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Rats and mice have two, equally expressed, nonallelic genes encoding preproinsulin (genes I and II).
Cytological hybridization with metaphase chromosomes indicated that both genes reside on rat chromosome 1
but are approximately 100,000 kilobases apart. In mice the two genes reside on two different chromosomes.
DNA sequence comparisons of the gene-flanking regions in rats and nmice indicated that the preproinsulin gene
I has lost one of the two introns present in gene II, is flanked by a long (41-base) direct repeat, and has a
remnant of a polydeoxyadenylate acid tract preceding the downstream direct repeat. These structural features
indicated that gene I was generated by an RNA-mediated duplication-transposition event involving a transcript
of gene II which was initiated upstream from the normal capping site. Sequence divergence analysis indicated
that the pair of the original gene and its retroposed, but functional, counterpart (which appeared about 35
million years ago) is maintained by strong negative selection operating primarily on the segments encoding the
chains of the mature hormone, whereas the segments encoding the parts of the polypeptide that are eliminated
during processing and also the introns and the flanking regions are evolving neutrally.

Rats (as well as mice and three fish species) have two
insulins instead of one, in contrast to other organisms (13,
23). These rat hormones are the products of two nonallelic
preproinsulin genes (57) that are almost equally expressed
(11). Characterization of the duplicated genes (36), isolated
from a rat chromosomal DNA library, indicated a significant
structural difference between them. The gene for
preproinsulin I has a single 119-base-pair (bp) intron inter-
rupting the segment corresponding to the 5' noncoding
region of the mRNA, whereas the other gene, encoding
preproinsulin II, contains in addition to this small intron a
second 499-bp intron interrupting the segment encoding the
C-peptide. Since the structures of the unique chicken (46)
and human (2, 62) genes are similar to that of the rat gene II
(two introns at corresponding positions) we concluded that
the two-intron organization corresponds to that of the com-
mon ancestor and that introns can be lost during evolution
(46). This conclusion was strengthened by the subsequent
determination of the structures of the unique dog (30) and
guinea pig (7) preproinsulin genes, which are of the two-
intron type.

Intron loss was subsequently documented in a mouse
ot-globin pseudogene (45, 69) and later in other pseudogenes
that exhibit clearly the features of processed genes (22; see
references 34, 56, and 68 for reviews). These observations
raised the possibility that the rat preproinsulin I gene was a
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retroposon (51) that had been generated by an RNA-
mediated duplication-transposition event but which for some
reason remained functional. To examine this possibility we
mapped the chromosomal location of the two genes and
characterized their flanking regions by DNA sequencing to
define the break points of the duplication unit. Here we show
that the rat (and also the mouse) preproinsulin gene I is a
functional semi-processed gene, generated by reinsertion
into the genome (retroposition) of the structural information
of a partially spliced transcript initiated upstream from the
bona fide capping site.

MATERIALS AND METHODS

Enzymes and DNAs. Restriction enzymes were from New
England Biolabs, Bethesda Research Laboratories, and
Boehringer-Mannheim; DNA polymerase, DNA ligase, and
RNA ligase were from New England Biolabs; T4 polynucle-
otide kinase was from Bethesda Research Laboratories;
reverse transcriptase was from Life Sciences; S1 nuclease
was from Boehringer-Mannheim and Bethesda Research
Laboratories; phytohemagglutinin was from Wellcome
Reagents; colcemid was from Sigma Chemical Co.; trypsin
was from GIBCO Laboratories; [ot-32PIdNTPs (600 or 3,200
Ci/mmol), [_y-32P]ATP (7,000 Ci/mmol), and [125I]dCTP (2,000
Ci/mmol) were from New England Nuclear Corp.
DNA fragments were subcloned into pUC9 or M13 vec-

tors (70). DNA sequencing was performed by the enzymatic
method (54) and occasionally by the chemical method (39)
for verification. Chromosomal DNA was analyzed by the
method of Southern (58). Northern analysis was performed
as described previously (76).

Cytological hybridization. Rat chromosomes were ob-
tained from the established rat cell lines BRL and E-11, and
also from peripheral lymphocytes. The chromosome com-
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plement of BRL cells is pseudodiploid, and deviations from
the normal karyotype, none of them involving chromosome
1, have been described (48). E-11 cells (16), provided by P.
Fisher, are also pseudodiploid and occasionally trisomic for
chromosome 1. They also contain a 7q+ chromosome and an
8q+ chromosome and a marker chromosome of unknown
origin. Chromosomes from peripheral lymphocytes were
obtained by phytohemagglutinin stimulation, as described
previously (M. B. Soares and A. Henderson, submitted for
publication). Cytological hybridizations were carried out as
described (48), using DNA probes nick translated with
[1251I]dCTP to a specific activity of 0.5 x 109 to 2 x 109
dpm/,Lg. Autoradiographic exposure times were between 14
and 21 days depending on the experiment.

In vitro transcription and Si mapping. In vitro transcrip-
tion was carried out by using a HeLa cell extract (38). RNA
was synthesized in a 20-,ul reaction containing 12 mM
HEPES (N-2-hydroxyethylpiperazine-N-2'-ethanesulfonic
acid) (pH 7.9), 7.5 mM MgCl2, 90 mM KCI, 60 ,uM EDTA,
1.2 mM dithiothreitol, 10% glycerol, 500 puM each ATP,
GTP, and CTP, 50 ,uM UTP, 4 mM creatine phosphate, and
75 p,g of double-stranded DNA template per ml (gel-purified
restriction fragment). After incubation for 60 min at 30°C,
the reaction was terminated by the addition of sodium
acetate (pH 5.2) to a final concentration of 50 mM, Sarkosyl
to 0.5%, and EDTA to 10 mM (final volume of 300 p.l). A
40-p.g amount of tRNA was added, and the reaction was
phenol extracted and ethanol precipitated.

Single-stranded, end-labeled probes for Si mapping were
generated by strand separation (39) with 6% nondenaturing
acrylamide gels (59:1, acrylamide-bis acrylamide).

Si mapping was performed as described previously (4),
using for each assay RNA from one-half of a transcription
reaction and about 5 ,ug of end-labeled probe. Protected
fragments were analyzed on denaturing urea-polyacrylamide
gels.

Sequence divergence analysis. Alignments were derived
according to the arbitrary, but consistent, rules described
previously (46). Each gap, regardless of length, was scored
as one site and one mismatch. The alignments used for the
calculations shown in Table 2 will be made available upon
request. The sequences used for the alignments were re-
trieved from the GenBank and the EMBL data libraries,
except for the 5' flanking region of the rat POMC gene (J.
Roberts, unpublished data) and the 3' flanking region of the
mouse serum albumin gene (R. W. Scott and S. Tilghman,
unpublished data).

Uncorrected percent divergences (percent substitution
values) were calculated as 100 x substitutions/sites. A
percent substitution value (X) for a noncoding region can be
corrected for back mutations by using the formula -3/4 ln (1
- 4/3A). Uncorrected divergences for coding regions were
calculated as described previously (7). Because the percent
substitution values were derived by using different methods
for coding and noncoding regions, there is no one-to-one
correspondence between such values, and they cannot be
compared without special corrections (an issue outside the
scope of this article). Since our rat-to-mouse or rat (mouse)-
to-human comparisons involved species which diverged at
the same evolutionary time, we used mostly uncorrected
percent divergence values to avoid making the (possibly
unfounded) assumptions that are necessary for corrections.

It should be emphasized that the numbers we have derived
from the calculations are only indicative, because the statis-
tical significance of the comparisons is low (small samples
and, on occasion, short lengths of compared sequences).

Moreover, the calculations depend on the quality of the
alignments, for which unique solutions do not necessarily
exist. This problem (proper alignment of only a few diver-
gent sequences) is mainly due to the fact that the observed
differences in a pairwise comparison are the combined result
of the fixation of two kinds of evolutionary events, point
mutations and deletions-additions of nucleotide blocks.
To calculate averages we assumed that all comparisons

have equal weight, which is an oversimplification. For
example, the mouse-to-rat comparisons for the IVS2 of the
POMC gene and for the intragenic region between the 18S
and 5.8S rRNA sequences (shown in Table 2) yielded the
same divergence (26%), but the latter figure (derived from
the ratio 251:972) is statistically much more significant than
the former number (9:35).

