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For some years evidence has been ac- 
cumulating that messenger RNA (mRNA) 
formation in eukaryotic cells is sub- 
stantially different and more biochem- 
ically complex than in bacteria (1-4). 
At the 5' terminus most eukaryotic 
mRNA's from yeast to man contain a 
modified methylated structure called a 
"cap" (2). In addition, there is an aver- 
age of one 6-methyladenylic acid per 500 
to 1000 bases in the mRNA of higher 
cells. A segment of polyadenylic acid is 
added after transcription to the 3' end of 

spliced late mRNA's embraces all the 
spliced regions as well as all the major 
mRNA regions. Moreover, it appears 
that approximately 20 percent of each 
long primary transcript is conserved in 
the formation of one of five separate 3' 
coterminal groups of mRNA molecules, 
suggesting that each long transcript pro- 
duces one mRNA molecule (9, 14). 
Breakage and reunion of pieces of the 
long primary transcript would seem es- 
sential to form the "spliced" mRNA. 
Transcribing a folded template in the 

Summary. The differences in the biochemistry of messenger RNA formation in eu- 
karyotes compared to prokaryotes are so profound as to suggest that sequential pro- 
karyotic to eukaryotic cell evolution seems unlikely. The recently discovered non- 
contiguous sequences in eukaryotic DNA that encode messenger RNA may reflect an 
ancient, rather than a new, distribution of information in DNA and that eukaryotes 
evolved independently of prokaryotes. 

possibly all, certainly most, eukaryotic 
mRNA's except histone mRNA (1, 4, 5). 
Finally, the most startling posttranscrip- 
tional event in mRNA formation is sug- 
gested from discoveries in the past year. 
It appears that primary nuclear RNA 
transcripts that have been known for 
many years to be larger than mRNA [(6, 
7), see (1, 3) for review] not only may be 
cleaved, but selected pieces may be 
"spliced" back together to make the 
mRNA molecule. This very unexpected 
conclusion came first from work on 
adenovirus mRNA's. Late in adenovirus 
type 2 (Ad2) infection a series of at least 
13 individual mRNA molecules (8, 9) 
were found to contain sequences from 
noncontiguous sites on the adenovirus 
genome (10, 11). That each of these 
"mosaic" mRNA molecules comes 
about by RNA-RNA "splicing" or "li- 
gation" was inferred from studies on 
the synthesis of Ad2 specific RNA in 
the nucleus of the infected cells (12, 13). 
The only primary RNA transcript that 
can be detected from the regions of the 
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"correct" places or recombining the 
DNA prior to transcription could theo- 
retically produce shorter primary tran- 
scripts containing only the mRNA se- 
quences. However, such short primary 
transcripts are not detected (13). 

In addition to the initial reports of pre- 
sumed splicing in late Ad2 mRNA forma- 
tion, a large amount of evidence has ac- 
cumulated that many other virus mRNA 
molecules (14, 15) as well as hemoglobin 
mRNA (16, 17), immunoglobulin mRNA 
(18-20), ovalbumin mRNA (21-23), and 
other cellular mRNA's (24, 25) are prob- 
ably derived from larger primary tran- 
scripts and are composed of sequences 
that are not contiguous in the DNA from 
which the mRNA is transcribed. Splicing 
of RNA in cell-free extracts has been re- 
ported in two cases. Yeast transfer 
RNA (tRNA) precursors contain a 15- 
base intervening sequence that is not 
present in mature tRNA (26, 27). Ex- 
tracts of yeast cells have been shown ca- 
pable of removing these extra nucle- 
otides and rejoining the remaining tRNA 

segments (28). A second case of in vitro 
RNA-RNA splicing involves formation 
of an mRNA (29). Nuclei from adeno- 
virus-infected cells labeled for 10 min- 
utes early in infection contain a single 
labeled polyadenylate [poly(A)]-termi- 
nated high-molecular-weight RNA com- 
plementary to one of the several regions 
of early transcription. This nuclear RNA 
species contains the sequences of one 
of the early Ad2 mRNA's as well as 
intervening sequences that do not exist 
in the mRNA. Incubation of the labeled 
nuclei together with cell extracts results 
in the conversion of about half of this la- 
beled precursor RNA into poly(A)-termi- 
nated RNA of the same size and 
"spliced" sequence composition as au- 
thentic mRNA. Thus, it seems highly 
likely that RNA-RNA splicing is truly 
the mechanism for bringing "mosaic" 
mRNA's together. Perhaps in every case 
where a larger nuclear RNA containing 
mRNA sequences can be demonstrated, 
splicing will be involved in producing the 
final mRNA product. None of the post- 
transcriptional events in mRNA forma- 
tion-capping, posttranscriptional poly(A) 
addition, or splicing-has been reported 
in bacteria. 

