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Abstract. The simultaneous emergence in evolution
of a ligand and its receptor might have entailed their
active sites being drawn from the pool of common oli-
gopeptides. This was tested on the principal components
of cell-matrix interaction: the RGD (Arg-Gly-Asp) site
of matrix proteins and the EKKD (Gly-Lys-Lys-Asp)
site of integrin cell-surface receptor. In the 32 diverse
proteins scrutinized, which totalled 14,806 residues,
there were 104 Arg-Gly dipeptides. Most common of the
tripeptides beginning with Arg-Gly were Arg-Gly-Leu,
Arg-Gly-Gly, and Arg-Gly-Asp; each was found in ten
copies. RGD tripeptide was one of the commonest; the
fortuitous presence of an RGD site was noted in two
enzymes, fibrinogen, a pituitary hormone precursor, and
a viral structural protein. The 32 proteins also contained
121 Lys-Lys dipeptides. Of the tetrapeptides centered by
Lys-Lys, the commonest was Lys-Lys-Lys-Lys, in four
copies. Second most common were Gly-Lys-Lys-Lys,
Val-Lys-Lys-Leu, and Glu-Lys-Lys-Asp; each occurred
in three copies. The fortuitous presence of an EKKD site
was noted in three proteins—an intracellular transport
protein, a pituitary hormone precursor and a protein of
the cerebrospinal fluid. In most instances, protein—
protein interaction between the fortuitously present ac-
tive sites appears to bring about deleterious conse-
quences. Occasionally, however, the fortuitous active
site appears to confer a new function to a protein bear-
ing it.
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Introduction

One major unsolved problem in evolution is the mecha-
nism by which a peptide ligand and its specific protein
receptor came into being. Barring the simultaneous
emergence of both components, one would drift away to
become a senseless entity before the emergence of the
other. It has been suggested that the translation of a com-
plementary strand of the receptor coding sequence shall
yield a peptide ligand of that receptor (Bost et al. 1985).
This ingenious suggestion, however, leaves a number of
problems unanswered. A priori, a complementary strand
should be devoid of the transcription initiation signal, the
appropriately placed initiation codon, the poly-A attach-
ment signal, and other paraphernalia of transcription and
translation. Furthermore, a serine codon, TCA, and two
leucine codons, CTA and TTA, in coding strand become
chain terminators in a complementary strand.

What if the active sites of both a ligand and its recep-
tor are made of common oligopeptides that are invariably
present in a number of totally unrelated proteins? The
simultaneous presence of a ligand and its receptor is
assured by their very commonness. The notion of com-
mon peptides evolved out of my previous observations
that identical tetrapeptides, pentapeptides, and hexapep-
tides are far too often shared by a pair or more of unre-
lated proteins than expected by chance (Ohno 1991,
1992a,b).

RGD Ligand Site of Matrix Proteins and EKKD
Receptor Site of Cell-Surface Integrins as the
Targets of Choice

In view of the importance of epitheliomesenchymal in-
teraction in organogenesis, the above possibility was



tested using an RGD (Arg-Gly-Asp) site of fibronec-
tin and on other extracellular matrix proteins as li-
gands (Pierschbacher and Ruoslahti 1984; Rouslahti and
Pierschbacher 1987) and using EKKD (Glu-Lys-Lys-
Asp) sites of cell-surface integrins as their receptors (Ar-
gravos et al. 1987). The decisive role mesenchyme plays
in organogenesis has been well established by numerous
experiments. For example, judging from the rudimentary
nature of their teeth in Jurassic Archeopteryx litho-
graphia as well as in Cretaceous Monychus olecranus
(Altangerel et al. 1993), the tooth formation was for-
feited by members of the class Aves from the inception.
Yet, the molar tooth was formed by chick embryos fol-
lowing the transplantation of mouse embryonic tooth
mesenchyme (Kollar and Fisher 1980).

The first attempt to understand the interaction be-
tween matrix proteins and cells as ligand-receptor bind-
ing was made in fibronectin and its cell-surface receptor.
The active site on fibronectin was first thought to be
tetrapeptide RGDS (Pierschbacher and Ruoslahti 1984).
However, it was later shown that RGD fripeptide suffices
as conditio sine qua non (Ruoslahti and Pierschbacher
1987). The cell-surface receptor for fibronectin, on
which the active-site EKKD was first identified (Argra-
vos et al. 1987), was later shown to be a member of the
integrin family.

