munoassay (Fig. 2b), is shown by a titra-
tion curve practically identical with the
standard curve for S antigen. Moreover,
purified 48K protein induces the devel-
opment of the characteristic pathology of
experimental autoimmune uveitis with
about the same efficiency as that ob-
served with S antigen (Fig. 3a). The
antibody levels in rats immunized with
either protein are also similar (Fig. 3b).
These quantitative comparisons ex-
clude the possibility that the pathological
effects could be caused by a contaminant
in one or both preparations. Because of
the different purification procedures,
there is little chance of a common con-
taminant, as confirmed in lanes 1 and 2
of Fig. 1. The 48K preparation contained
as the major contaminant a few percent
of a polypeptide of about 70 kD, most
probably rhodopsin kinase [which copur-
ifies with the 48K protein since it also
binds reversibly to bleached disk mem-
branes (6)]. In contrast, the S antigen
preparation contained neither the 70-kD
polypeptide, nor rhodopsin kinase activi-
ty (I4). We therefore conclude that, in
both preparations, the 50-kD polypep-
tide is responsible for the immunopatho-
genic properties of S antigen (Figs. 2 and
3). Zigler et al. (15) reported that exten-
sively purified S antigen, containing only
the 50-kD polypeptide, as shown by sil-
ver staining on gels, induces experimen-
tal autoimmune uveitis.
Immunofluorescent labeling of retinal
sections has shown that S antigen is
located exclusively in photoreceptor
cells—not only in the outer segment but
also in the inner segment and the synap-
tic terminal region (2, 12). This diffuse
pattern may be related to intracytoplas-
mic diffusion of this highly soluble pro-
tein from its site of biosynthesis, the
inner segment. Because the protein is
absent from all other cells in the retina,
in brain, and in other tissues (except the
pinealocytes (2), which are phylogeneti-
cally related to photoreceptors (16), it is
likely that its function is essentially re-
stricted to phototransduction.
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Cassette of Eight Exons Shared by
Genes for LDL Receptor and EGF Precursor

Abstract. The amino acid sequences of the human low-density lipoprotein (LDL)
receptor and the human precursor for epidermal growth factor (EGF) show 33
percent identity over a stretch of 400 residues. This region of homology is encoded by
eight contiguous exons in each respective gene. Of the nine introns that separate
these exons, five are located in identical positions in the two protein sequences. This
finding suggests that the homologous region may have resulted from a duplication of
an ancestral gene and that the two genes evolved further by recruitment of exons
from other genes, which provided the specific functional domains of the LDL

receptor and the EGF precursor.

The low-density lipoprotein (LDL) re-
ceptor is a protein that carries a nutrient
molecule, cholesterol, into cells by re-
ceptor-mediated endocytosis in clathrin-
coated pits (7). Epidermal growth factor
(EGF) is a 53-amino-acid peptide hor-
mone that stimulates cells to divide (2); it
is synthesized as a precursor of 1217

amino acids from which it is liberated by
proteolysis (3, 4). Like the LDL recep-
tor, the EGF precursor may exist as a
membrane-bound molecule (5-7). The
nucleotide sequences of cloned comple-
mentary DNA’s (cDNA) for the EGF
precursor and the LDL receptor re-
vealed that the amino acid sequence of a
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Fig. 1. Intron locations
in homologous regions
of the human LDL re-
ceptor and human EGF
precursor genes. The
amino acid sequences
of the two proteins [res-
idues 293 to 693 in the
LDL receptor (8, 10)
and residues 403 to 797

LDL receptor

EGF precursor
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in the EGF precursor (11)] are illustrated schematically. The three 40-amino-acid repeats are

lettered A,

B, and C in the LDL receptor protein (/0) and numbered 2, 3, and 4 in the EGF

precursor (3, 11). Introns are indicated as large arrowheads. Asterisks indicate the five introns
that interrupt identical residues in the amino acid alignment shown in Fig. 2. Intron sizes (in

kilobases) are indicated above the arrowheads.

large segment of the mouse EGF precur-
sor is homologous to a large region of the
bovine and human LDL receptors (7, §).
Over a span of 400 amino acids, 33
percent of the two sequences are identi-
cal.

The similarity in sequences might be
caused by convergent evolution; that is,
the homologous regions of the two pro-
teins perform similar functions and
therefore they evolved independently
into similar structures. Alternatively, the
resemblance might be caused by diver-
gent evolution; that is, the homologous
regions of the two proteins are descend-
ed from a common ancestral gene (9).

The divergent evolution hypothesis is
supported by the finding of nucleic acid
homology between the messenger
RNA’s (mRNA’s) of these two proteins
(7). To obtain a further test of this hy-
pothesis, we have compared the location
of introns in the region of homology
encoded by the human LDL receptor
and the human EGF precursor genes.
The results suggest that the homologous
regions of these proteins are attributable
to exons derived from a common ances-
tral gene.

