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A cross-species comparison of the apolipoprotein B
domain that binds to the LDL receptor

Adam Law' and James Scott

Division of Molecular Medicine, Clinical Research Centre, Watford Road, Harrow, Middlesex HA1 3U]J, UK

Abstract  Apolipoprotein (apo)-B-100 is the ligand that medi-
ates the clearance of low density lipoprotein (LDL) from the cir-
culation by the apoB,E (LDL) receptor pathway. Clearance is
mediated by the interaction of a2 domain enriched in basic amino
acid residues on apoB-100 with clusters of acidic residues on the
apoB,E (LDL) receptor. A mode! has been proposed for the
LDL receptor binding domain of apoB-100 based on the pri-
mary amino acid sequence (Knott, T. J., et al. 1986. Nature.
323: 734-738). Two clusters of basic residues (A: 3147-3157 and
B: 3359-3367) are apposed on the surface of the LDL particle
by a disulfide bridge between Cys 3167 and 3297. Support for
this single domain model has been obtained from the mapping
of epitopes for anti-apoB monoclonal antibodies that block the
binding of apoB to the LDL receptor. Here we test this model
by comparing the nucleotide (from 9623 to 10,442) and amino
acid sequence (from 3139 to 3411) of apoB-100 in seven species
(human, pig, rabbit, rat, Syrian hamster, mouse, and chicken).
Overall, this region is highly conserved. Cluster B maintains a
strong net positive charge and is homologous across species in
both primary and secondary structure. However, the net positive
charge of region A is not conserved across these species, but the
region remains strongly hydrophilic. The secondary structure of
the region between clusters A and B is preserved, but the dis-
ulfide bond is unique to the human sequence. B This study
suggests that the basic region B is primarily involved in the
binding of apoB-100 to the apoB,E (LDL) receptor. —Law, A.,
and J. Scott. A cross-species comparison of the apolipoprotein
B domain that binds to the LDL receptor. J. Lipid Res. 1990.
31: 1109-1120.
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receptor binding domain « LDL « VLDL

Apolipoprotein B-100 (apoB-100)- and E-containing
lipoproteins are cleared from the circulation predomi-
nantly by receptor-mediated endocytosis in the liver. The
portion of the apoB-100 and apoE molecule responsible
for interacting with the apoB,E (LDL) receptor is termed
the receptor binding domain. The ligand binding domain
of the apoB,E (LDL) receptor and the receptor binding
domain of apoE have been extensively characterized at
the molecular level (1, 2). A cluster of basic amino acid
residues within apoE (140-150) on the surface of 8-
VLDL interacts with clusters of acidic residues on seven

40-amino acid cysteine-rich repeats at the amino terminal
of the apoB,E (LDL) receptor (1).

Identification of the apoB LDL receptor binding do-
main has proved to be more difficult than that of apoE.
This is due to the length of apoB-100 (4536 residues,
compared with 299 for apoE) and its insolubility in water.
ApoB-100 in LDL is cleaved in vitro into four fragments
by thrombin, which are termed T1 which is a partial
digest product, T2 which corresponds to residues 3250~
4536, T3 residues 1298-3249, and T4 residues 1-1297 (3).
ApoB-100 is rich in basic residues; eight clusters have
been identified by inspection of the primary sequence (4),
seven of these have also been demonstrated by heparin
affinity chromatography of tryptic digests of delipidated
apoB-100 (5). The two tryptic peptides that bound to
heparin agarose with the highest affinity correspond to
residues 3134-3209 and residues 3356-3489 (5). The two
peptides flank the T3/T2 junction (residue 3249) of the
apoB-100 thrombin cleavage fragments (3) and are the
only two heparin-binding sites available on the surface of
native LDL. Analysis of the protein sequence in this re-
gion identifies two clusters of basic amino acids, ‘A
(3147-3157) and ‘B’ (3359-3367), that are good candidates
for the apoB LDL receptor binding domain as they have
the highest charge density of the eight basic clusters
described in apoB-100. There is a disulfide bond between
cysteine residues 3167 and 8297 (3) (unpublished observa-
tion, R. Pease and J. Scott), which may link these two re-
gions to form a functional single binding domain.

Further evidence implicates this region of apoB-100 in
receptor binding. Panels of monoclonal antibodies have
been raised to LDL (6-8). Epitope maps of these
monoclonal antibodies have recently been constructed
(9-11) and the epitopes for monoclonal antibodies that

Abbreviations: VLDL, very low density lipoprotein; LDL, low densi-
ty lipoprotein.
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completely block the binding of '*I-labeled LDL to the
apoB,E (LDL) receptor have been mapped to regions
flanking basic clusters A and B (10, 11). Epitopes of
monoclonal antibodies that do not interfere with apoB
receptor binding are mapped in groups throughout the
rest of the apoB-100 molecule, excluding these regions
from a direct role in ligand binding. Circumstantial evi-
dence also suggests that the apoB LDL receptor binding
domain is in the carboxyl half of the apoB-100. ApoB-48,
which in humans is the form of apoB synthesized in the
adult intestine, is composed of the amino terminal 1-2152
residues of apoB-100 (12, 13). ApoB-48-containing lipo-
proteins bind to the apoB,E (LDL) receptor independent-
ly of apoB (14). Furthermore, a truncated from of apoB,
apoB-37 which contains only the amino terminal 37 % of
the protein sequence, does not bind to the apoB,E (LDL)
receptor (15).

