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The sequences of both the human and 
rat insulin messenger RNA's (mRNA), 
from complementary DNA's (cDNA) 
and genomic DNA fragments containing 
the insulin gene have been determined 
(1-6). We present here the sequence of 
anglerfish insulin cDNA and the predict- 
ed preproinsulin peptide which it en- 
codes. This study allows a comparison of 
the structure of evolutionarily distant 
vertebrate insulin mRNA's in both the 
coding and noncoding regions. 

Anglerfish was selected as a source of 
fish insulin mRNA because it has a large 
endocrine pancreas (Brockmann body) 
which can be freed of exocrine pancreat- 

Fig. 1. Size determination of anglerfish insulin 
mRNA. Brockmann body polyadenylated 
mRNA was isolated and fractionated (8), 
placed on a 1.5 percent agarose gel containing 
4 mM methyl mercury, and subjected to elec- 
trophoresis for 12 hours at 20 V (22). The 
stained and photographed gel was then 
"blotted" on diazotized paper (12 hours at 
room temperature) (23) and subsequently hy- 
bridized (8) at 42?C (for 48 hours) to a cloned 
insulin cDNA fragment (pLa-2) labeled with 
32P by nick translation (24). (Lane 1) DNA 
molecular weight standards consistingi of 
Hind III-digested lambda phage and Hae III- 
digested 4(X74. (Lane 2) Ethidium bromide 
stain of 1 u/g of Brockmann body poly- 
adenylated RNA. (Large molecular weight 
bands represent ribosomal RNA con- 
taminants of the polyadenylated mRNA frac- 
tion.) (Lane 3) Autoradiograph of lane 2 RNA 
hybridized to the pLaI-2 probe. 
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ic tissue. The polyadenylated mRNA 
fraction was prepared from isolated 
Brockmann bodies; it is highly enriched 
with respect to two size classes of RNA 
(840 + 25 and 700 ? 25 bases) (Fig. 1, 
lane 2). Since insulin is a major product 
of Brockmann body tissue (7) we ex- 
pected that insulin mRNA might be pres- 
ent in one of the frequent RNA size 
classes. A cDNA library was con- 
structed from total Brockmann body 
polyadenylated RNA and single- 
stranded cDNA synthesized from the 
same RNA was used to screen the 
clones. The details of the cloning proce- 
dure have been described (8). This 
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screening resulted in the identification of 
three major cDNA families. Two of the 
families hybridized to mRNA's in the 
700-base size class and have been shown 
to encode peptide sequences for distinct 
somatostatins (somatostatin I and soma- 
tostatin II) (8). The other family, con- 
taining the most frequent cDNA's, hy- 
bridized to the 840-base mRNA as 
shown in Fig. 1, lane 3. Three plasmids 
from this family containing overlapping 
inserts (pLaI-l, -2, -3) were mapped and 
sequenced (Fig. 2). Together they com- 
prise 657 bases of the 840-base mRNA. 

Translation of the mRNA (the cDNA 
strand with a stretch of A's at its 3' end) 
beginning at the first AUG (A, adenine; 
U, uracil; G, guanine) codon predicts the 
amino acid sequence of a 12,730-dalton 
peptide, which we identify as anglerfish 
preproinsulin (Fig. 3). The precursor 
contains a signal peptide of 24 amino 
acids preceding a proinsulin moiety com- 
prising insulin B and A chains and a con- 
necting peptide of 41 amino acids. The 
amino acid sequences of the A and B 
chains predicted from the nucleic acid 
sequence are identical with those pre- 
viously determined by amino acid se- 
quence analysis (9). The predicted se- 
quence of the signal peptide has been 
confirmed by Shields (10). The molecular 
weight of preproinsulin is slightly larger 
than that estimated for an immuno- 
precipitable peptide synthesized in vitro 
from anglerfish polyadenylated mRNA 
(7). 

The anglerfish preproinsulin signal 
peptide, like those of other secretory 
proteins, contains a cluster of hydro- 
phobic amino acid residues. Whereas the 
first 17 amino acids of the human and rat 
insulin peptides are highly conserved 
(Fig. 4), there is much less homology evi- 
dent in the fish signal peptide. However, 
two regions have been conserved be- 
tween fish and mammals-the Ala-Leu- 
Trp close to the initiating methionine and 
the hydrophobic Leu-Leu (Ala or Val) 
Leu-Leu (Fig. 4). These conserved se- 
quences may have a specific function in 
the vectorial transport process. 

