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Counting and Discounting the Universe of Exons 

R. L. Dorit et a l .  (1 ), beginning with the 
prcmise that all protcins arc constnlctcd of 
modules encoded by discrete cxons, undcr- 
take to count the "underlying universe" of 
exon types. They calculate that a reasonable 
estimate is bctlvccn 1000 and 7000. I qucs- 
tion lvhethcr therc is a suitable mcthod for 
counting the members of such a universe, 
and whcthcr the sequence-alignment mcth- 
ods used by Dorit et a l .  actually identified 
homologous pairs in most cases. Finally, I 
challenge whether thcrc is an underlying 
universe of exons to count. 

It is impossible to prove that two sc- 
qucnces have not evolved from a common 
ancestor; thcy may just have changed so 
much by amino acid replacement that the 
relationship is obscured. All \ve can d o  is 
makc statistical judgments about the likeli- 
hood that similarities are not due to chance 
( 2 ) .  Let us assume that the number of cxon 
types has been constant from the time of the 
first encoded protcins and that all proteins 
arc indccd constnlcted from that protot)pic 
set. Can the mcthod uscd by L)orit et a l .  
establish the primordial number? Thcir 
strategy depends on determining two fun- 
damental numbers: (i) the number of non- 
homologous protein types in their database 
collection of cxons, and (ii) the number of 
pairs of the exons themsclvcs that arc ho- 
mologous but embedded in nonhomolo- 
gous protcins. Thcir judgments about lvhich 
sequences belong in which class depend 
exclusively on sequence compairson. 

Suppose that when Dorit et a l .  comparcd 
their exon qpes  they did not find at ly  ho- 
mologous pairs. Should they conclude, as 
their formula would demand, that the num- 
ber of exonpcs is infinite? The exact oppo- 

site could also be correct: there could have 
becn a single cxonpc that started the cntirc 
expansion, but amino acid replacements 
over the past 3 to 4 billion years have crodcd 
all possible recognition at the painvisc Icvel. 

This is not to say that one cannot use 
arnino acid scqucncc comparison to show 
that portions of protcins, lvhether or not 
they are encoded by exons, have becn shuf- 
fled about during evolution. There are many 
cases \vherc parts of proteins arc morc sirn- 
ilar to portions of other protcins than arc the 
parental proteins in which they are cmbe- 
ded. It  is also possible that, undcr carcf~~lly 
specified conditions, sampling may allow an 
upper bound to be placed on the number of 
entities bcing shuffled. N o  lower bound 
short of unit) can be established, however. 

Sequcncc comparison was the only basis 
on which Dorit zt at .  dctermincd the two 
samples sets necdcd for the combinatorial 
estimation: in both instances the dctcrmina- 
tions are xwlncrable to errors of judgment. It  
might seem that compiling the starting list 
of cxons frorn nonhomologous protcins, the 
numerator tl in the sampling statistic, is 
straightforward. Although species rcdun- 
dancies are readily removed, homologous 
entries that result from past gene duplica- 
tions present a much greater challenge. 
Nonethclcss, let us assume that the culled 
list generated by Dorit et a t .  represents 1255 
esons from nonhomologous proteins. 

The objective is to  identify any homolo- 
gous cxons among them. The criterion is 
that a pair of esons be significantly morc 
similar than are the protcins from which 
thcy are drawn. T o  this end, Dorit et a l .  
comparcd exon sequences using a program 
that did not allow gaps and scored only 

identities. In line with their prcmise that 
cxon size was a principal determinant, com- 
parisons were restricted to exons o t  similar 
lengths. The cutof  for deciding whcthcr a 
match \vas significant \vas determined by 
using a global measure based on the o\~crall 
amino acid composition of the database. 