Comparison of the amino acid sequence of apoB-100
with apoE reveals that there is homology between residues
3359-3367 of apoB-100 (ie., region B) with residues 142
and 150 of apoE:

3359 3367
ApoB -Arg-LeuThr-Arg-Lys-Arg-Gly-Leu-Lsy-
142 150

ApoE -Arg-Lys-Leu-Arg-Lys-Arg-Leu-Leu-Arg-
This region of homology can be extended by secondary
structural analysis to apoB-100 residues 3352-3371 and
apoE residues 135-155 (16). The functional significance
of this cluster of basic residues in apoB has been directly
tested in binding studies using a synthetic oligopeptide
that includes this sequence (residues 3345-3381). When
this peptide was constituted into trypsinized VLDL from
a type 4 hypertriglyceridemic patient it was able to sup-
press HMG-CoA reductase activity in cultured human
fibroblasts, whereas a control synthetic oligopeptide
derived from the human apoB sequence (residues 4154~
4189) was not (17).

A model has been proposed for the human apoB LDL
receptor binding domain (3). Basic regions ‘A’ (residues
3147-3157) and ‘B’ (residues 3359-3367) are brought into
apposition on the surface of the LDL particle by a di-
sulfide bond between Cys 3167 and Cys 3297. The protein
sequence between these two basic regions is proline-rich
with amphipathic 8-sheet potential and is associated with
lipid. We here test this model by a comparative study of
this region of apoB-100 in six mammalian and one avian
species.

METHODS
The following bacteriophage libraries were screened:

Syrian hamster genomic DNA library —Charon 4a (18);
mouse liver cDNA library—Agt10. (19); rabbit intestinal
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c¢DNA library —Agt10 (20); rat liver cDNA library —hgtll
(Clonetech); chick liver cDNA library—Agtll (Clonetech).

These libraries were screened by standard methods (21)
using cDNA probes from the human apoB LDL receptor
binding domain labeled by random priming (22). DNA
was prepared from phage lysates (23) and the inserts were
subcloned into pUC13 for restriction mapping. Restric-
tion fragments were subcloned into M13 vectors MP18
and MP19 and sequenced by the dideoxy chain termina-
tion method (24) using both Klenow and sequenase
methods (sequenase DNA sequencing kit, United States
Biochemical Corporation).

Nucleotide sequences were analyzed using the Micro-
genie program on an IBM AT computer, which provided
alignments, translation, restriction maps, and paired
homologies. Protein secondary structure (25, 26) and
hydrophobicity/hydrophilicity predictions (27, 28) were
made using the Wisconsin sequence analysis program on
a SUN4 280/S computer.

RESULTS

¢DNA and genomic DNA clones encoding the LDL
receptor binding domain were isolated from five species
(rabbit, rat, hamster, mouse, and chicken) and the pri-
mary protein sequence was inferred from the nucleotide
sequence. The human apoB-100 sequence (3, 17, 29-32)
and the pig sequence have been previously characterized
(33). The nucleotide sequences for the seven species, cor-
responding to nucleotides 9623-10,442 of the human se-
quence, are aligned in Fig. 1 and the amino acid
sequences, corresponding to residues 3139-3411 of the hu-
man sequence, are aligned in Fig. 2. This region is
highly conserved between all the species and this homo-
logy is greater at the nucleotide than at the amino acid
level (Table 1). There are a number of insertions and dele-
tions found in individual species, which leave the amino
acid sequence in frame. The human sequence has deleted
three nucleotides at residue 10,063, which are present in
all the other species (TAT in the pig, TCT in rabbit, rat,
hamster, and mouse, and CCT in the chicken). There 1s
a Leu residue at this position in all species, except the
pig where an Ile codon is present. The hamster has a dele-
tion of 15 nucleotides corresponding to nucleotides 9819 to
9833 of the human amino acid sequence. This results in
the loss of the consensus amino acid sequence Asp-Lys-
Tyr-Lys-Thr found in the other species. The chick has an
insertion of three nucleotides, AAT, at the equivalent
position of nucleotides 10332-4 of the human sequence,
which is not seen in the other species and results in an
extra Asn residue.

The similarity between the seven amino acid sequences
is demonstrated in Fig. 3. The similarity score was deter-
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mined using the Venn diagram scoring method based
upon Dayhoffs mutation matrix (34-36). The two boxes
represent the basic regions A (3147-3157) and B
(3359-3367) thought to interact with the apoB,E (LDL)
receptor in the human sequences (1). Both basic regions
A and B have a high similarity score. Comparison of the
primary sequence of these two basic regions shows a sig-
nificant difference in the type of residues conserved. The
basic region B has highly conserved, positively charged
residues. The only nonconserved charged residue is the
first Arg which is Ser in the pig, rabbit, and chicken.
There is, therefore, a net positive charge of 4 or 5 across
all species examined. In contrast, the basic region A is less
well preserved across species. The net positive charge is
human 7, pig, rabbit, rat, and hamster 5, mouse 4, and
chicken 1. The amino acid substitutions are hydrophilic
and in several instances acidic residues are substituted for
basic ones (Fig. 2).

