved from the current studies. The
solubilized purified receptor was pressnt at least partially in
a trimerie form (Fig. 5). However, in the intact cslls we could
only obtain evidence for dimers. Given ths low efficiency of
cross-linking, however, we would not expect to chesrve trimery
in intact cells, sven if they existed. A similar problem was
sucountayed by Loeb and Drickamer (4), who ware shls to
produce only dimers and trimers of the chicken hepatic lectin
when cross-linking was performad in liver membranes, even
though hexamers could be produced when the purified recep-
tor was cross-linked.

We do not know the proportion of cell surface recaptors in
intact cells that are in the oligomeric form at any tims, The
maximal percentage of crons-linksd recsptors was only ~25%.
Howevar, it is likely that the percentage of cligomeric species
ia highsr in view of the known insfficiency of chamical eroms-
Linking agents whan added to intact cells. Furthermaors, in the
hovine adrensl mamhrane preparations, bsarly all of the
receptors could be shown to participate in intermolscular
disulfide bonds, indicating that the bulk of the receptars was
solf-assaciated.

It appears that the functional role of oligamerization iz not
1o promots ligand binding. Thus, the receptor binds LDL or
£-VLDL after SDS-polyacrylamide gel electrophoresis, during
which it migrates in a menomaric form, followed by transfer
to nitrocsllulose and incubation with Ligand (12). It is farmally
poasihle, though highly unlikely, that the receptor, after im-
mobilizstion in nitrocalhuloss, would be abls to form elignmers
when the SDS ia removed. In addition, LDL binds with
normal affinity on the cell surface to the produced
by the eDNAs with stop codons at positions 782 and B07 (15),
naither of which can be shown to form oligomars.

If olignmerization is not nacessary for LDL binding, might
it play same role in receptor clustering and internallzation?

746

16133

We cannot reach a firm conelusion on this point at present.
Although the cytoplasmic domain is necessary for oligamer
formation as well as clustaring in costsd pits, the data on
mutated receptors reveal & poor correlation betwean

sventa. Oligomerization may be necessary for internalisation,
mnmhmmmmm-
mamum!ﬂ?nmﬁhﬁum

axists as oligamers, yet thass receptors are poorly Intarnalived.
Onthnthuhuithmmthnmmu
pdﬂon!l!.'hwhuwmdltlmnﬂ_m(ll),

oligomerization to allow internalizstion but that the associa-
tion conatant of the oligomers is no low as to prevent efficient
cross-linking with the agenta usad. Altemnstively, it is possible
that this receptor entars coated pits despits its sxistence as a
monomer and that salf-associstion is not necessary for inter-
nalimtion. Further studies will be necessary to clarify this
point.
W—W-MYKHDM for
onpeoriemtg X Jacky Dailey
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First Cysteine-rich Repeat in Ligand-binding Domain of Low Density
Lipoprotein Receptor Binds Ca** and Monoclonal Antibodies,

but Not Lipoproteins*

(Recaived for publiestion, August 17, 1087)

Ian R. van Drisltl], Jossph L. Goldsteint, Thomas C. Sidhof i, and Michasl §. Brown$
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The Hgand binding domain of the low density lipo-

reseptor eonsists of ssven cysteine-rich repeats
~40 amino acids sach. Thess repsais, which are
located ai the NH; terminns of the protein, are homaol-
ogous to sequensces in complement somponsnts C8 and
C0, To detarmins the rols of the first repeat (amino
soids 2—419), we prepared two plasmids containing

density Hpoprotsin

]

of
carrying lipoproteina in coated pits (1). The receptor is a
glycoprotain with five modular

limits of the demaing (1), The exons corresponding to sach of
thess domains have besn delstad, efther by naturelly oecurring
human mutations (2-4) or through in vitro mutagenasis of an
expramsihls cDNA (3, 8)." These daletions abolish the fonction

* This work was supportsd by Ressarch Grant HI, 20048 from the
Natlonal Institurtes of Haalth. The costs of publiestion of this article
mmhmhhmdnmmm
must tharefore be hareby mariead “adoertisement™ in accordancs with
18 UA.C. Bection 1734 salsly to indicate thiy fast.