How effi-ctivc was this search? I subjected 
each internal measure of the 14 pairs thcy 
found to a conventional alignment and 
scrambling test (3) to see how the results 
fared statistically by an internal measure 
(Table 1 ) .  Of the 1 4  pairs, four had rcason- 
ably significant scores (>4  standard dcvia- 
tions above the random mean). All of these 
sequences had been reported pre\riously by 
others as cxarnples of "cxon shuffling" and 
arc likely valid. They included the epidermal 
growth factor (EGF) domain bcing moved 
into the blood clotting factors IX and XI1 
(4), collagen-like scgrnents bcirig translocat- 
cd into complcmcnt component Clq (.i) and 
a mannose-binding protein ( 6 ) ,  and a shuffle 
of a segment between thyroglobulin and the 
Ii-antigen (7).  Other than the four, only one 
other pair reached the generally applied 
minimum threshold of 3 standard deviations 
above the random mean, this being an un- 
likely match between a hydrophobic signal 
pcptidc from a chloroplast gene product and 
a membrane-spanning sequence from the 
mouse red cell hand 3 protein. 

None of the remaining cases bears LIP to 
scn~tiny. Indeed, therc is good cvidcncc to 
reject sc\reral of the matches a priori. In the 
case of the proposed relationship of a colla- 
gen exon and an elastin exon, for example, 
the repeat stnlcturcs of the two proteins are 
filndamentally diffkrcnt, cvcn though both 
arc rich in glycinc and proline (Fig. 1 ). l'hc 
elastin repeat leads to a spiral of p turns ( X ) ,  
whereas collagen is a thrcc-stranded cable. 

l'hcrc are other inconsistencies regarding 
the alleged homologous pairs. In the match- 
up of a mouse collagen cxon 5 (lMAC5) with 
a similar sized complement Clq exon, the 
complement eson contains the signal pcp- 
tide region over its first half and must be 



structurally dissimilar to the iG1y-X-Pro), 
skein with lvhich it is matched in lMAC5. 
Finally, the characteristic Gly-X-Pro rhythm 
of the various collagen sequcnccs shown is 
independent of exon length. 

As for the alleged relationship between an 
albumin and a keratin exon, the only thing 
these m o  have in common is that both are 
parts of helix-rich proteins. In the case of 
keratin, the helices arc wound around each 
other to form coiled-coils; in albumin the 
helices are components of a single-chained 
multidomaincd structure. I searched each 
cxon against the Protein Identification Re- 
source database ( 9 ) .  The keratin exon rc- 
trie\red keratins, dcsrnins, laminins, and neu- 
rofilanient protcins, but rfo albumins. The 

albumin cxon, in contrast, retrieved all 
known albumins, a fctoproteins, and vita- 
min D-binding proteins, but tlo keratins. 
Clearly the "no gap-identity only" program, 
its emphasis on length nonvithstanding, re- 
trieved a chance match well outside the 
bounds of anything reflecting common an- 
cestry. 

All the other posited homologous exons 
had sequcnccs enriched with particular ami- 
no acids, including a number of pairs involv- 
ing signal pcptides of the son  Dorit er n l .  
sought to remove during the purging pro- 
cess because of their biased amino acid 
compositions. Compositional bias lvas evi- 
dent in the pair that had a cliorion protein, 
which is similar to keratin in being glycine- 

Table 1. Significance of palr~vise matches reported by others. The pairs of exon sequences sn~dled 
are taken from tablc 1 o f  I>orit er ( 2 1 .  ( I ) ;  minor discrepancies have been adju\ted. Thus their exon 
" 7,- X fix human a-1 (11) collagen \vould appear to be exon 9, and their exon 2 for human 
lymphoroxin would appear to be eson 1. Also, rheir exon 8 for human elastin is denoted "exon 10" 
in the paper cited by I)orlt cr ( 2 1 .  ( 1 4 ) .  The difference\ in identih percentage benveen their data set 
and our  is rnocrly due to the fact that our alignment allou~s gaps and theirs did nor. 

Protein 
This smdy Residues Dorit ct d l .  