The amino acid sequence of the an- 
glerfish B and A chains is strongly ho- 
mologous to other B and A chains in- 
cluding those from mammals. In con- 
trast, the C peptide is 41 amino acids in 
length; this compares with 35 for rat and 
human (including the connecting basic 
residues at each end of the C peptide). 
This is the largest connecting peptide yet 
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trast, the C peptide is 41 amino acids in 
length; this compares with 35 for rat and 
human (including the connecting basic 
residues at each end of the C peptide). 
This is the largest connecting peptide yet 
found for any insulin precursor. It bears 
little resemblance to that of mammals, 
supporting the belief that it functions on- 
ly to allow the correct folding of the pro- 
insulin prior to processing. As in all oth- 
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Comparison of the Nucleic Acid Sequence of Aiglerfish and 

Mammalian Insulin mRNA's from Cloned cDNA's 

Abstract. Anglerfish (Lophius americanus) insulin complementary DNA was 
cloned in bacterial plasmids, and its sequence was determined. Fish insulin messen- 
ger RNA is larger (1.5 times) than the messenger RNA encoding mammalian (rat 
and human) insulin, in part because of a larger C peptide (an additional six amino 
acids or 18 nucleotides in length) but mainly because of increases in the 5' and 3' 
untranslated regions. Comparison of the fish, rat, and human insulin messenger 
RNA (from the complementary DNA) reveals that, in addition to the regions coding 
for the A and B peptides, sequence conservation is limited to a segment within the 5' 
untranslated region which may be involved in ribosomal binding, two small segments 
of the signal peptide, and two stretches of sequence in the 3' untranslated region. 
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er species, the insulin B chain of angler- 
fish is 30 amino acids long. However, 
alignment of the amino acid sequence for 
maximal homology (including the two in- 
variant cysteine residues involved in di- pLa,l 

sulfide bond formation) shows that it has 
one more amino acid on the NH2-termi- 
nal (valine) and one less on the COOH- 
terminal (11). Thus, the COOH-terminal 
residue (lysine) in anglerfish corresponds 
to position 29 in other species. From the 
sequence of the anglerfish cDNA it is 
evident that the NH2-terminal end of the 
C peptide has only one basic residue. 
The recognition site for the trypsin-like 
activity (Lys 30-Arg 31 in Fig. 3) in- 
cludes the B chain carboxyl terminal ly- 
sine and the cleavage yields the insulin B 
chain without further processing. This 
differs from proinsulin processing in 
mammals and birds in which there are 
two arginines on the NH2-terminal of the 
C peptide, requiring, in addition to the 
trypsin-like activity, a carboxypeptidase 
activity to remove the first arginine resi- 
due of the C peptide left at the carboxyl 
terminus of the peptide. 

The evolutionary conservation of the 
nucleic acid sequence encoding the 
translated portions of the four insulin 
cDNA's can be analyzed by focusing in- 
dependently on base substitutions that 
do (replacement sites) or do not (silent 
sites) affect the encoded amino acids 
(shown in Table 1) (4). Comparing fish 
and rat II sequences, substitutions have 
occurred at 20 percent of the replace- 
ment sites in the A and B peptides and at 
46 percent of these sites in the signal 
peptide. Substitutions at silent sites are 
more frequent in the B and signal peptide 
(67 and 55 percent, respectively) of fish 
and rat insulin II, suggesting a high de- 
gree of silent nucleotide divergence. In 
contrast, silent sites of the A peptide ap- 
pear more highly conserved (< 30 per- 
cent divergence). Such conservation 
might indicate a function for the A pep- 
tide portion of the nucleotide sequence, 
in addition to coding for the insulin pep- 
tide (for example, the secondary struc- 
ture of the mRNA). This result is also 
obtained when comparing fish and rat I 
insulin mRNA sequences and to some 
degree the fish and human sequences. A 
similar analysis of the C peptide is com- 
plicated by the differences in length. 
However, comparisons of the sequences 
of anglerfish with rat and human in seven 
successive coding frames of this region 
indicate that the codons are completely 
randomized. 

