PERSPECTIVES

Genes-in-Pieces Revisited

Mammalian genes are discontinuous,
broken up along the DNA into alternat-
ing regions: coding sequences or exons,

which are interspaced with other se- .

quences, and introns that will be spliced
out of the RNA transcript. What is the
meaning of this arrangement?

In 1977, 1 conjectured that genes in
eukaryotic cells arose as collections of
exons brought together by recombina-
tion within intron sequences, and that
the introns were the remnants of a pro-
cess that speeded up evolution (/, 2).
This hypothesis predicts that the exons
code for useful portions of protein struc-
ture: functional regions, folding ele-
ments, domains, or subdomains—any
segment that can be sorted independent-
ly during evolution (3). As relics of the
recombination process that brought the
exons' together, the introns would be
long, random sequences that would drift
rapidly in sequence and size since the
last act that assembled the gene.

Ford Doolittle (4) realized that there is
no reason for this speeding of the evolu-

tionary process to be restricted to eu-.

karyotes, and he argued that the earliest
organisms should have had split genes;
the present day intron-less genomes of
prokaryotes and of lower eukaryotes
would then be the result of streamlining,
a consequence of the evolutionary pres-
sure for rapid replication. How well have
these ideas fared?

Today we can draw some general con-
clusions about intron patterns. Introns
are common in vertebrate genes, essen-
tially absent in prokaryotes, and rare in
lower eukaryotes such as yeast, with
some dramatic exceptions such as the
bithorax complex genes of drosophila.
The distribution of exon sizes is rather
narrow and peaks at 40 to 50 amino acid
residues, but the sizes of introns scatter
randomly and range from 50 to 10,000 to
20,000 bases in length. Since the introns
are, on the average, so much larger than
the exons, vertebrate genes have turned
out to be much larger than we expected a
decade ago, about 10 to 30 times larger
than the coding sequence. The largest
gene yet found is 200 kilobases long
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and 50-kilobase genes are not uncom-
mon.

Where a protein has a structure con-
taining repeated domains, the repeat is
reflected in the intron distribution. For
example, the basic domain of the immu-
noglobulins, the immunoglobulin fold, is
carried on a single exon and repeated
from one to five times as we compare [35-
microglobulin (5), the immunoglobulins
(6), the histocompatibility antigens (7),
and the T-cell receptors (§). The triple
repeat of albumin (9), a-fetoprotein (10),
or ovomucoid (/1) clearly arose from a
tripling of the underlying exon-intron
structure. The helix of collagen was built
up as a 40-fold repeat of an exon that
bears a half turn (/2). Thus the idea that
introns serve to assemble the genes for
proteins having repeating structures is
well borne out.

Exons can often be correlated with
functional elements of the encoded pro-
teins. The hydrophobic signal sequences
that tag a molecule for export are often
carried on separate exons. Transmem-
brane, hinge, and cytoplasmic portions
of immunoglobulins are similarly isolat-
ed. However, is there any pattern of the
use of the same exon in different genes,
when the same element of structure or
function is required by different pro-
teins? This would be the acid test of the
theory. At last a dramatic example has
been found.

In two important papers in this issue
Siidhof, Goldstein, Brown, and Russell
(page 815), and Siidhof, Russell, Gold-
stein, Brown, Sanchez-Pescador, and
Bell (page 893), demonstrate the exis-
tence of exon shuffling. By analyzing the
intron-exon structure of the gene for the
low-density lipoprotein (LDL) receptor,
the membrane receptor that binds the
LDL particle and leads to its internaliza-
tion within the cell, these workers found
that the functional subdivisions of this
protein are reflected in detail in the way
this gene is broken up into 18 exons.
More remarkably, however, Siidhof et
al. have shown that much of the LDL
receptor gene is made up of exons re-
cruited from other genes.

First, there is a stretch of 400 amino
acids of the LDL receptor that shows 33
percent homology with the precursor for
epidermal growth factor (EGF). This re-
gion of homology is encoded by eight
contiguous exons in each gene. Of the
nine introns involved, five are at identi-
cal positions, one has migrated a few
codons, and three do not have mates.
The most reasonable interpretation is
that this region came as a whole from
some common ancestral element and
that the missing introns have subse-
quently been lost.

Second, a 40-amino-acid cysteine-rich
stretch is repeated three times within this
400-amino-acid homologous segment.
This sequence is encoded by a single
exon, repeated thrice in both the LDL
receptor and the EGF precursor genes,
and arising once, as a separate exon, in
the blood-clotting protein factor IX (13).
Protein sequence homology suggests
that this same exon will also be found in
two other blood-clotting proteins, factor
X and protein C (14).