RESULTS
Chromosomal localization of the two rat preproinsulin

genes. The restriction maps of the previously described
chromosomal DNA clones rlI and rI2 (36) carrying, respec-
tively, the rat preproinsulin genes I and II are shown in Fig.
1. Since the two clones did not contain overlapping restric-
tion fragments, we did not know whether the two genes were
linked. Attempts to resolve this issue by Southern analysis,
using restriction enzymes with very rare recognition se-
quences, produced negative results. Thus, we decided to
establish the chromosomal location of the two genes by
cytological hybridization. For this purpose we first identified
by Southern analysis (data not shown) suitable hybridization
probes from the flanking regions of the two genes that did not
contain repetitive sequences. The map location of the se-
lected probes is shown in Fig. 1.
We then labeled these probes to high specific activity by

nick translation with [125I]dCTP and hybridized them to rat
metaphase chromosomes obtained from either rat cell lines
(BRL or E-11) or rat peripheral lymphocytes. We used these
different chromosome sources to examine the consistency of
our results. Results of six different experiments supported
the interpretation that both preproinsulin genes reside on rat
chromosome 1 (the longest chromosome of the complement,
by definition) (Table 1). Other chromosomal regions with
sequence homology to the probes were not detected. In most
of these experiments we identified all rat chromosomes on
the basis of their characteristic G-banding patterns. How-
ever, it is known that the G-banding procedure applied
before hybridization can lower the hybridization efficiency
(21). For this reason, we also analyzed size groups of the
chromosomes hybridized to the probes without prior G-
banding (see footnote c, Table 1). The results remained the
same. Examples of the hybridization of chromosome 1
regions to preproinsulin gene I and II probes are shown in
Fig. 2a and b.

If chromosome 1 is divided into six arbitrary segments of
approximately equal length, it can be seen that gene I is
located in segment 3 and gene II is located in segment 5, both
on the long chromosome arm (Fig. 2d). We can roughly
estimate the distance between the two genes as follows. Rat
chromosome 1 is by length approximately 10% of the entire
haploid chromosome complement (43). Assuming uniform
DNA packaging for all chromosomes, this size would corre-
spond to 0.3 pg of DNA (10% of the mammalian C-value of
3 pg per haploid genome) or 300,000 kilobases (kb). Thus,
the two genes, which are separated by approximately two of
the six arbitrary segments of chromosome 1, are not closely
linked, since they are located at a distance of 100,000 kb
from each other. From this mapping we conclude that the
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FIG. 1. Restriction maps of the inserts of clones rIl and rI2 (36) containing the rat preproinsulin genes I and II, respectively. The 5' to 3'
transcriptional orientation of the genes is from left to right. The distances of the EcoRI sites (in kb) from the leftmost EcoRI site (arbitrary
starting point) are indicated. The relative positions of the 6.2-kb (11.9 to 18.1) and 2.6-kb (18.1 to 20.7) EcoRI fragments of rIl were
erroneously shown in inverted order previously (36). The thick arrows flanking gene I denote a 1.2-kb palindromic DNA element (see text).
The thick brackets below the maps (marked Ia, lb, Ila, and lIb) indicate the DNA segments that were used as probes for cytological
hybridization. The blowups in the center of the diagram indicate the regions sequenced (Fig. 3). Numbering is relative to the capping site at
+1. Gene regions are denoted by shaded (exon) and unshaded (intron) boxes. The dotted lines connecting the two blowups indicate the
boundaries of the homologous DNA segments. Restriction sites are: B, BamHI; Bg, BgIIl; E, EcoRI; H, Hinfl; Hd, Hindlll; Hp, HpaII; K,
KpnI; M, MstII; P, PstI; Pv, PvuII; and S, Sac.

appearance of two preproinsulin genes in rats is not the
result of a simple duplication event generating linked copies
(as in the case of globin genes, for example). Rather, during
or after duplication, one (or both) of the genes moved to a
new chromosomal location. This conclusion is consistent

with the fact that the two genes reside on different chromo-
somes in the mouse; gene I is on mouse chromosome 6,
while gene II is on chromosome 7, which also carries the
P-globin gene (32).

In addition to insulin gene duplication-transposition

TABLE 1. Chromosomal localization of rat preproinsulin genes by cytological hybridizationa

X2values
Chromosome source Probe type Probe size (kb) No. of metaphase Expt no.plates analyzed Chromosome 1 Chromosome 1 P°

(segment 3) (segment 5)

Peripheral lymphocytes Ia 1.8 27b 75 1
Ila 2.7 46b 70 2

E-11 cells Ila 2.7 35b 127 3

BRL cells lb 0.45 122b 104 4
IIb 1.5 24b 74 5a

62C 185 Sb
Mixture of Ib, Ilb, and cDNA -2.3 17b 113 6ad

27c 409 423 6bd
P-Globine -0.54 15b 152 7a

51C 94 7b
a Chromosomes were hybridized to the indicated probes either after G-banding and photography or without prior treatment. In the series of experiments with G-

banding, each chromosome was identified according to its banding pattern and divided into segments (% segments in the entire complement). Grains in each
segment were counted. The x2 value is used as an arbitrary index of significance. It was derived in this case by comparing the observed number of grains to the ex-
pected value (assuming that grains over all of the plates were equally distributed throughout the complement). Values less than 10 were not considered significant.
In the series of experiments without G-banding, chromosome 1 (the largest in the complement) was identified by size. In this case, grains were counted by dividing
the chromosome complement into size groups. With the exception of segments 3 and 5 of chromosome 1, no other regions were consistently labeled (although
occasionally segments of other chromosomes exhibited x2 values larger than 10). The probes that are specific for preproinsulin gene I and II are shown in Fig. 1.

b G-banding before hybridization.
No prior treatment.

d The coding region probe used in experiment 6 was the cDNA clone pI47 (71). In experiment 6a hybridization to segment 3 of chromosome 1 did not have a sig-
nificant x2 value, possibly because the primary component in the mixture (with respect to size) was a gene II-associated sequence.

e The mouse ,B-globin probe was the cDNA clone pCR13 (53).
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FIG. 2. Chromosome assignment of rat preproinsulin and 0-globin genes. Areas of metaphase plates of rat chromosomes containing

chromosome 1 are shown. (a, b, and c) Hybridization experiments 1, 2, and 7a, respectively (Table 1). (d; left) Diagram of G-banded rat
chromosome 1 (R Chr 1 [17]), divided into six arbitrary segments. The approximate positions of the preproinsulin I-p-globin and preproinsulin
II genes (in segments 3 and 5, respectively) are indicated by arrowheads. The percent cross-over values between the markers in rat linkage
group I (R Lg I) are shown (right) and are correlated to a portion of the genetic map of mouse chromosome 7 (M Chr 7). The genetic markers
are: p, pink eye; c, coat color (albino); r, ruby (or red) eye; Ly-2 (or PtaA or AgF), peripheral T-lymphocyte antigen A; Hbp, 0-globin; Rw
(rat) or War (mouse), warfarin resistance; i, ichthyosis; w, waltzing; Ldr-J, lactate dehydrogenase regulator.

(which obviously preceded the separation of rats and mice),
the rat-to-mouse comparison also points to one or more
chromosome fusion or translocation event or both that must
have occurred after speciation. Our mapping data, how-
ever, cannot define the details of the chromosomal rear-
rangement(s).
Our results localizing the rat preproinsulin genes to chro-

mosome 1 are among the very few assignments of genes to
specific chromosomes in this species (see reference 74 and
75 for other examples). Thus, we took this opportunity to
define the chromosomal location of an entire rat linkage
group. In comparison with mouse genetics (18, 50), rat

genetics is at a very primitive stage and only a few markers,
belonging to nine linkage groups (I to IX), have been studied
(49). The rat p-globin gene locus has been assigned to linkage
group I. If the insulin and p-globin genes are linked, as they
are on mouse chromosome 7 and human chromosome 11,
then rat linkage group I is on chromosome 1. Hybridization
of a mouse ,-globin probe to rat metaphase chromosomes
(Table 1 and Fig. 2) showed that the rat p-globin gene is
indeed on chromosome 1, and (within the limits of resolution
by this type of mapping) it seems to be located closer to the
preproinsulin retrogene I than to the ancestral gene II.
However, the lack of information about the physical dis-
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tance between the P-globin and insulin genes on either
mouse chromosome 7 or human chromosome 11 precludes a
direct comparison with rats.
A corollary of our interpretation (positioning rat linkage

group I on chromosome 1) is that rat chromosome 1 and
mouse chromosome 7 are at least partially homologous,
despite the apparent lack of correspondence between their
characteristic banding patterns (44). This conclusion is con-
sistent with the correspondence of markers other than ,B-
globin which closely retain their relative genetic distances in
mouse chromosome 7 and rat linkage group I (Fig. 2d).