During the past few years as the dif- 
ferences in the mechanics of gene ex- 
pression between prokaryotes and eu- 
karyotes have been revealed, it has 
seemed more and more difficult to envi- 
sion a stepwise cellular evolution con- 
necting prokaryotes and eukaryotes. 
This article explores the idea that the 
complex of biochemical reactions that 
result in mRNA formation is the chief 
evolutionary basis that sets eukaryotes 
apart from prokaryotes. Further, the key 
evolutionary step is the ability of eu- 
karyotes to utilize noncontiguous infor- 
mation in DNA. 

Acceptance of the hypothesis that, in 
eukaryotes, "spliced" mRNA molecules 
are frequently formed from noncontigu- 
ous sequences raises several interrelated 
questions: Why, when, and how in evo- 
lution did the divided genes arise? What 
function is served today by having genes 
remain divided? 

When Did Divided Genes Arise? 

Two very different views might be pre- 
sented for the origin of the divided genes. 
(i) The first genes that arose were com- 
posed of contiguous sequences and func- 
tioning cells employing such genes 
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evolved. As eukaryotic cells evolved 
from a prokaryotic cell precursor the 
need for more sophisticated controls was 
satisfied by first the development of 
RNA-RNA splicing ability with sub- 
sequent insertions into the structural 
genes, possibly frequently into regions 
where transcription of genes is initiated. 
These insertions might have been similar 
to the bacterial insertion sites that are 
known in several instances to affect tran- 
scriptional regulation (30). An attractive 
feature of this proposal is that the seg- 
ments of DNA in or around inserted ele- 
ments might be possibly transposed to 

change the resulting expression of the in- 
volved genes as occurs, for example, 
with Salmonella serotypes (31, 32). Such 
"transposons" have been suggested as 
the mechanism underlying "controlling 
elements" in Zea mays (maize) (30). The 
union of the variable and constant re- 

gions of immunoglobulin genes is also 
seen as an example of DNA rearrange- 
ment to promote proper transcription 
and ultimate gene expression (33). (ii) A 

contrasting view for the origin of divided 
genes is that many (perhaps most) genes 
of eukaryotic cells are composed of 
DNA that was never contiguous and 
therefore has not "become divided." 
This view denies an intermediate role in 
evolution to a cell organized like present- 
day prokaryotes. According to this view, 
the separated DNA segments that repre- 
sent a eukaryotic gene were "recruited" 
(albeit by chance) very early in evolu- 

tionary time within the same transcrip- 
tional unit and became established as a 

functioning gene because RNA- RNA 

ligation allowed the use of all the protein 
coding information within the primary 
RNA transcript. In this scheme, where 
RNA RNA splicing is held as basic to 
the origin and design of the eukaryotic 
genome, it might be the unusual eu- 
karyotic gene in which splicing at the 
RNA level is not necessary for ex- 

pression; DNA rearrangement of the 

type that occurs in immunoglobulin pro- 
duction would be unusual but, when it 
does occur, developmental consequenc- 
es would be profound (33). 

Proving the order of evolutionary de- 

velopment of present-day cell functions 
is clearly an impossible task. However, 
there are several reasons that might 
seem to favor the view that eukaryotic 
development was not the end of a se- 

quence passing through cells designed 
like present-day prokaryotes. 

Both prokaryote and eukaryotes exist- 
ed at least 1.0 to 1.5 x 109 years ago (34, 
35), and studies to date provide no evi- 
dence of sequential prokaryotic to eu- 

karyotic evolution (35-37). For example, 
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although the genetic code is universal (or 
nearly so) and the machinery for protein 
synthesis is quite similar in prokaryotes 
and eukaryotes, the tRNA molecules for 
specific amino acids-even including ini- 
tiator tRNA (37, 38), and ribosomal 
RNA's (rRNA) (35, 36, 39)-bear little 
resemblance even between lower eu- 
karyotes and prokaryotes while there is 
considerable sequence overlap between 
various eukaryotic tRNA and rRNA 
molecules. Furthermore, even in yeasts, 
which are among the least complex eu- 
karyotic organisms, some tRNA's are 
formed from a precursor tRNA by the re- 
moval of about 15 to 20 nucleotides from 
the middle of the tRNA sequence (26- 
28), with subsequent RNA-RNA splic- 
ing. Likewise, there is little evidence of 
any overlap between prokaryotes and 
eukaryotes of primary amino acid se- 

