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Atendency for exons to correspond to discrete units of protein structure in protein-coding
genes of ancient origin would provide clear evidence in favor of the exon theory of genes,
which proposes that split genes arose not by insertion of introns into unsplit genes, but
from combinations of primordial mini-genes (exons) separated by spacers (introns).
Although putative examples of such correspondence have strongly influenced previous
debate on the origin of introns, a general correspondence has rot been rigorously
proved. Objective methods for detecting correspondences were developed and applied
to four examples that have been cited previously as evidence of the exon theory of genes.
No significant correspondence between exons and units of protein structure was de-
tected, suggesting that the putative correspondence does not exist and that the exon

theory of genes is untenable.

Spliceosomal introns are present in the
nuclear protein-coding genes of most eu-
karyotic organisms, but they have not been
detected in several eukaryotic protist phyla
or in eubacteria, archaebacteria, and organ-
elles (1). Two major theories have emerged
in the continuing debate on the origin of
these introns. The exon theory of genes—
sometimes called the introns-early view—
proposes that (i) exons are the descendants
of ancient mini-genes and introns are the
descendants of the spacers between them;
(ii) genes large enough to encode contem-
porary proteins were first assembled from
sets of exons; (iii) the machinery of splicing
originated in an ancient RNA world; and
(iv) introns were lost completely from both
kingdoms of bacteria as well as several
protist groups (2—4). In contrast, the inser-
tional theory of intron origins—also known
as the introns-late view—holds that (i) split
genes arise from uninterrupted genes by
insertion of introns; (ii) genes large enough
to encode contemporary proteins first arose
(presumably from smaller genes) without
the participation of introns; (iii) the ma-
chinery of spliceosomal splicing arose from
fragmented self-splicing introns; and (iv)
spliceosomal introns were never present in
the ancestors of those organisms that now

lack them (I, 3,‘ 5, 6).
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Testable implications of the exon theory
of genes arise from the possibility that exons
might retain some of the properties expect-
ed of mini-genes. As first suggested by Blake
(7), this theory implies that exons should
encode discrete units of folded protein
structure, suitable for combinatorial assem-
bly. Originally, a correspondence of exons
with globular domains was anticipated (7).
However, it soon became clear that exons
are generally too short for such a correspon-
dence, suggesting that globular domains
might be encoded by blocks of exons, with
individual exons encoding smaller elements
(8). ‘Subsequent reports have implicated
familiar elements such as secondary struc-
tures (9-11) and motifs (8, 12), and have
also introduced novel divisions of pro-
tein structure, including “least-extended”
units (9, 13, 14), peptides “circumscribed by
a sphere 28 A in diameter” (4), and “com-
pact modules” (15).

Not all genes and proteins are relevant
to the search for this possible correspon-
dence. Chimeric genes assembled by exon
shuffling in recent evolutionary times may
exhibit correspondences that are not an-
cient, where “ancient” refers (here and
below) to the period of time prior to the
divergence of archaebacteria, eubacteria,
and eukaryotes. Instead, the process of
exon shuffling may have favored the prop-
agation of chance correspondences between
split gene structure and protein structure
subsequent to an insertional origin of in-
trons in an early eukaryote (3, 5, 6). There-
fore, evidence for an ancient origin of
introns must be sought in genes and pro-
teins of ancient origin, not recently assem-
bled ones. This-important point, suggested
in 1983 by Blake (8), has been accepted by
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advocates of both theories of intron origins:
(3-6, 9-12).

Nevertheless, evidence for exon shuf-
fling in the assembly of a few recently
evolved genes continues to be confounded
with evidence for the assembly of all genes
from exons. Dorit et al. (16) made exhaus-
tive comparisons of exon sequences in a
search for chimeric genes suggestive of exon
shuffling. The putative chimeras identified
in this search were genes for animal-specific
proteins (17)—a result fully consistent with
the insertional theory of intron origins—yet
these few examples were used te infer the
size of a putative underlying universe of
exons (16) as though they represented all
cases, an assumption that begged the ques-
tion of whether a primordial universe of
exons ever existed (17).

