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ABSTRACT We characterized a clone carrying the guinea
pig preproinsulin gene, which, in contrast to other mammalian
preproinsulin genes, is highly divergent in its regions encoding
the B and A chains of mature insulin. Blot hybridization analy-
sis indicates that this gene is present in only one copy in the
guinea pig genome and that other normal or mutated pre-
proinsulin genes do not exist in this animal. Moreover, the po-
sition of introns in this gene and the homology of its 3’ flank-
ing region to the corresponding regions of other sequenced
mammalian genes show that it has been derived from the com-
mon mammalian stock. The rapid evolution of the region en-
coding the B and A chains can be interpreted, according to our
sequence-divergence analysis, as due to the fixation of both
neutral and adaptive mutations.

The genes for preproinsulin provide an interesting system for
addressing questions related to molecular evolution. Insights
into the evolutionary process can be gained by comparing
the gene product or the gene sequences themselves in differ-
ent species. The primary structures of insulins isolated from
over 25 species are known (1), and preproinsulin gene and/
or cDNA sequences are available for mammals [human (2-
4), dog (5), rat (6), Chinese hamster (7), and the Old World
monkey Macaca fascicularis (8)], birds [chicken (9)], fishes
[carp (10), anglerfish (11), and salmon (12)], and a cyclo-
stome [hagfish (13)].

The interest in preproinsulin gene evolution stems from
the fact that (negative) selection operating at the preproinsu-
lin protein level assigns distinct regions to the corresponding
gene (encoding signal peptide-B chain-C peptide—A chain)
which are under very different constraints. Thus, the B and
A chains, which appear in the mature hormone, are highly
conserved. Also conserved is the hydrophobic character and
certain other features of the signal peptide (preregion),
which is involved in transmembrane segregation of the na-
scent peptide. The C peptide is more divergent, perhaps re-
flecting its role as a molecular spacer whose functions in the
transport, folding, and cleavage of the proinsulin molecule
are less sequence dependent (14).

A major discrepancy in this picture has been observed in
the insulins of certain hystricomorph rodents, such as the
guinea pig. Though the C peptide divergence of guinea pig
proinsulin seems to conform to the general pattern (15), the
A and B chains (total of 51 residues) differ from human insu-
lin, for example, at 18 positions (16), while most other mam-
malian insulins differ from each other at only 1-3 sites. This
intriguing phenomenon in the hystricomorphs has been ex-
plained in the past as being due either to Darwinian selection
(17) or to neutral drift (18) (see Discussion). More recently,
Roth and collaborators (19, 20) have proposed on the basis of
immunological assays that the guinea pig has two preproin-
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sulin genes, one closer to the human/porcine type, which is
expressed in extrapancreatic tissues, and a second mutated
gene, which is expressed in the pancreas instead of the nor-
mal gene.

To examine these issues, we cloned and sequenced the
guinea pig preproinsulin gene and compared it to the other
sequenced mammalian insulin genes. As we show here, the
guinea pig has a single preproinsulin gene, which has been
derived from the common mammalian stock. Moreover, our
analysis indicates that the evolution of the region of this gene
encoding the B and A chains is most compatible with a mod-
el in which both adaptive and neutral changes accompany
the acquisition of an alternative function.

MATERIALS AND METHODS

Materials. Bacteriophage vectors Charon 28 and Agt10 and
plasmid vector pUC9 were provided by F. Blattner, T.
Huynh, and J. Messing, respectively. Restriction enzymes,
T4 DNA ligase, S1 nuclease, polynucleotide kinase, and
EcoRlI linkers were from New England Biolabs or Bethesda
Research Laboratories; Klenow fragment of Escherichia coli
DNA polymerase I and proteinase K were from Boehringer
Mannheim; and reverse transcriptase was from Life Sci-
ences (St. Petersburg, FL). [a-*?P]dNTPs (700 Ci/mmol; 1
Ci = 37 GBq) were from New England Nuclear; [y->P]JATP
(7000 Ci/mmol) was from ICN.

Recombinant DNA Procedures. RNA was prepared from
isolated guinea pig pancreatic islets by the guanidine thio-
cyanate/CsCl procedure (21), and further purified by oligo-
(dT)-cellulose chromatography (22). Double-stranded cDNA
was synthesized as described (23). The ends of these mole-
cules were made flush by treatment with DNA polymerase 1.
They were then cloned into the vector Agtl0, following at-
tachment of EcoRI DNA linkers.

