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ABSTRACT We have used a synthetic deoxydecanucleotide
to generate an insulin-specific cDNA probe suitable for selecting
transformants that contain nearly full-length cDNAs corre-
sponding to the mRNAs coding for rat insulins I and II. Dou-
ble-stranded cDNA was synthesized from x-ray-induced rat in-
sulinoma poly(A)RNA, inserted in pBR322 plasmid DNA by the
homopolymeric tailing technique, and cloned in Escherichia
coli X1776. Colony hybridization with oligonucleotide-primed
cDNA yielded 16 positive clones of which 7 corresponded to rat
insulin I mRNA and 9 to rat insulin II mRNA. Restriction en-
donuclease maps of representative clones of each group indi-
cated that these contained the complete coding sequences, as
was confirmed by nucleotide sequence analysis of the 5' region
of the cloned DNA for rat insulin II. Nucleotide sequence
analysis also established the amino acid sequence of the pre-
peptide of rat preproinsulin II. Comparison of the amino acid
sequence of the prepeptides of rat preproinsulin I and II shows
that three conservative amino acid substitutions have occurred
in this region of the molecule.

Two nonallelic genes are known to code for insulin in the rat
(1, 2). Ullrich et al. (3) reported the nucleotide sequence for
much of the coding region of rat insulin I mRNA on the basis
of DNA sequences obtained from cloned double-stranded (ds)
cDNA copies of normal rat islet cell poly(A)-RNA. They also
reported differences in nucleotide sequence between the two
insulin mRNAs in the region coding for the insulin A chain.
More recently, Villa-Komaroff et al. (4) used cloned ds cDNA
made from poly(A)-RNA of x-ray induced islet cell tumors to
obtain additional nucleotide sequences for the 5' end of rat
insulin I mRNA, including sequences coding for 21 of the 24
amino acids in the prepeptide segment of preproinsulin. Neither
laboratory, however, has reported the complete nucleotide
sequence of rat insulin II mRNA, or nucleotide sequences in
the 5'-untranslated region of these messengers. In this com-
munication we describe the construction of recombinant
plasmids containing inserts representative of nearly full-length
copies of both rat insulin mRNA sequences. We have used a
synthetic deoxydecanucleotide and poly(A)-RNA from islet cell
tumors to generate a cDNA probe specific for sequences in the
5' region of the insulin mRNA and have used this probe to select
transformants containing insulin-related sequences. Restriction
maps of the cloned DNA derived from both mRNAs are pre-
sented together with the nucleotide sequence for most of the
5' end of rat insulin II mRNA. The nucleotide sequence also
establishes the amino acid sequence of the prepeptide region
of preproinsulin II.

MATERIALS AND METHODS
Enzymes. Reverse transcriptase (RNA-dependent DNA

polymerase) from avian myeloblastosis virus was obtained from
J. W. Beard (Life Sciences, Inc., St. Petersburg, FL). Restriction

endonuclease Hpa II was generously provided by J. Hines.
Other restriction endonucleases were purchased from Bethesda
Research Laboratories or New England BioLabs. Calf thymus
terminal deoxynucleotidyltransferase was obtained from M.
S. Coleman at the University of Kentucky. Escherichia coli
DNA polymerase I was obtained from Boehringer Mannheim.
SI nuclease was from Sigma.

Preparation of Poly(A)RNA. An x-ray-induced rat insuli-
noma (5) originally obtained from W. Chick (Boston) and
subsequently maintained in transplant in NEDH strain rats in
our laboratory by A. Labrecque was used as the source of insulin
mRNA. Total RNA was extracted from frozen tumor tissue as
described (6) and was centrifuged through 5.7 M CsCl to re-
move residual DNA (7). Poly(A)-enriched RNA was recovered
after two cycles of oligo(dT)-cellulose chromatography (8). The
yield of poly(A)-RNA was about 50 ,ig/g of tissue.

