Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 2944-2948, May 1988
Biochemistry

Do exons code for structural or functional units in proteins?

(exon size/modules/intron conservation/protein evolution)

THOMAS W. TRAUT

Department of Biochemistry, University of North Carolina School of Medicine, Chapel Hill, NC 27599-7260

Communicated by Mary Ellen Jones, January 4, 1988 (received for review August 27, 1987)

ABSTRACT In considering the origin and evolution of
proteins, the possibility that proteins evolved from exons
coding for specific structure-function modules is attractive for
its economy and simplicity but is not systematically supported
by the available data. However, the number of correspon-
dences between exons and units of protein structure—function
that have so far been identified appears to bé greater than
expected by chance alone. The available data also show (i) that
exons are fairly limited in size but are large enough to specify
structure—function modules in proteins; (i) that the position of
introns for homologous domains in the same gene is reasonably
stable, but there is also evidence for mechanisms that alter the
position or existence of introns; and (iii) that it is possible that
the observed relationship of exons to protein structure repre-
sents a degenerate state of an ancestral correspondence be-
tween exons and structure-function modules in proteins.

After the discovery of introns and exons, it was suggested
that protein evolution could have benefited if exons coded for
functional units (1) or structural units (2) in proteins. As gene
sequences for structurally defined proteins were determined,
there were some positive reports for a correspondence
between exons and units of protein structure-function for
lysozyme (3), hemoglobin (4, 5), ovomucoid (6), and IgG (7).
However, other studies claimed a lack of such correspon-
dence for hemoglobin (8), carboxypeptidase (9), and ovalbu-
min and antitrypsin (10), thereby casting doubt on the
possibility of a general pattern.

If a correspondence existed between exons and units of
protein structure—function for ancestral genes, to what extent
can such a pattern be discerned in the available data?

RESULTS AND DISCUSSION

Size of Exons. An earlier analysis of exon size by Naora and
Deacon (11) measured exon size in nucleotides and found that
exons from =80 genes have a narrow size range centering on
140 base pairs but suggested that there might be discrete
classes coding on average for 50, 140, 200, and 300 base pairs.
In the present analysis exons are sized by the number of
amino acids for which they code. This has a significant effect
on 5’ and 3’ exons (=25% of the data set), since usually only
afraction of the bases in each of these exons codes for amino
acids. An effort was made to include a variety of gene types
and to limit entries from the same gene family; in the earlier
study (11) of the 80 genes examined, 20 were globins and 10
were histones. ]

Fig. 1 shows the size distribution for exons from 114 genes
(>800 total exons). The 5’ exons and 3’ exons are shown
separately. Whereas internal exons are expected to contrib-
ute the major portions of protein structure, it is possible that
the initial and terminal exons code for structure, regulatory
signals, or both. Iriternal exons predominantly code for 20~

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

2944

55 amino acids, whereas 5’ and 3' exons do not show the same
tendency toward a modal size. The 5’ exons are on average
significantly smaller (y = 34.4 amino acids) compared to 3’
exons (y = 42.6 amino acids) and internal exons (Y = 44.5
amino acids).

Do Exons Code for Units of Protein Structure-Function?
This possibility was addressed in less than half of the
literature surveyed. Some authors sought for specific corre-
spondence between exons and units of secondary structure or
tertiary structure, others looked for a match to a region of the
protein known to have an associated function such as signal
peptide, transmembrane domain, nucleotide-binding fold,
etc. No systematic criteria were used nor were different
groups equally stringent in deciding how the limits of the exon
had to correspond to the limits of the unit in the protein to
designate a positive correspondence. The results as defined
by these authors are summarized in Table 1.

No meaningful correspondence for even a single exon was
found for carboxypeptidase (9), lactate dehydrogenase (82),
glycogen phosphorylase (91), leghemoglobin (93), calmodulin
(95), and myosin heavy chain (111), whereas all exons could
be assigned a specific function for lysozyme (3), chicken
triosephosphate isomerase (79), B-globin (4, 5), transplanta-
tion antigen (103), IgG heavy chain (7), B-crystallin (107),
glucagon (97), and parathyroid hormone (99). Correspon-
dences between exons and units of protein structure were
found for 10 proteins (6, 7, 79, 80, 90, 100, 107-109), and
correspondences between exons and units of function were
found for 24 proteins (3-5, 39, 76-78, 81, 83-89, 94, 96-99,
101-107). »