The composite fish insulin cDNA se- 
quence also contains 85 bases of a large 
(possibly more than 200 bases in total 
length, depending on the size of the poly- 
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Fig. 2. Partial restriction endonuclease map and sequencing strategy for three fragments from 
cloned fish insulin cDNA. Plasmids containing insulin cDNA fragments were purified, digested 
with restriction endonuclease, and prepared for sequencing (25) as described (8). The top line 
measures the cloned region of the insulin mRNA, diagramed in line 2. The first base that 
encodes the B peptide is used as a reference point. The wide portion of the second line indicates 
the translated region of the mRNA and the peptides of preproinsulin. The heavy lines marked 
pLaI-l, pLaI-2, and pLaI-3 represent the position of these three cloned cDNA fragments along 
the mRNA sequence. Lines with arrows below each of the fragments indicate the location of 
restriction sites used for labeling and the direction and extent of sequence information deter- 
mined. Wavy lines indicate polydeoxycytidylate tails. 

AAACCAACCAGCUCUAAGCGUAUCCACUCCGUCCUCUUCAUCAACUCAUUCAUCACCUCCUCC 

UACUCUACAGUUCUACUGCAGC 

Leu Leu Val Leu 
UUG CUG GUC UUA 

-10 
Leu 
CUG 

Pro Ala Gin His Leu Cys 
CCG GCG CAG CAC CUG UGU 

20 
Val Cys 
GUC UGU 

-24 
Met Ala Ala 
AUG GCG GCU 

-20 
Leu Trp Leu 
CUG UGG-CUC 

Val Val Ser Trp Pro Gly Ser 
GUC GUA UCG UGG CCA GGA UCC 

10 
Gly Ser His 
GGC UCU CAC 

Gly Asp Arg Gly Phe Phe Tyr Asn Pro 
GGA GAC AGA GGU UUC UUC UAC AAC CCC 

Gin Leu Leu Gly Phe 
CAA CUG CUG GGU UUC 

40 
Leu 
CUC 

Gin Ser Phe Ser 
CAG UCU UUC UCU 

1 
Gln Ala Val Ala 
CAG GCU GUC GCC 

Leu Val Asp Ala Leu Tyr Leu 
CUA GUC GAC GCC CUU UAC CUG 

30 
Lys 
AAG 

Pro Pro Lys Ser Gly Gly 
CCC CCA AAG UCU GGC GGC 

Gly Ala Asp Asn Glu Val Ala Glu Phe 
GGU GCU GAC AAC GAG GUG GCC GAG UUU 

70 
Met 
AUG 

60 
Ala 
GCC 

Arg Asp Val Asp 
AGA GAC:GUG-GAC 

50 
Ala Ala Ala Ala 
GCU GCA GCG GCA 

Phe Lys Asp Gin Met Glu 
UUC AAG GAC CAG AUG GAG 

Met Val Lys Arg Gly Ile Val Glu Gin Cys Cys 
AUG GUG AAG CGA GGC AUC GUG GAG CAG UGC UGC 

Asn Ile Phe Asp Leu Gin 
AAC AUC UUC GAC CUG CAG 

90 
Asn Tyr 
AAU UAC 

92 
Cys Asn 
UGC AAC 

80 
His Arg Pro Cys 
CAU AGA CCC UGC 

UGA ACAGUUUCCCUCGCCUUGC 

UUAGCAUCGCUUCAUGUCCCGGCUAACUUAGCCUGAACAUCCCGAAUCCCCCCAACCCCGGCA 

UCGAAGAGUGGCAGCUCUGUCUUCUCUCUCUCUCUCUCUCUCUCUCUCUGAACAAAAGGAAAC 

AACGGCUGUCAAACGUUGUGCUGAAGAGAGGAUUCAAUUAUUUUUCCUAGAAAAAUAAAGUUU 

UGUGAAUUGAG 

Fig. 3. Composite nucleotide sequence of anglerfish insulin mRNA and the predicted pre- 
proinsulin amino acid sequence. Prepeptide sequence amino acid residues -24 to -1; B chain 
amino acid residues 1 to 30; C peptide amino acid residues 31 to 71; A chain amino acid residues 
72 to 92. Abbreviations for the amino acid residues are Ala, alanine; Arg, arginine; Asn, aspara- 
gine; Asp, aspartic acid; Cys, cysteine; Gin, Glutamine; Glu, glutamic acid; Gly, glycine; His, 
histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; 
Pro, proline; Ser, serine; Trp, tryptophan; Tyr, tyrosine; and Val, valine. 
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Human Insulin Met Ala Leu Trp Met Arg Leu Leu Pro 

Rat Insulin I Met Ala Leu Trp Met Arg Phe Leu Pro 

Rat Insulin II Met Ala Leu Trp Ile Arg Phe Leu Pro 

Fish Insulin Met Ala Ala Leu Trp Leu Gln Ser Phe Ser 

Leu Leu Ala Leu Leu 

Leu Leu Ala Leu Leu 

Leu Leu Ala Leu Leu 

Leu Leu Val Leu Leu 

Ala 

Ala 

Ile 

Fig. 4. Comparison of the signal peptide for the known preproinsulins. Human insulin (5); rat 
insulin I (3, 4); rat insulin II (4). 

