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Abstract. Protamine Pl genes have been se-
quenced by PCR amplification and direct DNA se-
quencing from 9 primates representing 5 major
families, Cebidae (new world monkeys),
Cercopithecidae (old world monkeys), Hylobatidae
(gibbons), Pongidae (gorilla, orangutan, and chim-
panzee), and Hominidae (human). In this recently
diverged group of primates these genes are clearly
orthologous but very variable, both at the DNA
level and in their expressed amino acid sequences.
The rate of variation amongst the protamine Pls
indicates that they are amongst the most rapidly
diverging polypeptides studied. However, some re-
gions are conserved both in primates and generally
in other placental mammals. These are the 13 N-ter-
minal residues (including a region of alternating
serine and arginine residues (the motif SRSR, res.
10-13) susceptible to Ser phosphorylation), a tract
of six Arg residues (res. 24-29) in the center of the
molecule, and a six-residue region (RCCRRR, res.
39-44), consisting of a pair of cysteines flanked by
arginines. Detailed consideration of nearest-
neighbor matrices and trees based on maximum
parsimony indicates that P1 genes from humans,
gorillas, and chimpanzees are very similar. The
amino acid and nucleotide differences between hu-
mans and gorillas -are fewer than those between hu-
mans and chimpanzees. This finding is at variance
with data from DNA-DNA hybridization and exten-
sive globin and mitochondrial DNA sequences
which place human and chimpanzee as closest rel-
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atives in the super family, Hominoidea. This may
be related to the fact that protamine Pls are ex-
pressed in germ line rather than somatic cells. In
contrast to the variability of the exon regions of the
protamine P1 genes, the sequence of the single in-
tron is highly conserved.
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Protamines are small, arginine-rich polypeptides
which appear at late stages of spermatogenesis in
many but not all animal, and some plant, species
(Bloch 1969; Dixon et al. 1985; Kasinsky 1989;
Oliva and Dixon 1991). In those species in which
they occur, some teleost fish (Bloch 1969; Dixon et
al. 1985), birds (Oliva and Dixon 1989; Oliva et al.
1989; Chiva et al. 1988), some reptiles (Chiva et al.
1989) and amphibians (Kasinsky 1989), and all
mammals (Oliva and Dixon 1991), they are involved
in a major reorganization of spermatid chromatin
during which the preexisting basic nuclear proteins
complexed with DNA are replaced, in most cases
quantitatively, by the newly synthesized prot-
amines (Oliva and Dixon 1991). The consequence of
this reorganization is an extreme condensation of
the sperm chromatin, leading to markedly tighter
packing of the male DNA.

Two classes of protamine polypeptides are ob-
served amongst vertebrates, the ‘‘true’’ protamines
(Bloch 1969; Oliva and Dixon 1991), which have
been characterized from teleost fish (Bloch 1969;
Dixon et al. 1985), birds (Oliva and Dixon 1989;
Oliva et al. 1989; Chiva et al. 1988), reptiles (Chiva



et al. 1989), and marsupial mammals (Winkfein et
al. 1991; Corzett et al. 1990). These range in size
from 30 to 60 residues and typically contain up to
67% Arg residues and a restricted range of other
residues but always including Ser (Oliva and Dixon
1991). A very characteristic feature of this group is
the absence of any Cys residues and, therefore, an
inability of these protamines to form disulfide
bridges in the sperm chromatin.

By contrast, the protamines of the placental
mammals, although still as Arg-rich as the ‘‘true”
protamines and 50-60 residues long, always contain
6-9 Cys residues, which, in the mature sperm nu-
cleus, are involved in both intra- and intermolecular
disulfide bridges (Oliva and Dixon 1991). This abil-
ity of placental mammalian protamines to form a
three-dimensional network of intermolecular disul-
fide bridges confers additional stability to the sperm
nucleus which can only be dissociated into DNA
and free protamine by chemical (or enzymatic)
cleavage involving disulfide interchange with added
thiols.

