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Normal cell development depends to a large part on multifunctional
proteins that have evolved by recombination of proven modular elements.
We now have discovered and characterized in rabbit, human, and chicken
such a multi-domain protein, and classify it as novel member of the low
density lipoprotein (LDL) receptor gene family. The extracellular portion of
the ~250-kDa membrane protein, termed LR11, contains a cluster of 11 LDL
receptor ligand binding repeats, a group of 5 LDL receptor "YWTD" repeats,
a large hexarepeat domain of structural elements found in neural cell
adhesion molecules, and a domain with similarity to a yeast receptor for
vacuolar protein sorting, VPS10. The cytoplasmic domain exhibits features
typical of endocytosis-competent coated-pit receptors. The mosaic, and
presumably multifunctional, receptor is expressed abundantly in brain, in
particular the hippocampus, dentate gyrus and cerebral cortex. Western
blotting of tissues and ligand blotting of LR1l-transfected cells
demonstrated that the novel protein binds apolipoprotein E-containing
lipoproteins. In contrast to the LDL receptor, hepatic expression of LR11 is
unaffected by hyperlipidemia. During early development, murine LR11
expression levels are highly dependent on neural cell types, and peaks at 1-2
weeks. The expression pattern of LR11 in brain and the presence of elements
found in neural adhesion molecules suggested a function(s) in the central
nervous system. The identification of this highly conserved and superbly
complex protein offers the opportunity to gain new insights into the
emergence of multifunctional mosaic proteins akin to the ever expanding
LDL receptor gene family.

T, HTFEMFHRECLY, BRE) RXERE (L) ZESRETT 7
IV —IBT AV O OFH LOVREEIWILEUA L VRIESH VP, 250D
U RBRENABNE, DL ZAK, BEKLEY FEBAE (VLDL) ZEKEFITMA,
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EUHREL, 2<BRoTHBBOLELTWDZ LIARIN, HICHEEY
T, BOMBIZLETHAZ EBELNTR 7100 I HIdMELEICE
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Fig. 1. The LDL receptor gene family. The diagram compares the
functional domains in the LDL receptor, ApoE receptor2, VLDL
receptor, Drosophila yolkless, LR11, LRP/ ¢ 2z-macroglobulin
receptor(LRP/ o« 2MR), C. elegans LRP-like protein and
gp330/megalin. EGF:epidermal growth factor, VPS10:vacuolar
protein sorting receptor 10.