quences even for similar proteins al- 
though, it must be admitted, there has 
been very little work done on which such 

comparisons can be made (37, 40, 41), 
Thus, there is at present no evidence of a 
"core" or residue of prokaryotic genes 
that are still present within a now ex- 

panded set of eukaryotic genes. 
Other points might also seem to favor 

the separate origin of eukaryotes rather 
than insertions into prokaryotic genomes 
to make eukaryotes. With the exception 
of histone mRNA, virtually every indi- 
vidual mRNA from vertebrates or from 
DNA viruses infecting vertebrates that 
has been examined so far derives from 
noncontiguous regions of the DNA. In 
addition almost all mRNA's in cultured 
cells appear to derive from nuclear RNA 

precursor molecules longer than the 
mRNA itself (25). Thus, almost every 
gene would have had to have one or 
more inserts (as many as seven in the 
case of ovalbumin) (21, 23). Bacterial in- 
sertion sequences are characterized by 
movement in and out of the genome (30). 
In contrast, the intervening sequences in 
some of the vertebrate structural genes 
that have been analyzed would seem to 
be stable. For example, both the DNA in 

specialized cells that make rabbit hemo- 

globin (16) and chick ovalbumin (21), as 
well as the DNA of a variety of other 

nonspecific tissues not making hemoglo- 
bin or ovalbumin, contained the same ar- 

ray of noncontiguous DNA sequences 
complementary to each of the mRNA's. 
In mice, an apparently duplicated f/-glo- 
bin gene exists and both 3 major and 3 
minor genes have very similar configura- 
tions for the protein coding and inter- 

vening sequences (42). Therefore, there 
is no experimental support in these cases 
for DNA rearrangement for the purpose 
of transcription or any other purpose. 

Even in the case of immunoglobulin for- 
mation, where rearrangement does occur 
during the differentiation of the lympho- 
cyte, the variable (V) and constant (C) 
regions of the light-chain gene remain 
1250 nucleotides apart in a myeloma cell 
producing the light chain (18, 19). 

Strong evidence that the arrangement 
of noncontiguous segments of present- 
day genes occurred long ago and evolved 
to become fixed and stable comes from a 
comparison of the arrangement of se- 
quences for the 3 chains of the hemoglo- 
bins in two different species. Both the 
length and position of the intervening se- 

quences between the two segments of 
DNA represented in the mRNA is about 
the same in rabbit and mouse DNA (16, 
17). The major intervening sequences are 
estimated to be 550 to 600 nucleotides in 
both cases and occur after sequences en- 
coding amino acid 104 in the mouse glo- 
bin gene and somewhere between amino 
acids 100 and 120 in the rabbit gene. 
Thus, the event that led to the formation 
of this "split" gene occurred 5 x 107 to 
108 years ago, and the DNA appears to 
have been quite stable since then. If a 
similar, common configuration is found 
to be the rule for the "pieces" of a varie- 
ty of homologous genes in a variety of 

species, then it would seem even more 
likely that the parts of the "split" genes 
came together a very long time ago and 
remained relatively unaltered. It should 
be added that no changes in comparative 
gene structure between organisms would 
be most surprising, but the point is that 
lack of frequent changes within the de- 

velopmental cycle of an organism speaks 
against a regular programmed "use" of 
intervening sequences. 

A final argument that might favor the 
possibility of independent evolution for 
the transcriptional units in present-day 
prokaryotes and eukaryotes has been 
recognized for many years. Even in 
lower eukaryotes where biosynthetic 
pathways exist that are equivalent to 
those in bacteria (synthesis of a complex 
amino acid such as histidine, for ex- 

ample), the genes for the related en- 
zymes of a pathway are not linked in 

"operon" fashion but are scattered on 
different chromosomes (43, 44). If eu- 

karyotes developed from prokaryotes, it 
is hard to see an evolutionary advantage 
to eukaryotes in jettisoning such an effi- 
cient mechanism for the coordinate regu- 
lation of a whole metabolic pathway. 