Such confusion can be avoided by main-
taining a clear methodological distinction
between ancient genes and more recently
assembled genes, in parallel with a logical
distinction between the exon theory of
genes and the exon-shuffling hypothesis.
The exon-shuffling hypothesis maintains,
that introns sometimes serve as sites of
illégitimate recombination, providing a di-
rect route for the assembly of chimeric
genes from sets of exons (18). This hypoth-
esis says nothing about the origin of in-
trons, but instead addresses the expected
effects of the presence of introns on the
formation of new genes (2, 3). The exon-
shuffling hypothesis has been adequately
confirmed by the tendency for intron posi-
tions to correspond to the recombinant
junctions of some chimeric sequences, none
of which is ancient (17, 19). :

In contrast, the introns-early view, pro-
posed by Darnell (2) and Doolittle (2, 3)
and aptly named the exon theory of genes
by Gilbert (4), addresses the ultimate origin
of the exons and introns of split protein-
coding genes. Although this theory is some-
times presented in textbooks as an estab-
lished fact (20), the supporting evidence
consists of (i) examples of shared intron
positions that are interpreted to be ancient
(21) and (ii) a putative ancient correspon-
dence between exons and unjts of protein
structure.

The case for this ancient cerrespon-
dence rests on a small set. of proposals
regarding globins (13), lysozyme (14), sev-
eral nicotinamide adenine dinucleotide
(NAD)-dependent dehydrogenases (12),
pyruvate kinase (PK) (10, 11), and triose
phosphate isomerase (TPI) (9-11). A
three-intron proposal regarding globins
(13) was hailed as a success while three
intron positions were known (3, 4), but
conflicted with subsequently discovered in-
trons (22) (see below). Predictions of in-
tron positions on the basis of correspon-
dences proposed for lysozyme genes have



not fared well (23). Most of the 11 intron
positions known in genes for glyceralde-
hyde-3-phosphate dehydrogenase (an NAD-
dependent dehydrogenase) in 1985 were
justified relative to its structure by Stone et
al. (12), but 36 additional intron positions
have subsequently been identified (21). A
comparison of several NAD-dependent de-
hydrogenases does not reveal the expected
pattern of shared introns in regions encod-
ing their shared NAD-binding motifs (24).
Gilbert and Glynias (10) predicted an un-
known ancestral intron position for PK on
the basis of intron positions detected in
animal genes, but none of the seven-addi-
tional intron positions from plant and fun-
gal genes—already known at the time the
prediction was made—is within 48 codons
of the predicted site (see below). Taken
together, reports regarding TPI suggest the
unlikely circumstance that a single split
gene structure simultaneously corresponds
to (i) the eightfold repeats of a helices and
B strands that constitute its B-barrel do-
main (9), (i) 13 compact modules (15),
and (iii) 12 “least extended” or compactly
folded peptides (9, 10, 25).

Exons do not neatly correspond with any
single aspect of protein structure, and pro-
posing a special type of correspondence for
each individual protein would be without
value. The question that remains is wheth-
er there is a general tendency for exons to
encode some discrete unit of protein struc-
ture, even if the underlying signal is partial-
ly obscured by noise. Accordingly, quanti-
tative methods for evaluating the statistical
significance of correspondences have been
developed and applied uniformly to four
representative ancient proteins—alcohol de-
hydrogenase (ADH) (an NAD-dependent
dehydrogenase), globins, PK, and TPI—
each of which has been cited as providing
evidence for the exon theory of genes.

Analysis of Observed
Gene Structures

For each of the four examples studied, the
amino acid sequences inferred from intron-
containing copies of the gene have been
aligned with each other (26, 27) and with a
homologous reference protein whose crystal
structure has been determined (28). The
resulting complete set of known intron
positions was then mapped in relation to
structural features of the corresponding pro-
tein (Figs. 1 to'4). The data represented in
the figures, along with Ca coordinates from
the corresponding crystal structures (28),
serve as the basis for our analyses.