EPTOFEIHE DNA AT TV —%, UHF LDLZAEKY Vo FEEHEEK
cDNA 7 —TH2RHVWTI e ANA T YV FA B~V a EBICEDRI Y —= T
L. BtE7 o— DL EZ T AR VIECTRE L, TOBR, LDLZE
thlBmVHEREEZ RTEREET 528K TKb © oDNA B2, E512585
NI HE DNA %7 —7L LT, & MHBWNE=T F YR cDNA 547
SY—DRY Y —= T BT, FEEIC LDL 25K L B VERME 2 RS
BHTD cDNA BB, #ET I/ BEFLY, ABEEREXRMIESNE
i, MARREEEARIS LU 50 7 I BRI X 2 HIBEANEIRIC X VRS T
B ERELMCR ST Fig 2).
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human 100
rabbit R 100
chicken 7
human HENQMVVHWAGEKSNVIVALARDSLALARPX . f RISEAV, QE‘YHSPADNKRYIFADAYAQYLWITFDFCN 12 sTe 200
rabbit SHNQHVV!WAGBKSNVIVRLARDSL AR FR] K A TEA AAQF HSP QYLWITEDEC T 200
chicken P GE PENSEAVALAG ANNQR 3 A 107
human IPFRMDLLLHSKASNLLLGFDRSH PNKQLHKSDDFGQTWIHIQEHVKSFSHGIDPYDKPNTIYIERHEPSGYSTV?RSTDFFQSRENQBVILEEVRD 300
rabbit L FDRSRPNKQLQKSDDFGQT“IMIQEHVKSE‘SWG DPYDKPNT, ‘{IERHEPSGYSTV RS TDFFQSRBNEV!LE VRD 300
chicken [ N RSKPN! PYDKP. IER! R EVI 207
human 3‘.' QSSVQLHVS FGRKPMRMQFVTRH PINEYY IADASEDQVEVCVS HSNNRTNLYISEAEGLKFSLSLENVLYY PGGAGS D 400
rabbit QLWVSF PMR Y EYYIADASEDQVFVCVSHSNNRTN ISBAEGLKFSLSLSNVL‘! GGAGSD 400
chicken F SSVQLWVS “" RV VFVC i RTNLYI AEGLKFSL: NVLYY 307
human LVRYFANEPFADFHRVEGLQGVYITLINGSMNEEN RSVI GTWEFLOAPAFTGYGEKINCELS GCSLHLAQRLSQLLNLQLRRHPILSKBS 500
rabbit DFHRVEGLQGV ATLINGSEENMRSVITPDKGGTHE I.Q FTGYGEKINCEL CSLHLAQRLSQLLNQ RRMPILSKES 500
chicken [TLVRYFANEPFADEHRVEG] VYI ] SEENMRSV 3 RGE GC QLLNEK RX | 407
human 600
rabbit 600
chicken 507
human I SWLILQVNATDALGVPCIE SPSDERGN KTV EDFUDRPVVVSNCSC COEGER 700
rabbit B f GVPCTENDYKLWSPSDERGNECLLGRKTVFKRRTPHATCFNGBDE‘DRPV SNCSCTREDECDF 700
chicken § NLITQV! GVE DYKL®: DERGNE: VEKRRTPHA S 607
human 800
rabbit 799
chicken 707
900
rabbit [EE]
chicken 807
human IYRSNMDGSAA HELVS KWPNGISVDDQWIYWTDAYLECI IL 1000
rabbit 1Y MDGSAA YR VSEDVKWPNGISVDDWIYHTDAYL RITFSGOQRS 999
chicken I‘IRS [MDGSRACIVS I1SVDH HIE 907
human 1100
rabbit 1099
chicken 1007
human DMSDER CPTTICDLDTQFRCQBSGTCI PLSYKCDLEDDCGDNSDESHCEMHQCRSDEYNCSSGM 1189
rabbit GDMSDEKNC PTTICDLD Q RCOESGTCIPLSYKCDLEDDCGDNSDEJHCEMHQCRS DEYNCSSGMCHIIRSS 1198
chicken TLQFR: SGTCIPLSY. PHQCRE R 1106
human ASN 3 i 1298
rabbit EASNFQCRNGHCIPQRHACDGD 1297
chicken |[EASE INGHCIPQ RWACDGDADCDGSDED 1206
human 1398
rabbit 1397
chicken 1308
human 1498
rabbit 1497
chicken 1406
human 1598
rabbit 1597
chicken [p 1505
e, 1
ral
chicken 1582
human 1798
rabbit 1797
chicken 1592
a
human R gl 1 RGVRPPAPSL. 898
rabbit QGSEVE ALITA RGVRPPAPSLKAR AL : 897
ChiCk8N —-—-e e oo oo e C e o mmmmmr—memmmm o me oA e—macm—aa e 592
human BIKDEQ LFLVRV 1998
rabbit FKBEQ 1987
chicken =-~--=--mmo-—Swemaeacascataaeaans = 1592
a
human %ﬁ m ITTVSLSAPDALKI ITENDHVLLFWKSLALKEKIHFNESRGYEIRMFDSAMNITAY LGNTTONFEKISNLKMGHNYTFTVQ] 2098
rabbit ITTVSLSAPDALKIITENDHVLLFWKSLALKEKYFNESRGYEIHMFDSAMNITAYLGN TDNFFKISNLKMGHNYT TVQ] 2097
............ 592
198
:a blt ﬂ 197
chickan e me e e mm et — 592
human ITGESDDVPMVIA 214
rabbit A 213
chicken ————c 592