|md-c.a Hnt'nhllnllipdihﬂninnllhlﬂt

AMadical Rassarch Conneil of Australia

'mmunmhmm}
VLDL, §-migmting very low density lipoprotein; spo, spoprotein;

"L. Limbird, V. Emser, J. L. Guoldstein, M. 8. Brown, and D. W.
Mmtm

normally performed by that domain, bat leave the other

functions of the receptor intact. This deletional analysis has

allowed the function of sach domain to be assigned
'Ihﬁ:ltdmnnoﬂthmmdMW

imperfisct repost of & ~40-amino acid cystains-rich sequence
(1). This domain contains hinding sites for two proteins,
spoprotein (spo) B-100 and apoR, which are the active com-
ponanta of LDL and S-migrating very low denxity lipoprotein
(p-vmm.mlmwnwhmmm'm

m:dmf?uunnlymmuchdth

of
differs from the repeat unit in the binding domain. This
“growth factor” repeat has been found in more than a dossn
extracellular proteins, including proteases of the hiood coag-
ulation system, components of complament, cell surface re-
in invertshrates (8, 9). When the growth fastor homology
dmndnhudhunthoml.m.ﬂnmluu

'I‘hohuthdommdﬂuLDLuuptnuaﬂ-lmud
hydrophobic sequsnes that spans the membrane and anchers
the protein in tha lipld hilayer (1, 2, 10). ‘The fith domain is
a 50-amino acid ssquence, Joeated at the COOH tarminus,
that penetrates into the cytoplasm (1). This domain plays &
rols in allowing the receptor to self-associxts inio dimers and
h.hn-udarmulhnun(ll) It also plays a crucial rols in

antibodies, designated IyG-
C7 (14) and IgG-15C8 (15), have besn of particular impor-

17443
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tance. Thees antibodiss are thought to bind to the ligand-
binding domain of the LDL recgptar since they partially hlock
the hinding of LDL. Moreovar, thess antibodiss react with
mutant recaptors that lack sither the O-linked sogar region

{5) or tha spidermal growth factor precursar region
(0). Tha preciss sequence within the ligand-binding domain
that in recognizad ia not Imown,

In the current studies we have sought to imctionally
the ligand-binding domain by deleting the exon that encodes

Ca™, Indicating that the first repeat of the LDL receptor
contains a Ca™ -hinding site.

EXFERIMENTAL PROCEDURES

AMairiply—Human LDL (d 1.019-1.083 g/ml) (18) snd rabbit 5-
VLDL (4 < 1.008 g/ml) {17) ware prepared hy i
and radiglabeled by tha iodine momochloride methad. Lipoprotsin-
deficiont sayum (d > 1215 g/ml) was prepared s» deseribod (185).
Oligeucisotides ware synthasizsd with ap automated DNA synthe-
sisey (model 380A, Appiied Bicgystams, Inc.). idid-7 cells, & Chiness
hamster ovary ssll mutant Iacking a finctional LDL receptor (18),
ware obtainad from Monty Krisger (Departmant of Biclogy, Masas-
chusstis Institube of Technology, Cambridgs, MA). A synthetic pep-
thde eceresponding to the COOH-terminal 14 amine scids of

(14).
Placmids ond Traaglected Cell Li a plasmid com-
taining » cDNA soeoding the lnpnem LDL undar the control

of the BV4D ensly prosnoter (21), and TR-715, & stable line of hameter
iIA-7 ealls thet wase tranafacted with pLDLR-S, have bean described
previoualy (5). pRI ancodas a truncsted LDL receptor cDNA In which
the firet repeat of the ligand-hinding demain (amine scids 1-49) s
attached via four foreign ambno acids (Gly-Thr-Arg-Ser) to the
COOH-tarminal 80 amino scide consisting of the 17 amino acida

mem-

l
a
|
E

TG
il
i
i
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Ligand-binding Domain of LDL Receptor

‘This plasmid was eonstrocted by dalsting DNA corrasponding to sxon
8 of the LDL receptor from pLDLR-1 (31, 23), uxing coligesmclsatide-
directed soutagensais (24).