Protamine genes have been cloned and se-
quenced from teleost (Oliva and Dixon 1991) and
elasmobranch fish (Berlot-Picard et al. 1986), birds
(Oliva and Dixon 1989; Oliva et al. 1989), marsupial
mammals (Winkfein et al. 1991), and a variety of
placental mammals (Oliva and Dixon 1990, 1991).
When the sequences of these protamine genes (and
their corresponding polypeptides) were compared
(Oliva et al. 1989; Oliva and Dixon 1989, 1990,
1991), it became clear that the protamines were far
more variable in sequence than any other chromatin
proteins such as the five classes of histones, some
of which (H3 and H4) are amongst the least variable
proteins (and genes) known (Wilson et al. 1977). In
fact, the protamine genes were so variable that
probes from different orders of birds or mammals
usually did not cross-hybridize (Oliva and Dixon
1991).

This property of variability indicated to us that a
study of the protamine P1 genes from the three
monophyletic simian primate groups, Cebidae (new
world monkeys), Cercopithecidae (old world mon-
keys), and the Hominoidea (apes and humans)
might shed some additional light on their evolution-
ary relationships. Much previous work with exten-
sive sequences in the primate globin clusters (Wil-
son et al. 1977; Perrin-Pecontal et al. 1992) has
provided very strong evidence for a human-
chimpanzee-gorilla clade in the Hominoidea and
narrowly excludes gorilla from a human-
chimpanzee clade (Goodman et al. 1989; Perrin-
Pecontal et al. 1992).

Using a polymerase chain reaction (PCR) tech-
nique with a series of oligonucleotide primers, de-
rived from protamine P1 sequences relatively con-
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served between mouse (Johnson et al. 1988) and
human (Krawetz et al. 1989) P1 protamines, it has
proved possible to amplify and sequence Pl prot-
amine genes from nine primate species including
human (Homo sapiens), chimpanzee (Pan troglo-
dytes and Pan paniscus), gorilla (Gorilla gorilla),
orangutan (Pongo pygmaeus), gibbon (Hylobates
lar), African green monkey (Cercopithecus patas),
marmoset (Saguinus imperator), and red howler
(Alouatta seniculus). Our protamine P1 data con-
firm the close relationship of the human, gorilla,
and chimpanzee genes but in contrast with the
globin (Wilson et al. 1977; Koop et al. 1986;
Miyamoto et al. 1987; Goodman et al. 1989; Perrin-
Pecontal et al. 1992) and mitochondrial DNA (Ha-
yasaka et al. 1988; Hasegawa et al. 1990) data, the
protamine P1 genes of human and gorilla appear
slightly more closely related than the human-chim-
panzee and as related as the gorilla-chimpanzee
pair.

Protamine genes are expressed postmeiotically at
the early spermatid stage of spermatogenesis (Oliva
and Dixon 1991) and code for a protein whose func-
tion relates to the condensation and genetic inacti-
vation of the sperm nucleus (Oliva and Dixon 1991).
A study of their evolution thus provides data for a
gene set quite different from the globin or mitochon-
drial genes of somatic cells and upon which the
functional constraints are likely to be quite differ-
ent.

Methods

Most primate protamine P1 sequences were obtained by PCR
amplification as follows: 50-pl reactions contained 0.5 pM each
of the protamine specific 5' (TTACAGGTTGGCTGGCTC) and
3(TTGACAGGTCGGCATTGTTC) synthetic oligonucleotide
primers, 10 mM Tris/HCI (pH 8.3 at 25° C), 50 mM KCl, 1.5 mM
MgCl,, 0.45% each of Tween 20 and NP40 and 200 pM each of
dATP, dGTP, dCTP, and dTTP. Primate DNAs (0.5~1 pg) and 2
U of Taq DNA polymerase (Cetus) were added, mixed, overlain
with 50 ] paraffin oil and heated at 94° C for 4 min. Thirty cycles
of PCR were performed in a Perkin Elmer-Cetus DNA Thermo-
cycler using the following parameters: denaturation for | min at
94° C, primer annealing for 1 min at 58° C, and primer elongation
for 1 min at 72° C. The C. patas protamine P1 sequence was
obtained using the primers and conditions described in Queralt
and Oliva (1991). The G. gorilla P1 sequence was obtained in-
dependently from two different specimens using both the above
primers and the primers described in Queralt and Oliva (1991).
Reaction mixtures were separated on 1.8% (w/v) agarose
(BRL) gels in 40 mM Tris-acetate, 1 mM EDTA buffer. Bands
were isolated by electrophoresis on to DEAE cellulose paper
strips (type NA45, Schleicher & Schuell) and eluted as per man-
ufacturer instructions. The DNA solution was extracted with a
mixture of phenol/chloroform/isoamyl alcohol (25:24:1), twice
repeated. Three volumes of 95% ethanol were added and the
DNA was precipitated at —70° C for 2 h. DNA was pelleted in a
microfuge (12,000 rpm, 5 min at room temperature), washed
twice with 70% ethanol, and dried in vacuo. DNA was dissolved
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in sterile water at a concentration of ~50~100 ng/pl and then
heated at 100° C for 5 min and quick cooled on ice prior to
sequencing. The C. patas and G. gorilla amplification products
were purified, end-repaired, and phosphorylated using the Dou-
ble Gene Clean procedure (Bio 101), cloned into the EcoR7 site
of Bluescript KS+, and ssDNA prepared using helper phage
R408.