There are several areas of low homology between the
sequences compared (Fig. 3). The troughs at amino acid
positions 29 and 160 correspond to the region of the two
Cys residues at positions 3167 and 3297 of the human se-
quence. Inspection of the amino acids at these two posi-
tions in Fig. 2 confirms that these Cys residues are not
conserved between species and are in regions that appear
to have the greatest divergence of amino acid residues.
The proline-rich area between the two basic regions is
highly conserved. The Lys residue at position 3249, which
in the human sequence is the thrombin cleavage site at the
T3/T2 junction, is conserved in all species except the
mouse which has a Thr residue at this position.

Different procedures for predicting protein secondary
structure from primary amino acid sequence have been
developed. Each of these methods is based upon different
assumptions and empirically determined x-ray crystallo-
graphic data of predominantly globular proteins. Thus,
different algorithms give rise to heterogeneous predictions
of protein secondary structure from the same primary se-
quence. These secondary structure prediction algorithms
must be interpreted with some caution with lipoproteins,
as the protein x-ray crystal structure data upon which
they are based does not include proteins that interact ex-
tensively with lipid. In order to extract the maximum
amount of information from a group of cross-species se-
quence data, a simple graphic method of comparing the
secondary structure predictions has been devised (36).
The results of such an analysis are shown in Fig. 4. The
top panel represents the aligned primary sequences of the
seven compared species; above each line the boxes repre-
sent the Chou and Fasman secondary structure predic-
tion, and below the line the Garnier, Osguthorpe, and
Robson prediction as derived by the PeptideStructure and
PlotStructure programs of the Wisconsin sequence analy-
sis package (25, 26). Black boxes represent B-sheet,
speckled boxes a-helix, and empty areas random coil or

B-turn. The second panel is a composite histogram of the
information from the first panel, taking 5 amino acid
residue cuts throughout the length of the aligned se-
quences. Hence the black bars on the histogram represent
the probability of 8-sheet. The third panel represents the
composite secondary structure prediction derived from
the histogram data, and the two boxes underneath corre-
spond to basic regions A and B. The basic region B is pre-
dicted to be in a region of a-helix, whereas region A
may be either a-helix or 8-sheet. The region between the
two basic regions is largely predicted to be 8-sheet.

The basic region B can be modelled as an amphipathic
a-helix using an Edmundson wheel diagram (37). Fig. 5
demonstrates that the amphipathic a-helix is conserved
for region B; the asterisks designate the basic residues.
These lie along the face of approximately 60 % of the cir-
cumference of the helix, whereas hydrophobic residues lie
in the remaining 40 %. Region A is neither a classic am-
phipathic a-helix nor a S-sheet (data not shown).

Fig. 6 shows the aligned plots of the Kyte and Doolittle
and the Goldman, Engelman, and Steitz hydrophobicity
scale for the seven apoB LDL receptor binding domain
sequences (27, 28). Hydrophobic areas are shown above
the horizontal axis and hydrophilic areas below the hori-
zontal axis. The two scales show close agreement and
there is a great similarity between the profiles of the spe-
cies compared. The two boxes represent the basic regions
A and B, which are markedly hydrophilic despite the
many amino acid substitutions between the human and
chick sequence in region A. The proline-rich area and the
region predicted to have a 8-sheet secondary structure are
predominantly amphipathic.

DISCUSSION

In this study we have tested a model for the apoB,E
(L.DL) receptor binding domain of apoB-100 (3) by com-
paring the sequence in seven species—human, pig, rab-
bit, rat, mouse, and chicken. The main features of this
model are as follows. First, the region around the T3/T2
junction (residue 3249) is involved in binding to the
apoB,E (LDL) receptor. Second, two clusters of basic
residues A (residues 3147-3157) and B (residues 3359-
3367) are found on the surface of LDL and interact with
the acidic ligand binding domain of the apoB,E (LDL)
receptor. Third, the two basic regions are brought into
juxtaposition by a disulfide bond between residues 3167
and 3297 and function as a single receptor binding do-
main in humans. Fourth, the sequence between regions A
and B is comprised of amphipathic 8-sheet and is rich in
proline residues.

Evidence for the importance of the region surrounding
the T3/T2 junction of apoB-100 in ligand binding in-
cludes analysis of the primary sequence data, heparin
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A