'The constructs pR1 #ad pAR1 wers uaed to tranafrm £. eaii TG-

(28 kDu), trypain
kDu}), and Iynomyers (14 kDa). Marker paoteins were alweys reduced
with 3% (v/v) 2-mercaptosthancl prior t is. Proteing
ware viscaliged by

EZSULTS
Delstion of Firet Repaat Eliminates Binding of Monosional
Antibodies but Not Lipoprotsins—Fig. 1 shows the hinding of

their surface (18). At 4 °C the cells expressing
recaptor showsd a normal sbility to bind "I.LDL (Fig. 14)
and "™1-5-VLDL (Fig. 18), but no ability to bind *1-IgG-C?
with high affinity (Fig. 1C). IgG-C7 is one of the monoclonal
satibodiea that recognizes the ligand-binding domaim. In
other exparirasnta, the receptor encodad by pARL sgain bound
%1-5-VLDL normally at 4 °C (Fig. 24), but &id not hind ™1-
IgG-15C8 (Figs. 2B and 34), the other monoclonal antihody

The recaptor ancodad by pAR1 showsd a normal affinity
for “I-1gG-HL1 (Fig. 338). This manocional antipeptide an-
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Ligond-binding Domain of LDL Receptor

WOT.LDL Seund (ng/mgpreteln)

In
4
i -]
'.:,: ]
5
%« e 3 4 3 i’-"nuca.sl
157 5-VLDL tpg preten/mi) 1. 146+ €7 ugemi)
to monclsyers
indicated cDNA received 1.5 ml of

PG 1. mmurca"m—mw,mmm.niﬂl-m-cﬂ

d-lhm'ﬂlﬂll.OnMGolnnm&. cxpremsing the

minkmte essential medium withoat blearbonste (GIRCO) contuining 5% human

7.4) and tha indieated concantration of "I-LDL (401 epm/

-1gG-C7 (801 cpn/ng). ARer 2 h st 4 °C, the tota) radicactivity
duplicats Incuhations.

2 4 [ ] a 0
EL.LOL (uy eretain /il )

|1 5-VLDL Seund {ag/rug prais)

Lpoprotein-daficiant
ag peotein), **1--VLDL (257 epm/ng protain), or

bound to the cells was determined. Each valus repressnts the sverags of

(upagnd Py by
g 935 901,

D:\IlllOIl‘l'l.ll
WI.5-VLIL {ag pratnin/mi) 1. 1g0- 1508 {xg/m)

Fig. 3, Surfecs biuding at 4 °C of "*I-4-VLDL (4) and *I.

§

{ng/mg prateln}
"~
-]

@S] _ yenacional Astibody Bound

%0 cs 1 48 & o 1 3 4 %
). 193 -43CH { ug/mi) 187, YoG-HLA (ug/ i)
ma.muunvcdl-l-uo-lmmui
culls tramsfscted with
the indicated eDNA

of ™.IgG-15C8 (610 cpm/ng) ar *1-IgG-HLI (434 cpm/ng). Aftar 3
b at 4 “C, the total radicactivity hound to the eslls was determined.
Each valos represents the sverage of duplicate determainstions.

tibody was ruised agninst a synthetic peptide corresponding
to xmino acids 163-174 in the ligand-hinding demaln (11).
These sming acids constitute a linker between repeats 4 and
5 {29).

At 37 *C tha receptor praduced by pAR1 was shla to mediate
the binding (Fig. 4A), internalisstion (Fig. 48), and lyscsomal
dagradation (Fig. 4C) of ""I-LDL with normal affinity. The
deleted receptor was aleo shle to mediate the hinding, uptake,
snd degradation of *™1-2-VLDL (Table [), but there was no
hinding, uptaks, or degradation of “I-IgG-15C8 (Tahls I).