DNA Sequencing. The dsDNA cycle sequencing system
(BRL) was used to generate sequence ladders. One to 2 pl of
PCR-amplified primate protamine DNA (~100 ng) was added
into the system (containing 3?P end-labeled 5’ or 3’ primers) ac-
cording to the manufacturers’ ‘‘Normal cycle protocol’” except
that an initial incubation at 94° C for 4 min was included before
PCR extension of the primers to ensure complete denaturation.
DNA sequence ladders were separated on 40 cm X 35 cm X 0.4
mm 6% (w/v) polyacrylamide gels with multiple sample loadings
at different times. Gels were fixed in 10% (v/v) methanol-7.5%
(v/v) acetic acid for 20 min, transferred to Whatman 3MM paper,
dried under vacuum, and exposed at —70° C to Kodak XAR film.
Overnight exposures were usually sufficient to read sequences
without intensifying screens. Several independent clones from
C. patas and G. gorilla were sequenced with sequenase (USB)
and 3°S-ATP using manufacturers’ instructions.

Convention for Counting Differences. Changes in amino ac-
ids and nucleotides are counted as follows: substitutions are
scored individually while gaps are scored as single changes re-
gardless of length.

Results

Strong bands of the correct size were generated
from human (Homo sapiens), common chimpanzee
(Pan troglodytes), pygmy chimpanzee (Pan panis-
cus), gorilla (Gorilla gorilla), orangutan (Pongo
pygmaeus), gibbon (Hylobates lar), African green
monkey (Cercopithecus patas), marmoset (Sangui-
nus imperator), and red howler (Alouatta seniculus)
using the PCR primers described in Methods. It was
possible to sequence seven PCR products directly
without cloning since each major PCR band was
sequentially pure. The marmoset (Saguinus impe-
rator) sequence has been determined previously
(Queralt and Oliva 1991). The C. patas protamine
P1 was obtained by sequencing several independent
clones which all showed identical sequences. The
G. gorilla sequence, in addition to being sequenced
directly, was also sequenced from an independent
specimen using the approach of cloning and se-
quencing of several independent clones. The se-

quences with these two different approaches from-

the two independent specimens were identical.

In Fig. 1, the amino acid coding sequences de-
duced from the open reading frames in Fig. 3 are
aligned. At this level, it is clear that, even with such
a small 54-residue polypeptide as protamine P1,
there are several amino acid substitutions even
within the very closely related human-chimpanzee-
gorilla clade. For example, there are 9 amino acid

Tevernn. 10ieeee e 200e.. . 300, 0., 40.. . e 50....
Hum ARYRCCRSQSRSR~-YYRQRORSRRRRRRSCQTRRRAMRCCRPR~-YRPRCRRH
Ppa --C - K Q Q T R SLR
Ptr --C KQ Q R STR
Gor --C T Q R NLRK
Ora Q --CCR CH o) R L