9623 9643 9663
Human ARAGCAATCATTTGATTTAAGTGTAAAAGCTCAGTATAAGAAAAACAAACACAGGCATTC
Pig T--G G——~A-——~——
Rabbit C—=--ACA----T---A-A G-G-A=--C—-
Rat G C--G--—A—---G A A--G G-G-——A——=———
Hamster G A A-—G-——--G-G
Mouse G G A A-—G-==-GTG-——A~————-
Chicken ~--GA T A-T-G--T G G-T-T----GT
2683 9703 9723
Human CATCACAAATCCTTTGGCTGTGCTTTGTGAGTTTATCAGTCAGAGCATCAAATCCTTTGA
Pig e S C--=AC-—AT---A=—~CA-==m——= A-—GA~-A-————— T CA-
Rabbit G~--T G--CAT---ACA A c -CAG
Rat TG-TGTT-TC——~C~—ARAA——T—=-RA——=m———mm GCTCA-C-ATG--—-T-~T-GG--
Hamster  —~-TG~G-T---—-C-=AA-—-G-T=--A-=————mn— TCTCA-C~ATG--G-C--——GG——
Mouse -~=TGTTGTC—-~C-==G-A=~T===A==—A===——TCTCA-C-ATG-—~-T-~G-GG-~
Chicken A-—=C——CT=—-~——- A--CACAG-GCA---AGC-C-T-ACA-ATA-—-A-TT-T---CA~
9743 9763 9783
Human CAGGCATTTTGAAAAAARACAGAAACAATGCATTAGATTTTGTCACCAAATCCTATAATGA
Pig = —mmmmmem—me G~C-GT~--GG-~--G T-T--TGmmm——mmmmmm e
Rabbit TG-A-~—=~ AC~G~-C-T~G-~G----C G C-——-T T
Rat —~—BA~—~~GAG-~~GTT----G c C-T===GC=m—=mmmmmm e
Hamster  T---A-GA--—GG-——-GT-—--—-G~--GC C-A-C~T-TTTCm==—m—mm—m=m
Mouse R V5 N— G---GT T-—-C C-T cc
Chicken  —~AAT——~=——- G-G-GGA CA--T c g
9803 9823 9843
Human AACAAAAATTAAGTTTGATAAGTACAAAGCTGAAAAATCTCACGACGAGCTCCCCAGGAC
Pig --T cA G-T C-C-T—-—-~C——-AA -
Rabbit -G ' T G-T-A~~AG-===—-==m——m
Rat A T=~C-T=A-TC-~~CTT=~-——~—
Hamster  -G--———- AC-————- ——===T=—C~TTATTC---C-T————-—-
Mouse -G G A T~—C~TTA-TC—~~C=T-TG-—~—
Chicken -G-C----CA--A Cc--A ATAC~G-C---A~TGA~~A-A~-G--AC-———
9863 9883 9903
Human CTTTCAAATTCCTGGATACACTGTTCCAGTTGTCAATGTTGAAGTGTCTCCATTCACCAT
Pig c A A~———CA=m==Comm AG-
Rabbit G-C T-A~~—~—-A~-T A A C----A--
Rat A~—G---—C A-C c CA TG-TG-
Hamster  —~———--- AG-T—~—mmm = A-C-—-T CA A-—m- TG-
Mouse = ———————o A--A-—~-C A-C CA A TG-TG-
Chicken ---CAGG A A A== =G==—=A====G=—T====—T~~T~~TGC
9923 9943 9963
Human AGAGATGTCGGCATTCGGCTATGTGTTCCCAARAGCAGTCAGCATGCCTAGTTTCTCCAT
Pig GA T~A—-—-T A-—-—~C~——~=~AGA~T~~--CC--A-ACA~-A—-——
Rabbit C---A A-TC A T--A-A--—-CC——-C~A-G--A-——-
Rat ———— CACT~--T~C-A~—C A-———G A-~C~—~CC-=~A~-CG-—-A-A-—
Hamster  —-——- CACT---C~C-A~-C A A-A-AT-CC--C~~-G——A~——-
Mouse = —--—- CACT~~=T=C~A~~C=~===RA=m==C~C===~RA-A==—=CC—-A~--G~-A-A-—

Chicken  T~---~-C-A--C--T--T--C-—-C---~—--=—A-A-A--—-CAA-AG-A-~-A-AG-

9983 10,003 10,023
Human CCTAGGTTCTGACGTCCGTGTGCCTTCATACACATTAATCCTGCCATCATTAGAGCTGCC
Pig T~-G-~C--~—-G-A--TCC C-AGGC--~-~ AG-TCC~——~=—~~==
Rabbit  ---GGA--—-AAG-T--TA T GGCT c
Rat T-C--~-—-C-~A--A--AT GG--—-G-G-~—==G--TC=~C~=T~~-~
Hamster  T--G--CC—-A-T~--AT GG-=-G-G-=~—=-C~-CC-G~~==—~=~
Mouse =~CT~=-C=~A~~A==-ATG==~====~===~== AG---G~G-~-—-~C~CC~Gm~-T-~~~

Chicken  T-C-TT-AT--G-T-TTCA--A--A~-T—~-—~~C-GG-AT~A--T~~TC-G-~A-~T~-

Fig. 1.  Aligned nucleotide sequences of apoB LDL receptor binding domain in seven species. The numbering corresponds to the published human apoB-
100 sequence (30). The complete human sequence is provided on the top line, and nucleotide differences from the human sequences in the other
six species compared are aligned beneath. Hyphens represent nucleotides identical to the human sequence and blanks indicate deletions. The nu-
cleotides corresponding to basic regions A and B are indicated by horizontal lines above the sequence. The pig sequence is from Maeda et al. (33).
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Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