Fig. 5 shows a seriss of imsmyuncblots of extracts from cells
transfectsd with sither the normal cDNA or pAR1. In the

nln).!li:nhwﬂ-mdmhnh

pressnce of Ca*, the normal receptor bound IgG-15C8 (fane
A), but tha daleted receptor did not (lane B). Binding of IgG-
15C8 to the normal receptor was abolished by EDTA (kane
G). Tha deleted receptar and the normal receptor bound IgG-
HL1, the antibody directad against the linker paptide (kwmes
C and D), and binding was not abolished by EDTA (ianes I
and J). Both recaptors alw bound IgG-4A4, & monoelonal
antipeptide sntibody directed against the COOH-terminal 14
amino acids of the cytoplasmic domain {lanes E and F).

The above data indicate that the first repest of the ligand-
binding domain in the aite ot which IgG-C7 and IgG-15C8
bind to the recoptor, but that this repeat is not necessary for
the binding of LDL or g-VLDL, nor is it necessary for
internalization and recycling of LDL receptors.
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Tamx 1
Metabolisn at 37 °C of ™1-8-VLDL and '™]-IgG-15C8 in cells
trangfected with

R
[1ge-] 15c8 | HL1 | aae | { 15c8| HLA |

o, 5. Immusshiotting of solubilized LDL resepiors from
transfssied cells. extracts of cells tranafectad

Detargent-solubilised
-lﬂlpl.DLR-l(A.c.l.G.DﬂlMRl (B,D,F, H, J)-nmhhﬂd

antireceptor
les ins the pressnce of sither 2 mM CaCl, or 10 mM EDTA as indiested.
The membrenss were then probed with 3 X 10° epm/ml **1-lnbaled
rabbit anti-mouse 1gG (10" cpm/ig). The nitroceltuloss was saposed
to RP-1 £lm for 2 h at room tempamture with an intanaifying scroan.
The migrstion of molecular waight markers is shown.

Firet Repeat Binds Antibodies but Not Lipoproteine—We
next prepared a plasmid containing a eDNA from which the
entire axtarnal domain of the LDL receptor was deleted except
for the first repeat (amino acids 2-42) plus 17 amino acids
immediately external to the membrane. This plasmid, desig-
nated pR1, was predicted to produce a small protein with an
apparent molacular weight of ~16,000. Whan cells were pulse-
labeled with [*S|cysteine and then subjected to immunopre-
cipitation with a rabhit polyclonal anti-COOH-tarminal an-
tibody, the normal receptor encoded by pLDLR-2 appeared
as a 120,000-D precursor that was rapidly processed to the
160,000-Da mature form (left lans of Fig. 6). The receptor was
stable for 4 h, but aftar a 18-h chass, most of the receptors
were destroyed. The receptor encoded by pR1 was also precip-
itated by the rebhit anti-COOH-terminal antibody (right
puudofﬁ..C).ﬂilm'-wnﬂmindulnM.lm
precursor that did not undergo sny increass in spparent
wmsmmmmmhmm

was intact at 4 h, but was degraded 18 h after synthesis.

Ligand-binding Domain of LDL Receptor

pLOLR-2 pR1
200 — - 88
- [ 4
' ot gt P g =40 -
e - -3 3
* te—|" - N,
L o ———— - -
[Cress ind JoT4T2 T[] [oT1Tz]«]%e]

from

Amplity
XAR-S Bl for 18 h st ~70°C.

At 4 "C calls axpressing the receptor encoded by pR1 bound
".IgG-C7 bt not ™I-LDL or "™[-5-VLDL (Fig. 7). The
amount of hinding of ™1-IgG-C7 to the cells expressing the
mutant receptor was about half the amount that was bound
to the cells expressing the norma) receptor cDNA. This mtlo
was varisbls from sxpariment to experiment; in other exper-
iments the amount of "™]-IgG-C7 binding was the same in
the two transfacted cell Enes. The apparent affinity for **1-
u(;-cv-mﬁpiﬁmwmwmmau
TA).

Binding of IgG-C7 and [gG-156C8 has previously been shown
to be Ca™-depandent on immunoblots after SDS-polyscryl-
amide gel electrophoresis (see Fig. 5) as well as in intact calls."
Cells expressing the receptor encoded by pR1 showed the
same Ca®™ requiremment for binding **1-IgG-C7 as did the
normal receptor (Fig. 8).