Is rat chromosome 1 also partially homologous to mouse
chromosome 6, as the insulin gene mapping data would
suggest? In this case, the independent genetic data are so
limited that they cannot support this conclusion with cer-
tainty. The rat lactate dehydrogenase regulatory gene Ldr-J
has been mapped at a distance of 45 cM from the ,3-globin
gene locus (60). Thus, it belongs to linkage group I. An Ldr-J
locus is present on mouse chromosome 6, but it is not clear
whether the rat and mouse loci correspond to the same DNA
sequence. Another marker that might be common between
rat linkage group I and rat chromosome 6 is Ly-2 (the locus
for a T-lymphocyte alloantigen). Genetically, Ly-2 maps
close to the 13-globin locus in the rat, whereas in mice it is
located at a distance of 38 cM from Ldr-J. If the Ldr-J and
Ly-2 loci correspond between the two species, one would
have to invoke extensive chromosome scrambling to explain
the partial homology of rat chromosome 1 to both mouse
chromosomes 6 and 7. Such scrambling, however, is a real
possibility because mouse chromosome 7 appears to be
related not only to rat chromosome 1 (see above) but also to
rat chromosome 7 (75).
DNA sequence analysis of the preproinsulin gene flanking

regions. How did the preproinsulin I gene arise from the
ancestral type II gene? Although retroposition of
preproinsulin gene I was an appealing model because of the
clean excision of one of the two introns present in the
ancestral gene type, we could not exclude gene duplication
at the DNA level (see reference 25 for a review). In partic-
ular, we could not exclude a complicated model according to
which there was a DNA-mediated duplication-transposition
event, followed by incomplete gene conversion involving
cDNA (34).

In addition, the following observation complicated the
picture. Electron microscopic analysis of denatured clone
rIl had indicated that gene I resides in the loop of a
stem-loop palindromic structure. Since certain Drosophila
palindromes are transposons (see reference 47 and other
references therein), we could not exclude the possibility of
indirect gene I transposition mediated by the flanking in-
verted repeats. However, sequence analysis of the palin-
drome (M. B. Soares, E. Schon, and A. Efstratiadis, manu-
script in preparation) showed that this element consists of
two members of a family of long interspersed DNA repeats
(LINES), known as the Kpn family in the human genome
and as the MIF-Bam-R family in the mouse genome (see
reference 52 for a review). The repeat upstream of the insulin
gene (in regard to the transcriptional orientation of gene I) is
longer than the downstream repeat and is transcribed in the
opposite direction from the insulin gene. For this reason, we
excluded involvement of these repeats in gene transposition,
although transcripts from such LINE elements are known to
retropose (52).
To define the break points of the duplication unit, we

characterized the flanking regions of both genes by DNA
sequencing (Fig. 3). In exact agreement with previous

heteroduplex analysis (36), the DNA sequence alignments of
the flanking regions of genes I and II (Fig. 4) show that the
genes are very homologous for about 500 bp upstream from
their capping sites (540 bases of gene I align with 526 bases
of gene II), but they diverge so extensively immediately
downstream from their polyadenylic acid [poly(A)] addition
sites that no alignment is possible.
Most of the upstream region of homology between the two

rat genes is also homologous to the upstream sequence of the
human preproinsulin gene (positions -1 to -360 of the
human sequence). An internally repetitive polymorphic ele-
ment (ranging in length between 100 and 3,000 bp) is present
in the human sequence upstream from position -360 (3, 63).
The human sequence upstream from the polymorphic ele-
ment is not homologous to the rat sequence. The known
upstream sequences of the dog and guinea pig preproinsulin
genes also align well with the rat and human sequences (Fig.
4A, part A), but the break point of homology cannot be
defined from the available data. In contrast, the DNA
sequence of the 5' flanking region of the chicken
preproinsulin gene (Fig. 4A, part B) is so divergent from the
mammalian sequences that no meaningful alignment can be
derived.
Because of their relationships, the sequences of the 5'

flanking regions of mammalian preproinsulin genes do not
allow us to draw a conclusion as to which of the two rat
genes has been transposed, since it cannot be defined which
of the two sequences is closer to that of the ancestral DNA.
Thus, convincing evidence that gene I was transposed was
derived from sequence alignments of the 3' flanking regions.
Fig. 4B, part A shows that the 3' flanking region of gene II (in
contrast to that of gene I) is homologous to the correspond-
ing regions of other mammalian genes (human, dog, and
guinea pig) and even to the more distantly related chicken
gene. This strongly indicated that the original gene is gene II,
not only because it retains both introns but also because it is
embedded in DNA derived from the common ancestor.

Is the transposed gene I a retrogene? Had that been the
case we would expect to find the three hallmarks of
retroposition, absence of introns, a poly(A) tract at the 3'
flanking region, and flanking direct repeats. Of these criteria,
only the first (absence of introns) was partially fulfilled. The
3' flanking region started with the sequence ACCAAAA
[which was not a convincing poly(A) tract], and flanking
direct repeats were not evident. For these reasons (and to
avoid the ad hoc argument that the hallmarks of
retroposition had been erased during evolution), we decided
to sequence the corresponding regions of the mouse
preproinsulin I gene for comparison. Details of the mouse
chromosomal DNA clones will be published elsewhere (B.
Wentworth, L. Villa-Komaroff, and J. Chirgwin, manuscript
in preparation).

Alignment of the rat and mouse gene I 3' flanking regions
showed a significant degree of homology (Fig. 4B, part B).
Moreover, the beginning of the mouse 3' flanking region
(ACCAAAAAAAA) constituted a convincing poly(A) tract.
Alignment of the 5' flanking sequences indicated that the
break point between the two rat genes does not correspond
to the upstream end of the duplication unit, because the
mouse I and the rat II sequences can be aligned for 57 to 60
additional bases further upstream, whereas a deletion of 116
bases is evident in the rat gene I sequence. After this
deletion, the alignment of the mouse I and rat I genes
resumes and continues to the end of the available sequence
(despite the detection of additional deletions in both se-
quences).

MOL. CELL. BIOL.



CACAGTTCAAGTCTGGTGGCTATAAAGCCCTGCATAGGGTAGAGTTCTCGCTCATGCAACGACACCAAGGGTTTTTGCTGTCTGCTCGGGGAACAGGGCAGTACCAAATCAGGAACAGAA
AGAGTCAAGGATCCCCCAACCACTCCAAGTGGAGGCTGAGAAMGGTTTTGTAGCTGGGTAGAGTATGTACTAAGAGATGGAGACAGCTGGCTCTGAGCTCTGAAGCAAGCACCTCTTATG
GAGAGTTGCTGACCTTCAGGTGCAAATCTAAGATACTACAGGAGAATACACCATGGGCTTCAGCCCAGTTGACTCCCGAGTGGGCTATGGGTTTGTGGAAGGAGAGATAGAAGAGAAGGG
ACCTTTCTTCTTGAATTCTGCTTTCCTTCTACCTCTGAGGGTGAGCTGGGGTCTCAGCTGAGGTGAGGACACAGCTATCAGTGGGAACTGTGAAACAACAGTTCAAGGGACAAMGTTACT
AGGTCCCCCAACAACTGCAGCCTCCTGGGGAATGATGTGGAAMMATGCTCAGCCAAGGACAAAGAAGGCCTCACCCTCTCTGAGACAATGTCCCCTGCTGTGAACTGGTTCATCAGGCCA
CCCAGGAGCCCCTCTTAAGACTCTAATTACCCTAAGGCTAAGTAGAGGTGTTGTTGTCCAATGAGCACTTTCTGCAGACCTAGCACCAGGCAAGTGTTTGGMEA~TGCAGCTTCAGCCCC
TCTGGCCATCTGCTGATCCACCCTTAATGGGACAAACAGCAAAGTCCAGGGGTCAGGGGGGGGGTGCTTTGGKACT&AAGCTAGTGGGGATTCAGTAAfCECCEAGCCCTAAGTGACCAG
CTACAGTCGGAAACCATCAGCAAGCAGGTAT GTACTCTCCA_QGGT GGGCCT_gGC TTCCCCAGTCAA GACTCCA_G6GATTT GAGGGAC GCT GTGGGCTCTTC TCTTACAT GTACC TTTT GC
TAGCCTCAACCCT GAC TATCTTCCAGGTCATTGTTCCAACATGCCCTGTGGATCCGCTTCCTGCCCCTGCTGGCCCTGCTCATCCTCTGGGAGCCCCGCCCTGCCCAGGCTTTTGTCAA
ACAGCACCTTTGTGGTTCCCTCCTCGCAAGCTCACTACCTGGTGTGTGGGGAGCGTGGATTCTTCTACACACCCATGTCCCCGAAGTGGAGGT CCACAAGGTAGCTCT1GCTC
CTGAATTCTATCCCAAGT GC TAACTACCCTGTTTGTCTTTCACCCTT GAGACCTT GTAAAT TGT GCCCTAGGT GT GGA GGGTCTCAGGCTAACCAG6TG6666GGCACATTTCTG6TG666CAG6