Oligopeptide Analysis Performed on 32 Proteins
with a Combined Total of 14,806 Residues

In order to test whether RGD as well as EKKD belongs
to the category of common peptides or rare ones, 32
proteins totally unrelated to each other, to the best of my
knowledge, were assembled. Deliberately excluded from
this group were fibronectin and other matrix proteins as
well as members of the integrin family. However, mouse
ol-chain of type IV collagen, 1,669 residues long, was
included (Muthukumaran et al. 1989). The most impor-
tant of the cell-matrix protein interactions is that be-
tween epithelial cells and basement membrane. Inas-
much as type IV is a collagen exclusively utilized for the
construction of basement membrane, the presence of
RGD sites on type IV collagen might be of more perti-
nence than that of RGD on fibronectin. Hence, the in-
clusion of mouse cd-chain of type IV collagen.

The sources of these 32 proteins were viral, bacterial,
fungal, echinodermal, piscine, avian, and mammalian;
two proteins of plant origin were also included. Never-
theless, 12 of them were of mammalian origin. The over-
all amino acid composition of the 32 proteins was very
similar to the average deduced from 18,383 entries in
DATAbase in which leucine, alanine, glycine, and
serine, in that order, were dominant residues, together
comprising 36.1% of the total (Seto 1989). Of the 32, as
many as eight proteins contained either RGD and/or
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EKKD. These eight are identified in Figs. 1 and 2, in-
cluding their reference sources.

RGD as the Commonest of the Related Tripeptides

One each of arginine, glycine, and aspartate yield six
different tripeptides. Were the protein to represent a ran-
dom assemblage of amino acid residues, all six of these
tripeptides should occur at around the expected fre-
quency of 6.04. As shown at the top of Fig. 1, such an
expectation was rudely violated by the once-only appear-
ance of Asp-Gly-Arg tripeptide at one end, while at the
other end, the appearance in ten copies of Arg-Gly-Asp
constituted the greatest excess. Of the six tripeptides, two
contained Arg-Gly and both were in excess, while the
other two that contained its reciprocal, Gly-Arg, were
markedly less prominent. Indeed, Fig. 1 also shows that
Arg-Gly dipeptide occurred 1.4 times more frequently
than its reciprocal—Gly-Arg.

Of 20 different kinds of tripeptides starting with Arg-
Gly, only Arg-Gly-Met was in a single copy, whereas
three, Arg-Gly-Gly, Arg-Gly-Leu, and Arg-Gly-Asp,
were in ten copies each. The above leaves little doubt
that Arg-Gly-Asp is one of the commonest, whereas
Asp-Gly-Arg is one of the rarest among the related
tripeptides. Four of the ten Arg-Gly-Asp tripeptides were
on mouse collagen IV ol-chain (Muthukumaran et al.
1989); three copies appeared as parts of triplets of the
identical pentapeptide—Arg-Gly-Asp-Pro-Gly. No
doubt either all or some of the four RGD sites residing in
mouse collagen IV al-chain contributed to the formation
of the basement membrane adjacent to epithelial cells.
The remaining six RGD sites were scattered over five
proteins. Since none of the five were matrix proteins,
their presence must be considered fortuitous. Yet, even
here, the RGD site tended to be a part of the longer
common oligopeptide. For example, the identical hexa-
peptide, Gly-Arg-Gly-Asp-Ser-Gly, was shared between
Sindbis virus structural protein (Rice and Strauss 1981)
and o-lytic protease of Myxobacter 495 (Olson et al.
1978).

Were DGR instead of RGD chosen as the active site
of matrix proteins, the fortuitous presence of this active
site in irrelevant proteins would surely have been
avoided. Yet, being so rare, the presence in more than
one copy of the active site on relevant collagen IV ol-
chain would have also become very unlikely.

EKKD Receptor Active Site Also Is One of the
Commonest of the Tetrapeptides Containing
Lys-Lys in the Center

The cell-surface receptor of fibronectin first identified as
such (Argravos et al. 1979) turned out to be a member of
the integrin family; other members of the family also
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104 (53.2) ARG-GLY
10 (6.04) ARG-GLY-ASP

6 (6.04) ARG-ASP-GLY

9 (6,04) GLY-ASP-ARG
6 (6.04) GLY-ARG-ASP

25 (59,2) GLY-ARG
8 (6,04) ASP-ARG-GLY

211 216
6LY-GLY-ARG-GLY_ASP_SER-GLY-ARG

139 144
MET-GLY-ARG-GLY-ASP-SER-GLY-GLY

572 575
TYR-ASN-ARG-GLY~ASP-SER-THR-PHE

781 785
ILE-ARG-6LY-ASP-PRO-GLY-PRO

968 972
SER-ARG-GLY-ASP-PRO-GLY-THR

915 917 919 921
SER-GLY-PRO-ARG-GLY-ASP-PRO-GLY-PHE

———

-16 -12
PRO-GLY-PRO-ARG-GLY-ASP-ASP-ALA-GLU

169 173
VAL-ARG-ARG-GLY-ASP-1 Eu-AlLA-ALA

597 601
GLY-SER-ARG-GLY-ASP-I1LE-GLY-PRO
95 97
ILE-LEU-ARG-GLY-ASP-PHE-SER~SER

Fig. 1. At the top, contrasting incidences of Arg-gly vs Gly-Arg
dipeptides are shown. Observed numbers are followed by expected
numbers in parentheses. Shown immediately below are observed and
expected incidences of six tripeptides containing one each of arginine,
glycine, and aspartate. Shown next are ten RGD (Arg-Gly-Asp) sites
found in six proteins. Mouse ol (IV) collagen contained four sites and
human fibrinogen a-chain two. All except one of the ten RGD sites
were parts of longer repeating units. For example, the RGD site of
Sindbis virus structural protein as well as bacterial o-lytic protease was