Fig. 2. Comparison of amino acid sequences of the human, rabbit,
and chicken LR11. Amino acids are numbered from Mterminus of
human and rabbit precursor LR11ls and from first indentified
amino acid of chicken LR11, respectively. The amino acid residue
numbers are shown on the right. Gaps (-) have been introduced to
optimize alignment. Identical residues in three proteins are boxed.
Potential M-linked glycosilation sites are marked by ¢riangles and
F/YWXD tetrapeptide motifs by asterisks. Putative internalization
sequence is indicated by a heavy underline. The RGD tripeptide is
double underlined. The signal sequence and the presumptive
transmembrane segment are shaded.



£ DMRRSNERICIT, ABAEICRENLRT I BESIERTARRICMAT,
LDL Z&ET 7 IV —ZR/EICHDLND Y H 2 FiEAMHEIR, EGF BB & RIER
ERELTW:, EOICABREIL. MRMRESES FRUBEBHEIRNEAER
EREK VPS10 LEBI LT I BESI LA LTV, £, MIRASEISICIE
A E—FVB—va I HFVENEFINRD b, ABEAEIIMERE
BEKEEZOT 7 OB REREL VBRI TV, AEBHEN L%
BEY A FRESHERIFERIC 11 BOBVRERLESFI2FT5Z b, Th%
LR11 &4 L7z (Fig. 3), BIEL7 3 MOE#® LR11 7 I/ BEFIITHEL
BIEFESN T 219,

VPS10 dike LDLR binding Internalization
region repeats signal
I I [T v v VIVII
(sS) (T™)
ROD YWTD NCAMAike
' region

(FNII repeats)

Fig. 3. Schematic diagram of the proposed multidomain
structure of the LR11 protein. Seven domains are defined,
characterized by: domain I, no particular similarity to other
proteins; domain II, homology to a yeast receptor for vacuolar
protein sorting, VPS10; domain I, five repeats with F/'YWXD
consensus sequences found in the EGF-precursor; domain IV, 11
tandemly arranged complement-type ligand binding repeats highly
homologous to those constituting the ligand binding domain of the
LDLR; domain V, 6 copies of FNII repeats; domain VI, a putative
membrane spanning region; and domain VI, the cytoplasmic

domain. The signal sequence (SS) and the transmembrane domain
(TM) are indicated by black boxes.

LR11 mRNA DS ) — T uvTF oy ik ovBRaLELEZA, £

IR BB L T2 Y, Fig. 4 [Tk MEEKIZIIT D LR11 mRNA ORE
SHERLE,



Fig. 4. Northern blot analysis of LR11 expression in human
tissues. Poly(A)* RNA of different human tissues (4 ) and brain
sections (B) (2 gllane) were subjected to Northern analysis with
HB201 and HB104. Plac. indicates placenta; panc.,, pancreas;
cerebel,, cerebellum; cer. cort., cerebral cortex; spin., spinal; occi.,
occipital; front., frontal; femp., temporal; amyg., amygdala; caud.
nuc., caudate nucleus; corp. call, corpus callosum; Aippo.,
hippocampus; br., brain; sub. nig., substantia nigra; subth. nuc.,
subthalamic nucleus; and thal, thalamus.