C TAGACA TATG6TAAACATG66TAG6CTG6CCAAG6AAGGAG6TG6AGAAT CC TTCCTTAA GTCTCC TAG66TG66TG6ACGGGTGGCfAGGCCCCAG66ATAGGTACCC~ATTTG6666ACCC CATAG6AG6CA
Ci6CACTTACTATGGAT GTAACAATTGTGTAGTTTT6ACCGGAGGCCCATATGTCCATTCATGACCAGTGACTTGTCTCACAGCCATACAACCCTTGCCTCCTGTGCTGACTTAGCAGGG
GATAAAGTGAGAGAAAGCCTGGGCTAATCiAGGGGGTCGCATCG66CTCCTCCTAACTGGATTGTCCTATGTGTCTTTA6CTTC6CCTACTAATGCTCTAGCCCTGTGCTGACATAGACCTCCC
TGGCAGTGGCCACAACTGGAGCTGGGTGGAGGCCCGGGGGCCGGTGACCTTCAGACCTTGGCACTGGAGGTGGCCCGGCAGAAGCGCGGCATCGTGGATCAGTCtCTGCACCAGCATCTGCT
CTCTCTACCAACTGGAGAACTACTGCACALAGCCTTCACTACCCTGTCCACCCCTCTGC(1TGA18CTTTG) AGAGCACTAAGTTGTGTGTACATGCGTGCATGTGCATA
TGTGGTGCGGGGGGAACATGAGTGGGGTCGGCTGGAGTGGTCGCGGCTTAATCTATCTGTCCAGCAGCAATATCCCTMMAGGGACAGCCCGAGACTTCTTTGGCTTTCTCTGAATCCCCG
GTTTTCTCCTGACTCCCTGGCACCTCTCACTGGTGCCTGTTAGACCGAACCTGAGCAAMGGCAGTTCCTTCCCCCGAGATAGCTAACGCCTTCGGTTGTCTGGGAGGACCGTGACCCCTA
CCCCTGATGCTTCTAGCCGGCTAGAGAAGAGTTAGAGGTCTTTGGAATGCATGGGTGATGGCATCTAGGAACTAATAMTTCGTTGCTCTATAGCCCTGGAGGATCCTCAAGGGCCCTTAT
TACTTTTATAAGGAAGAAGACCAAAATATCCCAACCACAGCTTTCACCTAGCCCTCCTTAGTTCTTTTTCCAGAGCTATTTTAGAGGAGTATCTGACTGGGAAGAAATTGGGCTTGGTAC
CTTGAGCTGGAAGGCCATGGAGTCATTCTTAAAGAGCTTATCCNAGCTCTGGGAGGACAGAGAACAGCCCCAACTGCTCTCAGACTATCCAATGACCTTTAGTGCTCTGAACAGGACAGG
CACCCCACACAGGTGAATAACATACTGAAGGACTGGGCAGGAGCAGAACTCCACTTCTCAGGAATGCCAGTTGCAAGTTCTAAGCAAGGTAGCCATGAGAGAGGTCCAGGGCTGGGGTCT
CCTATTACTTCTCAAGTCCCTCCTCCCAAGACAGGTAGGGCCTCTCATCAAGATTTTCTTGAAACTTAAACTGAAAMGCCACATAACATCTAAGATCT (+ 1913 )

RAT PREPRO INSUL IN GENE I

( -2358 )GAATTCCTATTCTTTCCAGGACTTTTATCATGAAGGGGTGTTAAMACACGATAATTTAATGGAGATGTTTATGTTTGGGAGGACCTTGAGAGAAAGGCACTGGGTCCAAGTCA
TTATAGAATCATAGTCTAAGCCAAAAATACTCATATATGTTCAGTTTCACTACCCTCCTTCTCCTCGAGACGTGTGACCTAAGTAGCTGTCTGTATACGGTAATATACTTGCCAGTTCCT
GAGATAAGCAGGCGCACAGTGCCCCATTCCGAAMTAAGTGTGCAGCCAGTGTTCTAGCTTTAGTCTCCGATGGAATCCCCTGGTTCAAGTATGATCTCATGTTGTCGCATCCCATTTCCT
TCCAGGGAGCTCCCTCAGGAGAACGACTGCTCACCCGCGACCTTTCCACAGGATTGAAGCTCAGGGAAGGAAACAATATTTGAAGTTTCAGTCCAGTGGTGCATATGAACTTTAGAATCA
CTCCACCACTATCTACAACGACAAMAGTCACATGGCTAAAGAAGAGTGTCAGAAAAGAGCTCCTTAACMMATAAATTCAATTCAATTCAATTCTTGAGCAGTCCTAGTCTCGTCCATAA
GCCTTCTCTCTGGTCCCTCTAATTCTCTGACTCACTCTCTGACCAGTGTAGCCAGTAAAGGGGACATATTCTCTAAATMMATGTTTTCTTCCAACTTGAAACCTAATGTTTACM6GCCTT
TATATTACAGTACCTTGGTTTCTCCACTCTGATGAAMTACAAMCATCTTACCTATCATTCAGTCATGGGTTTTCTTTCTTTGTTCTCAGCTCTCTGGGTACCTGTCATGGACTGCCACAT
GATGATTGGCTGAGCAGTGGTGAAGACACTAACCTCACTCGGAATCATAAAGTAGATTTCTAATTAAGAAMAAGGAGTGCCACCCATTGTTCAAAGGAACACTGTGTTAATTTAGTTAGA
GTGGAGGGTGCAAATTCTAAGAGGAAAGCTAATTTATAAMCACGGTGCCAGAACCTGTTTCCCAAAGTTCTGTTGTGCCfiGGCATGAACCACACATTTGAGGTTGTAGTCAATGGCTGAG
AACAGGAGAGATCAAGCACCCCCAGAAAGGTCCTCTTTTTGAACAAAGATTATCAGTGCATCCAGTTAAMTAAGAAMGTTGACAGTGGTTGAGAGAAGCAACCAGGTGCTTGCCAGCCCC
ACATAACTCCAGGCTAGCAGCAAAGATGACCTTACTCTCCCGATACAAGCTGGGTCACTTACAGTCATATCTTCGCTATTTTCCTCTACTCATACCCTTTAGAAACTGCCAMATTGATA
TGTTTTCCATACCTATAATCAGACTAAGMAAMAGAGGCAGAAACAAGTTTTAAAGCTTTCATGGATGGCACTGGAGAMGTTAAATTTTTTTGCTGTATAACCTATGTTTA'T,TTATACCA
TAAGGACTTCACAAACTAACTTAACGTTATTGGACCAGTACAAACCTACTTTCTTTAATGGCTTCTGAGTTACTTGAMGACAAGTAACGTGTCTACTTTATTATGGCGCCTACATTGGAA
CCCACTGCACATCACCAGAGATTTTTCTCAGCAAATGTTTGTTGACTTAATTGAATGCTGTCATTGACAGAMAGTCTGGTTTGCATTTCCTCTCAACTCCTTGAAMATAGCTACCTTTCC
TAATTGACCCTGTTGGCAGATGTTTAAACTGGGGTGAACGCTGTGCTACTGAGGCCTGATGCTTTGTGGAAATCAATTAGAATGAGACCAAATGTTCCACCTAATTCAAATGGTTGTCA
IAMATAGAATTTGAGTATCTAT4fTTCGTCCCAGCTGACCCCTGAGTGGGCTATGGGTTTGTGGAAGTAGAGATAGAGGAGAAGGGACCATTACATGTCCTGCTGCCTGAGTTCTGCTT
TCCTTCTCCCTTTGAAGGTGAGCTGGGGTCTCAGCTGAGCTAAGAATCCAGCTATCAATAGAAACTATGAAACAGTTCCAGGGACAAMGATACCAGGTCCCCAACAACTGCAACTTTCTG
GGAAATGAGGTGGAAAMTGCTCAGCCAAGGAAMAAGAGGGCCTTACCCTCTCTGGGACAATGATTGTGCTGTGAACTGCTTCATCAGGCCATCTGGCCCCTTGTTAATAATCTMATTACC
CTAGGTCTAAGTAGAGTTGTTGACGTCCAATGAGCGCTTTCTGCAGACTTAGCACTAGGCAAGTGTTTGGMMATTACAGCTTCAGC CCCTCTCGCCATCTGCCTACCTACCCCTCCTAGA
GCCCTTAATGGGCCAAACGGCAAAGTCCAGGGGGCAGAGAGGAGGTGCTTTGGACTATMAGCTAGTGGAGACCCAGTMACTCCCAACCTAAGTGACCAGCTACAATCATAGACCATCA
GCAAGCAGGTATG6TACTCTCCTG666TGAGCCCGG6TTCCCCCAGCCAAAACTCTAGGGACTTTAGGAA GGATGTGGGTTCCTCTCTTACAT GGACCTTTTCCTAGCCTCAACCCTGCCTAT
CTTCCAGGTCATTGTTCCAACaGCCCTGTGGATGCGCTTCCTGCCCCTGCTGGCCCTGCTCGTCCTCTGGGAGCCCAAGCCTGCCCAGGCTTTTGTCAAACAGCACCTTTGTGGTCCT
CACCTGGTGGAGGCTCTGTACCTGGTGTGTGGGGAACGTGGTTTCTTCTAACACKCCAAGTCCCGTCGTGAAGTGGAGGACCCGCAAGTGCC.ACAACTGGAGCTGGGTGGAGlGCCCGGAG
GCCGGGGATCTTCAGACCTTGGCACTGGAGGTTGCCCGGCAGAAGCGTGGCATTGTGGATCAGTGCTGCACCAGCATCTGCTCCCTCTACCAACTGGAGAACTACTGCAACTGAGTCCAC
CACTCCCCCCCCCCCTGMTGTMACCTTGAAGAGKCIMATGAGAGAGTTTTTATGMTACA 15.A tT5rGAACGGGAATCTTTTTCTCTGTCATTTAGTATC