If exons in ancient genes encode defined
units of protein structure, such as globular
domains (7), modules (15), and secondary
structural elements (9-11), then the posi-
tions of introns should tend to correspond
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measuring the distance from an intron to
the nearest boundary region, with lower
scores indicating greater correspondence.

to boundary regions between structural
units, or at least to fall close to their ends.
Such a correspondence can be scored by
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Fig. 1. Intron positions of class | ADH genes in relation to structural features of the reference protein,
the 374-residue enzyme from horse liver (28). (A) Centrality plot, showing the distance of each Ca
atom from the center of mass of the domain in which the atom resides (the average distance for all
residues is 14.6 A). (B) Like other NAD-dependent dehydrogenases, ADH has two domains: one for
substrate binding (composed of two noncontiguous segments, S’ and S”), and one for nucleotide
binding (N). Domains are delimited according to the encompassed secondary structures, so that
domain N is defined as residues 176 to 318 inclusive (37). (C) Locations of a helices (open boxes)
and B strands (filled boxes). (D) The 20 known intron positions, indicated by vertical lines, are
completely represented in four genomic sequences (26) as follows: human, 6-0, 40-0, 86-1,
115-2, 189-0, 276-0, 321-1, 367-2; rat, 6-0, 40-0, 86-2, 115-2, 189-0, 276-0, 3211, 367-2;
maize, 111, 57-0, 71-2, 179-1, 207-0, 232-1, 253-0, 285-0, 339-0; and Aspergillus, 239-0,
363-1. Positions are given in the codon-phase notation of Dibb and Newman (36), based on an
alignment with the-reference protein.

Fig. 2. Intron positions of A
globin-related genes in
relation to structural fea-
tures of the 146-residue

B subunit of horse hemo-
globin (28). A character-

istic globin fold consist-

ing of eight (or, some-
times, seven) a helices is
common to the globular
domains of hemoglobins,
myoglobins,  leghemo-
globins, various inverte-
brate globins, and eu-
bacterial hemeproteins. B
(A) Centrality plot (aver-

age centrality, 14.4 A).

(B) Locations of a heli- 0 20 °
ces. (C) The 12 known

intron  positions, which Residue number

are represented by a minimal set of seven genomic sequences (27) as follows: codworm
(Pseudoterranova decipiens), 3-1, 30-2, 64—1, 105-0; soybean, 30-2, 71-0, 105-0; Chlamydom-
onas eugametos, 25-0, 79-0, 94-0; Artemia salina, 302, 104-2; Caenorhabditis elegans, 59-2;
Chironomus thummi, 65—1; and Paramecium caudatum, 87-0. Asterisks, the two intron positions
commonly present in vertebrate globin genes [the ones on which G&'s (13) hypothesis was based].
Other conventions are as indicated for Fig. 1.
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For example, for the 14 distinct intron
positions identified in TPI genes, the aver-
age distance to the nearest boundary be-
tween secondary structures (o helices or B
strands) is 5.9 base pairs (bp), closer than
the random expectation of 6.5 bp. Thus,
TPI introns exhibit a measurable tendency
to fall between or at the edges of secondary
structural elements.

Whether or not this tendency is statisti-
cally significant can be addressed by gener-
ating a reference distribution of scores mea-
sured from sets of introns that are positioned
randomly with respect to protein structure.
Of 1000 reference sets of introns, each con-
sisting of 14 nonidentical positions randomly
distributed over the length of a hypothetical
TPI gene (29), 379 sets showed an equal or
greater tendency to avoid secondary struc-
tural elements. That is, if introns are ran-
domly positioned with regard to protein
structure, the probability that a set of introns
would avoid secondary structures as well as
the observed set is 379/1000, or 0.38, which
is not significant (Table 1). For ADH,
globins, and PK, there is no significant
tendency for intron positions to avoid sec-
ondary structures (Table 1).