Third, the LDL binding domain of the
LDL receptor contains seven repeats of
a 40-amino-acid sequence. Four of these
occur on separate exons, while the other
three occur on a single exon, as though
two introns had been lost. This repeat
element also occurs once in the comple-
ment factor C9; these authors predict
that this will turn out to be a recurrence
of that exon. The LDL receptor gene is
thus a mosaic of exons derived from
many diverse sources.

This work shows that introns have
been used to assemble those genes that
are the late products of evolution. But
where did the introns come from?

There are two extreme alternatives.
Either the introns are the vestigial link-
ers between useful coding sequences,
left over from tying together simple read-
ing frames at the beginning of evolution,
or they arose by the insertion of DNA
sequences into genes that were originally
continuous. In the recent evolutionary
period, we have only evidence for loss,
as in the case of preproinsulin (15). We
could interpret other anomalies, such as
the ovalbumin—a-antitrypsin compari-
son (16) or the differences between the
actin genes of plants (/7), sea urchins
(18), and vertebrates (/9) as the loss of
multiple introns. Can we distinguish be-
tween the possibility that preexisting in-
trons have been lost by the lower eu-
karyotes and prokaryotes and the alter-
native, that introns have been created in
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the evolution that led to the vertebrates,
either by insertion into a continuous
gene or by the tying together of simpler
gene elements?

A test is possible by examining old
genes—genes whose products were in
existence before the separation of the
prokaryotes and eukaryotes. Such prod-
ucts are the enzymes for basic biochemi-
cal processes, which have the same
three-dimensional structure in all cells.
These ancient genes have a nonsplit
structure in prokaryotes and in yeast.

Do they have introns in the vertebrates?
If so, are the introns randomly placed or
do they correlate with structural ele-
ments?

The genes for three glycolytic en-
zymes whose three-dimensional struc-
tures are known have now been ana-
lyzed: glyceraldehyde phosphate dehy-
drogenase (GAPDH) (20), pyruvate ki-
nase (PK) (2/), and triose phosphate
isomerase (TIM) (22), all from the chick-
en. All three genes have many introns;
GAPDH has 11, PK has 9, and TIM has
6. The exons are quite regular in size,
clustered about 30 to 40 amino acid resi-
dues in length, so the number of introns
simply reflects the size of the protein.
Three introns in GAPDH mark major
domain borders as do two in PK, a third
domain border in PK is not split. As we
look more deeply into the tertiary struc-
tures of the domains encoded by the
exons, we see that in PK and TIM most
of the exons are compact pieces of the
protein, modules in Go’s sense (23, 24),
each carrying one or two a-helical and B-
sheet elements. The introns often mark
turns or edges of secondary structure.
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The structures seem to be assembled out
of the exon peptides; the intron positions
are not random. But if these proteins
were assembled to include the introns,
then yeasts and prokaryotes, where the
corresponding genes do not have in-
trons, must have lost these dividers.

To attack this problem in another way
we (25) have examined the TIM gene
from a higher plant, maize, to see if its
structure resembled that in the verte-
brates. Maybe higher plants and animals
would have similar gene structures that
resemble the original gene in their single-
cell common forebear more closely than
do those genes of the lower eukaryotes
that have evolved through so many more
generations. Two-thirds of the maize
TIM gene has been sequenced, revealing
five introns. Three are at identical posi-
tions in corn and chicken, one has
moved three codons over, and there is
one extra intron in corn, at a bend in the
last a-helix, an intron presumably lost
from chicken TIM. The ancestral gene
must have been already broken up in the
eukaryotic progenitor cell before the
time that the first algae and animal cells
separated, probably more than a billion
years ago, and the ‘‘lower’’ eukaryotes,
such as yeasts and insects, must have
lost introns as they evolved. The same
argument applies to the prokaryotes; the
organisms that went into symbiosis to
form the eukaryotic cell probably all had
genes made up of exons tied together by
introns.

These ideas imply that the structure of
the exon polypeptides must be telling us
something profound about the ‘‘rules for
creating proteins.’’ Not only are proteins

put together as mosaics of simpler struc-
tures, combinatorial assemblies of a
smaller number of minigenes, but the
folding principles may become apparent
if we can understand the structure of the
exon products and find the rules by
which they were fitted together.
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