carried out this function (Rusolahti and Pierschbacher
1987). Nevertheless, the receptor active site has been
identified as an EKKD (Glu-Lys-Lys-Asp) site. As
shown near the top of Fig. 2, both Lys-Lys and Lys-Lys-
Lys homodi- and homotripeptides occurred twice as fre-
quently as expected. Since oligopeptide formation fol-
lows the principle of like attracting like (Ohno 1992b),
all homo-oligopeptides occur in greater frequency than
expected. Figure 2 shows five pairs of Lys-Lys-
containing tripeptides; the identical residue placed either
in the front (left column) or the rear (right column) of
Lys-Lys constitutes each pair of tripeptides. With regard
to every pair, observed frequencies of members are very
divergent—e.g., 11 X Glu-Lys-Lys vs 7 x Lys-Lys-Glu
as well as 6 x Asp-Lys-Lys vs 10 X Lys-Lys-Asp. The
above makes it again clear that even among oligopep-
tides made of the same set of amino acid residues, there
are common ones and rare ones. In view of the abun-
dance of Glu-Lys-Lys as well as Lys-Lys-Asp, it was
rather expected that the EKKD (Glu-Lys-Lys-Asp) site
would rank among the most common of the tetrapeptides
centered by Lys-Lys. Figure 2 shows that this was indeed
the case as the EKKD site occurred in three proteins.
Inasmuch as glutamate and aspartate are acidic residues,

BACTERIAL ALPHA-LYTIC PROTEASE
HUMAN FIBRINOGEN ALPHA-CHAIN

MOUSE ALPHA-1(1V) COLLAGEN

BOVINE ACTH-BETA-LPH PRECURSOR

HUMAN TYROSINE HYDROXYLASE
MOUSE ALPHA-1(IV) COLLAGEN
HUMAN FIBRINOGEN aLpHa-CHAIN

1 (6.04) ASP-6LY-ARG

SINDBIS VIRUS STRUCTURAL PROTEIN (RICE AND STRAUS, 1881

(OLSON ET AL.,1970)

(WATT ET AL.,1979)

(MATHUKUMARAN ET AL.,198¢

" n

" n

(NAKANISHI ET AL 1979

(NAGATSU AND ICHINOSE,1991
TYPE 4

(MATHUKUMARAN ET AL.,1989

(WATT ET AL.,1979)

a part of the identical hexapeptide shared by the two proteins. Simi-
larly, three of the four RGD sites within mouse ol (IV) collagen were
parts of identical pentapeptides. When observed frequencies of di- and
tripeptides significantly exceeded the expected frequencies deduced
from the overall amino acid composition, they are underlined by solid
bars. Conversely, Asp-Gly-Arg tripeptide that made only one appear-
ance was underlined by a thick blank bar. Arg-Gly-Asp tripeptide and
longer repeating units containing this tripeptide are also thickly under-
lined by solid bars.

Glu-Lys-Lys-Asp is a pseudopalindrome, and palin-
dromic oligopeptides tend to occur in greater frequency
than expected (Ohno 1992b). Shown together with 3 X
Glu-Lys-Lys-Asp in Fig. 2 are observed incidences of
three other related palindromic and pseudopalindromic
tetrapeptides: Asp-Lys-Lys-Asp, Glu-Lys-Lys-Glu, and
Asp-Lys-Lys-Glu. Glu-Lys-Lys-Asp is by far the most
favored of this group of four.