Because ADH (Fig. 1) and PK (Fig. 3)

possess multiple globular domains, similar

methods can be applied to test whether
there is an excess of introns at or near
domain boundaries. Although nearly all
intron positions interrupt domains, there is
asmall (insignificant) excess of introns near
domain boundaries for both ADH (P =
0.24) and PK (P = 0.25).

The correspondence of introns to
boundaries between other structural ele-
ments can be addressed in a similar manner.
Go and Nosaka (15) have proposed that
TPI has 13 modules, with boundaries as
shown in Fig. 4. The average distance to an
intermodule boundary region for the ob-
served set of TPI introns is 14.9 bp, slightly
greater than the average of 14.8 bp for
random sets (based ori 1000 simulations).
Thus, no significant correspondence exists
between exons and these divisions of TPI.

Go6 has proposed for globins (13) and
lysozyme (14) that residues associated with
introns (residues encoded by codons that
abut or contain an intron) tend to be
located near the center of globular domains;
a similar claim has been made for TPI (9,
11). The centrality of a residue can be
defined as its physical distance from the
center of the globular domain in which it
resides. The centrality of intron positions

for ADH, globins, PK, and TPI can be

judged visually by examining Figs. 1 to 4,
which include a plot of the centrality of
each residue in the protein.

The average centrality for globin intron
positions is 12.9 A, which is lower, but not
significantly, than the reference mean of
14.4 A (P = 0.12) (Table 2); much of the
excess centrality is attributable to the two
intron positions (Fig. 2) that stimulated
Go’s original conjecture (13). For ADH
and PK, intron positions show no tendency
to map to central locations in a domain,
whereas intron positions for TPI show a
slight but insignificant tendency«P = 0.42)
(Table 2).

Go also proposed that ancestral globin
exons encoded least extended polypeptide
structures (13), and similar claims have
been made for lysozyme (14), TPI (9-11),
and PK (10, 11). The extensity of a poly-
peptide fragment corresponding to an exon,
here called an exon-encoded peptide, can
be quantified by a measure of the dispersion
of its Ca atoms in three-dimensional space,
with lower extensity scores indicating a
greater degree of compactness. We have
used various metrics for extensity of exon-
encoded peptides, including the maximum
distance between any pair of residues (that
is, the diameter) and the radius of gyration

A 30
—: 25
i J20
] =
1s £
1° £
] 4
13
-'j 10
7] 5
1o
B[ n] [~ B | A 1l c |
c O ] BENo0Cen WMo O xopsoce 8 OOorpg il
D L . al Al A Lis L L A 1 1 | P A P | P 1
0 ' 50 100 150 200 250 300 350 400 450 500

Fig. 3. Intron positions of PK genes in relation to structural features of the
530-residue feline muscle enzyme (28). (A) Centrality plot (average
centrality, 14.6 A). (B) The four domains of PK, with boundaries defined by
secondary structural elements assigned to domains by Muirhead et al.
(28). Domain A (A" and A"), an eight-stranded B barrel (similar in structure
and overall dimensions to TPI), is interrupted by domain B and is flanked
by amino- and carboxyl-terminal domains (N and C, respectively). (C)
Elements of secondary structure. (D) The 16 known intron positions are

204

Residue number

SCIENCE ¢ VOL. 265 ¢ 8]JULY 1994

represented in a minimal set of three genomic sequences (26) as follows:
chicken, 51-1, 82-0, 126-0, 188-1, 278-2, 329-0, 380-0, 435-2, 496-1;
Aspergillus, 51-1, 66-1, 82-0, 114-0, 156-2, 433-2, 461-0; and potato,
115-0, 270-0. Other conventions are as indicated for Fig. 1. Gilbert and
Glynias (70) recently predicted that an intron would be found in a PK gene
near codon 222, on the basis of the nine positions from the chicken gene.
However, none of the seven additional positions known from Aspergillus
and potato is closer than 48 codons to this site.