Guinea pig chromosomal DNA was isolated from the liver
of a single animal as described (24). After partial digestion
with Mbo 1, DNA fragments in the range of 16-24 kilobases
were isolated by preparative agarose gel electrophoresis and
cloned into the BamHI vector Charon 28 as described (25).
Screening of the cDNA and chromosomal DNA libraries was
performed by the method of Benton and Davis (26). DNA
blotting was performed by the method of Southern (27).

DNA Sequence Determination. DNA sequence analysis
was performed either by the chemical method (28) or by the
enzymatic method (29) after subcloning into phage M13mp9.

Calculation of Sequence Divergence. A method of calculat-
ing sequence divergence between two homologous se-
quences has been described by Perler et al. (9). These au-
thors introduced corrections for multiple events because
they were comparing sequences between species that had
diverged at different evolutionary times. However, such cal-
culations are complicated by the fact that the correction for-

Abbreviations: kb, kilobase(s); PDGF, platelet-derived growth fac-
tor.
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mulas are valid only under the assumption that transitions
and transversions are equally probable, which is not neces-
sarily correct (see, for example, ref. 30). Thus, we used the
method only to assign silent and replacement sites and the
corresponding nucleotide substitutions. We then calculated
divergences [100 X (substitutions/sites)] without introducing
corrections for back mutations. This is because we com-
pared the preproinsulin sequences only among mammalian
species that diverged at about the same time. These uncor-
rected percent divergences (percent substitution values) can
be treated directly as nonlinear substitution rates (31). They
constitute a relative index of evolutionary rate of fixation at
the nucleotide level and allow us to derive from the analysis
conclusions that do not rely on methodological assumptions.
We emphasize, however, that we use these percent substitu-
tion values only as indicative values. Their statistical signifi-
cance is low because the comparisons involve sequences
from only six species, and the gene domains we compare are
small.

RESULTS

Isolation of Guinea Pig Preproinsulin cDNA and Chromo-
somal DNA Clones. Poly(A)-enriched RNA was prepared
from isolated guinea pig pancreatic islets, enzymatically con-
verted into double-stranded cDNA and cloned into the Agt10
vector. When the recombinants were screened with 32P-la-
beled guinea pig islet cDNA, a number of strongly positive
plaques were obtained. One of these clones was character-
ized by DNA sequencing, which showed that the insert of
this recombinant phage corresponded to most of the guinea
pig preproinsulin mRNA, extending from the preregion (mi-
nus the codons for the first four amino acids) to the poly(A)
tail. This insert was subcloned into pUC9, and the derived
clone (pGPin-1) was used as a probe to screen an amplified
guinea pig chromosomal DNA library in Charon 28.

We screened approximately 800,000 plaques and obtained
29 positive clones. Analysis of these recombinants by re-
striction enzyme mapping and cross-hybridization showed
that they are all overlapping clones carrying the same guinea
pig preproinsulin gene. A restriction map of the guinea pig
preproinsulin gene contained in two overlapping clones
(AGPin-8 and AGPin-22), which we further characterized by
DNA sequencing, is shown in Fig. 1.

To examine whether a second preproinsulin gene is pres-
ent in the genome, we hybridized a pGPin-1 probe to a chro-
mosomal DNA blot (Fig. 2). This analysis revealed that the
isolated gene is unique since the restriction fragments that
hybridized corresponded to those expected from the map of
the cloned gene.

We reasoned that if the evolutionary scheme proposed by
Roth and collaborators (19, 20) is correct, the putative sec-
ond gene might not hybridize to pGPin-1 sequences under
stringent conditions, but it should hybridize to a rat insulin
cDNA probe because it was thought to be similar to the typi-
cal mammalian preproinsulin genes. However, repeat of the
DNA blot analysis with a rat probe failed to reveal any hy-

bridizing bands, even under less stringent conditions (not
shown).
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FiG. 1. Structure of the guinea pig preproinsulin gene. Size of
fragments between restriction sites for HindIII (H), BamHI (B), and
Sst 1(8S), given in kilobase pairs (kbp), were derived from restriction
mapping of two overlapping clones, A\GPin-8 and AGPin-22. Shaded
boxes represent positions of the three expressed sequences, and
open boxes denote the two intervening sequences found in guinea
pig preproinsulin gene.
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-23.1 bridization of guinea pig DNA.
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’ isolated from guinea pig spleen

6.6 (24) was digested with BamHI
(lane a), HindIlI (lane b), Bam-
HI/HindIll (lane c), Sst 1 (lane
d), or Stu I (lane e), electropho-
resed on a 0.6% agarose gel
transferred onto nitrocellulose,
and hybridized with nick-trans-
lated pGPin-1 labeled with [a-
32p)dCTP to approximately 10°
cpm/pug. Standard size markers
are from HindIlI-digested ADNA
and are shown in kilobase pairs
(kbp).