At 37 *C tha receptor encoded by pRI bound ™]-IgG-16C8
normally, but internalisation and dagradation of the bownd
antibody were aluggish. Fig. § shows an sxpsrimant in which
cells expressing pLDLR-2 and pR1 ware incubated with **1-
IgG-15C8 at 37°C. After various times, the medium was
removed for measurement of trichloroacetic acid-soluble deg-
radation producta, the cells ware washed, and the amount of
%]_IgG-15CS releasabls by trypsin was determined and used
as & measure of surface-bound antihody. The matarial that
was resistant to trypsin relenss is considered to be intrmcel-
lular. In the steady state the pLDLR-2 cells contained nasrly
3 times more antibody inside the cell than was bound at the
mrﬁnmdynmumwndthnmm'-m-hd
by the progressive increass in trichlorocacetic scid-soluble
radioactivity which reflects ongoing binding, intarmalization,
and degradation. After 5 h the internalizsation index, dafined
as the sum of intarnalised plus degraded antibody divided by
the amount of surfacs-bound antibody (13), was 17. This
indiestas that each receptor had cycled into and out of the
cell approximately 17 times during the 5-h period. In the cells
expresging pR1, the amount of surface hinding was higher
than in the normal cells (Fig. 83). The amount of intarnalised
IN1.IgG-16C8 rose rapidly but reached a platesu level that
was no highar than the Jevel of surface binding. The amount

*W. J. Schneider, J. L. Goldstein, and M. 8. Brown, unpublished
chesrvations.
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¥10. 7. Surfase binding at 4 *C of ""I-1gG-C7 (4), ""I-LDL (B), and '**1-2-VLDL (C) to

B].190-15C8 Sound
% of mamimum)

tions for 5 h (Fig. 10). Aa a control, we performad the same
axperiment with TR-718 cells, a stable lina of receptor-oega-
tive hamster cells that had bean transfiscted only with salmon
sparm DNA. The valum for binding, i ixation, and
degradation of "™I-IgG-18C8 in tha TR-718 cells were sub-
tracted from the values chesrved in the celly trangfacted with

the pR1 cells was only half the amount in the pLDLR-2 calls
(Fig. 108). Tha amount of degredation was sven mare severely
reduced (Fig. 10C). The caleulated internalization indexes st
both concentretions of *™I-IgG-15C8 were similar to thoss in
the experiment of Fig. 0 (L& 21 for the pLDLR-2 cells and
3.0 for tha calls expreasing pR1).

monsliayars
the indicstad cDNA received 1.8 ml of

domain
of the LDL receptor. When this repsat was dalsted through
oligonoclectide-directed mutagenesis, the receptor could no
longar bind either of the two monoclonal antibodies, Some-
what surprisingly, this deleted receptor continned to bi
LDL and 8-VLDL, the two major ignnds for the LDL recep-
tor, with normal affinity. A ssversly truncated receptor in
which the first cysteine-rich repeat was sspantially the cnly
external domain bound the two monoclonal satibodies, but it
cysteine-rich repest is both nacessary and sufficient for bind-
ing of the two monoclonal antibodiss.
The seven repests in the LDL recepior show conservation
mmwdmmmmmmm

E
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e_qﬂ- of this negatively charged region are nacessary for
Egand binding.

Tha two manoelonal antibodies, IgG-C7 and IgG-15C8,
must both bind to a ssquence in the first repeat that diffars
from the other six repsats. These two antibodies were pro-
duced independently; they ware obtained from separsts mouse
immunisstion procedures. One of the antibodiss (IgG-C7) wan
produced against the netive, intact form of the LDL receptor,
wmmmmm-1@)mmm

bodiss displace & maximum of 50-70% of LDL and §-VLDL
ﬂmthuadin.llh.udhothdthnm

rabbits (14). The amino acid sequence of the ligand-hinding
domain is available for four species (buman, rabbit, cow, and
haostar), and it shows considersble conservation in the
COOH-tsrminal half of the first cyntaine-rich repest (27).
However, there is a cluster of substitutions in the NHy
tarminal half of this repeat, suggesting that this may be the
region that hinds the monoclonal antihodisa.