GTGCTAGCGTATTACTAAGCAGTTGTTMAAKATGCATGATTGTGTAACCATTTAAGAAGCTCATGATAAACAGACATMATTCAAAGTATCCAGAATTTGGATAATAAGAGAGTCAAAGG
GTAAATGCCACTGAAGTTACTAGTCCAAAGTGATTTGCTTCTGTCTTGGCTCACCCCCCTGGTACTATTTAGCTCACMATTCCAGGTTACAGTTCATCCACAGAAGGGGAGTGGAATAG
AGACGGATAAMTAAATGTACCCATACATCAACCTATCTAGATAGTGTCCCACTGAGAATCCCCTTCCTAGATTATCCTAGACTATCAAGTAGACAGTTAAAACATCACAATCACTTTGCA
CATCCCACACCATCCTGCAATAATTCATTCACTTTCTCATATACATCAGAGAGATCACTCCTTCCACAGATAACTACAGTGGTAAAGGTCAGTGTGAGTTCCTATACAGCTGTGGAGTGA
TACAGTCTGTGCCCTTAACACTTTGGTTCCAGACAGAGGAAGGAGGAATAAACACGAGAACAAGGTATGCGGTTTGTMKACAGTACACGAATGTTTAGATTTTTMAAMAGATTTTTGT
GGGCCAACTAAGGAGTGAGTGTCTGTTGCCAGAAATGTCTTTCCAAKCTTGGTGTGAACACTGACCCATCAACACTAGMATACAAGGTTCTGACTTCCAGGCTTTCTAAGTCAGAACTC
CTGTTGTCACAGCTGTAGCTATGAATCTAACAAAAGCTCTTCAGTCTTCGTATGMTAGGATCC (+1418 )

FIG. 3. DNA sequence of the rat preproinsulin I and II genes and their flanking regions. The sequence of the mRNA-like strand of the gene
is presented from the 5' to the 3' direction. Numbering is relative to the capping site at +1. Intron regions are in small capital letters. Dots
at the top of each sequence are spaced at 10-bp intervals. Gene landmarks [ATA box, ATG initiator, termination codons, and poly(A) addition
signal] are underlined. The poly(A) addition site is marked by an asterisk. The arrowheads denote the breakpoint of upstream homology
between the two rat genes. However, there is a deletion in gene I at this point (see Fig. 4). Thus, the true homology break (comparison
between rat gene II and mouse gene I, Fig. 4) is at the position of the dot. The direct repeat flanking gene I (target site duplication during
retroposition) is boxed. Dots underline a putative upstream ATA box in gene II, dotted arrows underline the location of potential ATA and
CCAAT boxes located on the bottom strand in gene I. Nucleotides underlined in the gene II sequence are corrections of the sequence
previously presented (36).
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A. 5' FLANKING REGIONS
A) MAMMALS

MousF I A AATGTTGTGCGGCATTATGCCCTTTGTCCTCA TCAGACTA CATCCCAARAT ACAAGCTGG AA JAIlACnA--A------C-----------------------A6LCIIAEMJALIb
MousE I TMAIIGAjAIIIIITCAIjACCIAMIIGGAM-RAT I C JIGAIA1GI1IICCAIACCIAIM ICAGACIMGAAMAGAGGCAGAAACAAGTTTTAMGCTTTCATGGATGGCACTGGAGAAGTTAAATTTTTT
MOUS E I
RAT I TGCTGTATAACCTATGTTTATTTTATACCATAAGGACTTCACMACTMCTTAACGTTATTGGACCAGTACAAACCTACTTTCTTTMTGGCTTCTGAGT
MOUSE I
RAT I TACTTGMGACMGTMCGTGTCTACTTTATTATGGCGCCTACATTGGMCCCACTGCACATCACCAGAGATTTTTCTCAGCAATGTTTGTTGACTTAARAT II CCTGAGGAGAACCTCTCCACACTGCCCTGGTCTTCCCACCCTGGTGTCCCAGATACCCGGAGTGTGAGTGGCTGCAGCACTTTCTG
MousE I---------------------------------------------AATCTRAT TTGAATGCTGTCATTGACAGAAAGTCTGGTTTGCATTTCCTCTCMCTCCTTGAAMTAGCTACCTTTCCTMTTGACCCTGTTGGCAGATGTTTAAACTRAT I GGGGACAAGAAGTAGGGAGCAAGGGGCTCACAGTTCAAGTCTGGTGGCTATAAAGCCCTGCATAGGGTAGAGTTCTCGCTCATGCAACGACACCAAGGGT
Mous I TGGGTGACCAETG ITTTEAGG JTCTGAT GAMAAA---A A A A ATTAATTG
RAT j GEGTIGACGCTGICACTGAGGC T ATGCIGGAAAATCMA AN MGAALAAGTTCCACL MITTA bGIIb--L
RAT I TTTTGCTGTCT GCTCGGGGAACAGGGCAGTACCAAATCAGGAACAGAAAGAGTCAAGGATCCCCCAACCACTCCAAGTGGAGGCTGAGAAAGGTTTTGTA
RousE I GGAAITTTAAlfflTTACAACMGTCG T AACTATATAGAACTCTTCTTATATATGCTCAAATTTTACATGCTAGCCTTCAGGTACATATCTTGG
RAT - IAT AN TATA +
RAT I GCTGGGTAGAGTATGTACTAAGAGATGGAGACAGCTGGCTCTGAGCTCTGAAGCAAGCACCTCTTATGGAGAGTTGCTGACCTTCAGGTGCMATCT---
Mous EII GTTGTTGGGTATTGTAGAAGAATGTACTACAGG A A AATA A GAGADATA GAA A-RAT ------------------------------ EFIA I- IJ ~~ AA A ARAT ---IAATCAAGAATCCCTG A -T A AE bAL
MousE I CATTMGIACTT C TGCTTTT .CCCTCTGA TGA GGGAT .ATCTGATTAA A A
AT ATTACAG5E1ET AAT II C---TTT-TG-T-CTTGM-GCICCTTT ACCCCGGAG GGGAGG GGGGTT CAGGAGGIGA5GACCAGCATAGiGAGAGMGG

MOUSE I AAACA---GTCCMGGGACATCMTATTAGGTCCCT-AACMCTGCA T-TCCTGGGGMTGATGTGGM_AA-GCTCAGCCAAAGATGAAGAAGGTCT
RAT AAACA---GCAGG ACMAAA A IT -AACMCI CM:-TITC GG AM GAGGIGGAMA-IGCICAGMGAAAAAGGGCCG