(NO.) ID (96) ID ((Yo) SD* 

Human a1 (11) collagen eso1-i 36 50 50 +8.5t 
Rat mannose-binding protein A cxon 2 3 8 

Human apolipoproteln cxon 1 
Human EGF receptor exon 1 

Human factor XI1 exon 7 
Humm factor I S  exon 4 

Human pro-a1 hpc I collagen eson 47 34 3 8 38 +1.9 
Hum'ln elastin eson 10 4 1 

Mouse major urlnan protcin exon 1 
Rabb~t collagenase exon 1 

Chicken stcro~d inducible h\p eson 7 40 3 8 43 +2.2 
Human neurofilarnenr subunit NF-L cson 4 47 

Human lymphoroxin (ThlI.'-P) exon 1 32 36 44 +3.3 
Rat asialoglycoprotein receptor exon 3 38 

Schizophyllum IIG2 gene (fruiting exon 1 40 33 3 3 +2.6 
Human fibronectln eson 1 49 

Ch~cken c-fec proto-oncogene cxon 8 40 3 7 33 +2.3 
Human neurofilament cubunir NF-L exon 4 47 

Mouse a2 type IV collagen exon .5 60 32 38 +4.3t 
Human complement Clq R-chain exon 1 64 

Murine Ii gene, la antigen-associated exon 6b 63 3 0 33 +10 . l t  
Bovine thyroglobulin cxon 18 64 

Silknioth chorion cson 2 108 24 29 -0.5 
Mouse keratin. ~ntermcdiate filament exon 7 112 

C. re~t~hardt l l  chloroplast p,hA gene euon 4 77 23 20 + 1 6  
,Mouse b u d  3 exon 17 84 

Human enlm albumin eson 4 70 23 27 -0.1 
Human K 6 b  ep~dernml keratin eson 7 73 

'The allgnnient m e t h d  uc uted 1s hated on the Scedlcmdn-Wunsch algorithm (15) and employs the Mlnimum 
hlutation hInrrl\ of L>nvhoEt~r '11. I 16). LYc u\ed 64 mndorniwtlons 18 x 81 to  assess slnnificance in the fimn of standard 
de\lauons ,lix)\c (or below ) the rmdorn rnem Scores with standard dc\ Iauons greater than 4 are denoted with daggcrs 

rich. Similarly, the ncurofilament cxon spcc- 
ificd is rich in glutamic acid, as are the heat 
shock protcin and-fis oncogene exons with 
lvhich it was paired. S o n c  of these rclation- 
ships was statistically significant as measured 
by a randomization test that took account of 
such biases in composition. Only five at 
most of the 14 pairs listed by Ilorit et 01. 
meet the minimurn criteria for painvise ho- 
m o l o g .  As such, the estimated number of 
exons in the posited "universe of cxons" 
could have been given as 157,000. 

Allowing that their initial attempt to idcn- 
tifi homologous exon pairs in nonhornolo- 
gous settings may have bccn less than pel-- 
fect, Dorit et 01. recxarnincd the results of the 
painvise comparisons of the 1255 cxons in a 
slightly different fashion referred to as a 
"wredge calculatio11." They conccntratcd on 
the top 5% of all painvise scores withi11 a set 
of similarly sized exons in an e fo l t  to  show 
that comparisons of authentic exon ss- 
quences yielded an excess of high scores 
relative to comparisons of random se- 
quences, even if the individual scores then-  
selves did not achieve statistical iignificance. 
They determined the cxcccs to be 830 
matches. Unfortunately, this procedure did 
not allow the identification of just which 
pairs were included in those 830 matches, 
thereby precluding a possibility ofdctermin- 
ing whether the exccis simil~rities were ;~t-  
tributablc to  homologo~is cxoni in nonho- 
mologous proteins, or whether the excess 
\\.as \vholly attributable to  protcins that 
shared overall common ancestn but had not 
been excluded in their initial sclcctio~l pro- 
cess. The presumption that the cxccsi \vas 
solely attributable to pairs of hornologous 
cxons in nonhomologo~is scttings is unjus- 
tified. The 830 comparison pairs represttnt 
only a 1% excess of thc matches in the upper 
5% range. This small pcrccntagc could easily 
be the result of matches bet~vcen distantly 
related proteins that had not bccn complete- 
ly culled from the original list. Furthermore, 
the upper 5% of scores, a the authors note, 
i~lcludes matches as low as 17%) identity. For 
the 40 to 49 residue size range, for example, 
eight identities in a string of 4 7  residues 
would be included. This is an unacceptably 
l o ~ v  rate of similarity for assessing painvise 
homolog .  

