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ABSTRACT In higher primates, the coding region of the
gene for involucrin, an epidermal protein, is mostly composed
of a recently generated (modern) segment of repeats of a
sequence of 10 codons. While the rest of the coding region has
evolved only by nucleotide substitutions, the modern segment
has evolved by successive addition of repeats. This process has
not taken place randomly; instead, the expansion of the modern
segment has been progressive from 3’ to 5’ end, thus adding
vectorially regions that have been defined as early, middle, and
late. The relatedness of the human, chimpanzee, and gorilla
may be analyzed with greatest sensitivity by comparing their
middle regions. The chimpanzee involucrin gene is more closely
related to that of the gorilla than to that of the human.

Involucrin is a polypeptide substrate of keratinocyte trans-
glutaminase (1, 2). During terminal differentiation of the cell,
the enzyme is activated and involucrin becomes cross-linked
to other proteins, forming an insoluble cell envelope.

The nucleotide sequence of the involucrin gene is known
for the human (3), gorilla (4), orangutan (5), and owl monkey
(6). The coding region of the gene contains a modern segment
of repeats. This segment was generated within the higher
primate lineage in stages that could be defined as early,
middle, and late. The early region was completed in a
common ancestor of all anthropoid primates, since it is
present in species as widely separated as the human and the
owl monkey (6). The middle region of the hominoids devel-
oped after divergence of their lineage from that of the owl
monkey, since the involucrin gene of the latter does not
contain a corresponding middle region. The late region must
have been generated after the divergence of the hominoid
species from each other, since it is unique in each hominoid
so far examined (3-5).

We now report the nucleotide sequence of the involucrin
gene of the chimpanzee (Pan)* and examine the relatedness
of the segment of repeats in this gene to that of the human and
gorilla. Relatedness is based on two criteria: similarity of
repeat pattern and coincidence of marker nucleotides. Since
the repeats of the modern segment are nearly identical to a
consensus sequence, a non-consensus nucleotide marks a
repeat and may therefore be used to establish that two repeats
have a common origin.

MATERIALS AND METHODS

Vaginal biopsies were performed at the Yerkes Primate
Center (Atlanta) on a pygmy chimpanzee (Laura) and a
common chimpanzee (Garbo) and provided to R. H. Rice
(Harvard School of Public Health), who prepared kerati-
nocyte cultures, as described earlier (7, 8). A restriction map
was derived from their DNA (5).

To obtain the pygmy chimpanzee gene, genomic DNA was
digested with Xba I and HindIIl, and the resulting fragments
in the range of 4.5 kilobases (kb) were cloned (5). For the
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FiG. 1. Sequencing of the chimpanzee involucrin genes. The
entire involucrin gene of the pygmy chimpanzee is included in the
4.5-kb Xba I-HindIlI fragment. The dashed line indicates that the
2.4-kb HindIlI-BamHI fragment is not drawn to scale. The dotted
HindIll site is found in the common chimpanzee but not in the pygmy
chimpanzee. The coding region (boxed) contains 560 codons, slightly
fewer than that of the human, in accord with the slightly smaller size
of the protein as indicated by electrophoresis through polyacrylam-
ide gels (9). Lying within the coding region is the segment of repeats
(dotted). The arrows indicate the sequenced part of overlapping
DNA clones made from deleted fragments.

involucrin gene of the common chimpanzee, the same pro-
cedure was used except that genomic DNA was digested with
BamHI and fragments of 1.7 kb were cloned. The nucleotide
sequences of the 2.5-kb Xba I-BamHI fragment of the pygmy
chimpanzee and the 1.66-kb BamHI fragment of the common
and the pygmy chimpanzee were determined (5).

RESULTS

Restriction Map of the Chimpanzee Involucrin Gene. Over
the 25 kb containing the involucrin gene and its flanking
DNA, the restriction map of the chimpanzee is similar to that
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Fic. 2. Coding region flanking the segment of repeats in the
chimpanzee. Overlined nucleotides differ from those of either human
or gorilla; underlined nucleotides differ from both.

*The sequence reported in this paper for Pan paniseus has been
deposited in the GenBank data base (accession no. M26514).
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of the human and gorilla. However, both the common chim-
panzee (Pan troglodytes) and the pygmy chimpanzee (Pan
paniscus) possess a BamHI site 344 nucleotides 3’ of the
translation initiation codon, and the common chimpanzee
alone possesses a HindIlII site located 5' of the transcription
start site (Fig. 1).

Coding Region of the Chimpanzee Gene. The parts of the
coding region located 5' and 3’ of the segment of repeats are
shown in Fig. 2. As in the other hominoids, the two parts
contain a total of 198 codons and are separated at the same
point by the segment of repeats. There were no nucleotide
differences between the common and pygmy chimpanzees in
the protein-encoding regions flanking the segment of repeats
that have been sequenced in both animals.