The hinding aites for IgG-CT and IgG-15C8 in the intact
recaptor are conformatiom-dependent, since binding is abol-

ST. C. Badhel, R W. Bishop, D. W. Russell, M. 8. Browa, and J.
Galdstain, unpublished cbesrvations.
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Ligand-binding Domain of LDL Receptor

ished when the disulfide bonds are reduced (14, 30). Both
antibodise require Ca* for hinding. The hindng of IgG-1808
to the pR1-encoded protein was also Ca™-dependant. Bince
this recsptor contains essentially no external domain other
than the singls cysteine-rich repeat, it is cloar that this repsat
must bind Ca™. Sines lipoproteing hind to one or mare of the
six other repeats and since this hinding also requires Ca®™,
then it is likely that all of the repeats hind Ca™. The final
siagos of agstmbly of the ecmpplement pore-forming complax
is also depsndant upon divalent cations (31). Tharefore, it is
pomsible that the 40-amino acld sequence in complement
componants CBa, C8S, and C8 that are homologous to the
LDL receptor repsats alsn fimetion as Ca™-binding sitas.

When pR1-transfectod cells ware incubated with **1.[gG-
15C8 at 37 *C, the amount of surface hinding and the spparent
affinity were gimilar to those sean in cells transfected with
ths normal eDNA (Fig. 10). Ths number of receptars ex-
preased in clonss of eells permanantly tranafected with the
normal eDNA or pR1 (as wall as cells transfacted with other
mutant LDL receptor cDNAs) varies over at least a 3-4-fold
range from sxperiment to experimant (13). For this resson, it
in difficult to compare the absolute receptor number in cells
transfocted with different cDNAx. However, it is possihls to
maanure the efficiancy of internalizstion of a given receptor
by calculating the internalizstion indax, which is normalized
for receptor nusnber (13). This index was consistantly reduced
by about 85% in cells transfacted with pR1 as oppossd to
pLDLR-2 (Figs. 8 and 10).

Two possihls explanations might account for the chesrved
sluggiahness of intarnalisstion in the pR1-transfected cella
First, the receptor encoded by pR1 might not be incorparsted
normally into costed pits even though it has an intact cyto-
plasmic domain. Previous studies have shown that the juxta-
memhranous 24 amino acids of the eytoplaamic domain are
recuired for normal incorporstion into coated pits (13).
Against this conclusion is the oheervation that the intracel-

nalisstion (Fig. 10). In previous studiss with intsroaligation-
defective recaptors with abnormal cytoplasmic tails, the in-
tracallular content of ligand did not rise, and the rste of
dagradation was reduced proportionatsly to the lack of inter-
nalization (12, 13). Thess findings raise the altamats possi-
and sndocytic veaicles ut a relativaly normal mte, but it might
retum to the surface more repidly than normal without dis-
charging its Hgand in the cell

The distinction betwesn these two pomaibilities in diffieunlt
becanmo the intsrnalisation studiss in the pR1-tranafertad
ealls must be performed with monoclonal antibodias rether
than with the netursl lipoprotein ligands, which do net hind
to this receptor. The affinity of IgG-C7 and IgG-15C8 for the
normal LDL receptor is more than 75-fold lowser st 37 °C
than it is at 4 "C (see Ref. 14 and compare saturation curves
st 4°C (Fig. 3A) and 37 °C (Fig. 10A)). This is caused by a
much more rapid disaociation rate at 37 “C than at 4 °C (14).
Becauss of this low affinity, high concentrations of *™-IgG-
C7 must be used at 37 *C (Figa. § and 10) and this creates a
significant blank value for nonspecific binding to the surface.
‘Wa have sttempied to correct for this blank by sibtracting
ths hinding st squivalent eoncentrations of **1-IgG-2001, an
irrelevant antihody (Fig. 8), or by subtracting the binding of
1m1.12G-15C8 to cella that do not express LDL receptors (Fig.
10). Although thess corrections sllow valid estimatss of the
amounts of call surface binding to recoptors in the steady
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