One could inquire what fictors other than 
common anccstn might contribute to such 
an excess. As Dorit c.t n l .  note, commonly 
occurring secondary structure rhythms--a 
helices, P structure, mcmbranc spanners, 
and the like--could easily be a factor. Fur- 
thermore, certain constellatior~s of amino 
acids, presumably for \palid evolutionary I-ea- 
sons, arc not found as frequently as random 
cspectatiorl would spccifi. The tripeptidc 
Glu-Pro-Asp, for cxarnplc, occurs l e s  than 



Fig. 1. Alignment of fi1.e 
collagen eson sequences and U e g  1 

one elastin raon sequrncc; 
MBP1 1 

all are represented in Table 
(I1' H C l Q  1 H S ~ R l g S I P ~ g L I D I S Q A P L S C T p P P I I P g I P g I P g T P p P D g P P g T P g I R ~  64 collagen euon 9, R\lBP, rat  . . . . . . . . . . . . . . .  

mannose-blndlnn oroteln A MAC5 1 I Q ~ B V P ~ ~ S ~ P ~ ~ R P ~ ~ K ~ ~ K ~ I ~ V P ~ T P ~ L P ~ P ~ Y ~ B ~ P ~ I T ~ F P ~ F T ~ S  59 a ,  

e\on 2,  HCIQ, human com- 
plement CIQ K cham euon HUCC ' 
1. hlAC5. mouse a-2. nL>e HEU i - - -  ~ ~ 

IV collagen exon 5; H u C ~ ,  
human pro-a-1 n,pe I collagen eson 47; HE1.N. hum'ln elastin exon 10 [reference 8 in ( I ) ] .  I>ots 
denote identities bcnvern members of a pair. Ail glycine res~dues (g) are \ho\vn in lotvcr casc f<)r 
emphas~s; asterisks denotc c\\rnrial glycine positions In the fi1.c collagen-hpe sequrncc; Numbers at 
left and right denotc first and last residue\ ofexprrssed amino acids. 

half as oftcn as the occurrcncc of thosc three 
amino acids in data banks would predict 
( 1 0 ) .  These and other unrecognized biases 
attributable to natural selection could easily 
account for the wedge effect. 

L)orit et nl., anticipating such criticism, 
pctti,rmed another operation to see if pro- 
tcin stnlctural constraints alone could ac- 
count for the excess. For one set of their 
cxons (the 40- to 49-residue sizc class), thcy 
translocatcd amino terminal jegments 
(blocks of 15 to 25 residues) to  the carboxyl 
tcrmini, leaving the scgmcntal sequences 
intact. When these rearranged exon se- 
quences ivcre compared, they apparently 
behaved as if they had been totally random- 
ized (11). This is a puzzling rcsult in that 
protein sequences are tlot random, and one 
would havc expected a slight excess of match- 
es for thc block-transposed comparcd with 
thc truly randomized sequences. Thc issue is 
n~oot ,  holyever, because no distinction can be 
madc as to whether the excess high scores are 
reflections of lo\v-lcvcl similarin. in homolo- 
gous proteins or are homologous esons with- 
in nonhomologous protcins. 

Even if thc most sophisticated starching 
and alignment scheme available had bcen 
uscd, the strategy was doomed unless all 
sequences root back to a single starter type. 
With any rcsult short of that cxtrcmc, therc 
~vould always bc a qucstion of \vhcthcr 
common ancestn was hiddcn by the relent- 
lcss rain of amino acid replacement. 

On another front, all of the pairs in their 
initial sct of 14 that exhibited a crcdiblc lcvel 
of confidence are scqucncc vpcs found only 
in animals. Until similar sequences are idcn- 
tified in plants, fungi, protists, or bacteria, 
therc is no basis for presuming thcy existed 
even a billion years ago, never mind at thc 
timc primitive protcins were first being as- 
sen~bled. Unless thc number of cxon t y p e  
has been immutable from thc beginning, 
each line of descent will have a unique and 
rcstrictcd population of typcs. 