(the root-mean-square deviation from the
center of mass). The diameter metric is
suggested by Gilbert’s proposal, based on
TPI (4), that primordial exon-encoded pep-
tides would be compactly folded peptides
“circumscribed by a sphere 28 A in diame-
ter.” Indeed, the average diameter of exon-
encoded peptides for the set of 12 inferred
ancestral (30) TPI exons is 26.7 A. How-
ever, the average diameter for reference
(31) sets of exons is 26.8 A, not significant-
ly different (P = 0.48) (Table 3). In fact,
no significant correlations are apparent for

Table 1. Correspondence of intron positions
with secondary structural elements. The dis-

tance score for a set of introns is the average of*

the individual scores, where the individual
score is the distance (base pairs) to the nearest
interelement region (0 bp if the intron is within
an interelement region). Mean reference scores
(Ref.) are based on 1000 reference sets of N
randomly generated intron positions, where N
is the number of observed intron positions (the
SD of the reference mean is also given). The P
value represents the probability that a set of
introns generated by the random reference
model (29) would avoid secondary structure as
well or better than the observed set.

Distance score

. (bp)
Gene tons SD P

Ob- Ref

served '
ADH 20. 4.35 3.87 1.09 0.70
Globins 12 12.1 102 272 0.76
PK 16 5.06 486 158 0.59
TPI 14 5.86 6.54 180 0.38

Table 2. Tendency of introns to map to central
regions of globular domains. The centrality
score for a set of introns is the average of
individual scores, where the individual score is
the distance (angstroms) from the residue as-
sociated-with the intron (the residue encoded
by a codon that contains the intron, or that is
bounded on its 5’ end by the intron) to the
center of mass of the domain (estimated as the
average position of all Ca. atoms). Mean refer-
ence scores (Ref.) are based on 1000 refer-
ence sets of N randomly generated intron po-
sitions, where N is the number of observed
intron positions (the SD of the reference mean
is also given). The P value represents the
probability that a set of introns generated by the
random reference model (29) would be closer
to the centers of globular domains than the
observed set.

Centrality
In- score (A)
Gene trons SD P
Ob- g
served ’
ADH 20 148 145 1.06 0.58
Globins 12 12.9 144 128 0.12
PK 16 14.7 146 125 0.53
TPI 14 16.1 16.3 126 042

any of the four examples when extensity is
quantified by either the diameter or the
radius of gyration (Table 3). Exon-encoded
peptides are only as compact as one might
expect by chance.

Gilbert and Glynias (10) described re-
sults of the first statistical analysis of the
extensity of exon-encoded peptides while
the present study was under review. They
quantified extensity by tallying (for each
exon-encoded peptide) the total number of
pairwise Ca—Ca distances greater than an
arbitrarily chosen value of 28 A, comparing
the observed set of exon sizes to randomly
permuted sets. Gilbert and Glynias (10)
report a probability of 0.039 for TPI with
these methods. With the same metric and
reference model, we obtained a similar re-
sult, P = 0.057 (95% confidence interval of
+ 0.013); the slight discrepancy between
these two values is perhaps attributable to a
difference in accounting of intron positions.