¥, IR BEEORAZA L/ Tauy T4 vy 7IZEVBRILEEZA, U
R OEESHICH 250kDa @D 1 KDY FFA e LTHREBENTZZ b,
LR11 IZHERRICIBVTH 250kDa DEHE & LTREALTWA I BRI
(Fig. 5),
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‘Fig. 5. Immunoblotting analysis of LR11. Membrane extracts of
brain (40 1 g; Janes 1 and §) and heart (40 ¢ g; Janes 2and 6) from
adult rabbits, pP BKCMLR11-transfected CHO cells (100 . g; Janes 3
and 7), and pBKCMV-transfected CHO cells (100 . g; /anes 4 and
8) were subjected to 5% SDS-PAGE under reducing conditions and

- processed for immunoblotting with the IgG directed against
synthetic peptide of rabbit LR11 (Janes I-4) or a control antibody
(lanes 5-8) as described under "Experimental Procedures." The
positions of migration of molecular weight standards (kDa) are
indicated on the Jeft.

E7, LRIL XYV H VR F 407k, LDLZEERT7 7 I Y —ZH/ED
Z<NYVHTFETETRYREAY E (FHRE) -rich URBHAETHS B-
VLDL &, in vitro IZBWTHEATAIZLBRHALNIR-7 (Fig. 6),

Fig. 6. Ligand blotting of LR11 in transfected cells. Membrane
extracts (200 u g of protein each) from pBKCMLR11-transfected
CHO cells (Jane 2 ) and control-transfected cells (Jane 1) were
subjected to ligand blotting with 125] - 8 -VLDL (10 1 g/ml; specific
activity, 350 cpm/ u g). Autoradiography was for 24 h.
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LR11 BBV TR BERALTWEI 2D, U RRICBIT3HBBAOTH %
AD)TRyTF 4V TIREVBEHLEE A, KBIZBOWTREBMIEHRLT
W= (Fig. 7A),

A

Fig. 7. Localization of LR11 in
rabbit brain. 4, Western blot.
Membrane extracts (20 u g of
protein each) of cerebrum (/ane
1), cerebellum (Jane 2 ), and
brain stem (/lane 8 ) were
subjected to SDS-PAGE and
immunoblotting with a
monoclonal anti-LR11 antibody
as described under
"Experimental Procedures." B,
immunohistochemistry was
performed on 10- u m sections:
(a ) section was stained with
hematoxylin and eosin; (b )
staining with the antibody used
in A4; (¢ ) control stain with
antibody to glutathione &
transferase from S. japonicum.
CP, caudate putamen; Cx,
cerebral cortex; DG, dentate
gyrus; Hi, hippocampus; 74,
thalamus.




72, b MEEMRICEITS LRIL mRNA ORBROGE ) —F oo uyF 4 o7
FVBIT LI 2 A, KIMEER I OVMEICHRS BB LTV (Fig. 4B), &
LIV FRBICBITHREADORELREEBREREICI VRN LEZLEZA, £
CHERRUOEREICRHEL, ELIZKBMEEICHRANBD LN (Fig. TB),
LR11 mRNA DRIZBIT D RBADREER. in situ "M TIFLE—Varick
D ORI LIZL 25, FICHBEMIENICBEL., KINEE, BEH#
b, EREIERMEE, ABICRB VLTI A o iila, BRI
BHAWH 5. LRI BB TREV- VOBV BICRER LTV (Fig.
8) 12-15)0

Fig. 8. Localization of the LR11 transcripts in murine brain by
in situ hybridization. Cryostat sections (5 u m) of adult (12 weeks
old) mouse brains were subjected to in situ hybridization with
digoxigenin-labeled cRNA probes corresponding to LR11 ¢cDNA.
The sections represent cerebral cortex (4 and B ), hippocampal
formation (Cand D), and cerebellar cortex (¥ and F). Cx, cerebral
cortex; DG, dentate gyrus; Hi, hippocampas; Cb, cerebellar cortex;
Pj, Purkinje cell layer; Mol cerebellar molecular layer; CGr,
cerebellar granular layer; DGr, dentate gyrus granular layer; Py,
hippocampal pyramidal layer; &SC, superior colliculus.
Magnifications: 4, C, E, X30; B, D, X150; F, X300. (Kanaki et al
1998)
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LR11 ORBAG 2RI 5720, BIHIC DL RFRBEZREALEH= VR
F o — ) VifES 29 % Watanabe heritable hyperlipidemic (WHHL) © ¥ it
BUCEIT 5 nRNA REBEZRN LR, EEVFELIZLALEDLRMIoT
(F— 2 IRWET), LIL SEEDL VDL ZREORHERX, =AM/ itk
STHATSEZ ERHEIN TS, LRIL nRNA ORBARIIXTE=R ba s
vORBREE, =7 bR LMH #E%Z VT RT-PCR HEIC & W RREF L7223,
LR1l FHREITIZE A LEEEZTRMo (Fig. 9%,