Gib --C RG L R
Cer -=~CC R C R RA R L Y
Sag --C  RG TRR - § R KLT Y
How R L SRC P C RRP- § R LR Y
Mus K -—-CR R R C c c- RR R RS TI KKY
Fig. 1. Alignment of the deduced amino acid sequences of the

primate protamine Pls. Hum = Human, Ppa = pygmy chim-
panzee (Pan paniscus), Ptr = common chimpanzee (Pan
troglodytes), Gor = gorilla (Gorilla gorilla), Ora = orangutan
(Pongo pygmaeus), Gib = gibbon (Hylobates lar), Cer = Afri-
can green monkey (Cercopithecus patas), Sag = marmoset
(Saguinus imperator), How = red howler (Alouatta seniculus),
Mus-mouse. The underlined residue indicates the position of the
intron.

changes between human/P. paniscus (16.7%), 8 be-
tween human/P. troglodytes (14.8%), 8 between hu-
man/gorilla (14.8%), and 6 between both P. panis-
cus and P. troglodytes and gorilla (11.1%).
Curiously, however, gibbon and human P1 prot-
amines are the most similar of the primate group,
differing by only 5 substitutions (9.3%), although
much independent evidence comparing other DNA
sequences (Wilson et al. 1977; Koop et al. 1986;
Miyamoto et al. 1987; Goodman et al. 1989; Perrin-
Pecontal et al. 1992) (as well as the protamine P1
DNA sequence, see below) indicates that gibbon is
clearly more distant evolutionarily from human
than either gorilla or chimpanzee.

In order to derive a quantitative estimate for the
rate of evolution of the protamine polypeptides, we
have compared the human Pl sequence with a
more distantly related mammal, mouse P1 (Johnson
et al. 1988), between which there are 18 amino acid
changes per 54 residues or 33/100 residues. (We
count the RS insert in mouse as a single event.) The
primate-rodent divergence is generally accepted to
be 75 million years ago (Wilson et al. 1977), leading
to a rate of 0.22 changes/100 sites/10° years [33/(75
x 2)]. If we correct for back mutations (Holmquist
1972 formula 16), the rate increases to 0.25 changes/
100 sites/10°% years. When the more recent diver-
gence of the human/chimp/gorilla clade is consid-
ered to be 5 million years ago (Wilson et al. 1977),
the rate appears much faster at 1.5 changes/100
sites/10° years. This is an extremely rapid rate of
evolutionary change and is compared graphically in
Fig. 2 with other proteins (Behe 1990) with widely
different rates of change for which quantitative es-
timates are available (Wilson et al. 1977; Behe
1990). The protamine P1 rate calculated from the
rodent/primate divergence (0.22 changes/100 sites/
10° years) lies between that for the fibrinopeptides,
generally considered to be the most rapidly diverg-
ing proteins, and myoglobin (Wilson et al. 1977;
Behe 1990). However, the rate calculated within the
human/chimp/gorilla clade is much higher even than
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that for the fibrinopeptides at 1.6 changes/100 sites/
10% years. Since there is more possibility of back
mutations in the 75 million years since the diver-
gence of the rodents and primates, it is likely that
the higher rate within the human/gorilla/chimp clade
may be more accurate.

The most conserved region of amino acid se-
quence is at the N-terminus where six protamines
from human, chimpanzee, gorilla, orangutan, Afri-
can green monkey, and marmoset are identical for
the first 13 residues. Orangutan shows one R «<» Q
change at residue 11 and red howler has two
changes Q <> R at residue 9 and R < L at position
11. The mouse has one change Q < K at position 9.
The first four residues ARYR are also conserved in
birds (Oliva and Dixon 1989, 1991). A very charac-
teristic alternating sequence from residues 10-14
(SRSR) is part of this conserved region and is also
seen in a number of other vertebrate protamines
(Oliva and Dixon 1991). This serine-rich region has
functional importance during the displacement of
the somatic histones by protamine and the subse-
quent condensation of sperm nucleoprotamine by
virtue of the apparently obligatory phosphorylation-
dephosphorylation of the Ser residues during these
processes (Oliva and Dixon 1991).

There is alse strong conservation of a central
tract (res. 24-29) of 6 Arg residues in human, go-
rilla, gibbon, all the monkeys and the mouse. The
only changes are the 2 in the chimpanzees, residue
27 R < K and residue R < Q, and 1 in orangutan
residue 24 R < H. The only other strongly con-
served region surrounds the pair of Cys residues in
the sequence RCCRRR from residue 39-44 (this re-
gion is also the site of the intron which divides the
Arg codon at position 39), but even here the Arg

mutation when changes are measured
over a shorter time span. (See text.)

residue at position 43 is substituted by Pro in human
and gibbon. The nature of the C-terminal residue
neatly divides human and apes, which have His at
this position, from the monkeys (and mouse) which
have Tyr.