Analysis of the Cloned Guinea Pig Preproinsulin Gene. The
nucleotide sequence of guinea pig preproinsulin gene in
clone AGPin-22 is shown in Fig. 3. The poly(A) addition site
was positioned by comparison to the sequence of the cDNA
clone pGPin-1, while the capping site was positioned by
comparison to the known capping sites of the rat I and II
genes (7).

The structure of this gene is similar to that of the other
preproinsulin genes that have been characterized (with the
exception of the rat preproinsulin I gene). Thus, the gene
contains two introns—a small intron (119 base pairs), which
interrupts the region corresponding to the 5’ noncoding re-
gion of the mRNA, and a second larger intron (613 bp),
which is located between the codons for the sixth and sev-
enth amino acid residues of the C peptide. While the position
of the large intron is unequivocal, the small intron was posi-
tioned by comparison to other insulin genes (our cDNA
clones do not cover this area).

The 5’ flanking region of the guinea pig gene, which in-
cludes the “TATA” box, is very homologous to the corre-
sponding region of the other sequenced mammalian genes
(Fig. 4A), and no lesions are apparent in the primary struc-
ture of this promoter-related area. Moreover, the presum-
ably functionless 3’ flanking region of this gene is also ho-
mologous to the corresponding region of the other mammali-
an genes (Fig. 4B). These homologies (especially the latter)
strongly indicate that the divergent guinea pig preproinsulin
gene has the same evolutionary origin as the other mammali-
an genes because it is embedded in DNA derived from the
common ancestor. Thus, guinea pig insulin is not the product
of a paralogous gene, as proposed by Rosenzweig et al. (20).

Translation of the sequence reveals that the preproinsulin
signal peptide is 24 residues long and contains a core rich in
amino acids with hydrophobic side chains, as expected. The
sequence for the B and A chains is in agreement with the
previously determined protein sequence (16). However, the
translated sequence for the C peptide is longer by two amino
acids from the protein sequence reported earlier (32), which
fills the previously proposed gaps in the alignment of mam-
malian C peptides. Two other residues (positions 27 and 28)
are different from those reported. The differences are most
likely due to a loss of a COOH-terminal tripeptide during
cyanogen bromide cleavage of the methionine residue at po-
sition 28. Alternatively, the COOH-terminal part might have
been lost prior to the analysis, because C peptides are occa-
sionally truncated during isolation (33), or in vivo after the
cleavages of the processing pathway (5, 34).

ror9
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DISCUSSION

Our data indicate that the guinea pig genome contains a
unique preproinsulin gene that, despite its common evolu-
tionary origin with preproinsulin genes of other mammals,
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CTGCAGACCCAGCACCAGGGAAATGATCCAGAAATTGCAACCTCAGCCCCCTGGCCATCTGCTGATGCCACCACCCCCAGGTCCCTAATGGECCTGGTGGCAGAGTTTGGGAAGATGGEC
;
TCAGGGCTATATAAAGTCCACAAGGACCTAAGAGCCCCCAGTGCTGCTGGGCCAGCTGTATTCTGAGGTGGTCAGCACACAGgtetgty gtg 9999 9

gGTCATCATCCTTTCATC ATGGCTCTGTGGATGCATCTC
MetAlaleuTrpMetHisLeu

CTCACCGTGCTBECCCTGCTOGCCCTCTEG666CCCAACACTARTCAGGCCTTTGTCAGCCGECATCTETGCOGCTCCAACTTAGTGGAGACATTGTATTCAGTGTGTCAGGATGATEGC
LeuThrvalleuAlaleuleuAlalLeuTrpGlyProAsnThrAsnGinAlaPheValSerArgHisLeuCysGlySerAsnLeuValGluThrieuTyrSerValCysGinAspAspGly

9999 gggttgg tggga gtattggggg ggctg g9

Proc. Natl. Acad. Sci. USA 81 (1984)