Deoxydecanucleotide Primer and Synthesis of Insulin-
Specific cDNA. The deoxydecanucleotide d(C-C-T-C-C-A-
C-C-A-G) was chemically synthesized by using the diester
approach (9), and its nucleotide sequence was confirmed by
two-dimensional homochromatography (10). The decanu-
cleotide was labeled at the 5' end by using phage T4 polynu-
cleotide kinase and [y-32P]ATP (11). Synthesis of 32P-labeled
decanucleotide-primed cDNA from rat tumor poly(A)-RNA,
isolation of cDNA by polyacrylamide gel electrophoresis, and
nucleotide sequence analysis using the procedure of Maxam
and Gilbert (12) have been described (11). Hybridization of
insulin-specific cDNA to poly(A)-RNA separated by agarose
gel electrophoresis and transferred to diazobenzyloxymethyl-
cellulose paper (13) was performed as described (11, 14).

Isolation of Plasmid DNA. Closed circular plasmid DNA
was isolated from chloramphenicol-amplified cultures as de-
scribed by Staudenbauer (15). The yield was about 500 ,ug of
plasmid DNA per liter for non-x1776 strains and 100 ,ug/liter
for X1776.

Construction of Recombinant Plasmids and Transfor-
mation of E. coli X1776. Double-stranded cDNA was syn-
thesized from insulinoma poly(A)-RNA by using reverse
transcriptase for first strand synthesis and E. coli DNA poly-
merase I for second strand synthesis. The reverse transcriptase
reaction mixture contained: 50 mM Tris-HCl at pH 8.2, 35 mM
KCl, 10 mM MgCI2, 1 mM dithiothreitol, poly(A)-RNA at 200
,ug/ml, (dT)15 at 50 ttg/ml, 200 MM each of the four unlabeled
leoxynucleoside triphosphates, and 13H]dCTP at 200 MCi/ml
(27 C(i/mmol; 1 Ci = 3.7 X 1010 becquerels). Reverse tran-
scriptase, 400 units/ml, was added, and the reaction mixture
was incubated at 420C for 30 min. After phenol extraction and
ethanol precipitation, RNA was removed by hydrolysis in 0.1
M NaOH for 15 min at 70'C. After neutralization and ethanol
precipitation, the second strand was synthesized with E. coli
DNA polymerase I (200 units/ml) in the presence of
I(X-32P]dGTP as described by Efstradiatis et al. (16). The ds

Abbreviation: (Is, double-stranded.
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cDNA was purified by gel filtration on Sephadex G-50 (0.6 X
10 cm column; equilibrated in 10 mM Tris-HCl, pH 7.4/0.1
mM EDTA), treated with S1 nuclease (17), and electrophoresed
on a 5% polyacrylamide slab gel (18). After autoradiography,
radiolabeled material migrating in the region corresponding
to 400-600 base pairs was electrophoretically eluted (19). Ap-
proximately 50 dAMP residues were added to the ds cDNA by
using terminal deoxynucleotidyl transferase as described by
Roychoudhury et al. (20). Similarly, approximately 50 dTMP
residues were added to the 3' ends of 0.4 ,ug of HindIII-digested
pBR322 plasmid DNA. After phenol extraction and ethanol
precipitation, the DNAs were resuspended in 200 ti of 10mM
Tris-HCI, pH 7.4/140mM NaCl/0.25mM EDTA and annealed
by heating to 650C for 5 min, incubating at 42°C for 3 hr, and
slow cooling to 40 overnight. The mixture was used directly to
transform according to a procedure described by Curtiss et al.
(21). X1776 was grown in 50 ml of LB medium (22) containing
diaminopimelic acid at 200,ug/ml and thymine at 50 ,ug/ml
to an optical density at 550 nm of 0.3.-The cells were collected
by centrifugation, washed in 0.5 vol of cold 10mM NaCl, and
resuspended in 0.5 vol of cold CaCl2 buffer containing 75 mM
CaCl2, 75 mM NaCl, and 10 mM Tris-HCl, pH 7.4. After 30-
min incubation on ice, the cells were collected by centrifuga-
tion, resuspended in 400,Ml of cold CaCl2 buffer, and mixed
with the annealed DNA mixture. The mixture was incubated