The locations of introns in the human
LDL receptor gene were determined
through analysis of a series of genomic

clones (10). The positions at which in-
trons interrupt the human EGF precur-
sor gene were determined by bacterio-
phage \ cloning of genomic DNA, com-
parison of restriction maps of genomic
and cDNA sequences, and sequencing of
cloned fragments containing the exon-
intron junctions (/1).

The contiguous region of homology
between the two genes spans more than
15 kilobases (kb) in the LDL receptor
gene and 23 kb in the EGF precursor
gene (Fig. 1). It is interrupted by nine
introns that vary in size from 0.13 kb to
6.0 kb. The eight homologous exons range
in size from 105 to 228 base pairs. There
does not appear to be a conservation of
intron sizes. However, there is a striking
conservation of the positions (asterisks
in Fig. 1) at which the introns interrupt
the genes of the LDL receptor and EGF
precursor in the homologous region.

When these two protein sequences are
aligned for maximum homology, five of
the nine introns interrupt the coding se-
quence at precisely the same amino acid
in the LDL receptor and EGF precursor
(Fig. 2). These amino acids correspond
to residues 293, 333, 375, 508, and 642 in
the LDL receptor protein. Three addi-
tional pairs of introns are positioned in

LDL R 290 . @TNE NG G[cSHV NDLKI LDFQLVAQ—RRCE@IDEC
EGF P 399 H@IVS VSECSHD VLTSE LiFlc P ElGSVILIERDGKR T|C|S@- - -[c
LDL R 338 QDPDT-—CSQLCVNE—GGYKCQEEGFQLDPHTAKVSIAYFT
EGF P 446 SSPDNGG[CSQLCVP[LSPVSWE|CD|CFP|GYD|L|QLDE[KS|cjajaA|s{@P QP FLLI[F[A
LDL R 385 RHEV EMTSE)IPNLRNVW-[ALDTEVASNRITYWSDLSQRM[CET
EGF P 496 SQDI TDYGT|L/LSQQMGMVY[ALDEHDPVE YFAHTALKWI[IERA
LDL R 434 QLDRAHGVSSYDTV[I]SRDIQA[FJD[FLAVDWIHSNI[YWTDSVLGTVSVAPTEK
EGF P 546 NMDGSQR----ERL{IEEGVDVPEGLAVDWIGRRFYWTDREKSLIGRS

LDL R 484 GVKR JTLFR SikP RA[TVVD[F|vH@FMYWTDW[G[TPAK[I]KKGG[N[lvDIYS
EGF P 592 GKRSKIITK QP RIGII|AVHPMA®RLFWITDT|GINPR|IESSSLQGJLGRLYV
LDL R 534 LVTENIQWPN[GCTI TJL)L[L]s ¢ R[LYWV[DsSKIL H s[]]ss1DVN[GGN[RIKTILEDERKR
EGF P 642 ITASSDLIWPS|GITIDFILTDKR[LYWCDAKQSV|[JIEMANLDI|GSKRIRRLTQND - -

(@)

LDL R 584 LA[HP F|s L[AVF ED K w-'r IINEAIFSA ’I‘ sl v N AENL FDMV
EGF P 690 VOHE FlAVAVFEDY v WAMPSVIRV KRT K[D/R V QGSM SSLV
LDL R 633 LFHNTLTQPIREVNW[JERTTLSNGGCNYL|[(JLPAPQINPHSPKFT[]A[P DML
EGF P 739 vvigPrlLAKkP-QADP|LYQ-~--NGGCEHI|IC|l--~--KKRLGTAW--|C/]S|C/RE|gJFM
LDL R 683 LAIRDMRS[CLT®AEAAVATQ. .. 701 Fig. 2. Optimal alignment of amino acid sequences in the
EGF P 779 klajsljeckTlcjarpenqrt A©. .. 797 homologous regions of the human LDL receptor and human

EGF precursor. The sequences were aligned with the use of

the computer program ALIGN of the National Biomedical Research Foundation. Residues shared by the two proteins are boxed. The positions at
which introns interrupt the sequences are denoted by the encircled amino acids. The single-letter amino acid code translates to the three-letter
code as follows: A, Ala; C, Cys; D, Asp; E, Glu; F. Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;

T, Thr; V, Val; W, Trp; and Y, Tyr.
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the homologous region within 12 amino
acids of each other (residues 432, 595,
and 693 in the LDL receptor protein).
Finally, each gene appears to have one
unshared intron in this region. In the
LDL receptor gene, the unshared intron
interrupts sequences that encode an as-
partic acid residue at position 548; and in
the EGF precursor gene the unshared
glycine residue at position 581.