For the proteins in Table 1, overall >50% of the exons were
identified as coding for some unit of structure or function.
This value falls far short of a 100% correspondence expected
for the general hypothesis that exons code for units of protein
structure-function. In favor of the latter hypothesis, the full
range of possible exon functions is not always considered.
These could include components of the mature protein such
as ligand binding modules as well as linker regions (e.g., hinge
region of IgG), components for protein transport or activation
(signal peptides, activation peptides in zymogens, or sites for
covalent modification), and components for RNA processing
(5'- and 3'-untranslated exons) and translation. Small exons
occur more frequently at the 5’ or 3’ positions; examples
where such exons specify only a single amino acid suggest
that their function may be to provide a start codon (83, 84, 95,
101) or stop codon (59, 97, 103, 112).

With a view to the limited size range for internal exons,
consider more specifically what it is possible for such exons
to specify. Domains, as generally identified (114), have a
molecular mass range of 3-32 kDa, with an average of 12 kDa.
Therefore, exons are generally too small to specify domains.
Zehfus and Rose (115) have defined units of compact folded
structure; the smallest ‘‘primitive compact units’’ contain
6-39 amino acids. Exons are too large, in general, to specify
such compact units, though the average exon might specify
two or more such units. The smallest units of protein that
have folded structure and also some type of function contain
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Fi1G. 1. The number of amino acids coded by exons. Since many
genes contain untranslated exons, the first exon of a gene that coded
for amino acids was counted as the 5’ exon, the last exon coding for
amino acids was counted as the 3’ exon. The exons are from the genes
shown in Table 1, as well as from mouse dihydrofolate reductase (12);
Aspergillus nidulans triosephosphate isomerase (13); human pepsi-
nogen (14); rat amylase (15); rabbit phosphofructokinase (16); rat
trypsin (17); human complement protein factor B (18); human cata-
lase (19); hypoxanthine phosphoribosyltransferase from mouse (20)
and human (21); chicken aminolevulinate synthase (22); deoxythy-
midine kinase from chicken (23) and hamster (24); human argmino-
succinate synthase (25); human haptoglobin (26); human transferrin
(27); chicken conalbumin (28); human apoferritin (29, 30); chicken
ovalbumin (31); human metallothionein (32, 33); seal myoglobin (34);
human «a globin (35); yeast cytochrome b (36); rat cytochrome P450
(37); yeast cytochrome oxidase (38); human genes for blue pigment,
green pigment, and red pigment (39); human interleukin 2 receptor
(40); human antithrombin III (41); rat a;-acid glycoprotein (42);
chicken histone H3 (43); ribosomal protein S14 (44); chicken myosin
light chain (45); Drosophila tropomyosin (46); chicken a-actin (47);
human B-actin (48, 49); bovine aB-crystallin (50); mouse glial
fibrillary acidic protein (51); human keratin (52); mouse kallikrein
(53); rat a-tubulin (54); human a-tubulin (55); human vimentin (56);
human histocompatibility gene SXa (57); rat preprosomatostatin
(58); human pronatriodilantin (59); human T-cell growth factor (60);
rat insulin (61); human insulin (62); rat growth hormone (63); human
growth hormone (64); bovine corticotropin/g-lipotropin precursor
(65); human proopiomelanocortin (66); rat prolactin (67); rat inter-
leukin 3 (68); feline c-sis (69); human NRAS (70); mouse c-myb (71);
human 27-kDa heat shock protein (72); human pS2 protein (73);
human FGR (74); and human p53 (75).

20-40 amino acids or more (116), totally consistent with the
size range of internal exons. Thus, exons are generally large
enough to code for functional units. A general correlation

Proc. Natl. Acad. Sci. USA 85 (1988) 2945

Table 1. Correspondence between exons and units of protein
structure-function

Correspondence [no. of gene(s)]

Gene products n Structural Functional None
Enzymes 18 4 11 3
Carrier proteins 3 — 2 1
Regulatory proteins 3 2 — 1
Hormones 4 — 4 —
Membrane proteins 8 1 7 —
Structural proteins 4 3 — 1