Estrogen
FCS

PCR cycles)
15

LR11
- [

1+

Apoll

Fig. 9. Effect of estrogen on LR11 expression in LMH/2A cells.
LMH/2A cells were cultured in serum-free medium in the absence
(-) or presence (+) of moxestrol for 24 hours before harvest and
preparation of poly(A)* RNA as described in "Experimental
Procedures." RT-PCRs for the indicated number of reaction cycles
were performed for LR11 and apo-VLDL-II (ApoIT ), respectively.

< U AMORKEBERICIITS LRI1 mRNA ORBFERE ) —F T vnyTr v
J KO RT-PCR IEIC L Ve L& Z A, LRIL 32 =—7 REBRNERL T
Wie (Fig. 109, +72bb, = U AMITHBWT LRI mRNA 1XE# 1—-2 B
WS RE L, 4 BRI —EREAPBA L, £% 8—12 BICHUREAT I &
WHBRE R LTZ, 2D X 5% LR11 OFBRERXIT., FIFICHEIT L LDL 25
=0 VLDL XA D nRNA BEFKN L IR R > T\, o, vV ABRIZRT
% LR11 mRNA iZ, BE#IL O REBR L TCWABZ ENHLMNIR>TEY . LR11 mRNA
X~ ARRHMROFERBHO X 572, PREEROREET DRI, <
BRETHZENTREINT,
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weeks 12 4812 1 2 4 812

o .

VLDLR

cyciophifin 8

Fig. 10. The expression of LR11, LDLR, and VLDLR transcripts
during murine CNS postnatal development. 4, Poly(A)* RNA
isolated from mouse cerebrum (a ) and cerebellum (5) (1, 2, 4, 8,
and 12 weeks old, as indicated) were subjected to Northern
analysis with LR11-specific probe. Control hybridization with a
mouse fJ-actin probe is shown below. B, Single-stranded cDNA
was synthesized from poly(A)* RNA isolated from mouse
cereberum (4 ) and cerebellum () (1, 2, 4, 8, and 12 weeks old, as
indicated). The ¢cDNA was subjected to PCR with primers specific
for mouse LR11, LDLR, VLDLR, or cyclophilin B, generating
fragments of 265 bp (LR11), 222 bp (LDLR), 225 bp (VLDLR), and
375 bp (cyclophilin B). The PCR products were resolved on a 2.0%
agarose gel. (Kanaki et al 1998)

LDL ZERRETREICL Y, ERLBIREE 245 RIcHERR. RiEER
aVATu—)VIfE (FH) BFHERZERBZEXIMBNATHE 9, XbiT,
BIAREE(LRICE T 2 U REAEZAROBHAFAHOS AR RIBMBOEERETT
EREOHFMRNL L, BRE{LERBRICKITS LIL 2FE 77 I ) —%5F
OEBMBENEE SN TS 7, BIIRE(LRIZEIT S LDL ZREEORBIL,
D77 I ) —FR/ELBLTENZ O IR (Table 1)

Table 1. MFEEIZBITS LDLZAEEERLRTF 7 7 IV —0OHHA L ZOREGET.