Fi1G. 3. Nucleotide sequence of
the guinea pig preproinsulin gene.
The nucleotide sequence of the
mRNA strand is displayed from the
5 to the 3’ direction. Small and large

TTCTTCTATATACCCAAGGACCETCGOGAGCTAGAGGACCCACAGGS tgag tgccatecctgctgtttecy

capital letters represent the flank-

PhePheTyrIleProlysAspArgArgGluleuGluAspProGinV

ing and mature mRNA sequences,

taattccaaggagagtcgatgggtttgttg;

gg: g tttcgtaaagtggtggtggcttccta

gggtaaaggg g respectively, while the intron se-

tgg att tggt Quences are in lower case letters. The

gctgtag 99: 9 g g 99!

amino acid sequence is displayed on

gttg g gggtag g tca t g g

9 ggg9aggtgtgggtct

a line below the coding sequence.

gtg g ggcag 9 tgcag g

g g gctgctg gtatt gcagTGGAGCAGACAGAACTGGGCATGGGCCTGGGGGCAGGTGGACTACAGCCCTTGGCACTGGAG

ggtagtgtgggy:

9 gctg

The TATA box and the polyadenylyl-

“a161u6InThrGluleuGlyMetGlyLeuGlyATaGlyGlyLeuGinProLeuATaleuGlu  ation signal are underlined. Asterisks
ATGGCACTACAGAAGCGTHGCATTGTGGATCAGTGCTGTACTGGCACCTGCACACGCCACCAGCTGCAGAGCTACTGCAACTAG ACACCTGCCTTAACCTGGCCTCCCACTCTCcceT  indicate the capping and poly(A) ad-

HetAlaLcuGInLysArgGlylleVaIAspGlnCysCysThrGlyThrCysThrArgHIsGlnLeuGlnSerTerys sn

GGCMCCMIMACCCCTTGAATGAGccccAT'rGAATGGTcmTGTGrcn TGACTCA
CCTCTCTATGCTCTGTGCACCTCTAACACACCC

has diverged disproportionately in the A and B chain-encod-
ing segments.

In the past, both of the competing hypotheses concerning
molecular evolution—i.e., selectionism and neutralism—
have been invoked to explain the hystricomorph insulin
changes, using different arguments. The point that the neu-
tralists debate is the extension of the neo-Darwinian views
on organismal evolution to the molecular level. According to
these views, most mutant genes are either more or less adap-
tive than their ancestors. Less-adaptive genes are eliminated
from the population by negative selection, while more-adap-
tive genes are fixed in the population by positive selection.
Negative selection is accepted by the neutralists. They also
accept that favorable mutations do occur. However, accord-
ing to the neutral theory, such mutations are so rare as to be
neglected in calculating rates of molecular evolution. Thus,
with the exception of the disadvantageous mutants, which
will be eliminated, most of the mutant genes are selectively
neutral—that is, they are adaptively neither more nor less
advantageous than the genes they replace. Most evolution-
ary changes are then the result of fixation in the population
of randomly drifting, selectively equivalent mutant genes.

Although several lines of evidence support the neutralist
view (see refs. 35 and 36 for reviews), the crucial question
remains as to the exact magnitude of the neutral element in
molecular evolution. It seems plausible that in addition to
random drift, a significant number of adaptive mutations
also may be fixed.

GUINEA PIG  CTGCAGACCCAGCACCAGGGAAATGATCCAG!
RAT CTGCAGACTTAGCACTAGGCAAGTG-TTTGG
A, RAT 11 CTGCAGACCTAGCACCAGGCAAGTG-TTTGGA
HUMAN CCACAGACCCAGCACCAGGGAAATGGTCCGGH
DOG CCGCAGACCCAGCACTGGGGAAATGATCCAGAAATTGCAGCCTC

TGATGCCACCACCCCCAGGTCCCT-AATGGGCCTGGTGGCAGAGTTT== ==~~~ GGGAAGA
CTAC-! QTACCCCTCCTAGAGCCCTTAATGGGCQAAACG CAAAGTCCAGGGGGCAGAGAGGA
TGAT-CCA-=========== CCCTTAATGGGACAAACAGCAAAGTCCAGGGGTCAGGGGGGG
CGACCCCCCCACCCC-AGG- CCCT AATGGGCCAGGCGGCAGGGGTTGACAGGTAGGGGAGA
CACCCCCmm==m========m=== TCAT-GGCCAGGCCH ------; ----------------
TGGGCTCAG-GGCTATA TCCACAAGGACCTAAG-AGCCCCC
GGTGCTTTG-GAC--TATAAAG-CTAGTGGAGACCCAGTAACTCCC
GGTGCTTTG-GAC-~TATAAAG-CTAGTGGGGATTCAGTAACCC
A