If thc number of cxon ~ p c s  h a  bcen 
increasing, or even if a steady state has 
existed Lvhercby thc gain of neiv vpcs is 
oKsct by the 105s of old, thc result is that 

cach line of descent must have a unique 
population of types. Barring horizontal 
transfers, shuffling can only occur within an 
individual gcnomc. The timc of first appear- 
ance for a particular ~ p c  of exon is thcrcfore 
a major factor, because lincagcs that di- 
verged before that timc \i,ould bc dcprived 
of combinatorial advantages. Prokaryoto 
and cuka~yotcs, for example, could only 
sharc those cxon ypcs that cxistcd at thc 
time oftheir last common ancestor, 2 billion 
years ago. Similarly, somc typcs \hould be 
unique to plants, othcrs to animals, and so 
forth. As a result, any calculatiorl based on a 
simple sampling of a comprchensivc data- 
base containing entries from all ~ p o  of 
cukayotcs would bc erroneous. 

Thc main reason to think thc numbcr of 
exon types has increased during e\~olution IS 

because so many of thcm are phylogeneti- 
cally rcstrictcd. As an example, the proto- 
typic collagen exon encoding a (Gly-X-Pro), 
 nit is found only in animals (12). This 
exorypc could not have been arailablc as a 
starter-t)pe unless protist, h~ngal,  and plant 
lineages had independently lost it. 

The formula uscd by Dorit et nl. presumes 
that all members of the underlying set arc 
randomly mixed and follolv some uniform 
distribution. Therefore the painvisc cstimate 
might have been verified by examining the 
numbers of triple and quadruple matchcs 
found. 111 this regard, collagen cxons ap- 
peared on the list of 14 three times, and a 
particular ncurofilament cxon twice, imply- 
ing quadruple and triple matchcs, rcpcc- 
ti\+ (13). These repcat occurrcnccs arc 
substantially grcatcr than expected for only 
14 painvisc matches uncovered from a sam- 
ple set of 1255. The chances of finding any 
triple and quadruple matchcs whcn the pair- 
wise count is only 14 should be vanishingly 
small (0.1 and 0.0005, respectively). 

I'ut the othcr way, if a redundancy (tell- 
fold or more) for somc exon type wcrc 
found, as could havc bccn the casc for thc 
ividcly distributed EGF domain, the formu- 
la would yicld a small number for the "un- 
dcrlying universe" (N) and certainly lcss 
than 500. Thc reason for so many occur- 

rences of this domain certainly has to do 
with its being nan~rally selccted in relati\~ely 
rcccnt times. Using its frequency of occur- 
rence as a sample of the general mwing of all 
protein modulcs throughout all time seems 
misdirected. Even ,~llo\ving for the fact that 
ten tinles more animal sequcnccs have bccn 
reported than for plants and fungi, EGF 
domain5 should by now have been found in 
thc latter if these domains were equitably 
distributcd. 
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Kesponst,: Doolittlc has provided a sharp 
criticism ofour  paper. For completeness, we 
call the reader's attention to another critical 
essay by Laszlo Patthy [ I ) .  

Our paper is an effort to  estimate how 
many kinds of exons might bc used in the 
constnlction of modern protein diversity. 
Although our basic hypothesis is that in- 
trons arc m o t  commonly lost, we did not 
scck to idcntif:\. "fi~sed" cxons or motifs in 
arbitrary proteins to  tracc such loss. n'c 
compared amino-acid cqucnccs of knoivn 
exolls ni th  othcr exonj of the satrrc size in 



order to get a measure of the "simple" reuse 
of exons and thus obtain estimates of how 
many ancestral exons one might infer from a 
specified set of data. Thus, for example, we 
chose to treat collagen exons of significantly 
difierent lengths (34 versus 60 amino acids) 
as representing different exons, rather than 
homologous exons that have diverged in 
length as a result of fusion or intron loss. 