Table 1. Frequency of base substitution within the translated regions of four known insulin 
mRNA's. The frequency of nucleic acid base substitutions was calculated by the method of 
Lomedico et al. (4). In summary, each possible substitution (three) at bases encoding the signal, 
B or A peptides was scored as either replacement (substitutions affecting the encoding amino 
acid) or silent (neutral substitutions largely occurring at the third nucleotide position of codons). 
The number of replacement or silent sites equals the total number of replacement or silent 
substitutions (averaged for the two sequences to be compared) divided by three. Actual sub- 
stitutions were scored as either replacement or silent.. Half scores were given for changes that 
were replacement for one sequence and silent for the other. The alignment of the signal peptide 
coding region used in this sequence substitution analysis is based on the peptide alignment 
shown in Fig. 4. 

Silent Replacement 

Peptide Actual/ Actual/ Pepte tal Percent tal Percent total total 

Signal peptide 
Rat I/rat II 0/19 0 5/54 9 
Human/rat I 7/20 33 8/53 14 

Fish/rat I 12/15 64 27/53 51 
Fish/rat II 13/19 66 25/53 46 
Fish/human 12/20 60 24/52 46 

B peptide 
Rat I/rat II 5/21 24 2/69 3 
Human/rat I 11/22 50 4/68 6 
Fish/rat I 12/21 57 14/66 21 
Fish/rat II 14/21 67 13/66 20 
Fish/human 15/21 71 10/66 15 

A peptide 
Rat I/rat II 2/12 17 0/51 0 
Human/rat I 3/12 26 1/51 2 
Fish/rat I 3/11 27 11/52 21 
Fish/rat II 3/11 27 12/52 23 
Fish/human 6/11 54 12/52 23 

adenylated tail) 5' untranslated region 
and the complete 222-base 3' untrans- 
lated region. The resolved sequence of 
the 5' untranslated region has less than 
40 percent homology with any alignment 
of either the human or rat mRNA's with- 
in the same region. However, a short se- 
quence just prior to the AUG initiation 
codon which can form a stem and loop 
configuration is present in all three in- 
sulin mRNA's (Fig. 5). Using the method 
of analysis described by Tinoco et al. 
(12), we find that the secondary structure 
in both the human and rat insulin 
mRNA's is quite stable (at 25?C) while 
the one predicted in the fish is not (see 
legend to Fig. 5 for AG values). 

Since anglerfish is a poikilotherm liv- 
ing at an ambient temperature of 8? to 
10?C, and since temperature has a signifi- 
cant effect on the stability of closed loop 
structures, it is difficult to accurately 
predict the stability of the fish insulin 
secondary structure (13). Nevertheless it 
is interesting to point out that these loop 
structures each contain a region largely 
complementary to the 3' end of the 18S 
ribosomal RNA which may represent a 
ribosomal binding site (14). The nucle- 
otide sequence CAGNUC (C, cytosine; 
N, any nucleotide) is also contained 
within this region. In both the rat II and 
human sequences, an intervening se- 
quence separates the G from the follow- 
ing nucleotides within the genome 
(shown by an arrow in Fig. 5). If there is 
an intervening sequence in the anglerfish 
insulin gene, we presume it will occupy 
this position. 