1T ACCCCC6AAAAAACC CTGTAACGGTCA T EAATACC A AAEECTAA AA
RAT II MACMTACCAGIICAA
HUMAN GLGGCMACCC CATGLCC-ALL~G-III GMIGC AG--AG-----
ous I TC I A AG' AAT TC--GTCCCTA A CAA IA--TCCPATIAM

'

CA A A ---GGCA C-TG 'TT AAAA- -
RAT I -AM- A:: A GF AA A- -
HUMAN C A ATG C GAAGG G---CC GTGAMAA MCAACT GAGA
MousE I A A~GIATGT M AMA A
RAT I A
HUMAN A AGGI ACCMGAGA -E AA11~C
UINEA PIG C G ACAGAG G GAMG A TC AGAGCC GGC(jAC

Mous EI AAGTACAGMTGCCTCCTATCACAM CAGTGG GCAGA TTTAIA ITGGAC--TATMAG- TTGGA AGCCRAT I A TA CTCTTATAGG A GAGGAGAGCEAIAL
RAT I3 ANING -AM AONS

~OG A" G A -GUINEA PIG CACCCCCAGGTCCCTTGATG AGGTTTACCAGGI- GGGMAGG ATAATC IC GTAACTG GGAT
B) CH~ICEN
RAT fMITG tG ATGAG CfA A A

RAT~~ ~G G TTTOGE^)CAM-TGGGAAGCTCTTCTIIGGGGG

DGOGGT CTAGTG T TCI G TGAGGT TGG-GCCAGGGG

B. 3' FLANKING REGIONS

A) ~ATI PIG Y AT~ EEf~Af-j~EAEEAA~~?6R8AE

RAT RIIC

RAT IPOLY(A'ACITA^TCMGITGIGIGICT--C AIGCGAGCATIIGATC TA I
B)RATI ~ GTT G E A

IWOSEITRAIWGEI N
RAT I ACTMGAGTIGTT~AAAACTGC TGA TRAAAETTTTMAIIIMMGCIATGATAAAACA--- GAC TMTCMATATCCAGMTTT
MOUSE AT CCRTIGTTAG-G TGGIAII IATGTATIGM GTIGIATAMAACACCAGGAATTCMAGTATCGGMITTC

C. COMPARISON OF 5' AND 3' FLANKING REGIONS
RAT I 5' ACCTAATTCAAATGGTITGT-CC AMA-A GAI T A ------

MOUSE 1 5' ACCTAATTCAAATGATTGTTTC G AACT AGA-ATTcTcGIT
RAT I AC AG F IACAGGGAIIGIGOUSE 3' AC -G CT AAAAA AIIGI

FIG. 4. DNA sequence alignments of preproinsulin gene flanking sequences. (A) Alignment of the 5' flanking regions. In Fig. 4A, part A
the sequences of the indicated mammalian species extend leftward from the first base before the capping site at -1. Gaps were introduced
to maximize homology. The lower case letters in the rat gene II sequence denote divergence from the mouse gene I sequence. The apparent
break in homology with the rat I gene sequence at gene II position -527 is due to the presence of a 116-bp deletion in rat DNA relative to
mouse DNA. (Fig. 4A, part B) The 5' flanking region of the chicken preproinsulin gene, which cannot be aligned to the mammalian sequences.
(B) Alignment of the rat gene II 3' flanking sequence to the corresponding sequences of other mammalian preproinsulin genes (part A). The
sequences begin with the first nucleotide following the poly(A) addition site and extend downstream. Because of sequence divergence it is
difficult to align these sequences as a group, but homology is evident in pairwise comparisons. A similar alignment in Fig. 4B, part B compares
the rat and mouse gene I sequences. (C) Comparison of rat and mouse gene I 5' and 3' flanking region sequences at the breakpoints of
homology between the mouse I and rat II genes. The 5' sequences begin just before the boxed region in Fig. 3 and 4A, and the 3' sequences
begin at the first base of the 3' flanking region. Mismatches are indicated by small capital letters. Dashes indicate gaps introduced to maximize
homology. The duplicated sequence of the target site is boxed.
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A sequence of 41 bases present in the mouse gene I at a

distance of 42 bases upstream from the mouse I-rat II break

point is repeated in both the mouse I and rat I 3' flanking
region. The remnant of the poly(A) stretch can be considered

as part of the direct repeat, as in other cases of retroposition

(see, for example, references 8, 37, and 61), which might

have implications for the formulation of certain retroposition

models (see references 19 and 72). Because of the 116-base

deletion in the rat I sequence only a portion of the upstream

member of the direct repeat has survived. Despite this and

despite some degree of divergence a convincing alignment of

the mouse and rat direct repeats can be derived (Fig. 4C).

Except for its length (which is approximately twice as long

as that in other retroposons), the direct repeat seems typical

in the sense that its 5' side is A-rich (42).
The origin of the 42 bases which are present in the mouse

gene I sequence between the upstream member of the direct

repeat and the mouse I-rat break point is unknown. A

similar situation (presence of 15 or 16 bases of unknown

origin in an equivalent position) has been described in two

human 7SL RNA retropseudogenes (65). We note that the

sequence of unknown origin seems totally unrelated to the

ancestral DNA in the region, because the rat sequence

upstream from the break point can be aligned with the mouse

gene II sequence without rearrangements or deletions (B.

Wentworth and L. Villa-Kamaroff, unpublished data). From

these data we conclude that all three of the retroposition

criteria are fulfilled and that the rat and mouse preproinsulin

gene I is a functional, semiprocessed retrogene.

Retroposition of upstream transcripts. Because of the

sequence relationships between the original insulin gene and

its retroposed counterpart we concluded that the reinserted

genetic information was derived from a transcript initiating

upstream from the normal capping site. However, examina-

tion of the DNA sequence of gene II upstream from the

break point of strong homology did not reveal the presence

of an ATA box around position -30 from this point. Never-

theless, we did identify an ATA box at position -804

(approximately 220 bases upstream from the break point),

which is homologous to the bona fide ATA box of the gene.

Assuming that 5' truncation might occur during

retroposition, this ATA box could have been part of the

promoter for the expression of the upstream transcript. The

performance of this upstream ATA box of gene II was

examined both in vitro and in vivo. In parallel, we examined

the performance in vitro of a putative ATA box present on

the antimessage strand (in regard to insulin gene transcrip-

tion) in the upstream nonhomologous region of gene I

(position -930).
We first examined by Si nuclease analysis, using single-

stranded, end-labeled probes, the initiation sites of RNA

synthesized in an in vitro transcription system (38) from

truncated double-stranded DNA templates. Figure 5 (bot-

tom) shows the templates and probes used for each gene.

For gene II we used the following templates: N (containing

only the natural ATA box), U (containing only the upstream

ATA box), and B (containing both boxes). Probes n and u

were used to assay transcription from the natural or up-

stream box, respectively. RNA transcribed from templates

N and B protected 190 nucleotides (nt) of probe n, exactly as

expected for RNA initiating at the natural capping site (Fig.

5, partII, lanes 2 and 3). RNA from templates U and B

protected 80 to 85 nt of probe u (Fig. 5, part II, lanes 5 and

6). Because of the position of the label in probe u, the start

sites of the protecting transcripts are 28 to 33 nt downstream

from the second ATA box, which clearly functions in vitro.

The controls (Fig. 5, part II, lanes 1 and 4) showed that RNA
from template U did not protect probe n, and RNA from
template N did not protect probe u. The larger-than-
expected fragments (Fig. 5, part II, lanes 2, 3, 5, and 6, dots)
correspond to probe protection by end-to-end transcripts
from the in vitro templates. The origin of the smaller-than-
expected fragments (Fig. 5, part II, lanes 2 and 3) is
unknown.
What are the relative strengths of the natural and upstream

promoters in vitro? Since an equivalent amount of RNA
from template B was used for protection of probes n and u
(Fig. 5, part II, lanes 3 and 6), the ratio of signal in the 190-nt
and 80- to 85-nt fragments will yield an estimate of the
relative promoter strengths, provided that a correction is
applied for the differences in specific activities of the two
probes. For such a normalization we used as internal stan-
dards the 300- and 190-nt fragments (dots in lanes 3 and 6,
respectively) protected by end-to-end transcripts (assuming
that this type of transcription is not differential). Thus, we
first calculated (from densitometric analysis) the ratios
190:300 nt (lane 3) and 80 to 85:190 nt (lane 6) and then
divided these two numbers to normalize the data. This final
ratio (4:1) suggests that the natural promoter is four times
stronger in vitro than the upstream one.
For gene I (by analogy to the gene II experiments) we used