The ultimate evolutionary importance
of this (or any other) metric depends on its
power to reveal a correlation that applies to
ancient proteins in general. Accordingly,
tests with this metric have been performed
on three other proteins, revealing no signif-
icant correlation for ADH (P = 0.49),
globins (P = 0.70), or PK (P = 0.48) (all
tests based on 1000 simulations). Thus,
there is no evidence that the relatively low
P value for TPI represents a general signif-
icant tendency for exons to encode com-
pact peptides.
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Analysis of Hypothetical Optimized
Gene Structures

Qur analyses of ADH, globins, PK, and TPI
reveal no significant signs of modular as-
sembly from exon-encoded units. These
negative results stimulated us to evaluate
our methods with idealized genes: hypo-
thetical genes intentionally designed to
have properties expected from the exon
theory of genes. Algorithms have been
developed for finding an optimized N-exon
gene structure, where N is a whole number
and the quantity to be minimized is a
measure of the extensity of exon-encoded
peptides (32). Hypothetical PK and TPI
genes that were optimized by the size-
weighted average radius of gyration of exon-
encoded peptides (that is, weighted by the
length of each exon) are highly significant
when scored by the radius of gyration, and
they are also highly significant when scored
by the diameter (P < 0.001, on the basis of
tests of optimized PK genes for N values of
10, 15, 20, 25, and 30, and optimized TPI
genes for N values 10 and 15) (33).
Introns in these idealized genes are
clearly nonrandom with regard to other
structural elements. The optimized five-
exon gene for PK has introns abutting
codons 42, 115, 224, and 386, positions
that correspond closely (P = 0.001) to the
four interdomain boundaries shown in Fig.
3, confirming that these classical globular
domains, identified by Muirhead et al. (28),
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Fig. 4. Intron positions of TPl genes in relation to structural features of the 247-residue chicken

muscle enzyme (28). (A) The centrality plot (average centrality, 16.2 A) reveals the regularity of the
B-barrel domain; the eight troughs represent the eight B strands that pass near the center, whereas
the zigzagging segments between the troughs show the course of the peptide backbone as it winds
through the peripheral a helices [see also domain A of PK (Fig. 3)]. (B) Elements of secondary
structure. (C) Modules proposed by Go and Nosaka (75). The 14 known intron positions (D) are
represented in four genomic sequences (27) as follows: chicken, 37-1, 78-2, 107-0, 151-1, 180-0,
209-1; maize, 14-0, 37-1, 78-2, 107-0, 1511, 183-0, 209-1, 237-0; Aspergillus, 13-2, 107-0,
132-0, 167-2, 239—1; mosquito, 64-0. Other conventions are as indicated for Fig. 1.
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are compactly folded units (P value based
on 1000 reference sets of four introns each).
Furthermore, introns in hypothetical opti-
mized PK and TPI genes consistently show
significant (P < 0.05) centrality scores, on
the basis of tests of 25- and 30-exon PK
optimizations, and 10- and 15-exon TPI
optimizations (33). These results validate
the logic behind Go’s (13) original sugges-
tion that, if exons encode compact units,
introns will tend to divide extended seg-
ments that pass near the center of a do-
main. Finally, optimized gene structures
consistently show a weaker inverse correla-
tion with regard to secondary structure: P
values ranged from 0.90 to 0.99 in tests of
the tendency for introns to fall between
secondary structural elements, indicating
that the introns actually tend to interrupt
secondary structures (33). This result sug-
gests that exons are unlikely to encode both
compact modules and discrete pieces of
secondary structure simultaneously, as has
been proposed for TPI (9-11).

Evolutionary Implications

A quantitative analysis of 62 intron posi-
tions in genes for four ancient proteins has
revealed no evidence of a significant ten-
dency for introns to avoid interrupting sec-
ondary structures, modules, or globular do-
mains. Likewise, no set of introns exhibits a
significant tendency to be centrally located
in a globular domain. No significant result
was obtained with two nonarbitrary mea-
sures of the extensity of exon-encoded pep-
tides. A third metric of extensity, devel-
oped by Gilbert and Glynias (10) for TPI,
yields a P value in the range of 0.05 when
applied to TPI but fails to reveal a signifi-
cant correspondence in the three other
proteins. In short, objective methods ap-
plied uniformly to four examples provide no

significant evidence that ancient proteins
were assembled from exon-encoded mod-
ules of structure.