Human
Pig
Rabbit
Rat
Hamster
Mouse
Chicken

10,043 10,063 10,080
AGTCCTTCATGTCCCTAGAAA  TCTCAAGCTTTCTCTTCCACATTTCAAGGAATTGTG

-=C G G G==-TAT-~-TC--A~—===—————= G-G--GGC--T--CAG-
T-C C——G--TCTA: G-C: G AA
-—-TT-C~~-A--—----G-CTCTAT----~ T--—--C~~C——-G-—~———~ A--~-AA-
G C--G--TCTA~———-= T--—-C=-C---G-———=——=——m~== A-
===TT-C~~~--GT-—-G-G~~TCTAT~~~—~ T---TC-~C——-G~———————~ G--—CAA
==l T--ACAGG-CCTATG--CT~-AAAG-~~—~ TAGA--T-GAATCAACAG
10,100 10,120 10,140
TACCATAAGCCATATTTTTATTCCTGCCATGGGCAATATTACCTATGATTTCTCCTTTAA
==~-TC--A-A-A-----G-——--A T
A T-A-A A C A--T C—-
C--T--TGA-A A A T-C O e
A--A--TGA-A-——--- A-———==, A--TC-T T T
C--T--TGA-A A A C C--T--T————-
CC-GTC~--A~—-G--C~--A A--C T C A--C--
10,160 10,160 10,180
ATCAAGTGTCATCACACTGAATACCAATGCTGAACTTTTTAACCAGTCAGATATTGTTGC
A T~-G A A-
CGA T G A A C
G A A Cc-C
G C-T--G A G C--C
C G A A C
~==-C--C~~G-———-TT---C-G-A GG—-G T C--G
10,220 10,240 10260
TCATCTCCTTTCTTCATCTTCATCTGTCATTGATGCACTGCAGTACAAATTAGAGGGCAC
—-=~=T-T-~-A---TC T T Cc--C A
C---2a C A
-=G-T-T C T CG Ce—- --C T--
T C T C C—-- T--
C---T ---C T C---C~-C —-—=A-=
G--C--TAG-ATC A-TT--GC-G--T---T~-
B
10,280 10,300 10320
CACAAGATTGACAAGAAAAAGGGGATTGAAGTTAGCCACAGCTCTGTCTCTGAG  CAA
-T T TG G--A--G--A T T--
-T T G--G A--G A A T--
AT--C-TC---TGC-G AA-T C---G-C-——---A-~C T~-
TT--C-TC TC-G A C CA-C Cc-C T--
AT--C-TC---TGC AC G-C A-C T--
A-CC--T-———-————————= A---C C-G A ATAAT--
10,337 10, 357 10,377
CAAATTTGTGGAGGGTAGTCATAACAGTACTGTGAGCTTAACCACGAAAAATATGGAAGT
T--G-~-CA A A G CA-T C A CG T-C
——————— C-—-GA--C-C-—~-G-------CA-T--~ A -C C
T-AA A G C--CA-T A C-~ C
~AA C-A G-T--C~-CT-T-- A C C
- AA C G C--CA-T--T A C C
------- C-A-GA—-A—-—----G---AC-G-A-T--TC-C--A-A---G--CC-—--——C
10,397 10,417 10,437
GTCAGTGGCAAAAACCACAAAAGCCGAAATTCCAATTTTGAGAATG
A--GT--A---C-—-TG---G—-T-C--C C
C---TC-A---C-~-TG--G~-C-T-C~--C C-
T——-=== AA--C---TG-C~-CCT-C-CGC~~-C——~—— C-C-=—-
A-————- AA--C---TG~-—--CCT-C-TGC-—-C~———— A-C-——=
A-————m AG--C---TG-C~-CCT-C-TGC~~-C--A--CTC--~-
T-=-A--AT--C--ATG-—---- AT-A-C-CA---G~---T-A--—-
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A

3139 3149 3159 3169 3179 3189
Human KQSFDLSVKAQYKKNKHRHSI TNPLAVLCEFISQSIKSFDRHFEKNRNNALDFVTKSYNE
Pig DK~=-P---D-FYA--NRN~N--N TV-DK F-E
Rabbit NIN-K: EK~--AI--GAFYK----N~N--SG-LONIGD~---- L=
Rat I RDK~-VVI—--KMFY--MLNNVN-W-~NLR-F~D-~~H-L-A~—-—
Hamster RD-~~-AI--NGFY---LNNVD-W--KIG-V~DS-—-YLIS~—--
Mouse SDK~--VV-~-GMFY—---LNNVN-W—-K~—~V—~—=—=H-L~-T——~~
Chicken R-~—-—- NLN---E~-—~DM~V-PL-~--TVH-ALNKY~IF-NKY--RG-~T-==-L,~~——=—
3199 3209 3219 3229 3239 3249
Human TKIKFDKYKAEKSHDELPRTFQIPGYTVPVVNVEVSPFTIEMSAFGYVFPKAVSMPSFSI
Pig I--T-———~ V-~PL~QQ—~=-—w=v—m I--I-ID VK-LT I--EI-T~NIT-
Rabbit A-~—--——w- V==—LNR~—=~~—= T-—-II-IF-I---~L~==T-~-SH-I--SI-T-NVT-
Rat ———m———m T-N-LNQPS~---NR-H-I~-L-I-—--=--AV-TL-SSH-I1---IRT~-VT-
Hamster A-N-- -N-LIQPS~~~-KL~==I~F~=I==T--~V-TL~-SSH~I~-—=INT~-VT-
Mouse A~=~-V—--—-T-N-LNQPSG——--NH—-~-I~~—=I ===~ AV-TL-SSH-I-T-I-T--VT-
Chicken A~T--~——= IQT-ILNK~—~-~ R—w=m I~-I--I A--P L~~-EI-TTG-TV
3259 3269 3279 3288 3298 3308
Human LGSDVRVPSYTLILPSLELPVLHVPRN LKLSLPHFKELCTISHIFIPAMGNITYDFSFK
Pig ---GIS G-QF A-D I-QI---ELAVSG-SNK-L——~==—==———~——
Rabbit ~D=SFY-~——=~ A F L~=V K-~-NN E
Rat P~-PNII--~-R~V-—==—Q===F=I--TLF~F~-~D=-K~§—~DN-Y-—=——= Fe——m——
Hamster --PN-I1 R~V R L~=-F~—==D-==~R=~~DN-Y-—~[,—~F—==——==—
Mouse P~-PNIM----K~V--P--——~F-G~-G-LF~FF~-D—-GFN-~DN-Y—=~——- Fome————
Chicken PFIGFS V- QODLCT-K-—R-RINSPSNQ-L——=———=——=———~
B
3318 3328 3338 3348 3358 3368
Human SSVITLNTNAELFNOSDIVAHLLSSSSSVIDALQYKLEGTTRLTRKRGLKLATALSL SN
Pig - VG~Y—-—-N: F-TF I SS-M: -
Rabbit -TI G~-Y I S T-—- N-
Rat G-Y L--RF F-T S—=M--KV~-—==— V-- T~
Hamster VG~Y-R: F F-T S I-- T-
Mouse G-Y F F-T S--M V-- T-
Chicken TA--G AG—-~-SI F--D-S-S NN-
3377 3387 3397 3407
Human KFVEGSHNSTVSLTTKNMEVSVAKTTKAEIPILRM
Pig —--M-~N-D--I-F-K--VDA-LTT-ARVQL-~———
Rabbit --LG~T-D--I~---K--—--A-STT-ADVQT-~--T
Rat --LK~--D-~I--=K-—--A-~KT-ANLHA-~FT-
Hamster ---K-N-D--F---K---~A-~KT-ANLHA-~-T-
Mouse ---K~--D-=I---K----A-~RT-ANLHA-~FS-
Chicken --LG~--DNSI---K-~L-A-MITNA-INT-VFK-