Why Did Divided Genes Aid Evolution? 

The development of RNA-RNA splic- 
ing from primary transcripts of divided 
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genes during mRNA formation could 
have facilitated evolution in at least two 
times and in two ways: (i) very early, 
when a functioning, integrated genome 
that was capable of directing the regulat- 
ed growth of a cell was first evolved or 
(ii) during cellular evolution when wider 
cellular capacities, eventually leading to 
metazoan life, were developed (19). 

"Recruitment" of DNA segments into 
transcription units early in evolution. Af- 
ter a biological energy-generating system 
had evolved and an apparatus capable of 
programming and carrying out polypep- 
tide synthesis had developed [(the "pro- 
genote" state in the terminology of 
Woese and Fox (35)], the primary thrust 
of "precellular" evolution was, presum- 
ably, improvement in, diversification of, 
and regulation of polypeptide synthesis 
and function, and the construction of a 
genome responsive to regulation that 
harbored information for these polypep- 
tides. When a polypeptide that could 
perform a specific function first arose, 
association with other randomly evolved 
peptides might have resulted in enhance- 
ment, extension, or regulation of that 
function. For example, a polypeptide 
with a catalytic site for phosphatase ac- 
tivity might have encountered a comple- 
menting peptide that would cause the 
phosphatase activity to function best at 
alkaline or acid pH, or aerobically or an- 
aerobically, providing for restriction or 
extension of conditions under which the 
activity was expressed. Or, a com- 
plementing peptide might have caused 
the phosphatase to localize in a particu- 
lar position within the evolving cell 
structure, allowing for the development 
of site-specific phosphatase activity. 

The possible structural residues of 
such functional "domains," the idea for 
which originated with studies on immu- 
noglobulins (45), have been discussed for 
a number of proteins (46, 47). The 
"pocket" in which heme is bound in 
cytochrome b5 and hemoglobin has 
structural and some distant amino acid 
similarity. The nicotinamide adenine 
dinucleotide (NAD)-binding sites (46) in 
lactate dehydrogenase and glyceralde- 
hyde-3-phosphate dehydrogenase are 
similar (47); nucleotide-binding proteins 
(48) and Ca2+-binding proteins also have 
structural similarities (49). The general 
argument has been made (40, 48, 50) that 
these overall structural similarities in 
proteins with similar binding capacities 
may represent a more reliable phyloge- 
netic guide than amino acid sequence. 
Changes in sequences without change in 
shape might obscure the similar origins 
of present-day structural similarities. If 
"precellular" evolution proceeded by 
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the random development of such com- 
plementing peptides that might serve as 
function-directing "domains" within 
proteins, a molecular event that brought 
the information for these "domains" to- 
gether into one genetic unit whose ex- 
pression could be coordinately regulated 
would have been a powerful aid to the 
evolution of a functioning genome. 

The incorporation during evolution of 
information for such complementing 
"domains" into one chromosomal gene 
in a genome organized like present-day 
bacteria could be achieved only by a 
tedious series of point mutations or by 
precise recombination of the DNA speci- 
fying the two interacting polypeptides, 
such that a continuous mRNA represent- 
ing both polypeptides would be synthe- 
sized. The evolution of a functioning 
"divided" gene containing information 
for both peptides could have occurred 
only if RNA RNA splicing already ex- 
isted. Given the existence of RNA-RNA 
splicing, a random DNA recombina- 
tional event that joined the information 
for two independently evolved comple- 
menting polypeptides ("domains") 
would not have been required to be 
precise but only to bring the two DNA's 
into the same transcriptional unit. Even 
occasionally successful RNA. RNA 
ligation would result in the formation 
of a functional mRNA. It is recog- 
nized that eventually a precise mechan- 
ism for RNA RNA ligation of the newly 
recruited RNA segments that encoded 
amino acid sequence would have been 
required. But, prior to this stage of 
evolution, if some of the RNA-RNA 
ligations were successful, than a margin- 
ally competent mRNA could have been 
formed from divided genes as a very 
early evolutionary step. Gradually in 
evolution the process of making the 
mRNA more precisely could have been 
perfected. Possibly all the modifications 
of primary transcripts such as methyla- 
tion and polyadenylation are later evolu- 
tionary adaptations that ensure proper 
processing. 