on ice for 30 min, warmed to 37°C for 2 min, cooled to room
temperature for 10 min, and spread on LB agar plates con-
taining diaminopimelic acid at 200 ,g/ml, thymine at 50
,ug/mil, and ampicillin at 12.5 ,ug/ml. Transformants were
grown for 2 days at 37°C and were transferred with toothpicks
to plates containing tetracycline at 25 ,g/ml. Because DNA
inserted into the HindIII site of pBR322 is known to inactivate
the tetracycline gene (3), transformants sensitive to tetracycline
were subjected to colony hybridization (23) with insulin-specific
cDNA synthesized from the deoxydecanucleotide primer as
described above. All manipulations involving recombinant
DNA were carried out in a P3 containment facility in accor-
dance with National Institutes of Health guidelines (24).

RESULTS
Synthesis and Characterization of an Insulin-Specific

cDNA. In order to efficiently identify clones with large DNA
inserts that include the 5' region of insulin mRNA, we prepared
an insulin-specific cDNA probe from rat insulinoma poly(A)-
RNA. A decanucleotide primer, d(C-C-T-C-C-A-C-C-A-G),
that corresponded in sequence to the region coding for amino
acids 11-13 plus the first nucleotide of the codon for residue
14 of the insulin B chain as reported by Ullrich et al. (3) was
synthesized and labeled with [y-32P]ATP by using T4 poly-
nucleotide kinase. The decanucleotide was then used to prime
the synthesis of cDNA from rat insulinoma poly(A)-RNA. The
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FIG. 1. Electrophoresis of
cDNA synthesized from rat insu-
linoma poly(A)-RNA by using a
deoxydecanucleotide primer.
cDNA synthesized from 50 ,g of
poly(A)-RNA by using 1100 pmol
of [32P]dC-C-T-C-C-A-C-C-A-G)
(2.6 X 106 cpm/pmol) as a primer
for reverse transcription was elec-
trophoresed on a 12% polyacryl-
amide/7 M urea slab gel (40 X 24 X
0.3 cm) in 50 mM Tris borate, pH
8.3/1.4 mM EDTA. Bands were
visualized by autoradiography.
Single-strand phage kX174 DNA
digested with restriction endonu-
clease Hae III and end-labeled
with [y-32P]ATP was used for
molecular weight markers. The
positions of these fragments are
marked on the right. Band A
cDNA is about 170 nucleotides,
and band B cDNA is about 102
nucleotides long.
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FIG. 2. Hybridization of
[32P]cDNA band A to rat insu-
linoma poly(A)-RNA. RNA, 5.7
,g, was electrophoresed on a
1.5% agarose gel in the presence
of 4 mM CH3HgOH for 15 hrs
at 40 V (9). The RNA was
transferred to diazobenzylox-
ymethyl-cellulose paper and
hybridized to [32P]cDNA band
A extracted from the gel in Fig.
1 (5). Hybridization was for 45
hr at 37°C in 1.4 ml containing
1.4 X 105 cpm of cDNA (1.6 X
106 cpm/pmol). Autoradiogra-
phy was for 2 hr with Kodak
No Screen film. Simian virus 40
DNA digested with restriction
endonuclease HindIll was
electrophoresed on the same
gel (lane A) and stained with
ethidium bromide for use as
molecular weight markers.
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FIG. 3. Colony hybridization of transformed clones with cDNA
band A or band B. Twenty-one clones that gave positive reactions
when hybridized with total cDNA synthesized from decanucleo-
tide-primed insulinoma poly(A)-RNA were immobilized on Millipore
nitrocellulose filters and hybridized (23) with insulin-specific cDNA
band A (Right) or non-insulin-specific band B (Left) purified from
the polyacrylamide gel (Fig. 1).