Fig. 2. Aligned amino acid sequences of the apoB LDL receptor binding domain in seven species. The number-
ing corresponds to the published human apoB-100 sequence (3). The complete human amino acid sequence is pro-
vided on the top line, and amino acid residue differences are indicated below. Hyphens represent amino acid
residues identical to the human sequence and blanks indicate deletions. The single letter code for amino acids is
employed. The basic regions A and B are indicated by horizontal lines above the sequence. The pig sequence is

from Maeda et al. (33).

binding studies (5), epitope mapping, and competitive
binding studies of monoclonal antibodies raised against
LDL (9-11), sequence comparison with the apoE receptor
binding domain (3, 16, 29, 31), and binding studies using
a synthetic oligopeptide encompassing the basic region of
apoB homologous to the apoE receptor binding domain
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(17). The region as a whole shows extensive homology be-
tween species (Table 1), with the chicken nucleotide and
amino acid sequence being 68% and 62 % homologous to
the human sequence, respectively. This is in contrast to
the C-terminal 500 amino acids of the chicken apoB
nucleotide sequence, which is only 31 % homologous to
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TABLE 1. Homology among the apoB LDL receptor binding domains of seven species

Human Pig Rabbit Hamster Rat Mouse Chick
Human - 67.5 69.3 66.2 64.0 66.4 62.4
Pig 79.9 - 68.0 63.5 62.0 65.0 59.8
Rabbit 81.4 78.6 — 67.3 68.0 67.9 62.0
Harmster 75.4 73.6 76.5 - 79.6 79.9 55.4
Rat 75.5 74.9 76.4 84.5 - 86.1 57.0
Mouse 75.7 74.1 76.9 84.3 90.2 - 59.5
Chick 67.6 66.9 67.6 61.8 64.5 65.0 —

The comparisons are expressed as percentage homology between pairs of sequences. The figures to the left of
the hyphens are the nucleotide comparisons, and to the right of the hyphens are the amino acid comparisons. The
homologies were calculated using the Microgenie Compare/Align program.

the human sequence (38). The rat and mouse nucleotide
and amino acid sequences are more divergent than the
others, but show a high degree of homology to one
another (Table 1). This results in a greater overall homo-
logy between the chicken and human sequences than be-
tween the chicken and the rat and mouse sequences.
Thus, the amino acid homology between chicken and rat
sequences is 57 %, chicken and human 62.4%, rat and
human 64%. A similar finding has been described for
chicken apoA-I: chicken and rat 42%, chicken and hu-
man 49 %, rat and human 64 % (39).

o

T T =
0 100 200 300
AMINO ACID RESIDUE

Fig. 3. Similarity profile of the aligned amino acid sequences of the
apoB LDL receptor binding domain of seven species: human, pig, rab-
bit, Syrian hamster, rat, mouse, and chicken. The similarity score was
derived using a Venn diagram scoring method developed as a com-
promise between the mutation data from Dayhoff's mutation matrix and
the amino acid physicochemical data (34-36). At each residue position
the similarity score indicates the relative significance of amino acid
substitutions. Conservation of the same residue provides the maximum
score of 20, whereas the score for complete lack of conservation is 0.
Therefore, the substitution of one hydrophobic residue for another has
a higher relative similarity score than the substitution of a hydrophilic
for a hydrophobic residue. The amino acid residue position is plotted on
the horizontal axis; the region compared corresponds to the amino acid
alignment in Fig. 2, but is numbered 1-275, as there are deletions and
insertions in the human sequence. To smooth out the curve, a moving
average of nine residues was calculated and every third value was plot-
ted. Amino acid residue 0 corresponds to residue 3139 of the human
apoB-100 sequence.