ZIBIZE:
(r<<4<"

TGGGCTCTGAGAC-~ ~CCAGCGGGGGCCCAGCAG!
TGGGCTCGGGAGC-~ AAG--CAG-GAGGGTCCAGCAGCCCCC

GUINEA PIG CCCCATTGAATGGTCTGTGTGT CATGGAGGGGGAGGGGC - ~-TGACTCAA-GGGGGCACATG
RAT 11 A AACATG

B, GUINEA PIG CCCCATIGAATGGTCTGTGTGTCATGGAGGGGGAGGGGCTGACTCAAGGGGGCAC
' HUMAN CCT-GCTGTGCCGTCTGTGTGTCTIGGGGGCCCT-GGGC -~~~ CAAGCCC-CAC

GUINEA PIG  CCCCATTGAATGGTCTGTGTGTCATGGAGGGG--GAGGGGCTGACTCAAGGGG
DOG CCTAGIGGTGITGTCTGTGCGGCGC--AGGGGTTGAGGTG-TGGG-CCAGGGG

FiG. 4. (A) Group alignment of the 5' flanking regions of se-
quenced mammalian preproinsulin genes. The sequences begin at
the first nucleotide (—1) to the 3’ side of the capping site and extend
upstream. Nucleotides identical to all of the sequences are under-
lined. (B) Alignment of the guinea pig 3’ flanking preproinsulin gene
sequence to the corresponding sequences of other mammalian pre-
proinsulin genes. The sequences begin with the first nucleotide fol-
lowing the poly(A) addition site and extend downstream. Homolo-
gous nucleotides are underlined. Because of extensive sequence di-
vergence in this region, it is difficult to align these sequences as a
group. With the exception of the rat sequences (unpublished re-
sults), the data are from refs. 4 and 5.

dition sites. The arrows indicate, in

ACATGCATGCCAGCCTATCATCCAGGTTCATTGCARGACCE  order, the boundaries of the prere-

gion and the peptides B, C, and A.

In guinea pig insulin, the usually conserved Zn-coordinat-
ing B10 histidine residue (37) has been replaced by aspartate,
rendering the molecule unable to form Zn-insulin hexamers
(the storage form in most species). The neutralists contend
(18) that in the process of speciation, the loss of a selective
constraint related to Zn-binding freed the gene from negative
selection and allowed the accumulation of additional neutral
mutations at a more rapid rate. In contrast, the selectionist
view (17) asserts that the observed changes are adaptive. By
assuming that storage of the hormone is as important to the
fitness of the organism as is receptor binding and biological
activity, the following hypothesis can be constructed. A (lo-
cal) shortage of Zn may have precluded hexamerization dur-
ing storage of insulin in the beta cells of the guinea pig ances-
tors. Thus, selectively advantageous mutations were fixed.
For example, hydrophobic residues at surface contact points
(involved in aggregation to hexamers) were replaced with
more hydrophilic residues, making the insulin molecule
more stable in the monomeric form in aqueous environ-
ments. Specifically the B chain residues at positions B14 (al-
anine), B17 (leucine), and B20 (glycine) have been replaced
by threonine, serine, and glutamine, respectively (Fig. 3).

An environmental factor leading to insulin divergence and
presumably to convergent evolution (38) was implicated be-
cause, in addition to the hystricomorphs, the insulins of two
other New World species (the New World monkeys Cebus
appella and Saimiri sciurea) do not cross-react with porcine
insulin antibodies (39). However, environmental Zn shortage
would seem unlikely in view of its essentially ubiquitous
geographic distribution, and Zn is an essential trace metal
(component of many enzymes). Moreover, the insulin of the
porcupine, which is an Old World hystricomorph, is also mo-
nomeric and of low metabolic activity, despite the fact that it
retains the histidine at position B10 (40). Thus, we conclude
that Zn shortage as a basis for adaptation is untenable.

What then can we learn from the DNA sequence about the
evolutionary events that led to the appearance of the diver-
gent guinea pig insulin gene? Our results clearly show that
this gene is a typical mammalian insulin gene in all respects
except for increased rates of substitution in the A and B
chain replacement sites.