The Modern Segment of Repeats: Early and Middle Regions.
The segment of repeats of the pygmy chimpanzee is com-
pared in Fig. 3 with the previously published segments of
repeats of the human (3) and of the medium allele of the gorilla
(4). Repeats are classified as A or B. The first three codons
in the A repeat have the consensus sequence AAG CAC CTG
and in the B repeat the consensus sequence GAG CTC CCA;
the last seven codons are the same in A and B repeats (4, 6).
In the hominoids, the nucleotide sequence of the repeats is
91-93% identical to either the A or B consensus.

The early regions of the genes in the two chimpanzees
differ at three nucleotide positions, and these are the only
differences between the modern segments of the two genes.
The common chimpanzee possesses A instead of C in the
second position of the second codon of repeat 3, C instead of
T in the second position of the third codon of repeat 4, and
A instead of C in the second position of the third codon of
repeat 9.

The early region of the pygmy chimpanzee has been
aligned, repeat for repeat, with the early regions of the human
and gorilla (Fig. 3). There has been a deletion of a single CAG
codon in repeat 9 of the chimpanzee. Since this codon is
present in the early regions of all the other hominoids,
including the orangutan (5), and in the owl monkey as well (6),
the deletion must have occurred in the chimpanzee lineage
after its separation from the other hominoid lineages. A
coincident marker (non-consensus) nucleotide is present in
the first codon of repeat 9 of the chimpanzee and gorilla
genes.

In the middle region, most repeats of the chimpanzee can
be matched with corresponding repeats in the human and
gorilla. However, there is more extensive repeat-sharing
between the chimpanzee and the gorilla. Repeat 15 of these
species, a probable duplicate of repeat 14, is not present in
either the human or the orangutan (Fig. 4). The gibbon also
lacks this repeat but possesses repeats corresponding to
those immediately above and below (unpublished data).
Similarly, repeats 32-34 of the chimpanzee and gorilla are not
present in the other hominoids. We conclude that repeats 15
and 32-34 were created in a common proximate ancestor of
the gorilla and chimpanzee. Repeats 30-34 of chimpanzee
and gorilla have the distinctive pattern BABBA.

Further evidence that the chimpanzee gene is closer to that
of the gorilla than to that of the human is provided by
coincidences of marker nucleotides (Fig. 3). There is no
marker nucleotide shared by the human and chimpanzee
alone. But in addition to one in repeat 9 of the early region,
there are seven coincident marker nucleotides shared by the
middle regions of chimpanzee and gorilla alone (in repeats 11,
14, 15, 17, 18, and 34). There are two coincident marker
nucleotides in repeats 29 and 31 of the chimpanzee and
gorilla, but they are not specific to the African apes since they
are also present in the orangutan.

The orangutan lacks repeats 16, 21, 24, and 32-34 of the
African apes but contains an extra repeat circled in Fig. 4.
Repeats corresponding to 30 and 31 of the African apes are
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Fic. 4. Repeat patterns in the middle and late regions. Each
10-codon repeat is designated as A or B, except for repeat 13, which
lacks the first 3 codons in all species and is designated XA. (A) is the
partial A repeat containing 6 codons inserted into repeat 12 of the
chimpanzee. Repeats present in more than one species are framed.
The middle regions of the chimpanzee and gorilla and the late region
of the gorilla contain the pattern BABBA (also framed). Brackets
show block duplications in the orangutan. AP indicates an A repeat
in which the fourth codon has been changed from GAG to GAT,
encoding aspartic acid. The only repeat unique to the orangutan
middle region is circled.

present in the orangutan (and the gibbon) but must have been
deleted in the human.

Late Region. The late region is different in each hominoid.
The late region of the human is mostly composed of two
blocks of quasi-invariant repeats, one consisting of five B
repeats, the other of three modified B repeats (BF) (4).

The chimpanzee gene is unusual in that it contains no late
region at all. The late region of the gorilla does not resemble
that of the human. Instead, it consists of mixed A and B
repeats and includes the pattern BABBA, which is present at
the 5’ end of the middle region in both gorilla and chimpan-
zee.