Within the 400-amino-acid region of
homology are located three copies of a
cysteine-rich repeat sequence consisting
of about 40 amino acids (/0). These
repeats are labeled A, B, and C in the
LDL receptor and 2, 3, and 4 in the EGF
precursor as shown in Fig. 1. Of the five
identically positioned introns, four serve
to demarcate the boundaries of these
three repeats (Fig. 1).

These data are consistent with the
hypothesis that the extensive amino acid
sequence homology between the LDL
receptor and EGF precursor arose as a
consequence of a gene duplication event
in a common evolutionary ancestral
gene. Many of the structural features of
the progenitor gene have been conserved
through time and are now found in the
genes for these two present-day proteins
(Fig. 1).

If the above argument is correct, how
can we explain those instances in which
the introns are located in different posi-
tions in the two genes? One of the differ-
ences arises from the presence of an
unshared intron in each gene that has no
counterpart in the other gene. A likely
explanation is that the homologous coun-
terpart of each of these introns has been
lost through evolutionary time. A similar
event has been postulated to explain the
difference in intron number that occurs
between the two insulin genes in the rat
(12). In such instances, it is possible that
intron loss resulted in the fusion of a
region of the protein that was originally
encoded by the adjacent exons. Such
exon joining would then allow the region
to evolve as a discrete exon unit, fixing it
ultimately as an invariant functional do-
main.

It is more challenging to explain the
three pairs of introns that interrupt the
homologous region at similar but not
identical positions. Intron sliding has
been postulated to give rise to length
differences between corresponding seg-
ments of homologous proteins (/3). In-
tron sliding could explain the extra eight
amino acids at the COOH-terminal end
of the homologous region of the EGF
precursor (amino acids 790 to 797), espe-
cially since there are no identities be-
tween the two sequences in these eight
amino acids (Fig. 2). However, in the
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two other closely positioned pairs of
introns (at residues 432 and 595 in the
LDL receptor protein), there is conser-
vation of amino acid sequence in the
short stretch of protein that occurs be-
tween a given pair. This conservation is
most clearly seen in the pair of introns
that occur at residue 595 of the LDL
receptor and residue 691 of the EGF
precursor (Fig. 2). These two introns
span a stretch of ten amino acids of
which eight are identical. We cannot
postulate an intron sliding mechanism
that would result in amino acid homolo-
gies on both sides of a given intron pair.
Intron loss is again a more likely expla-
nation for this observation. Originally,
there may have been introns at both ends
of this homologous stretch, but one of
these introns may have been eliminated
by evolution in each gene. Thus, in the
LDL receptor the intron that preceded
this sequence may have been eliminated,
whereas in the EGF precursor the intron
that followed the region of identity may
have been deleted.

As discussed (10), repeats A, B, and C
of the LDL receptor and repeats 2, 3,
and 4 of the EGF precursor are also
homologous to sequences of ~40 amino
acids each that occur in three proteins of
the blood clotting system—factor IX,
factor X, and protein C. Since these
regions are contained within discrete ex-
ons in both the LDL receptor and the
EGF precursor (Figs. 1 and 2), it seems
reasonable to predict that they will be
contained in discrete exons in these
blood clotting proteins as well. Indeed,
recent data for the human factor IX gene
supports this hypothesis (/4).

In addition to the exons that are ho-
mologous to the EGF precursor, the
LDL receptor also has an exon that
encodes an amino acid sequence that is
homologous to a region in complement
component C9 (10, 15). This sequence
(and its exon) is repeated multiple times
in the binding domain of the LDL recep-
tor, but it appears only once in C9. On
the basis of the current findings, we
predict that this sequence will also be
shown to be encoded by a discrete exon
in the C9 gene.

The occurrence of shared sequences
encoded by discrete exons in the LDL
receptor gene provides strong evidence
in support of Gilbert’s original hypothe-
sis that introns facilitate the evolution of
apparently diverse genes by allowing re-
cruitment of exons encoding functional
domains (16). Our findings also lend sup-
port to the concept that the LDL recep-
tor is a mosaic protein whose gene is
built up of exons that have been bor-
rowed from or 10aned 1o other genes and

is thus a member of several supergene
families (10). Although the exon struc-
ture of other coated pit receptors is not
yet known, it is clear from available
primary amino acid sequences that some
of these proteins are also mosaic struc-
tures. For example, the EGF receptor
has a cytoplasmic domain that shows
striking homology with the sequence of
the erb-B oncogene, which is derived
from a cellular gene (/7). It may be that
coated pit receptors for transport pro-
teins and protein hormones are in gener-
al assembled as mosaics of exons bor-
rowed from other genes.
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