The percent substitution values, derived from compari-
sons of the guinea pig gene to the other sequenced mammali-
an genes (Table 1) seem to support the neutral theory. The
substitution values in silent sites do not differ from any other
mammal and are approximately the same (average of 30%)
for all of the gene segments (encoding A and B chains, prere-
gion, and C peptide). This is compatible with the prediction
of the neutral theory that, aside from any mRNA structural
requirements, silent sites in codons are not usually under se-
lective constraint. However, comparison of the substitution
values (Table 1) in the replacement sites of the gene regions
leads to interesting conclusions. The values for the C peptide
and the preregion are equal and approximately the same for
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Table 1. Percent substitution values

Replacement
Silent sites sites
A+B Pre C A+B Pre C
Human/dog 32 21 13 1 1 12
Monkey/dog 21 25 16 1 9 14
Human/rat 29 27 39 3 16 15
Monkey/rat 24 24 41 3 14 14
Dog/rat 29 22 38 3 16 19
Human/hamster 31 34 36 2 14 16
Monkey/hamster 24 30 34 2 12 15
Dog/hamster 29 28 38 2 17 20
Rat/hamster 21 15 19 2 11 6
Guinea pig/human 29 36 29 17 17 18
Guinea pig/monkey 27 32 29 17 16 17
Guinea pig/dog 38 30 41 16 19 22
Guinea pig/rat ] 33 24 40 18 22 18
Guinea pig/hamster - 22 21 42 17 19 19
Mammal/mammal (avg) 27 25 30 2 13 1§
Guinea pig/mammal (avg) 30 31 36 17 19 19
Chinchilla/mammal (avg) [3
Porcupine/mammal (avg) 11
Coypu/mammal (avg) 17
Casiragua/mammal (avg) 19
Guinea pig/chinchilla 15
Guinea pig/porcupine 15
Guinea pig/coypu 14
Guinea pig/casiragua 17
Chinchilla/porcupine 12
Chinchilla/coypu 15
Chinchilla/casiragua 18
Porcupine/coypu 18
Porcupine/casiragua 19
Coypu/casiragua 5
Hystricomorph/
hystricomorph (avg) 16

The percent substitution values of each pair of sequences was cal-
culated separately for the A and B chains (A + B), the preregion
(Pre) and the C peptide as described. The values that involve rat
sequences are averages of separate calculations with rat gene I and
gene II preproinsulin encoding segments. The data are from refs. 2—
8. The values for the replacement sites of the A and B chains of
hystricomorph insulins were calculated by converting the known
amino acid sequences (40, 41) to nucleotide sequences. For amino
acids with six codons (leucine, serine, and arginine), we chose the
codon by homology to the other mammalian sequences.

the guinea pig and the other mammals. They are, however,
lower than the corresponding values for silent sites, which
suggests that some negative selective pressure is operating in
this case, even for the C peptide with its presumably less
stringent functions. Actually, 12 of 23 residues in the prere-
gion and 9 of 31 residues in the C peptide are invariant
among mammals, including the guinea pig.

An interesting argument can be made from this analysis as
follows. The preregion is necessary for the transmembrane
segregation of preproinsulin, and this function is related to
its hydrophobicity, especially in the central region of the pre-
peptide (42). Since all of the replacements in this lipophilic
core are conservative, involving only hydrophobic (or polar
but uncharged) amino acids, they can be considered as neu-
tral (i.e., not harmful). Thus, the replacements in the C pep-
tide (in which the functional constraints may be even less
demanding) are definitely neutral. Actually, they are in their
majority also conservative.

In the guinea pig, however, the replacement rate in the A
and B chains is also at the level of the neutral value. In the
absence of other information, this result would lead to the
conclusion that the divergence of these regions is also expli-

Proc. Natl. Acad. Sci. USA 81 (1984) 5049

cable in terms of neutral evolution. We believe, however,
that a more complex picture is more realistic in view of the
strong negative selection in other mammalian A and B chains
in which the replacement rate is approximately one-seventh
of the neutral rate.