In the medium allele of the gorilla [one of three polymor-
phic alleles of that species sequenced (4)], BABBA occurs in
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Gorilla Late Region

Large Allele

GAG CTC cCA GAG CAG fs GAG GADEMG CTG 44
AAG CAC CTG GAG CAG CAG (MG GGG CAG CTG 43
GAG CTC CCA GAG CAG CAG GAG GGG CAG CTG 42
GAG CTC CCA GAG CAG CAG GAG GA® CAG CTG 41
AAG CAC CTG GAG CAG CAG [EAG GGG CAG CTG 40

>»WwW>»w
POWPW

Medium Allele

GAG CTC CCA GAG CAG 5k GAG GQ@) CAG CTG 41
AAG CAC CTG GAG CAG CAG GG GGG CAG CTG 40
GAG CTC CCA GAG CAG CAG GAG GGG CAG CTG 39
GAG CTC CCA GAG CAG CAG GAG GG CAG CTG 38
AAG CAC CTG GAG CAG CAG [AG GGG CAG CTG 37

Small Allele

GAG CTC CCA GAG CAG dGh GAG GA®ERG CTG 30
AAG CAC CTG GAG CAG CAG BRG GGG CAG CTG 29
GAG CTC CCA GAG CAG CAG GAG GGG CAG CTG 28
GAG CTC CCA GAG CAG CAG GAG GQ@) CAG CTG 27
AAG CAC CTG GAG CAG CAG GAG GGG CAG CTG 26

>OwW>w

Chimpanzee Middle Region

> ww>w

GAG CTC CCA GAG CAG CAG GAG
AAG CAC CTG GAG CAG CAG GAG

GAG CTC CCA GAG CAG CAG GAG GGJ) CAG CTG 34
AAG CAC CTG GAG CAG CAG
GAG CTC CCA GAG CAG CAG GAG GGG CAG CTG 32

GGG CAG CTG 33

CAG CTG 31
CAG CTG 30

Fic.5. BABBA blocks of gorilla and chimpanzee. One BABBA block of the late region of every gorilla allele is shown. For each, the repeat
numbers are indicated on the right. Three marker nucleotides present at the same positions in the BABBA block of the chimpanzee are circled.
Marker nucleotides not shared by chimpanzee and gorilla are boxed. The nucleotide sequence of the gorilla BABBA blocks is from Teumer and

Green (4).

repeats 37-41. A BABBA block also appears in the late
regions of both small and large alleles of the gorilla. The
BABBA blocks in the late regions of the three gorilla alleles
(Fig. 5) are clearly related to the BABBA block of the middle
region.T This repeat pattern occurs nowhere else in the
coding region of the gorilla or the chimpanzee. It occurs
nowhere in the entire coding region of the human or oran-
gutan, nor does it occur in the involucrin gene of the gibbon
or the Old World monkey Macaca fascicularis (unpublished
data).

Further evidence of the relatedness of the BABBA blocks
is provided by coincidences of marker nucleotides. The
BABBA blocks of the gorilla late region share coincident
marker nucleotides not only with the BABBA block of the
gorilla middle region but also with the BABBA block of the
chimpanzee middle region (Fig. 5). The BABBA repeat
pattern must have been generated in a lineage common only
to the gorilla and the chimpanzee, after this lineage had
separated from that of the human. After the divergence of the
chimpanzee lineage from that of the gorilla, the latter alone
added more duplications containing the BABBA block to
form its late region.

Chimpanzee repeats 35 and 36 and human repeats 38 and
39 share three coincident marker nucleotides that are absent
from the last two repeats of the gorilla alleles (Fig. 3) (4).
These two repeats are part of a group of five repeats present
in the orangutan (Fig. 4 and ref. 5) and in M. fascicularis
(unpublished data) and therefore do not belong to the species-
specific late region. Three of the five repeats have been
deleted in the human and chimpanzee, and all five have been
deleted in the gorilla.

Nucleotide Divergence Between the Coding Regions of the
Three Species. In contrast with the informative nature of the
repeat patterns, study of overall nucleotide divergence be-
tween the coding regions of the three species add little useful
information (Table 1). The chimpanzee sequence is overall
closer to that of the gorilla than to that of the human. The
strength of the conclusion is limited by the small number of
nucleotides compared, but the result is in accord with the
much stronger evidence from the repeat patterns.

1In the large allele of the gorilla (4), repeats 30-35 might constitute
amiddle-region BABBA block in which an internal B repeat has been
duplicated to produce BABBBA. This block shares three marker
nucleotides with the chimpanzee BABBA block. In the small allele,
the boundary between middle and late regions has been altered by a
large deletion of the 5’ end of the middie region (4). Repeats 18-22
of this allele constitute a second BABBA block of the late region with
only two of the three shared marker nucleotides. Repeats 15-17 of
this allele, which share two marker nucleotides with the chimpanzee
BABBA block, might be the remains of a partially deleted BABBA
block of the middle region.