There are several difficulties involved in 
this procedure. First, we relied on sequence 
comparisons. As with all measures of simi- 
larity, sequence comparisons cannot distin- 
guish between convergence (analogy) and 
evolutionary relatedness (homology). Our 
study does assume, however, that pairwise 
similarity between two exons embedded in 
otherwise dissimilar proteins reflects com- 
mon exon ancestry. We explicitly stated that, 
in the first part of our calculation, we con- 
sidered shared compositional bias as an in- 
dication of homology. Second, we realize 
the confounding effect of time and sequence 
change on our ability to purge homologous 
proteins from the database. Despite our best 
efforts, the final database of exons may still 
contain unrecognized related proteins, con- 
tributing to the excess of statistically signif- 
icant pairwise matches in our wedge calcu- 
lation. We think this effect is a component of 
our low second estimate. Time and sequence 
change, however, also hinder our ability to 
identify homologous exons involved in shuf- 
fling events, leading us to overestimate the 
size of the exon universe. We cannot at this 
point evaluate the importance of these two 
counterbalancing biases. 

There is no reason to assume either that 
all exon sequences are monophyletic, or that 
all possible amino acid chains were present 
at one time and only a limited set have 
survived. Our calculation is an effort to trace 
back, as far as one can, ancestral relation- 

ships embedded in the current structure of 
genes. Any such calculation tries to detect 
indications of evolutionary homology that 
have sunlived the "rain of amino acid re- 
placements.'' We did not purport to predict 
the ultimate origins; we only made an effort 
to see back as far as possible. 

The calculation is based on comparing the 
amino acid sequences ofexonr, drawn from a 
limited database based on genomic struc- 
tures, in order to identify similarities that are 
unusual given that limited set of compari- 
sons. We would not have done the calcula- 
tion the way we did if we thought that the 
test used by Doolittle to detect significant 
single sequence matches in the total protein 
database was appropriate for the problem at 
hand. However, from the nature of our 
statistical comparison, we would expect a 
few of our candidate exon shuffles to be in 
error, as we attempted to work at a 95% 
confidence limit; we would also expect to 
miss other exon matches which truly are 
examples of shuffling but which our meth- 
ods would fail to identifv. One might expect 
a Poisson error in our number of 14, that is, 
a standard deviation of e 4 .  It should be 
obvious from the two ways of doing the 
calculation that the true uncertainties in the 
estimate of the size of the exon universe 
involve much larger variations than this. 

That the exon pairs we identified were 
drawn primarily from vertebrate proteins 
may simply reflect the strong phylogenetic 
biases of the current sequence databases. 
Although Doolittle asserts that there must 
be a unique population of exon types for 
each line of descent, such a conjecture is 
premature. At best one can only say that 
certain motifs have not yet been found in all 
kingdoms. Our hypothesis predicts that 
most exon types will turn out not to be 
phylogenetically restricted. 

Our model does assume that all exons 
have an equal probability of being involved 
in a shulfling event. We are aware that 
chance and natural selection must yield a far 
more complex probability distribution, as 
certain exon motifs (such as EGF) may be 
more likely than others to reappear in a 
variety of unrelated proteins. At present, 
however, we cannot glimpse the shape of 
the overall probability distribution for all 
exon types, and therefore choose the sim- 
plest model. As additional sequence infor- 
mation becomes available, we expect to be in 
a position to refine our assumptions. 

Patthy argues that many introns must 
have been inserted and hence that much of 
the intron-exon breakup is recent. He ad- 
heres strongly to the hypothesis that introns 
can never slide to a different phase in the 
reading frame. We think this is too restric- 
tive an assumption and consider introns that 
are in similar position but out of phase with 
each other to be the same. 

We agree that both Doolittle and Patthy 
point to specific examples of "matches" that 
probably are not examples of shuffling of 
three-dimensional structural elements but 
rather represent other coincidences. Howev- 
er, we do not feel that those obsenlations 
change the general force of our argument. 
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