The importance of these observations
can be clarified as follows. First, our results
pertain to ancient proteins and have no
bearing on the possibility of correspon-
dences in protein-coding genes assembled
recently by exon shuffling (3, 6, 19). Sec-
ond, the absence of evidence for several
specific types of correspondences does not
imply that introns are positioned entirely
randomly with regard to protein structure.
On the contrary, a general nonrandom
relation between intron positions and pro-
tein structure is a necessary consequence of
the facts that (i) introns are nonrandomly
positioned with regard to flanking exonic
nucleotide sequences (34); (ii) exonic nu-
cleotide sequences are correlated (as de-
scribed by the genetic code) with amino
acids; and (iii) amino acids are nonran-
domly distributed with regard to protein
structures. This same line of reasoning ex-
plains why a nonrandom relation of split
gene structure to protein structure is ex-
pected if introns are mobile elements that
either insert preferentially at a target site, or
insert randomly but are selectively retained
only in specific sequence contexts. Correla-
tions that arise by such routes may not follow
any of the patterns sought here. Indeed, the
significant tendency for residues associated
with introns to map to surface-accessible
regions of proteins (35) is not a logical
implication of Blake’s (7) general conjecture
that exons should encode discrete structural
units, but is.perhaps attributable to an asso-
ciation of introns with a few codons for
hydrophilic amino acids.

Finally, the negative results presented
here suggest a reappraisal of the status of the
exon theory of genes. The growing mass of
data on the phylogenetic distribution of

Table 3. Correspondences based on extensity of exon-encoded peptides for inferred ancestral
exons. The score for a set of exons is the average of the individual exon scores, where the diameter
is the maximum of all Ca—Ca distances (angstroms) in the exon-encoded peptide, and the radius
of gyration is the root-mean-square distance (angstroms) of Ca atoms from the center of mass of the
exon-encoded peptide. The reference scores (Ref.) are based on 1000 sets of N randomly
generated exons, where N is the number of exons in the inferred ancestral set. The P value
represents the probability that a set of exons generated by the random reference model (37) would
encode peptides as compact or more compact than the ancestral set inferred (30) from observed

intron. positions.
Inferred Extensity score (A)
Gene ar:):,(((a)it;al Extensity rule Inferred Rof SD P
ancestral '
ADH ' 20 Diameter 221 22.3 1.19 0.43
Radius of gyration 8.11 8.05 0.389 0.54
Globins 11 Diameter 15.7 16.5 1.19 0.26
Radius of gyration 5.61 5.92 0.337 0.18
PK 15 Diameter 32.6 33.1 1.44 0.34
Radius of gyration 11.1 11,2 0.480 0.37
TPI 12 Diameter 26.7 26.8 1.35 0.48
Radius of gyration 9.23 9.25 0.432 0.49
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intron-containing genomes suggests that
spliceosomal introns arose and spread in
eukaryotic nuclear genomes (1). Further-
more, the number of distinct intron posi-
tions known for a gene usually exceeds the
expectations of the exon theory of genes as
soon as homologs of the gene are sequenced
from diverse eukaryotic phyla, as has hap-
pened in the case of globin (Fig. 2), glyc-
eraldehyde-3-phosphate dehydrogenase
(21), and other genes. The restricted phy-
logenetic distribution of most individual
intron positions also argues for addition of
introns (36). Proposals to the effect that the
spliceosomal introns in eukaryotic nuclear
genes of bacterial origin are ancient (21),
beg the question of why the bacterial genes
that have supposedly retained their ancient
spliceosomal introns are inevitably found in
the nucleus, not in organelles or in bacte-
ria—exactly the pattern expected if introns
are mobile elements that have propagated
only in the eukaryotic nucleus.

Thus, several lines of evidence favor a
late insertional origin of introns, whereas
the only empirical evidence specifically fa-
voring the exon theory of genes has been
the proposal that exons encode meaningful
units of proteih structure. Given that such a
correlation does not appear to exist, we
suggest that the exon theory of genes is
untenable.
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