terminally labeled cDNA products were separated by gel
electrophoresis and visualized by autoradiography as illustrated
in Fig. 1. Two prominent bands were observed, one corre-

sponding to a species 170 nucleotides long (band A) and a sec-

ond, equally intense, band 102 nucleotides long (band B). Both
bands were eluted from the gel and subjected to nucleotide
sequence analysis. The nucleotide sequence of band A cDNA
corresponded to the known 5'-terminal region of rat insulin I
mRNA (3), whereas the partial sequence of band B cDNA in-
dicated that this product was not related to insulin mRNA..We
therefore used band A cDNA as an insulin-specific probe for
identifying transformants containing nearly full-length copies
of insulin mRNA and for determining the size of the insulin
mRNA in the preparation used for the cloning experiments. For
size determination, rat insulinoma poly(A)-RNA was separated
by electrophoresis on a 1.5% agarose gel in the presence of
CH3HgOH, transferred to diazobenzyloxymethyl-cellulose
paper, and hybridized with band A cDNA isolated from the gel
shown in Fig. 1. The results, presented in the autoradiogram
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*(TTTT ATG

,

Mbo I

0

of Fig. 2, show that band A cDNA hybridizes to a single size
class of poly(A)-RNA about 600 nucleotides in length. This
result agrees with the previous size estimate of 125I-labeled rat
insulin mRNA (6).

Identification and Characterization of Insulin Clones.
Recombinant plasmids were constructed from insulinoma
poly(A)-RNA by following a protocol similar to that used by
Maniatis et al. (25) and others (26, 27) to clone globin cDNA
except that we fractionated the ds cDNA on a 5% polyacryl-
amide slab gel after S1 nuclease digestion to further enrich for
material containing complete insulin cDNA sequences. The ds
cDNA that migrated in the region corresponding to 400-600
nucleotide base pairs in length was isolated by electrophoretic
elution, and approximately 50 dAMP residues were added to
the 3' ends with terminal transferase. Similarly, HindIII-treated
pBR322 DNA was tailed with approximately 50 dTMP nu-

cleotides. The tailed plasmid and ds cDNA were annealed to-
gether and used to transform E. coli X1776. Colonies containing
recombinant plasmid DNA were identified on the basis of their
resistance to ampicillin and sensitivity to tetracycline. From
40 ng of ds cDNA, 382 ampicillin-resistant tetracycline-sensitive
transformants were obtained. Those transformants that con-

tained insulin cDNA inserts were identified in two steps by
using the in situ hybridization procedure described by Gruin-
stein and Hogness (23). In the first step total cDNA synthesized
from the decanucleotide primer was used as a probe and 21
positive clones were selected. These colonies were then screened
with purified cDNA band A or band B isolated after gel elec-
trophoresis. With the insulin-specific cDNA band A, 16 of the
21 clones gave positive reactions of about equal intensity. No
positive colonies were obtained with band B (Fig. 3). Plasmid
DNA was isolated from each of the 16 positive clones and an-

alyzed by restriction endonuclease digestion and gel electro-
phoresis. The results (data not shown) indicated that all of the
plasmids contained inserts of 400-700 base pairs, including the
homopolymeric dA tails. Moreover, the restriction patterns
obtained after digestion with endonuclease Hae III indicated
that 7 of the clones contain rat insulin I DNA sequences while
the remaining 9 clones contain insulin II DNA sequences.