Included are genes coding for chicken lysozyme (3), rat elastase
(76), rat chymotrypsin B (77, 78), triose phosphate isomerase from
chicken (79) and maize (80), human calcium-activated neutral pro-
tease (81), rat carboxypeptidase (9), mouse lactate dehydrogenase A
(82), chicken glyceraldehyde phosphate dehydrogenase (83, 84),
mouse glycerol phosphate dehydrogenase (85), alcohol dehydroge-
nase from human (86) or maize (87), mouse renin (88), human
phosphoglycerate kinase (89), chicken pyruvate kinase (90), human
glycogen phosphorylase (91), human B-hexosaminidase (92), rabbit
phosphofructokinase (16), soybean leghemoglobin (93), human 8
hemoglobin (4, 5), mouse a-fetoprotein (94), chicken calmodulin (95),
chicken ovomucoid (6), mouse immunoglobulin heavy chain (7), rat
cholecystokinin (96), rat glucagon (97), human epidermal growth
factor (98), rat parathyroid hormone (99), mouse myelin basic protein
(100), human myelin proteolipid protein (101), bovine rhodopsin (39,
102), mouse transplantation antigen (103), human acetylcholine
receptor a subunit (104), chicken acetylcholine receptor y and &
subunits (105), human low density lipoprotein receptor (106), mouse
B-crystallin (107), chicken collagen a,-1I (108) and a, (109, 110), and
nematode myosin heavy chain (111).

between an increase in protein size and protein function has
been found for the enzymes in nucleotide metabolism (117),
and it was shown that for selected enzymes subunit size
corresponds to the total number of ligand binding functions,
suggesting that proteins may be composed of ligand binding
modules with an average size of 5 kDa and a range of 2-8 kDa
(118). This size is consistent with the values in Fig. 1.

The Position of Introns. Introns are defined as type 0
(interrupting between codons), 1, or 2 (interrupting after the
first or second nucleotide of a codon, respectively). The
hypothesis advanced by Gilbert (1) that proteins evolved by
shuffling and recombination of exons would appear to require
that shuffling of such exons would not alter the reading frame
when they are inserted in a new location. One way to
accomplish this would be to have only one type of intron; i.e.,
all recombination events must consistently occur at equiva-
lent positions. For the genes in the present survey, the
average composition of introns is type 0 (54%), type 1 (27%),
and type 2 (18%).

If, before the advent of splicing enzymes, primitive genes
arose by recombination of exons, then self-splicing of the
RNA without benefit of splicing enzymes, as exemplified by
a number of existing examples (119, 120), might have re-
moved introns. The emergence of splicing enzymes at some
later time would then have evolved to recognize the most
common sequence demarcating intron—exon junctions. If this
is correct, then the current preponderance of type 0 introns
reflects the ancestral state.

The distribution of observed intron types is shown in Table
2, and the total frequency of intron occurrence (1 intron per
41 codons) also defines the average size of exons. The
possible number and proportion of intron types may be
estimated from codon usage and the known consensus exon
splice junction MAG-intron-GK, where M is A or C and K
is G or U. Use of the consensus splice junction sequence
(Table 2) leads to an underestimate of the actual number of
introns and, therefore, to an overestimate of exon size; thus
this consensus sequence, per se, is somewhat too restrictive
as a predictor. The second consensus sequence MAG-in-
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Table 2. Predicted and observed occurrence of introns

Occurrence of Intron frequency, no. per 100 amino acids

introns Type 0 Type 1 Type 2
Observed 1.34 (54%) 0.67 (27%) 0.45 (18%)
Predicted

MAGe-intron-GK 0.96 (65%) 0.25 (17%) 0.27 (18%)
MAGe-intron-GN 2.32 (66%) 0.65 (19%) 0.54 (15%)
NAGe-intron-GN 3.70 (64%) 0.97 (17%) 1.11 (19%)

Values in parentheses are percentage of all introns. The predicted
frequency for combinations of codons was calculated from a data set
(121) for codon usage in humans, mice, rats, and chicken. As
examples: the codons (AAG) | (GGN) would define a type-0 splice
junction, (NAA)G | GG) would define a type-1 splice junction, and
(NNA)AG | G)(GNN) would define a type-2 splice junction, where
the consensus splice junction is as shown.

tron-GN, where N is any base (Table 2), more accurately
reflects the consensus sequence for the present data set, but
its use overestimates the number of introns somewhat. Use
of a more relaxed consensus sequence, NAG-intron-GN
(Table 2), leads to a more generous estimate of the number of
possible introns.