Finer discrimination between the orthologous P1
protamine gene sequences can be achieved by con-
sideration of the alignment of the entire DNA se-
quence from position —54 to +361 in Fig. 3. The
number refers to the human P1 gene (line 1) but
differs for the other eight sequences as a result of
gaps (deletions) introduced to maximize alignment.
Identities of other primate sequences with human
P1 are left blank; differences are indicated by the
presence of an altered base and gaps by dashes. The
sequences for marmoset (Saguinus imperator) and
African green monkey (Cercopithecus patas) are
slightly shorter than the others as a result of the use
of different PCR primers (Queralt and Oliva 1991)
and those 5’ and 3’ regions that were not deter-
mined are indicated by dots.

Within the total sequence is the coding region
where evolutionary change is subject to constraints
determined by the function of protamine P1 in con-
densing sperm DNA. At the mRNA level, the 5’ and
3’ untranslated regions also have constraints on
function (Oliva and Dixon 1991; Kwon and Hecht
1991). However, we also have sequence informa-
tion from the single intron which divides the coding
region within codon 39 for Arg (A | GG). It is
generally considered that intron DNA is subject
only to the functional constraints associated with
maintenance of the splice sites at its termini (GT
— — — — AQ) together with a pyrimidine-rich re-
gion adjacent to the 3’ AG site (Mount 1982), al-
though some introns with conserved controlling re-
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Hum + AGCCAAGGTGGTGCCCTGCTCTGAGC -ATTCAGGCCAAGCCCATCCTGCACCATGGCCAGGTACAGATGCTGTCGC
Ppa  creres A - A

Ptr 000 resssens - A

Gor R -

Ora e G T - T

Gib  eeereene -

Cer GCTC - -

Sag‘ .................. P - AC - A C
How  rv:er AG G- C [

Hum AGCCAGAGCCGGAGCAGA ------ TATTACCGCCAGAGACARAGAAGT CGCAGACGAAGGAGGCGGAGC TGCCAGACACGGAGGAGAGCC
ppa  me———- G ---C A A A

Pt e G A A A

Ger == G [of A

Ora A mmem—- G G G T A TT G
Gib === G GG c

Cer  —m———- GC G G T A G

Sag @ mme——- GC A G G cG G G --=
How GC TC  C GAGCAGA GC A c T G

Hum ATGAGTAAGTGGGCCCAGCTGAGGGTGGGCTGGGGCTGAGGLCTGGGA-~~~~— GCTCTCAGGGCCCAGCCTTCCTCTCACCACTTTTCTT
Ppa [ T
Ptr G 0 mmmme— T
Gor G @ m————-

Ora G GCTGGGC

Gib -G G  —mmme—————m G T

Cer G GGC-——~—~ G T T o

Sag
How

..... 200.......210.......220.......230,......240.......250.......260.... ...270..
Hum GGTCTCACCAGGGTGCTGCCGCCCCAGGTACAGACCGAGATGTAGAAGACAC TAATTGCACAAAATAGCACA~—————~~~— TCCACCAA
Ppa G c T [of G memmeeemm e
Ptr G c AT c G —mmmmmmmee
Gor T G A . T c A G G @ mmmmm————

Qra G T e
Gib G T c  ememee—m—-
Cer A G T G—mm———
Sag G AG T CG T T T AAATAGCAAG
How C T A G GTT GC T c T T AAATAACAAG

1]
[1]
H

Hum ACTCCTGCCTGAGAATGTTACCAGACTTCAAGATCCTCTTGCCACATCTTGAAAATGCCACCATCCAATAAAAATCAGGAGCCTGCTAA
Ppa
Ptr
Gor
Ora
Gib
Cer
Sag
How T G ¢ A G G A AC

Fig. 3. Alignment of the DNA sequences of the primate protamine P1 genes. The start and the stop codons are bold and the coding
areas underlined. The numbering is according to the human sequence and does not include gaps. The different sequence lengths,
indicated by **»°, where the sequence was not determined, reflect the various primers used in sequencing reactions. The alignments
were adjusted to maintain the reading frames.