Fig. 4 shows the restriction maps of the cDNA inserts in two
clones, pRI-7 and pRI-lI, which were studied in more detail.
The cDNA insert in pRI-7, including the homopolymeric dA
tails, is 540 base pairs in length. Restriction endonuclease
analysis of the inserted cDNA showed the presence of a Hae
III site at position -38 and a Hinf site at position 261, indicating
that this clone contains the entire coding sequence for rat
preproinsulin 1. Clone pRI-ll contained a larger cDNA insert
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Rat insulin I (pRI-l1)
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FIG. 4. Restriction maps of the insulin cDNA inserts in pRI-7 and pRI-11. Nucleotides are numbered as suggested by Villa-Komaroff et al.
(4); i.e., position 1 indicates the first base of the sequence encoding proinsulin and nucleotides in the 5' direction from this position are identified
I)y negative numbers. The number assigned to each restriction site indicates the 5'-terminal nucleotide generated by cleavage at the message
strand.
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FIG. 5. Partial nucleotide sequence of the insertion in clone pRI-11. The nucleotide sequence corresponding to the 5' end of rat insulin II mRNA
was determined from 5'-labeled restriction fragments isolated from the clone pRI-11. Fragments A (129 nucleotides) and B (260 nucleotides)
were isolated after digestion with BamHI, labeling, and secondary cleavage with Hinf and Hpa II. Fragment C (243 base pairs) was isolated
after Hpa II and Alu I digestion, and the sequences of the separated strands were determined to verify the data obtained from fragment B. The
A/T junction between plasmid pBR322 and insulin cDNA is about 85 base pairs in length. The amino acid sequence for preproinsulin II is shown
above the DNA sequence. The presence of serine at position 9 confirms the sequence as that of preproinsulin II. A vertical arrow indicates the
initiator methionine. Negative numbers correspond to amino acids in the prepeptide, and positive numbers refer to the amino-terminal residues
of the B chain. The deoxydecanucleotide used as a primer for synthesis of insulin I-specific cDNA is shown in the box.

of about 600 base pairs (including homopolymeric tails) and
had a restriction map consistent with rat insulin II cDNA. As
illustrated in Fig. 4, the cDNA insert in pRI-11 contains dif-
ferent cleavage sites for Hha I and Hinf and additional sites for
Alu I and Hae III relative to pRI-7. The insert in pRI-li also
contains a single cleavage site for BamHI near the beginning
of the coding sequence.

For nucleotide sequence analysis, plasmid pRI-11 was

cleaved with BamHI and the resulting fragments were labeled
with ky-32PIATP by using polynucleotide kinase. The labeled
fragments were further digested with Hinf and Hpa II. Frag-
ments A (129 nucleotides) and B (260 nucleotides) were isolated
and their nucleotide sequences were determined. Fig. 5 shows
the nucleotide sequences of fragments A and B. To further
confirm the sequence of fragment B, fragment C (243 base
pairs) was isolated after Hpa II and Alu I digestion and the
strands were separated and their nucleotide sequences were

determined. Thus the 5'-terminal nucleotide sequence shown
in Fig. 5 was confirmed by studying two different restriction
fragments.

DISCUSSION
We previously showed that when poly(A)-RNA isolated from
an x-ray-induced rat insulinoma is translated in a wheat germ
cell-free system, approximately 25% of the synthesized protein
can be immunoprecipitated with anti-insulin sera (28). How-
ever, the mass of insulin mRNA present in these preparations
appears to be substantially less. Restriction endonuclease Hae
III analysis of the ds cDNA prepared from total poly(A)-RNA
indicates that only 1-2% of the cDNA contains sequences re-

lated to insulin. The reason for this discrepancy is unclear, al-
though a similar observation has been reported by Villa-
Komaroff et al. (4). This finding, and the known difficulties in
obtaining bacterial clones containing full-length insulin cDNA
inserts, necessitated the development of a more efficient
method for selection of the small number of clones expected

to have longer inserts. Our approach was to construct a highly
specific cDNA probe corresponding in sequence to the 5' region
of rat insulin mRNA by using a specific deoxydecanucleotide
as a primer for the reverse transcription of total rat insulinoma
poly(A)-RNA. When the transcribed insulin cDNA was isolated
by polyacrylamide gel electrophoresis and used in colony hy-
bridization experiments, only those colonies containing nearly
full-length copies of the mRNA were detected. Clones con-
taining shorter inserts or sequences unrelated to insulin were
not detected. Because the sequence of the decanucleotide
corresponds to a region of amino acid sequence in the insulin
chain that is highly conserved in several species (29), it may
prove useful in studies with other insulins as well.