AR IR

fois
_ E#m B E‘% ﬁ&& %ﬁgﬂﬁﬁ?
LDLZBHE - - — Ion77—oHn4E 1
' TGF—8 1
#paRaLXFa—i |
VLDLEZ A& + ++ + Bfimwooor—o
an=——fEEF 1
(NEMK) (R, v/ /o77—2, EREGHEMA)
LRP./ a,MR ++ + 4+ ++ *Hn77—UaE 1
(E &) (RHQ77—, FRHER) IHYAIp—~Tan=——
RIBEF1
YRESHEE |
LR11 - ++ ++
(F B AR

(Ylae~Herttuala et a/. 1996)
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—%. LDL SAKEEESHE (LRP) X VLDL &KL, BiRE{LR T~ >
F—UOEERGHMICEE L., hbOMIEDIARLICE ST B AEEENR D B
W b0 T77 IV —ZREREELFICBOTHREALTWHDIIH LT,
LR1l BEFEME TIHITE A ERRIEBD LNT, BIRE(LRARIEHAERC
FENBEL TV ©, BIIRE(CEPRBRICBWT, FRHHROBIE - &
EIZEETH D, LR11 OBRECENBEZEHHEICI T 2BROFERIT, Z
OERGHIEDOHIE, HMebdWIRBEEICHEETATMREETR T2 bDLE
Z b,

SERE L& HF LV DL SREBEERET LRI i, DL REKRET
77 I Y —nEBEAEEICMZ, WEMREES FIRBMENEDHRE
SRELELOEESHETIEYA 7#BEER Lz, LRIl XZORAROEZN
Bz WT, BICARH L~V OREWHBICRER LT e, ¥, LR11 ZmfR
BL_ARTA huaFicky, ZORBEREDL Lo &b, LDL X
RS LR A RBERES22 TV 5 TSR Shs, LRIL OERKICS
FARY N REMEIT, 50L ZAHLNTIXARWA, B-VLDL BEE LI L
Db, D77 IV —ZRELRAKIC, SRRV T FEBEETIEHERE
ETHAAREENTRRENT, ®iC. LR11 OMRERCBIIRBECENIELIES
HEgIC BT 5 B ERNRTERT. T OBENFED D H#R S h =Ml oBE,
B DHEFE - oL - WEDH SV ITHREREROME~DEELRR L T e ¥
151819 JRI1 XINETIRALNIZENTWVWE 7 7 IV —ZFEOEEHEEEIC
Mz, Fl-rEYWENBEREZA LTV ARRBENRBINE,
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FURBXBEGROES

Aid, MAEEORMCEHEEEY £X 2328 (LDL) SHEERETT 7 3 ) —OEEEHESE
BHLICT B0, TFEBEUL NCBOTHLE T 7 I —SBEORE AL RRY £ Lol
LOTHB, FFECHEOTATZ 7 IV —BT22HAELRI BSHRTHHTRRS A/, LR11IZLDL
SHEET7 I —CEET 2RI, WEMREESTOT 4 7R 5> Type IR VELH
BB RN E A RS 2A G VPSI0 BHOBRNAE L, 7 O0OBMILEEIC X VBRI TYA 2
BHETHZ LB LE, Larb Yy FTRESALLRILIOY I/ BEAL L McBTHRBSA
2hY, BRI TRESA TV LD, EEORBCHALSFERO—DOTHS I LISTRE NI,
¥7:, LRI11 @ in vitolC B TLDLEBEER 77 IV —DZLBYH U FEeT5B-VLDLERE L EH
L, D77 IV —SHERLER, SBEUFCFLEET 2 SRESERTHITEESTRI A,
LR11 ® mRNA i3 LDL 2% L FARc Y ABAERBOBALR, FE, BBCSIERLTVR, BOHE
CHRBLTOVARTIE, WE, AMEHE, NBCABEL, ZORRIMEHBNCRBEL T, S5ic
LR11 OB BIRE{LE NS TSR B S A, —%, LR11 mRNA O%HH, LDLEEKL
REA-TIAVAFO—L, TAMOFY, MEENICE VEEL S35 570T, LDLEEHE 1R
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