Whereas some differences in codon preference between
widely diverging organisms have been noted, it is not clear
how much effect such changes have on the prevalence of
splice junction sequences during evolution. Since the ob-
served size of exons (Table 2) falls between the values
predicted for a stringent and a more relaxed splice junction
sequence, it is then possible that most genes contain between
50% and 100% of the introns that they are capable of holding.
Although there is clear evidence for intron deletion, this
process appears to be neither rapid nor extensive for mam-
malian and avian genes. This suggests that the size of exons
at present is not greatly different from exons in ancestral

Table 3. Coincidence of intron position for domains duplicated
within the same protein

Tritronst
Size of .. Slfn.l]ar
domain. * Similar  positions/
0 bf’ positions  same type
Comparison n  exons n % n %

In same protein
Plasma proteins/
receptors 5 1-5 52 9% S1 88
Other enzymes/proteins 4 1-3 28 100 18 o4
Between related proteins

Calmodulins 3 1 8 67 8 67
Myosin alkali light

chains plus

parvalbumin 4 1 14 93 13 87

Plasma proteins/receptors includes human epidermal growth fac-
tor (98), human low density llpoprotem recéptor (106), mouse
a-fetoprotein (94), human haptoglobin Hp? (26), and human trans-
ferrin (27); other enzymes/proteins includes mouse renin (88),
human pepsinogen (14), calcium-activated protease (81), and chicken
ovomucoid (111); calmodulins includes calmodulins from chicken
(95), sea urchin (126), and D. melanogaster (127); myosine alkali light
chains plus parvalbumin includes myosin light chain genes from D.
melanogaster (127), mouse (127), and chicken (127) and rat parval-
bumin (126).

*Homologous domains coded by one or more exons were present in
2-7 copies within any specific protein.

tIntron positions flanking the homologous domains were compared
either within the same protein or at corresponding positions be-
tween different, related proteins. Introns were scored as being at a
similar position if they occurred within 5 codons of the site being
compared and as being of the same type if they interrupted codons
in the same fashion (for definition of intron types, see Table 2).
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genes and is consistent with the suggestion that ancestral
exons specified structure-function modules.

Comparison of intron positions for the same gene across
many organisms has been used to show that some introns are
maintained at the same positions and some are not (122, 124,
125). To limit sources of variability, the position of introns
was examined in genes containing two or more homologous
domains that were presumably generated by gene duplication
plus fusion (Table 3). This made it possible to compare
homologous domains and the introns associated with them
within the same protein (constant environment) and also
between different related proteins (potentially different en-
vironments). For comparisons within proteins, 90% or more
of introns are maintained at corresponding positions in the
duplicated regions (Table 3); this represents a measure of
intron loss or acquisition that is very low. Furthermore, of
introns found at similar positions, almost all are of the same
intron type. This difference in frequency (Table 3) between
introns of ‘‘same type’’ and introns ‘‘at similar position’’ is
an indicator of the extent of intron sliding.

Comparisons between proteins were made with two groups
of proteins containing three or four homologous domains that
bind calcium. Again, a fairly high proportion of introns is
found to be retained at corresponding positions (Table 3).
This intron pattern must be >600 million years old, since it
is found in genes from Drosophila melanogaster, sea urchin,
and chicken.

Modifications of Exons. Illustrated in Fig. 2 is an ancestral
gene (gene A) containing four exons and three introns. Each

exon alteration new exon formation

D

junction sliding '
&

junction

formation

junction
sliding
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gene
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intron 3
loss AE;
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Di intron
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FiG. 2. Mechanisms for altering exons. Purely to facilitate
oompanson, the exoris in the ancestral gene (gene A) are uniform in
size, and an arbitrary size scale is shown for the DNA. Genes B-E
are the result of various mechanisms. Abbreviations: E, exon; I,
intron; D, domain; M, module.
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exon is presumed to specify one structure-function module in
the protein. The correspondence between exons and modules
may become obscured by the mechanisms suggested by
Table 3. Intron deletion would cause two exons to become
fused into one larger exon. It is now quite possible for the
junction between two domains to map to the middle of an
exon (Fig. 2, gene B), and this would be interpreted as a lack
of correspondence between exons and modules or domains.
Junction sliding into an intron could add extra amino acids
(perhaps even an additional module) to the protein structure
(Fig. 2, gene C). Also, there are two processes by which an
additional exon could be formed (Fig. 2, genes D and E). It
is likely that such additional exons will code for a much
smaller than average number of amino acids, and very small
internal exons may be diagnostic for mechanisms that formed
genes D and E.

The foregoing analysis shows that in existing genes exons
clearly do not consistently relate to units of structure or
function in proteins. However, what we observe could be a
degenerate pattern that may still give evidence about the
origin and evolution of proteins.

This work was supported by Grant DMB-8310902 from the
National Science Foundation. I am grateful to Eric Baldwin for
suggesting the analysis of codon usage.
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