templates N', U', and B', and probes n' and u' (Fig. 5, part
I, bottom). RNA initiating at the natural capping site of gene
I should protect 125 nt of probe n', which is exactly the size
of the doublet of fragments protected by RNA synthesized
from templates N' and B' (Fig. 5, part I, lanes 2 and 3). RNA
initiating approximately 30 nt downstream from the second
(inverted) putative ATA box of gene I should protect about
200 nt of probe u'. However, RNA from templates U and B
(Fig. 5, partI, lanes5 and 6) did not protect such a fragment,
which means either that the second ATA box is not func-
tional in vitro or that the transcripts are very rare and below
the sensitivity limits of this assay. Probe protection by
end-to-end transcripts was again observed (Fig. 5, part I,
dots).
Does the upstream promoter of gene II function also in

vivo? We attempted to answer this question by Northern
analysis and S1 protection experiments with upstream
probes and RNA from an insulin-expressing cell line, de-
rived from a transplantable rat insulinoma (38 cells; see
reference 15). The results were negative. From the amounts
of polyadenylated and nonpolyadenylated RNA we used (30
,ug each), the results of parallel experiments probing mature
insulin mRNA, and the known specific activities of the
probes (approximately109 cpm/,lg), we calculate that if any
upstream transcripts are present in this cell line, their
concentration is at least three orders of magnitude lower
than that of the transcripts initiating at the natural capping
site. This is a dramatic difference from the results of the in
vitro experiments, which simply assay for the recognition of
a DNA signal by the general transcriptional machinery, in
the absence of tissue-specific controls. Nevertheless, we
consider the in vitro results (suggesting that the upstream
ATA box has potential for function) as consistent with the
hypothesis that an upstream promoter of this kind was
responsible for the (possibly aberrant) transcriptional event
leading to gene I retroposition, which must have occurred in
the germ line of an ancestral murid. We note that upstream
ATA boxes present in the 5' flanking regions of the
ovomucoid gene (31) and the ovalbumin-like X gene (20)
produce rare transcripts in vivo. Alternatively, promiscuous
transcription in the germ line, leading to the generation of
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FIG. 5. Si nuclease mapping of transcripts synthesized in vitro from rat gene II and I templates (left and right autoradiogram, respectively,
of a 6% denaturing urea-polyacrylamide gel). Maps of the gene regions and also the templates used for in vitro transcription, the probes used
for the analysis, and the sizes (in nt) of the protected fragments are shown at the bottom of the figure. Introns and exons are indicated by
shaded and open boxes, respectively. The templates and probes (described in the text) are denoted by capital and small letters, respectively.
Asterisks indicate the position of the 5' end label. Numbers below or next to the templates denote fragment sizes in bp. The wavy lines on
probes n and n' denote 95 and 115 bp of vector sequences, respectively. Arrows above the maps indicate positions of transcription initiation
in vitro. Arrows and numbers below each probe denote the length of the Si-protected fragments for that probe. Si-protected fragments are
indicated by arrowheads on each autoradiogram. End-to-end transcripts are indicated by dots. Sizes of protected fragments are indicated at
the right of each autoradiogram. The size markers (lanes M and M') are the Hinf or HpaII fragments of pBR322, respectively. Restriction sites
are as in Fig. 1 except for: A, AvaII; Bs, BstNI; H, HpaII; Hc, HincII; Hf, Hinfl.

retroposons, might initiate downstream from sequences re-
sembling the ATA- promoters of housekeeping genes (see
reference 66 and other references therein). In other cases,
upstream transcripts may be RNA polymerase III products
(6). Our data cannot exclude the possibility that the insulin
gene retroposition was the consequence of polymerase III
action. However, polymerase III internal promoter se-
quences (10) are not recognizable at the beginning of the
homologous regions between gene II and the rat and mouse
retroposons.
The rat (mouse) preproinsulin I gene is not the only

retroposon derived from an upstream transcript. Some of the
rat cytochrome c retropseudogenes also belong to this cate-
gory (55). We note that an analogous retroposon is the
mouse a-globin processed pseudogene (45, 69). This
retropseudogene has been considered as atypical because of

the apparent absence of poly(A) and direct repeats. How-
ever, this conclusion was based on a misalignment of the 5'
flanking regions of the pseudogene and the wild-type se-
quences (45, 69). When the sequences are properly aligned
(68) to the upstream end of the available sequence, it
becomes evident that DNA sequencing upstream from posi-
tion -350 of the pseudogene and the wild-type gene is
necessary to identify a sequence break point that would
locate the putative upstream member of the direct repeat. A
candidate for a short poly(A) remnant is present at position
+ 19 of the 3' flanking region.

DISCUSSION

The most interesting conclusion from our data is that the
duplication-transposition of a functional preproinsulin gene
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is a case of nonviral retroposition. The virus-type
retroposons (which include not only retroviruses but also
Drosophila elements, such as copia, yeast Tyl elements,
etc.) encode their own, known or presumed, reverse
transcriptases, and presumed integrases. The nonviral
retroposons, such as Alu repeats and cDNA-like pseudo-
genes (or retropseudogenes) including those of small nuclear
RNAs, seem to transpose in a passive way. It has been
postulated that a cDNA copy of a transcript is inserted into
the site of a staggered chromosomal break (for models see
reference 67 and also references 24 and 42). However, other
models postulate hybridization of a transcript to the chro-
mosomal break, which precedes copying ofRNA into DNA
(19, 72).
Why are retropseudogenes fixed in the population? The

most likely explanation is that their fixation is due to random
drift. Since the cDNA-like copies do not carry regulatory
sequences with them, they are inactive from the beginning
and they accumulate nucleotide substitutions rapidly, be-
cause negative selection is not in operation. Occasionally, a
retrogene might become functional by association with for-
eign regulatory sequences (either preexisting at the site of
insertion or more likely generated by mutation). Such a case
might be represented by an intronless chicken gene, encod-
ing a calmodulin-like polypeptide, which appears to be
functional in vivo (59) (although other hallmarks of
retroposition have not yet been documented). In contrast,
the insulin I retroposon was active from the beginning
because it carried its own promoter with it.

Is the fixation of the functional retroposon we describe a
neutral event? This is plausible, since an organism can easily
survive with only one insulin gene (even if its product is of
diminished biological activity, as in the guinea pig). How-
ever, the fact remains that both genes are maintained as
functional entities in two different species, although enough
time was available for one of the copies to drift (it is almost
certain that the two genes were never corrected against each
other). Thus, we believe that the two genes provide a
selective advantage for rats and mice. What this advantage
might be is unclear, because specific roles must be assigned
to both genes or their products. Although the new gene (I)
might respond better to certain stimuli (27), there is no
evidence to suggest a reason for the preservation of the
original gene. Nevertheless, sequence divergence analysis
(Table 2) strongly supports our interpretation that the two-
copy state is positively selected.

Positive (Darwinian) natural selection is the differential
reproduction of variants with increased fitness. If a new gene
appearing in the population enhances the fitness of the
individual that carries it its frequency in the population will
increase, and the gene will eventually be fixed (more rapidly
than by random drift). The same will happen with preexisting
genes that are neutral or even slightly deleterious if they
become advantageous by a change in the environment. In
contrast, negative selection is the elimination from the
population of functionally deleterious mutant genes which
reduce the fitness of the individuals that carry them (see
reference 29 for an extensive discussion). In pairwise se-
quence comparisons, the operation of negative selection is
revealed indirectly when sequence preservation is docu-
mented in genes that did not diverge recently.
As we have discussed previously (7), replacement substi-

tutions not only in the C-peptide region but also in the signal
peptide sequence of the preproinsulin gene are neutral. Five
such substitutions (9%), leading to five neutral (i.e., not
harmful) amino acid replacements, can be seen in the

pairwise comparison of the preregion of the mouse I and rat
I genes. The corresponding silent substitutions are 15%. For
the C-peptide region, the percent substitution values for
replacement and silent sites are 4 and 21%, respectively. In
contrast, there is a complete absence of replacement substi-
tutions in the sequence encoding the B and A insulin chains,
whereas some silent substitutions (11%) do appear. Only the
operation of strong negative selection can account for this
differential preservation of sequence in the gene regions
encoding the mature hormone relative to the segments
encoding the parts that are eliminated during proteolytic
processing. Moreover, this differential negative selection,
operating independently for millions of years on the same
gene in two different species, strongly suggests that the
two-copy state was originally fixed by positive selection.
The equivalent argument that the first fixation was neutral,
followed by positive selection of both copies because of a
shift in the environment, is less likely because some minimal
divergence in the replacement sites of the B and A chains
should have appeared.
The degree of negative selection maintaining the two