The basic region B of apoB-100 (residues 3359-3367),
which in humans is homologous in both primary and
secondary structure to the apoE receptor binding domain
(residues 140-150) (16), is conserved in the species com-
pared (Fig. 2). The net positive charge is 5 for the human,
rat, hamster, and mouse and 4 for the pig, rabbit, and
chicken. There is also conservation of region B in second-
ary structure prediction (Figs. 4 and 5). It forms an am-
phipathic a-helix with hydrophobic residues along one
face and hydrophilic, basic residues along the other face.
This secondary structure motif strongly suggests that this
sequence is surface-associated, with the hydrophobic face
anchoring the helix to the lipid components of LDL and
the hydrophilic face orienting the basic residues towards
the aqueous phase. The other apoB-100 basic region A
(residues 3147-3157), which has been included in this
model of the human apoB LDL receptor binding domain
(3), does not retain its basic charge across species. The
net positive charge in the human is 7; pig, rabbit, rat,
and hamster 5; mouse 4; and chicken 1. Secondary struc-
tural features of region A also make it less likely to be in-
volved in receptor binding. Region A has neither strongly
conserved amphipathic a-helix nor B-sheet potential.
However, the hydrophilicity of region A is maintained
across species (Fig. 6).

The disulfide bond between residues 3167 and 3297 in
humans (3) (R. Pease and J. Scott, unpublished observa-
tion) that may bring the two basic regions together to
form a single receptor binding domain is not conserved
across species (Fig. 2). Both cysteine residues are found
in regions with least similarity between species (Fig. 3,
residues 29 and 160). This does not exclude the possibility
that regions A and B are in proximity in other species, as
this configuration may be the way the apolipoprotein folds
when associated with lipid; however these data suggest
that these cysteine residues are not essential for stabilizing
this configuration.

The hydrophobicity profiles of these seven sequences
are similar (Fig. 6). The two regions corresponding to the
basic regions A and B of the human sequence have a
similar profile in all the sequences compared. The am-
phipathic stretch between the two basic regions is con-
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Fig. 4. Consensus secondary structure prediction of the apoB LDL
receptor binding domain. This is based upon the Chou-Fasman and
Garnier-Osguthorpe-Robson predictions of the secondary structure of
the seven species studied (25, 26). In the top panel the seven species
secondary structure predictions are aligned (Hu-human; Pi-pig; Rb-
rabbit; Ra-rat; Ha-hamster; Mo-mouse; Ch-chicken). Above the line
next to the species name is the Chou-Fasman prediction, below the line
is the Garnier-Osguthorpe-Robson prediction. Black boxes indicate
B-sheet, speckled boxes a-helix, and white areas random coil or -turn.
The second panel is a histogram constructed from the top panel by plot-
ting the total area of B-sheet or a-helix in five amino acid residue cuts
along the sequence. The third panel indicates the consensus secondary
structure prediction based upon the predominant secondary structure in
the histogram. Basic regions A and B are represented by the boxes at
the bottom of the diagram. Amino acid residue 0 corresponds to residue
3139 of the human apoB-100 sequence.

served and may be a region that is associated with lipid.
This region has a strong 3-sheet potential, which is homo-
logous across species and contains many conserved pro-
line residues (Fig. 4).

This comparative structural analysis assumes that the
interaction between apoB-100 and the apoB,E (LDL)
receptor is conserved in the species compared. Changes in
the function of this receptor-ligand system in different
species may explain the differences in the structure
observed. Comparative data suggest that apoB-100 func-
tions as a ligand for the apoB,E (LDL) receptor
throughout the mammalian kingdom. Quantitative
kinetic studies of LDL catabolism in the apoB,E (LDL)
receptor pathway in the intact animal demonstrate that
the receptor-dependent transport is responsible for 61 %
human, 58 % rabbit, 81 % rat, and 70% hamster LDL
clearance (40). The K, for the receptor-dependent
transport is similar in all these species. Heterologous

1116 Journal of Lipid Research Volume 31, 1990

mammalian LDL competes with human LDL for binding
to the human apoB,E (LDL) receptor, however there is
great interspecies variation in binding affinities (41, 42).
Epitopes of anti-apoB-100 receptor blocking monoclonal
antibodies are conserved across mammlian species com-
pared to anti-apoB-100 nonreceptor blocking monoclonal
antibodies (41, 42), which suggests that the region of
apoB-100 responsible for binding to the apoB,E (LDL)
receptor is conserved.

The genetics, structure, and function of the pig apoB
LDL receptor binding site has been studied in detail (33,
43, 44). Eight alleles (Lpb'®) of pig apoB have been
identified immunologically, one of which (Lpb?®) is asso-
ciated with a phenotype similar to familial hypercholes-
terolemia, except that there is no apoB,E (LDL) receptor
defect. In vivo studies of this mutant allele reveal that
there is a catabolic defect of apoB clearance, and in vitro
binding and competition studies using pig fibroblast
apoB,E (LDL) receptors demonstrate that there is defec-
tive binding (2-6 x reduced binding affinity) of this mu-
tant ligand (43). The cloning and characterization of pig
apoB (corresponding to human residues 3133 to 3497) for
this mutant and the Lpb? Lpb’, and Lbp?® alleles revealed
10 base substitutions. Four of these substitutions resulted
in an alteration in amino acid residue, and only one (Gly
to Asp corresponding to human residue 3164) was non-
conservative (33). None of these amino acid changes were
unique to Lpb®. It was concluded that a mutation outside
of this region of apoB was responsible for the difference