H AR
Q
H
Q
(1]

gions are known (Balvay et al. 1992; Vikkula et al. man/chimp shows only 2 base changes (2.2%), hu-
1992). In this gene there are many fewer changes in ~ man/gorilla 1 change (1.1%), and chimp/gorilla 1
the 91-bp introns of the human, chimpanzee, and change (1.1%). For the intron this leads to an evo-
gorilla clade than in their exons. The two species of  lutionary rate of 0.11-0.22 changes in base pairs/100
chimpanzee have identical 91-bp introns while hu-  sites/10® years as compared with a rate of 2—4 times



faster at 0.4 changes/100 sites/10° years for the exon
regions. With the more distantly related apes, gib-
bon, and orangutan, base changes by substitution
remain very few; human/orangutan 2 (2.1%), hu-
man/gibbon 4 (4.8%), but in each there are also
more extensive addition/deletion events such that
the gibbon intron decreases to 84 bp and the oran-
gutan intron increases to 97 bp. With the new world
monkeys, marmoset, and red howler, there are both
an increased number of substitutions and deletions
of larger size reducing the intron length to 73 bp for
marmoset and to 85 bp for red howler.

A further interesting feature of the protamine P1
intron is the presence of a 5-bp repeat, GGGCT, in
the 5' region of the intron which occurs 3 times as
GGGCT(135-139, 141-145, and 147-151), but addi-
tionally, there are 3 derivatives GGGCC (twice at
119-123 and 163-167) and GAGCT (154-158) differ-
ing by only 1 base and 2 others, CAGCT (124-128)
and AGGGT (130-134), differing at 2 positions.
Thus in a sequence region of 48 bp (119-167), there
are seven 5-bp repeats comprising 73% of the se-
quence. This repetitive structure is well conserved
within the group of nine primate P1 protamine genes
considered here and may provide a clue to the ori-
gin of the single intron in the P1 gene of mammals.
There is no intron in the protamine genes of fish
(Dixon et al. 1985; Oliva and Dixon 1991) or birds
(Oliva and Dixon 1989, 1990, 1991) and it seems
likely that the single intron of mammals (both mar-
supial and placental) appeared late in vertebrate
evolution, possibly as an expansion of this 5-bp mo-
tif.

Discussion

Protamine P1 Gene and Protein Structure

The nine P1 protamine gene sequences described
above (Fig. 3) and which predict corresponding
protamine polypeptide sequences (Fig. 1) are
clearly closely enough related (93.8% identical) to
be regarded as orthologous. However, the marked
sequence variations both at the DNA and protein
levels indicate that sperm P1 protamines are
amongst the proteins that diverge most rapidly dur-
ing evolution (Fig. 2). This would indicate that the
functional constraints on the structure of protamine
Pl1s are relatively relaxed as compared, for exam-
ple, with the arginine-rich histones H3 and H4
which interact with each other to form the ‘‘kernel’’
tetramer (H3.H4)2 of the nucleosome (Richmond et
al. 1984).

At the spermatid stage of spermatogenesis, in
fish (Dixon et al. 1985; Oliva and Dixon 1991) and
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birds (Oliva and Dixon 1989, 1990, 1991), newly
synthesized protamines, phosphorylated on one to
three serine residues, displace the entire comple-
ment of nucleosomal histones (Oliva and Dixon
1991). As a result of this displacement, a new, much
more compact and transcriptionally inactive form of
chromatin, nucleoprotamine, is produced. During
this final compaction, the phosphate groups on the
displacing phosphoprotamine are removed (Oliva
and Dixon 1991). The functional attributes required
of protamine for this process appear to be its
strongly basic charge due to the high Arg content
and the presence of two phosphorylatable serine
residues in the alternating SRSR sequence.