More efficient recombination. The 
second contribution to cellular evolution 
that splicing might have made is to facili- 
tate the production of new genes through 
recombination. As has been pointed out 
by others (19, 51), recombinations of 
functional parts (domains) of a split gene 
would allow cells to readily try out vari- 
ous combinations because of recombina- 
tion of the pieces into one transcription 
unit. An occasional correct splicing 
event would satisfy the demands of se- 
lective pressure until the new gene was 
established. Moreover, mutations that 
promoted variable splicing patterns 

would have increased variety without 
necessarily destroying the original prod- 
uct (51). Theorists have puzzled over the 
speed and diversity of evolution through 
conventional molecular mechansims 
proceeding from prokaryotes to eu- 
karyotes (37, 52); perhaps the answer 
lies in a separate eukaryotic evolution 
featuring the "en bloc" recombination of 
functions between transcription units 
whose primary transcripts contain sever- 
al regions that can be ligated and may 
represent "domains" of proteins. 

Maintaining the Presence of 

Intervening Sequences Today 

One of the persistent puzzles, espe- 
cially to molecular geneticists who have 
studied the behavior of "excess" DNA 
segments in bacteria, is why the inter- 
vening sequences that are not expressed 
in protein but are nevertheless quite long 
are maintained in the eukaryotic ge- 
nome. First, it should be pointed out that 
what is an intervening sequence for one 
mRNA may be included at another time 
in another mRNA. This is the situation 
for a great many of the virus mRNA's (8- 
11). Moreover, at this stage in our think- 
ing about intervening sequences it 
should be recognized that all the inter- 
ruptions may not exist for the same rea- 
son. For instance, those at the 5' ends in 
particular might have more to do with 
regulating transcription or translation (or 
both) of the eventual mRNA products 
than do those within the coding regions 
of a gene that can only produce one pro- 
tein. Thus, we may come to recognize 
classes of intervening sequences or, 
rather, classes of retained regions within 
an mRNA when more structural and se- 
quence data become available. Never- 
theless, it does seem likely that some in- 
tervening sequences that interrupt pro- 
tein coding regions, for example, in oval- 
bumin and hemoglobin genes, may never 
be used as part of an mRNA; the ques- 
tion then arises why these regions, which 
can be thousands of nucleotides long, 
have not been deleted by the pressures 
of evolution. 

In Escherichia coli even sequences 
with a function, identical tRNA genes 
for example, can be deleted in the ab- 
sence of evolutionary pressures for re- 
tention (53) but the intervening se- 
quences in hemoglobulin, for example, 
have been maintained for at least 108 
years. Perhaps many eukaryotic cells 
simply do not have an equivalent facility 
for deleting "excess" sequences so that 
nonfunctional "intervening" sequences 
would be maintained for a longer time in 
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eukaryotes. Doolittle (54) suggests that 
the capacity to "streamline" a genome 
by discarding DNA sequences that are 
not demanded by environmental stress is 
a late development in evolution. Present- 
day bacteria, which so readily excise se- 
quences, would be viewed as evolution- 
arily highly advanced from original cells. 
Furthermore, present-day eukaryotes, 
such as yeasts, that are highly adapted 
for rapid growth and have perhaps fewer 
and smaller intervening sequences (they 
at least have no large heterogeneous 
RNA molecules) also have acquired the 
capacity to reassort DNA segments and 
discard "extra" segments more effi- 
ciently than the cells of metazoans. 
However, during its early evolutionary 
development, a genome that was built by 
recruitment of ligatable regions might 
have been successful only if its system 
for deleting unnecessary DNA was in- 
efficient. 

Conclusion 

The discovery of "mosaic" mRNA's 
in eukaryotic cells (10, 11, 15-23, 26, 
27) and the conclusion that posttran- 
scriptional RNA RNA ligation is re- 
sponsible for the biogenesis of these 
mRNA's, has profound implications in 
the study of both evolutionary and regu- 
latory biology. If it is true that sequential 
prokaryotic to eukaryotic evolution did 
not occur, then it seems not only pos- 
sible but logical that the basic rules of 
genome organization might also differ 
between present-day prokaryotes and 
eukaryotes. If the molecular basis of eu- 
karyotic gene regulation is to be ex- 
plained in relation to developmental biol- 
ogy or cancer biology or endocrinology 
or many other topics, it is at least pos- 
sible that we cannot rely on bacterial 
models but must again solve the molecu- 
lar control mechanisms of eukaryotic 
genes. 
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