DISCUSSION

Relatedness of the Three Species by Different Criteria. There
has been a long-continuing controversy as to whether the
chimpanzee is more closely related to the human or to the
gorilla. From their similarities in gross morphology and
physiology, the chimpanzee and the gorilla were thought to
be most closely related (10-14). Comparisons of the thermal
stabilities of interspecific DNA hybrids (15), the sequence of
W¥y-globin pseudogenes (16), the sequence of the intergenic
DNA of the B-globin gene cluster (17), and the mobility of cell
proteins in two-dimensional electrophoresis (18) have fa-
vored a closer relatedness of the human and chimpanzee,
whereas studies of mitochondrial DNA (19-21) have favored
a closer relatedness of chimpanzee and gorilla. From com-
parisons of chromosome structure, the human and the chim-
panzee (22, 23), the chimpanzee and the gorilla (24), and the
human and the gorilla (25) have all been proposed as the most
closely related. Comparisons of blood groups have not been
informative (26). Critical examination of the evidence from
these and other studies of genes and proteins has emphasized
the difficulties in reaching conclusions as to the comparative
relatedness of the three species (19, 20, 27-31).

We believe that the resolution inherent in earlier molecular
comparisons of the hominoids was limited by lack of a gene
that changed sufficiently during the short evolutionary his-
tory of these species. The involucrin gene provides the
necessary resolution and its repeat structure is consistent
only with a grouping of chimpanzee and gorilla. The similar-
ities between these two species are summarized in Table 2.

Expansion of the Involucrin Gene as a Hitherto Undescribed
Form of Evolution. In the hominoids, most protein-encoding
genes differ mainly by a small number of nucleotide substi-
tutions. The involucrin gene is of interest for the study of
evolution in the higher primates because its coding region has

Table 1. Nucleotide divergence of the parts of the involucrin
coding regions shared by chimpanzee, gorilla [medium allele],
and human

Nucleotide
mismatches/total

Species nucleotides %

Human/pygmy chimpanzee 29/1422 2.0

Human/gorilla 32/1422 2.3

Pygmy chimpanzee/gorilla 19/1422 1.3
Common chimpanzee/

pygmy chimpanzee 3/1078 0.3

The entire coding region of the pygmy chimpanzee was se-
quenced; however, for the parts of the coding region flanking the
segment of repeats, comparison with the common chimpanzee was
incomplete because the sequence of 344 nucleotides extending
upstream of the BamHI site in this species was not determined.
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Table 2. Points of closer similarity between chimpanzee
and gorilla

i n

1. Repeats 15 and 32-34 present in chimpanzee and gorilla,
but lacking in human and orang. No repeat shared by human
and chimpanzee alone.

2. Gorilla late region lacking homogeneous block of B
repeats or any BS repeats as in human; instead possesses
alternating A and B repeats containing repeat pattern BABBA
sharing coincident marker nucleotides with BABBA block of
chimpanzee middle region.

rker r nd n r

e i x| i region
present in human alone
present in chimpanzee alone (omitting 3 in the
insertion in repeat 12)
present in gorilla alone
present in orang alone
shared by human and chimpanzee alone
shared by human and gorilla alone
shared by human and orang alone
shared by gorilla and orang alone
shared by chimpanzee and orang alone
shared by chimpanzee and gorilla alone

—
NN

—

wooococo=®

been rapidly expanded by addition of repeats, in a process
that has continued through multiple events of speciation. For
this reason, the involucrin gene of higher primates should be
considered a nascent gene, in contrast with mature mamma-
lian genes whose evolution has been studied earlier. During
each stage of the development of the modern segment, new
repeats have been added mainly to a particular location and
the process of repeat addition has been vectorial.

This order makes it possible to distinguish between con-
servative and innovative periods in the evolution of different
regions of the modern segment. All 10 repeats of the early
region must have been generated in a common anthropoid
ancestor (6); the early region then became conservative in
that no repeats were added or deleted during the subsequent
evolution of man and the great apes, while at the same time
the entire middle region was generated by duplications. This
is shown in Fig. 4, where the repeats of all the great apes and
the human are aligned. In the middle regions, 15 repeats are
common to all, 3 are common only to the African apes and
man, 4 are common only to the chimpanzee and the gorilla,
none is common only to human and chimpanzee, and 1 is
present only in the orangutan.

The late region, in contrast to the middle region, was
generated after separation of the hominoid lineages from each
other. This region varies greatly in size between different
species, the chimpanzee being the only hominoid lacking it
altogether. The polymorphism of the late region in the gorilla
(4), owl monkey (6), and Old World monkeys (9) suggests that
in many species this region is still in an innovative phase.

Proc. Natl Acad. Sci. USA 86 (1989) 8451

The modern segment of the involucrin gene should permit
analysis of lineage branching throughout the evolution of
higher primates. The rapid expansion of the involucrin gene
and the vectorial nature of that expansion have made this
gene specially important for the evaluation of relatedness
from DNA sequence.

This investigation was aided by a grant from the National Cancer
Institute.
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