Various Consequences Brought About by the
Fortuitous Presence of Active Sites on
Irrelevant Proteins

In Figs. 1 and 2, we have seen that both the RGD site of
ligands and the EKKD site of its receptors are common
enough oligopeptides to the extent that they are found in
fortuitous positions on irrelevant proteins. For these in-
advertently present active sites to bring about meaningful
consequences, deleterious or otherwise, each should oc-
cupy the exposed position on a protein, thus becoming
accessible. At any rate, the RGD site present on bacterial
o-lytic protease (Olson et al. 1978) as well as on human



121 (59.3) LYS-LYS

16 (7.1) LYS-LYS-LYS

14 (9.0) GLY-LYS-LYS

12 (9.4) ALA-LYS-LYS

$11 (7,5) GLU-LYS-LYS

8 (1L, 1) LEU-LYS-LYS

6 (6.4) ASP-LYS-LYS

4X LYS-LYS-LYS-1YS 3 X GLY-LYS-LYS-LYS 3 X GLU-LY
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9 9.0) LYS-LYS-GLY

7 (9,4) LYS-LYS-ALA

7 (7.5) LYS-LYS-GLU

12 (11,1) LYS-LYS-LEU
£10 (6,4) LYS-LYS-ASP

S-LYS-ASP 3 X VAL-LYS-1YS-LEU

1 X ASP-LYS-1YS-ASP
1 X 6LY-LYS-LYS-GLY
Q X ASP-LYS-LYS-GLU
149 153
HIs-GLY-GLU-LYS-LYS-ASP-LEU GOLDFISH EPENDYMIN (MULLER-SCHMID ET AL., 1992)
80 84
ALA-BLA-GLU-LYS-LYS-ASP-SER BOVINE ACTH-BETA-LPH PRECURSOR (NAKANISHI ET AL.,19
433 436
LEU-GLU-GLU-LYS-LYS-ASP-MET SEA URCHIN KINESIN-LIKE
INTRACELLULAR TRANSPORT PROTEIN (COLE ET AL.,1993)

Fig. 2. At the top, observed vs expected frequencies of Lys-Lys
dipeptide and Lys-Lys-Lys tripeptide are shown, followed by five pairs
of Lys-Lys-containing tripeptides. The identical residue placed either in
the front (left column) or the rear (right column) of Lys-Lys constituted
each pair of tripeptides. Shown next in line are four tetrapeptides cen-

tyrosine hydroxylase (Nagatsu and Ichinose 1991) ap-
peared to be of no consequence for obvious reasons. In
the case of bovine ACTH-[-LPH precursor (Nakanishi et
al. 1979), on the other hand, RGD and EKKD sites co-
existed on the same precursor protein. It would follow
that within relevant bovine pituitary cells, the tendency
for autopolymerization is inherent in this precursor. Over
the years, such tendency for autopolymerization might
manifest itself in the formation of intracellular precipi-
tates which would surely impair the function of relevant
pituitary cells. In such an irrelevant interaction between
ligand and receptor active sites, one might seek the rea-
son for the species-specific pathology of the aging pro-
cess.

The consequence of having two RGD sites on human
fibrinogen o-chain (Watt et al. 1979) is also likely to be
deleterious. For the possession places fibrinogen o-chain
in the competitive position against legitimate matrix pro-
teins in search of cell-surface EKKD sites.

What about the RGD site on one of the structural
proteins of Sindbis virus (Rice and Strauss 1981)? Pro-
vided that this RGD site is exposed on the surface of
infectious viral particles, this possession enables Sindbis
virus to utilize integrins of the host cell as its receptor,
thus gaining an entrance to the host cell. In fact, various
viruses might change their preferred host cell types by
such fortuitous possession of ligand active sites.

Among the teleost fish, the presence of Gly-Glu-Lys-

tered by Lys-Lys. Aligned below 3 x Glu-Lys-Lys-Asp are three re-
lated palindromic and pseudopalindromic tetrapeptides and their fre-
quencies. Identified at the bottom are positions of three EKKD sites
found in three proteins.

Lys-Asp pentapeptide in ependymin of the goldfish was
apparently fortuitous, since the corresponding pentapep-
tide was not seen in this protein of the rainbow trout
(Miiller-Schmid et al. 1992). Whatever the assigned
function of this cerebrospinal fluid protein might be, it
can be carried out without this pentapeptidic sequence.
Yet through this pentapeptidic sequence, goldfish
ependymin does form aggregates by interacting with fi-
bronectin. The point of interest here is that in this par-
ticular instance, the formation of aggregates with fi-
bronectin appeared to have led to the acquisition of a
new function by goldfish ependymin (Shashoua 1991).

It has been shown that aggregates formed extracellu-
larly between goldfish ependymin and fibronectin in the
vicinity of synapses move into the neuronal cytoplasm.
Inasmuch as cytoplasmic aggregates tend to concentrate
at the base of a spine, it was thought that the strategic
placement of these aggregates contributes to the conver-
sion of a weak synapse to a strong synapse, thereby
contributing to consolidation of the long-term memory
(Shashoua 1991). Since this purportedly new function of
ependymin is dependent upon its ability to form aggre-
gates with fibronectin via its EKKD site, this newly ac-
quired function of ependymin was created by the fortu-
itous acquisition of this pentapeptide. Once created,
however, this new function appears to have become in-
dispensable since the EKKD site persists in mouse as
well as a human ependymin (Shashoua 1991).
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