In placental mammals, the displacement of his-
tones by protamine is more compleXx, involving an
additional step by which a set of arginine-rich pro-
teins, distinct from protamines, the transitional pro-
teins (Heidaran et al. 1989; Luerssen et al. 1988),
appear first to displace the somatic histones and
then are, in turn, displaced by protamine P1 [and
protamine P2 (Elsevier 1982; Bellvé et al. 1988;
McKay et al. 1986; Yelick et al. 1987) in some pri-
mates and rodents] to form the final compact sperm
nucleoprotamine.

Comparisons of P1 protamine from several or-
ders of mammals (Oliva and Dixon 1991) as well as
the primate Pls described here (Fig. 1) indicate that
the major conserved amino acid sequences are the
N-terminal 13 residues, the alternating SRSR re-
gion, the tract of six Arg residues near the middle of
the molecule, and a region RCCRRR flanking a pair
of Cys residues (res. 40 and 41) near the C-termi-
nus. Outside these conserved regions, it appears
that the protamine amino acid sequence has di-
verged rapidly in placental mammals (Oliva and
Dixon 1991). This rapid divergence, even of the
coding regions of the protamine P1 in an order as
recently evolved as the primates, makes them inter-
esting evolutionary indicators. These genes also
provide an example of a set of genes expressed only
in male germ cells which complements the exten-
sive data available from somatically expressed
genes such as the globins (Wilson et al. 1977; Koop
et al. 1986; Miyamoto et al. 1987; Goodman et al.
1989; Perrin-Pecontal et al. 1992), immunoglobulins
(Ueda et al. 1985, 1989), mitochondrial genes (Ha-
yasaka et al. 1988; Hasegawa et al. 1990), or ribo-
somal RNA genes (Gonzalez et al. 1990).

Phylogeny of Higher Primates

An objective and quantitative comparison of the se-
quences in Fig. 3 has been done by the nearest-
neighbor (Sattath and Tversky 1977) and maximum
parsimony (Fitch 1971) methods. Figure 4A shows a
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(A)
Hum Poa Ptx Gor Ora Gib Cer Sag How  Mus
Hum 14 13 12 13 16 22 31 66 177
Ppa 3.5 2 12 24 21 26 34 65 173
Ptr 3.2 0.5 11 23 21 26 35 64 171
Gor 2.9 3.0 2.7 23 20 26 33 67 176
Ora 4.6 5.9 5.7 5.6 18 25 32 66 171
Gib 4.0 5.3 5.3 5.0 4.7 22 31 63 165
Cer 6.4 7.7 7.7 7.6 7.3 6.6 23 35 125
Sag 3.1 10.1 10.4 9.7 9.4 9.1 7.6 33 132
How 16.5 16.5 16.3 16.7 16.6 15.9 16.4 9.5 156
Mus  45.2 44.8 44.2 44.8 43.1 43.2 37.3 39.4 39.7
1.7
(B) Human
1.2
1.3 Gorilla
2.0 | Common chimp
2.1 2.0 | Pygmy chimp
Gibbon Fig. 4. A Distance matrix of protamine P1
2.1 DNA sequences. The total numbers of
Orangutan - L .
3.9 differences are indicated above the diagonal
11 2.6 Afri and the differences per 100 bp below. Gaps
Marmoset rican green monkey are not counted. B Rooted phylogenetic tree
using the mutational distances from Fig. 4A.
The tree was constructed by the two-step
procedure of Li (1981), which corrects for
26 unequal rates of evolution. The branch lengths
were calculated according to Fitch and
Margoliash (1967). The mouse was used as an
5.8 outgroup only to root the tree. Only positive
Red howler branch lengths were allowed.

nearest-neighbor matrix including the nine primate
sequences and the published mouse sequence
(Johnson et al. 1988). The matrix is divided into two
regions by the diagonal. Above and to the right the
total number of base-pair differences is shown while
below and to the left of the diagonal, these differ-
ences are calculated as percentages (changes per
100 bp). From these data, it is possible to construct
arooted tree relating the nine primate protamine P1
gene sequences, Fig. 4B, giving the branching order
and the length of the branches. The mouse outgroup
was used only to root the tree. The most interesting
result is within the very closely related human-
gorilla-chimpanzee clade and indicates that human
and gorilla P1 protamine genes with a total of the
two branch lengths since divergence of 2.9 (1.7 +
1.2) are more closely related than human and chim-
panzee with a corresponding branch length sum of
3.7 2.0 + 1.7). Gorilla and chimpanzee Pls are
intermediate at 3.2 (2.0 + 1.2).