Further evidence against neutral evolution is also evident
from the comparisons in Table 1, which show the range of
divergence of various hystricomorph insulins from the typi-
cal mammalian sequences. Thus, chinchilla insulin is very
close to the typical mammalian molecules (43), while porcu-
pine insulin is in-between the two extremes in terms of diver-
gence but is similar to guinea pig insulin in terms of its bio-
logical activity (40). It appears that most of the hystrico-
morph sequences have diverged between themselves to the
same extent that some of them differ from the typical mam-
malian insulins.$

Are we then forced to conclude that all of the changes in
hystricomorph insulins are adaptive and therefore positively
selected? This is unlikely because changes in certain resi-
dues are neutral. For example, certain replacements have
occurred in positions where typical mammalian insulins dif-
fer among themselves—i.e., positions A8, A9, and A10, and
B30. It is known that deletion of the B30 residue does not
impair biological activity (45). On the other hand, neutrality
cannot easily explain why the drastic change of the Zn-bind-
ing histidine at position B10 to glutamine or asparagine in the
coypu (or casiragua) and guinea pig insulins, respectively,
could be maintained by negative selection as a conservative
replacement. These animals have also in common a threo-
nine at position B14, a serine at position B17, and an arginine
at position Al3, while the A12 or Al8 residues are either
serine or threonine.

If positive selection has indeed operated, what was its ba-
sis? Although an explanation in molecular detail is not feasi-
ble for the moment, we will discuss, as examples, two possi-
ble evolutionary schemes which are not mutually exclusive.

In the first case, we suggest that one or more slightly dele-
terious mutations were fixed in the molecule by random
drift. Despite a substantial loss in biological activity, the
molecule could still function as insulin, as long as negative
selection was able to maintain some residual biological activ-
ity. This would generate a need for selection of compensa-
tory mutations. The guinea pig has approximately 10 times
more insulin in the serum than other mammals, and its insu-
lin is degraded approximately 2-fold slower than is porcine
insulin (46). It is known that mutant insulins in humans that
have lowered receptor binding potency also accumulate in
the serum and turn over more slowly, presumably due to
decreased receptor-mediated endocytosis of the hormone
(47). But in addition, the insulin receptor level is elevated in
guinea pig tissues, although the receptor does not exhibit en-
hanced binding of guinea pig insulin relative to others (41).
Thus, it could be argued that compensatory changes allow
the insulin of the guinea pig to remain effective as a metabol-
ic hormone.

The second scheme suggests that hystricomorph insulins
might have acquired an alternative functionality, as indicat-
ed by a recent, rather remarkable observation. Though the
metabolic biological activity of hystricomorph insulins is low
in comparison to that of their typical mammalian counter-

§To explain this observation with the neutral theory, we would have
to conclude that substitutions in replacement sites reached satura-
tion levels very rapidly because the divergence time for these ani-
mals is definitely more recent than for the mammalian radiation. In
this regard the casiragua/coypu divergence, which is only 5%, re-
mains unexplained unless the taxonomic relationship between
these two animals is much closer than has been generally stated.
On the other hand, we note that the cuis which belongs to the same

subfamily as the guinea pig appears to have a bovine-type insulin
(44).



5050 Biochemistry: Chan et al.

parts, their growth activity is substantially higher than that
of any other insulin (or somatomedin) tested in parallel (48).
This activity appears to be exerted through a receptor that
does not normally recognize other insulins or somatomedins
but may recognize platelet-derived growth factor (PDGF) in-
stead (49). Thus, it seems possible that the hystricomorph
insulins have compromised their metabolic activity in order
to adaptively acquire the ability to recognize the PDGF re-
ceptor, possibly because of a deleterious mutation elsewhere
(e.g., in the hystricomorph PDGF or somatomedin genes or
their respective receptors). The reduction in insulin receptor
binding leading to increases in circulating hormone may then
be viewed as representing further adaptations that enhance
this new function of guinea pig insulin, inasmuch as relative-
ly high levels are required to stimulate the PDGF receptor
(49). The foregoing scheme envisions primarily the operation
of positive selection, even if we accept that the replacements
in the guinea pig insulin are neutral in origin, as the percent
substitution values in Table 1 imply. This would be an exam-
ple of the generation of a new function through the fortuitous
assortment of neutral or slightly deleterious mutations fixed
by random drift.

It is of interest that the guinea pig has been reportéd also
to have a highly mutated glucagon molecule (50). Its biologi-
cal poiency is not known as yet, but it is tempting to specu-
late that this otherwise highly invariant metabolic hormone
(51, 52) also may have undergone compensatory changes in
these rodents. The divergence of glucagon, if confirmed by
cloning and DN A sequence analysis of the gene, would dem-
onstrate that adaptive evolution in the guinea pig gastroen-
teropancreatic endocrine system is extensive.
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