In five independent experiments using three different
preparations of rat insulinoma RNA, band A cDNA (as shown
in Fig. 1) was consistently found to be 170-180 nucleotides long.
In each case sequence analysis indicated that the product is
derived from rat insulin I mRNA. However, band A was used
successfully to identify both rat I and II DNA sequences. Of 382
colonies tested, 7 clones were found to contain nearly full-length
inserts corresponding to rat insulin I and 9 clones contained long
rat insulin II inserts.
The length of band A DNA suggests that this cDNA may

represent a complete copy of the mRNA from the priming site
through the 5' end of the molecule. Taken together with nu-
cleotide sequence data previously published (3, 4), this indicates
that the length of rat insulin I mRNA is 455 nucleotides, ex-
clusive of the 3' poly(A) tail of about 150 nucleotides (ref. 6; Fig.
2 of the present paper). Of the 455-nucleotide segment, 333
nucleotides code for preproinsulin, including the initiator
methionine and termination codons, and there are 54 nucleo-
tides in the untranslated 3' end (3). Thus, we estimate that the
untranslated 5' end of the mRNA is about 68 nucleotides long.
By restriction mapping and partial nucleotide sequence analysis
we have shown that clone pRI-11 contains the complete coding
sequence for preproinsulin II in addition to 47 nucleotides of

Biochemistry: Chan et al.
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Prepro I |Met-Ala-LoufTrpjArg Phe-Leu-Pro-Leu-Leu-Ala-Leu-Leu 1{3Trp-GlufjLysGPnro-AlaGIni} Pho...

Prepro M IMet-Ala- Leu Trp 4I Arg Phe-Leu-Pro-Leu-Leu-Ala-Leu-Leu-Ile-Leu ITrp- Glu [PoArg IPro-Ala GIn Ala Phe ...

-24 -20 - 1 5 -10 -5 -1

FIG. 6. Amino acid sequences of the pre-peptide segments of rat preproinsulin I and II. The sequence for rat preproinsulin I is derived from
nucleotide sequence data (3, 4) and radiosequences of labeled preproinsulin (28). The sequence for preproinsulin II is derived from the nucleotide
sequence of pRI-11. Boxes indicate residues that were identified by radiosequencing. The identification of the initiator methionine at position
24 was confirmed by specific labeling with formyl-[35SjMet-tRNAMet (unpublished observations).

the untranslated 5' region. Assuming that rat insulin I and II
mRNAs are approximately the same size, then pRI-ll is only
about 20 nucleotides short of being a full-length copy.

Partial nucleotide sequence analysis of the insert in pRI-ll
also established the complete amino acid sequence of the pre-

peptide for rat preproinsulin II. A comparison of the amino acid
sequences of the two rat prepeptides (Fig. 6) reveals only three
conservative amino acid substitutions. These results do not
support our previous assignment of two phenylalanine residues
at positions -15 and -16 in the prepeptide of rat preproinsulin
II (28). However, in further radiosequencing studies (unpub-
lished data) we have confirmed these assignments in the cell-
free translation product of mRNA isolated from Sprague-
Dawley islets, while sequence studies'on the tumor insulin
mRNA cell-free translation product identified phenylalanines
only at positions -18 and +1, in agreement with our nucleotide
sequence data. Possible strain differences among rat insulin
mRNAs might account for this discrepancy.

Since this work was completed we learned that Efstratiadis
and coworkers (30) have identified and determined the nu-

cleotide sequence of the portions of bacterial clones that contain
the chromosomal genes coding for rat insulins I and II. The
nucleotide sequence of the mRNA that we derived from clone
pRI-Il agrees with the data from the chromosomal gene se-

quence for rat insulin II, in the region coding for the prepeptide
and for the first 15 nucleotides of the adjacent untranslated 5'
region. However, the sequence of the remaining 32 nucleotides
corresponding to the untranslated 5' region of the mRNA,
(positions -86 to -117 in the pRI-il segment shown in Fig. 5)
are inverted and complementary to the corresponding region
on the chromosomal gene, which also contained a large inter-
vening sequence in this region. The reason for this unusual
discrepancy is unclear. One possibility is that a DNA sequence
inversion has occurred in the rat insulinoma from which we
extracted the mRNA. Alternatively, we cannot exclude the
possibility that an error has occurred in the cloning proce-
dure.
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