We have also constructed a DNA parsimony
tree, independent of any assumptions involving a
molecular clock, by the method of Felsenstein
(Felsenstein 1989) using the ‘“DNABOOT”’ pro-
gram of the PHYLIP 3.4 package. The results are
illustrated in Fig. 5, which also places human closer
to gorilla than either of the two chimpanzee species.

Red howler

I— Marmoset
53

African green monkey

[

Gibbon

Orangutan

— 4 1,000

— P. troglodytes
492

853

P. paniscus

Gorilla

997

Human

Fig. 5. A DNA parsimony tree constructed by the bootstrap
method of the Felsenstein “DNABOOT’’ program in the
PHYLIP 3.4 package (Felsenstein 1985, 1989). The data are ran-
domly resampled and the numbers at the forks indicate the num-
ber of times the group occurred among the 1,000 bootstrap rep-
licates. The branch lengths are arbitrary.



Pan paniscus
--- 5860
o 61
C 227
Orangutan Ancestral chimp /
CAA 58-60 — CAA 58-60
A 61 — A 61
c 227 — C 227 Pan troglodytes
CAA 58-60
A 61
A 227
Fig. 6. A hypothetical scheme for the evolution of the prot-

amine P1 gene from an ancestral gene to those of P. paniscus and
P. troglodytes.

Within the P1 protamine genes of human, gorilla,
and the two species of chimpanzee there are base
changes at a total of 25 positions. In P. paniscus
three of these changes result from the deletion of
nucleotides 58-60 (Fig. 3), comprising the CAA
codon for glutamine (Fig. 1 residue 21). We count
this as a single event. There is also a second dele-
tion, in both the chimpanzee species, of the two
bases, CA present at positions 263-264 (Fig. 3) in
human and gorilla Pls, which we also score as a
single event. This brings the total number of
changes within the group to 22. As would be ex-
pected, the two species of chimpanzee, P. paniscus
and P. troglodytes, are most closely related but not
identical. Using orangutan as an outgroup it is pos-
sible to construct a P1 sequence for a common an-
cestor of the two chimpanzee species. Thus an an-
cestral chimpanzee would be predicted to have
CAA at position 58-60, A at position 61, and C at
position 227. After the separation of P. paniscus
and P. troglodytes from their common ancestor,
CAA at 58-60 would be deleted and A mutated to C
in P. paniscus. In P. troglodytes CAA 58-60 and A
at 61 are retained, while C 227 is mutated to A
(Fig. 6).

The phylogenetic branching pattern of the higher
hominoids is still a matter of debate (Goodman et al.
1990; Holmquist et al. 1988; Ellis et al. 1990; Cle-
mente et al. 1990) although extensive data from the
B-globin locus (Koop et al. 1986; Miyamoto et al.
1987; Goodman et al. 1989, 1990, Perrin-Pecontal et
al. 1992; Holmquist et al. 1988; Ellis et al. 1990),
particularly of nontranscribed intergenic regions
(thought to be free of functional constraints in their
evolution), tends to a consensus favoring human
and chimpanzee as slightly more closely related
than human-gorilla although all three species are
very closely related.

The data in the present paper confirm that hu-
man-gorilla-chimpanzee P1 protamines are indeed
very similar but a consideration of both amino acid
changes and DN A base changes and construction of
phylogenetic trees by two independent methods,

433

maximum parsimony and distance matrix, suggest
that for these genes, the human-gorilla relationship
is slightly favored. This view of the close relation-
ship of gorilla and human genes is supported by two
other gene sets that have been examined. Ueda et
al. (1985) found a truncated immunoglobulin e
pseudogene in gorilla and man but not in chimpan-
zee and more recently, human leucocyte antigen
(HLA) class 1I typing by Gyllensten and Ehrlich
(1989) suggests that gorilla and human HLA-DXA-
DQAI1 loci are more closely related to each other
than to chimpanzee.

It will be necessary to examine the evolutionary
relationships between many more genes, expressed
in both somatic and germ cells, before a final con-
clusion can be reached about the phylogenetic rela-
tionships amongst the higher primates.
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