rat-mouse insulins can be appreciated further from the fact
that the genes are embedded in DNA which, as we show
below, is evolving neutrally.
To examine neutrality, we decided to compare any known

gene sequences in rat, mouse, and human (or any combina-
tion of these three species). We also decided to focus
primarily on introns and flanking sequences, because by this
approach we could test one of the strongest predictions of
the neutral theory (see below).
The only gene-associated DNA segment that can be con-

sidered as functionless a priori is the 3' flanking region,
probably excluding the segment in the immediate vicinity of
the poly(A) addition site, which might be involved in proc-
essing (40). Introns (at least for most of the length of their
primary structure) can also be considered as functionless,
since the length of the same intron can vary significantly
between organisms. Thus, if these gene-associated segments
(3' flanks and introns) are evolving neutrally, their diver-
gence should be similar regardless of gene type. Such a
prediction cannot be made for coding regions of different
genes, because of differential negative selection possibly
constraining even silent sites.
The fulfillment of the prediction (Table 2) constitutes

clear-cut evidence in support of the neutral mutation-random
drift hypothesis (28, 29), within the limitations of the analysis
(see above for details) and for these particular DNA regions.
The analysis indicates that in the rat (or mouse) to human

comparisons (85 million years [MY] of divergence) the 3'
flanking regions (average of 37 ± 3% substitutions in six
different genes) are diverging at the same rate as the introns
(average of 38 + 4% substitutions calculated from ten introns
belonging to six different genes). Most interestingly, the
percent substitution is the same in the 5' flanking region
distal to the gene (average of 37 ± 3% in four genes). Thus,
this latter gene-associated segment (for which a prediction of
neutrality could not be made a priori) is also evolving
neutrally. Surprisingly, the segment of the 5' flanking region
which is proximal to the gene (and which is expected to be
under negative selection because of promoter functions) is
not significantly constrained (with one exception among six
examples). Exactly the same conclusions can be drawn from
the rat to mouse comparisons (including comparisons of
preproinsulin genes), although in this case the data are even
more limited. Nevertheless, a neutral divergence value of 19
+ 4% can be assigned from the numbers derived from four
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TABLE 2. Percent substitution values'
Geneb Comparisons

Preregion

Insulin
RI/MI
Replacement sites
Silent sites

9 (5/53)
15 (4/26)

Distal
Insulin
RI/MI
RI/RII
MI/Rll

5' Flanking

19 (95/511)
16 (45/279)
17 (58/334)

POMC

Serum albumin

17 (15/89)

Proximal

11 (29/257)
14 (35/247)
11 (28/249)

17 (12/70)

R-to-M comparisons
Coding regions

C-peptide

4 (3/70)
21 (7/34)

Noncoding regions
Introns

IVS1 14 (16/115)
IVS1 16 (18/115)
IVS1 15 (17/115)

IVS2 26 (9/35)

8 (7/90)

Cytochrome c

18S-5.8S rRNA intergenic region

IVS2 19 (67/361)

26 (251/972)

Insulin
RII/H
Replacement sites
Silent sites

Preregi

17 (9/52)
27 (7/26)

R or M-to-H comparisons
Coding regions

on C-Peptide

14 (10/73)
38 (14/37)

Distal
38 (41/107)

5' Flanking
Proximal

30 (76/252)

34 (31/90)
38 (23/61)

Noncoding regions
Introns

IVS1 38 (46/120)

IVS2 41 (29/71)
IVS2 46 (53/115)

Immunoglobulin kappa-chain, M/H

Growth hormone, R/H

Parathyroid hormone, R/H

37 (64/173)

32 (56/175)

a-Globin, M/H

,-Globin, M/H 40 (93/230)

21 (29/140)

27 (28/103)

38 (30/78)

28 (28/100)

IVS1 36 (71/195)
IVS2 41 (81/1%)
IVS3 32 (31/97)
IVS4 38 (79/207)

IVS1 40 (103/257)

IVS2 37 (47/126)

IVS1 32 (37/117)

36 (16/44)

41 (32/78)

39 (46/119)

34 (50/149)
a Numbers indicate percent substitutions calculated from pairwise comparisons, without correction for back mutations (see text). The numbers in parentheses

are the ratios of the counted nucleotide substitutions to the total number of sites in each case. In the calculation of an average divergence from the rat-to-mouse
comparisons, the 10%o substitution value (3' flanking region of the cytochrome c gene) was excluded, because this gene-associated segment is presumably
constrained (multiple polyadenylation sites, generating different lengths of 3' noncoding regions in different transcripts [351).

b R, Rat; M, mouse; H, human.
c The division of the 5' flanking region of insulin genes into distal and proximal segments was based on the position of the border of a putative tissue-specific en-

hancer element, defined by in vivo assays of deletion mutant templates (73). A similar border was assigned for globin genes from the results of transcription studies
using deletion mutants (14, 41). For the rest ofthe genes, the border was positioned arbitrarily (point of an abrupt change in the density of substitutions in the align-
ment). Absence of a calculated value from a column is due to either unavailability of data or to inability to derive a convincing alignment.

different genes, considering altogether introns, 3' flanks, and fixation of 1% divergence between two initially identical
distal 5' flanks. sequences.) Accordingly, the retroposition event occurred
From the value of 38% for the rat (or mouse)-human approximately 35 MY ago (1.6 x 22%, 22% being the

divergence, corrected to 53% for back mutations, we can corrected value for 19% divergence).
assign a neutral unit evolutionary period of 1.6. (The unit How frequent are the fixations of retroposons? A rough
evolutionary period is the time in MY required for the estimate can be made using as an example the human Alu

B + A chains

0
11 (6/54)

3' Flanking

26 (46/175)

22 (20/89)

10 (63/611)

Insulin RII/H

POMC
M/H
R/H

B + A chains

3 (4/131)
31 (17/54)

3' Flanking

34 (21/61)

37 (125/334)
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repetitive family (26). Alu repeats are almost certainly
retropseudogenes of 7SL RNA transcripts (5, 64). An equiv-
alent family exists in rodents. However, rodents have a
second such family (type 2 Alu), which is not present in
humans, and rabbits have exclusively a third family of
repetitive retroposons (C repeats) that are absent in other
mammals (9). Thus, we can assume that the independent
formation of these families began around the time of the
mammalian radiation, 85 MY ago. We can further assume
that such families are expanding (or at least expanded
initially) in a geometric fashion, because of the presence of
internal polymerase III promoters in the retroposons (24).
Since the presumed geometric progression has a common
ratio of 2 and it took 85 MY to establish from the initial gene
a family of approximately 300,000 to 500,000 members in
humans or 170,000 members in rabbits, we estimate that
about 17 to 19 rounds of fixation should have occurred or
about one fixation event every 5 MY. Thus crude (but
indicative) estimate will not change substantially even if we
assume that only half of the members of each family are
transcriptionally active.

Although retropseudogenes lacking internal promoters
differ from the Alu-type repeats because they are frozen
after retroposition, their rate of fixation should have been the
same, because any neutral retroposon has the same proba-
bility to be fixed in the population by random drift as any
other (assuming, of course, that the amounts of the two
types of transcripts in the germ line are not vastly different).
This rate is in excellent agreement with the observed fre-
quency of retroposons (12, 33, 35) in certain mammalian
gene families (15 to 30 retropseudogenes in the tubulin,
actin, and cytochrome c families). However, the rate of
appearance of functional retroposons, like the rat-mouse
preproinsulin I gene, is expected to be lower because of the
rarity of upstream transcripts. The frequency of appearance
of cDNA retroposons that become functional by association
with promoters (as the putative chicken calmodulin-like
retrogene possibly did) cannot be assessed. In any event,
insulin gene I is unlikely to be the only example of functional
retroposition. In this regard we think that the intronless
Chironomus globin gene (1) is another good candidate. In
addition, the 17 to 20 intronless Dictyostelium actin genes (P.
Romans and R. A. Firtel, J. Mol. Biol., in press), which
(with one exception) are functional, might also be
retrogenes. Unfortunately, the extreme A-richness of their
flanking regions precludes a firm conclusion based on se-
quence comparisons. Nevertheless, the possibility that at
least some actin genes are functional retroposons could
explain the appearance of different (occasionally overlap-
ping) subsets of actin gene introns in different species. This
gene family (which in mammals includes retropseudogenes)
might have been formed by independent retropositions of
differentially and partially spliced transcripts.
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