1-K*
19-A6/T1

12-R6/K1*

9-T4/M3

2-L
20-L4/NV2/11

3-E6/D1*

10-R*

Fig. 5. Edmundson-wheel diagram of basic region B of the apoB LDL
receptor binding domain of seven species (37). The amino acid residues
of basic region B corresponding to human sequence residues 3352-3371
were plotted on the Edmundson-wheel. The number indicates the amino
acid residue (1 = 3352), the first letter the consensus amino acid residue
at that position, followed by the frequency of this consensus residue at
this position across the seven species. The consensus residue is separated
from alternate residues found in other species, together with their fre-
quency. Asterisks indicate basic residues.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

-2 =

Ch ;]

0 50 100
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Fig. 6. Composite hydrophobicity plots of the apoB LDL receptor binding domains of seven species. The hydrophobicity plots of each of the
species were produced using the PepPlot program of the Wisconsin sequence analysis program. The species are labeled on the left of their plot as
in Fig. 4. The solid line indicates the Kyte-Doolittle hydrophobicity plot (27) and is the average of residue specific hydrophobicity index over a
window of nine amino acid residues. Above the horizontal line the plot is hydrophobic, whereas below the line it is hydrophilic. The dotted line is
the Goldman-Engelman-Steiz transbilayer helix prediction (28). The curve is fitted as a residue specific hydrophobicity scale plotted with a window
of 20 residues. The boxes indicate the positions of the basic regions A and B. Amino acid residue 0 corresponds to residue 3139 of the human

apoB-100 sequence.

in apoB metabolism of this and the other Lpb alleles. The
pig and human apoB sequences were compared and the
reduced net positive charge of basic regions A and B was
noted, together with the absence of the cysteine residues
at the positions equivalent to human residues 3167 and
3297. To determine whether the difference in the primary
structure of apoB between the human and pig affected the
interaction with the apoB,E (LDL) receptor, pig and hu-
man LDL were compared in competitive binding assays
to both human and pig fibroblast apoB,E (LDL) receptors
(44). Pig LDL had a higher binding affinity to both hu-

man and pig fibroblast receptors compared to human
LDL. The authors suggest that residues outside the do-
main containing these two basic regions of apoB may play
an important role in high affinity binding of LDL to its
receptor.

Chicken lipoprotein metabolism is different from that
found in mammals. In particular, intestinal lipoproteins
are absorbed directly into hepatic portal system, forming
portomicrons, rather than chylomicrons (45). Also,
VLDL and LDL play an important role in oogenesis.
There is a second protein present in apoB-containing
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lipoproteins termed VLDLII which has been cloned and
characterized (46, 47). Two chicken apoB-specific recep-
tors have recently been identified. One is an oocyte recep-
tor with a molecular mass of 95 kDa (48). The other is a
fibroblast receptor with a molecular mass of 130 kDa
(49). The chicken oocyte receptor demonstrates many of
the ligand binding characteristics of the mammalian
apoB,E (LDL) receptor, which include sensitivity to
EDTA and suramin and the inability to bind reductively
methylated chick LDL. Ligand blotting experiments
demonstrate that rabbit 8-VLDL binds to the oocyte
receptor. Polyclonal antibodies raised against the bovine
apoB,E (LDL) receptor recognized the chicken oocyte
receptor (48). The chick fibroblast receptor resembles the
mammalian apoB,E (LDL) receptor in size and also in
function (49). The chicken fibroblast receptor binds, in-
ternalizes, and degrades LDL and VLDL. The number
of these receptors on the surface of chick fibroblasts is
down-regulated by the presence of apoB-containing lipo-
proteins and the rate of cholesterol synthesis is also re-
duced. These data suggest that the apoB/LDL receptor
system predates the mammalian radiation, although the
molecular details of this system in the chicken remain to
be investigated.

Although it is likely that the region of apoB-100 com-
pared in this study represents the apoB LDL receptor
binding domain, other regions of apoB-100 may be im-
portant for the interaction of LDL and the apoB,E (LDL)
receptor. The epitopes for the receptor blocking anti-
apoB-100 monoclonal antibodies flank the two basic re-
gions but are separated by more than 100 amino acid
residues on either side. A mutation of apoB-100 that
reduces the affinity of LDL for its receptor has been iden-
tified as an amino acid change at residue 3500 Arg to Gln
(50-52). The affinity of the receptor blocking monoclonal
antibody MB47 for this LDL variant is increased by ap-
proximately 60 %, implying that the mutation affects the
epitope for this monoclonal antibody (52). This basic
residue at position 3500 may be directly involved in li-
gand binding to the apoB,E (LDL) receptor; alternatively
a conformational change has to be invoked to explain its
effect or else a second mutation elsewhere in apoB may be
associated with this base substitution. The identification
of further mutations in this region affecting ligand bind-
ing will help characterize the apoB LDL receptor binding
domain.

In conclusion, a comparative study of the region of
apoB-100 thought to be involved in binding to the apoB,E
(LDL) receptor reveals that the cluster of basic residues
between 3359 and 3367 is phylogenetically the primary
region involved in this interaction. A second cluster of
hydrophilic residues, between 3147 and 3157, has become
more basic from chicken to man and may have evolved to
fulfill an important role in humans in the binding of LDL
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to its receptor. Binding studies of full-length apoB-100
constructs reconstituted into LDL with mutations in the
binding domain are necessary to resolve this issue. B8
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