The extent of the 4' untranslated re- 
gion is determined by the termination co- 
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Fig. 5. Secondary structures predicted from sequences within the 5' untranslated region of mRNA's from fish, rat II, and human insulin. Capital 
letters indicate sequence of mRNA. Lowercase letters represent the presumptive mRNA recognition sequence at the 3' end of eukaryotic 18S 
ribosomal RNA's (14). The underlined AUG codon represents the translation initiation codon for each of the mRNA sequences. The arrow 
indicates the known splice sites for introns in the human and rat insulin gene sequences and the predicted site in the fish insulin gene. The 
structure for the rat insulin II mRNA shown here can also be formed by the rat I insulin mRNA. (A) Fish (AG = +0.6 kcal); (B) rat II (AG = -9.5 
kcal); (C) human (AG = - 10.3 kcal), where AG is the summation of free energy differences (at 25?C) between the base-paired state and the 
nonbase-paired state. 
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don and a stretch of 25 A's at the 3' end 
of the pLaI-3 cDNA fragment. Although 
the region is dramatically different in 
length from that of mammalian insulin, 
the four mRNA's contain two common 
features: the AAUAAA sequence, 22 
bases from the polyadenylated tail, 
which is present in most eukaryotic poly- 
adenylated mRNA's, and a stretch of nu- 
cleotides rich in cytidine and lacking 
thymidine found in the early portion of 
the 3' untranslated region. Although a 
similar cytidine-rich sequence is present 
in the same region of human (15), rat 
(16), and bovine (17) growth hormone 
and human chorionic somatomammotro- 
pin hormone (18), it is not evident in oth- 
er hormone mRNA's that have been se- 
quenced, such as human chorionic go- 
nadotropin (19), rat prolactin (20), bo- 
vine ACTH (21), or fish somatostatin (8). 
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for both hormones. 

Traditionally, cell culture media have 
been supplemented with serum, which 
contains a number of polypeptide growth 
factors that induce cellular proliferation 
(1). Several of these growth factors, in- 
cluding platelet-derived growth factor 
(PDGF) (1), fibroblast growth factor 
(FGF) (2), and epidermal growth factor 
(EGF) (3), have been isolated from their 
tissues of origin, and their mitogenic ac- 
tivity for cultured cells has been a sub- 
ject of intensive investigation in several 
laboratories. The best studied of these 
hormones is EGF, which initiates its ac- 
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tion by binding to specific receptors on 
the surfaces of target cells (4). Following 
this highly specific association with its 
surface receptors, EGF is internalized 
by cells and degraded by lysosomal pro- 
teases; the internalization and degrada- 
tion of EGF is associated with EGF re- 
ceptor down regulation, that is, the loss 
of EGF binding activity by cells (5). 
Studies with affinity-labeled EGF recep- 
tors have demonstrated that EGF recep- 
tors are down-regulated by internaliza- 
tion and degradation in lysosomes. The 
internalization and degradation of affini- 
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medium plus 0.5 per- 
cent FCS. Unlabeled EGF at concentrations of 1 ng/ml (x) or 50 ng/ml (A), or 40 ,ul of a stock 
solution of PDGF (0), were added to the dishes and the cells were incubated further at 37?C. At 
the times indicated, medium containing EGF or PDGF was removed by aspiration, the cells 
were washed twice, and binding of 25I-labeled EGF was determined after 60 minutes of in- 
cubation at 23?C (6, 7). Maximum binding of I25I-labeled EGF indicated approximately 70,000 
EGF receptors per cell. All values are corrected for nonspecific EGF binding occurring in the 
presence of 5 pM EGF, and all values are normalized to EGF bound by cells incubated in the 
absence of PDGF or unlabeled EGF prior to assay of I25I-labeled binding. The EGF was purified 
and labeled with 125I as described previously (6, 7). The PDGF was purified 30,000-fold from 
human serum (9). Seven microliters of the stock solution of PDGF (780 ng/ml) induced a four- 
fold (maximal) stimulation of DNA synthesis, determined by measuring [3H]thymidine uptake 
into DNA (7) during a 1-hour exposure period occurring 24 hours after the addition of PDGF to 
serum-starved cells. (B) Inhibition of EGF-induced down regulation of EGF receptors by 
PDGF. The indicated amounts of PDGF were added to cells at 37?C and EGF (1 ng/ml) was 
added 1 hour later. After an additional 6 hours of incubation at 37?C, PDGF and EGF were 
removed by aspiration, the cells were washed twice, and the binding of I25I-labeled EGF was 
determined (6, 7). 
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Modulation of Epidermal Growth Factor Receptors on 
3T3 Cells by Platelet-Derived Growth Factor 

Abstract. Platelet-derived growth factor does not compete with epidermal growth 
factor (EGF) for binding to EGF receptors on the murine 3T3 cell surface, but it 
modulates EGF receptors in two ways: (i) it induces a transient down regulation of 
EGF receptors and (ii) it inhibits EGF-induced down regulation of EGF receptors. 
These data suggest a common cellular internalization mechanism for the receptors 
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