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The hypothesis, that nucleic acids which code specifically inter-
acting receptor and ligand proteins contain complementary sequen-
ces was tested. Human insulin mRNA (HSINSU) contained 16 sequen-
ces which were 23.8%* 1.4 nucleotides long and were complementary
to the insulin receptor mRNA (HSIRPR, 74.8*1.9% complementary
matches, p <0.001 compared to randomly occurring matches).
However, when examining 10 different nucleic acids (coding pro-
teins not interacting with the insulin receptor), 81 additional
sequences were found which were also complementary to HSIRPR.
Although the finding of short complementary sequences was statis-
tically highly significant, we concluded that this is not speci-
fic for nucleic acids coding specifically interacting proteins.

© 1986 Academic Press, Inc.

Our previous hypothesis, that specifically interacting proteins
may be coded by nucleic acids containing complementary sequen-
ces, was further examined (1).Several laboratories have serious-
ly considered this possibility since our publication of the com-
parative computer analysis regarding the specificity of protein-
protein interactions in 1981. Regions of complementarity between
the mRNA for epidermal growth factor, transferrin, interleukin-2
and their respective receptors were found (2). In this study we
investigated the occurrence of complementary nucleic acid sequen-

ces in mRNAs coding human insulin and its receptor.

METHODS

Human pre-proinsulin (HSINSU,3) and 10 other nucleic acid sequen-
ces (4-13) were studied in order to find messages which are com-
plementary to the human mRNA for insulin receptor precursor
(HSIRPR, 14). Nucleic acid sequences were taken from EMBL (Heidel-
berg,D-6900) and Dayhoff (NBRF, Washington)- Nucleotide Sequence
Data Libraries. To find complementary nucleic acid sequences,we
looked for homology between a nucleotide sequence and the reversed
and converted sequence of HSIRPR. Homologue sequences (only those
longer than 20 nucleotides) were investigated by BestFit, DotBlot
and WordSearch programs in sequence analysis software package of
the University of Wisconsin Genetics Computer Group (version 3,
June 1985, Madison, Wisconsin), using a VAX computer.
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Statistical analysis of nucleotide homology

The significance of homology between two nucleotide sequences was
estimated by calculating the probability of accidental occurrence
(Pa), using the equation based on the Poisson distribution (2):

N -Np i
Pa = 2___£ﬂﬂl~
i it

where N is the length of nucleotides in the homologue sequence,

i is the number of matches over the sequence and p is the pro-
bability that any given nucleotide will match. The p value of the
nucleic acids examined was very close to 0.25 (ideal randomness),
except for some comparations concerning the approximately 700
nucleotides long end-part of the HSIRPR. We therefore used p=0.25
for the calculation of Pa values. When N = 26, in sequences with
ideal randomness, the number of nucleotide matches (i) is 6.5

The experimentally determined value varied around thig mean with-
in *40% SD limits (3.9 - 9.1), resulting in Pa =8x10™“ of homo -
logies between random sequences.

For statistical significance "i" values had to be _higher than 25D
from the mean (i.e. 11.7). Thus Pa values < 2x10"2for N=26 were
considered statistically significant.

For further statistical evaluation Student t-test and linear re-
gression analysis were used

RESULTS

As many as 97 short complementary messages to HSIRPR were found

in 11 nucleic acids (Table 1). All sequences examined - with the
exception of HSALB - were codes of hormones or releasing factors.
The average length of complementary messages was N = 26.1%0.8

(S.E.M., n=97) and the average number of complementary matches
was iz 73.4*1.2%. The average N and i values of the 16 comple-
mentary sequences in HSINSU did not differ significantly from
the respective values of complementary messages found in "control"
nucleic acids which code other hormones or albumin. The mean Pa
value of these short complementary messages was 3.4 x 10-53(N=26,
i=19), i.e. by 3rd order of magnitude (2000 times) less than the
average*2 S5.D. limit of significance (Pa=2 x 10°?). This in-
dicates that the probability of occasional occurrence of short
complementary sequences was extremely small. Considering that

we found 97 such sequences,the probability of detecting a random-

ly occurring phenomenon is even less.

The number of complementary sequences varied from one nucleic
acid to the other, proportionally to its length. There was a
significant linear correlation between the length of the nucleic
acid examined and the total length of complementary sequences

found in them (Fig.1.). The length of complementary messages
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Fig.l.: Correlation between the length of nucleic acids
examined and the total number of nucleotides found in
HSTIRPR-complementary sequences.

found in HSINSU and HSALBU did not differ from each other and
those of other nucleic acids examined, when correlated with the

total length of the sequence.

The 97 short complementary sequences had a total length of 2536
nucleotides. This corresponds to 48.9% of HSIRPR length and
complements to 1546 long sequences of HSIRPR (29.8%) because

of some overlap between the sequences.

With a frequency of 7-9% the short complementary sequences of the
nucleic acid sequences examined, proved - without any exceptian-

to be complementary to HSIRPR.

The short complementary sequences in HSIRPR and HSINSU did not
show any preferred location at the protein coding parts of the

nucleic acids in question. (Table II).

Nucleotides coding proinsulin peptide A and B did not contain any
complementary sequences and putative - and{3—subunit coding se-
quences of HSIRPR cantained only the average number of complement-

ary nucleic acids.

However, it is notable that the signal peptide coding messages in
HSIRPR and the proinsulin peptide-C-coding-region of HSINSU con-
tained approximately 4 to 9 times more complementary nucleotide

sequences than average.

Some of the 16 complementary sequences found in HSINSU were
unique and we were not able to find homologue sequences in
other nucleic acids. Others showed more or less homology to

various nucleic acid messages (Fig.2.).
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Table II. Distribution of complementary sequences

Description Position Length (L) Length of C/L (%)
(nucleotides) complementary
sequences
©
I. HSIRPR
- signal peptide 49-129 81 156 193
- put. a-subunit 130-2298 2169 628 28
- put. B-subunit 2299-4158 1860 785 42
- undefined regions 1-48
4159-5180 1070 967 90
|entire sequence 1-5180 5180 2536 48|
II. HSINSU
- polymorphic region 1340-1823 484 50 10
- preproinsulin
primary transcript 2186~3615 1430 101 7
+ intron 2611-3396 785 52 6
* proinsulin peptide C 3397-3476 80 52 65
(part. 2)
* proinsulin peptide A 3477-3539 63 ] ]
" B 2496-2585 90 @ i
- undefined regions 1-1338
1824-2185 3078 229 7
3616-4992
|entire sequence 1-4992 4992 380 71
DISCUSSION

The receptor and ligand, antigen and antibody protein molecules
show exceptionally strong attraction to each other. The molecular
background of these specific protein-protein interactions is
not sufficiently understood. In 1981 we suggested the theory
(1) that proteins which are able to interact specifically with
each other, might be coded by nucleic acid sequences which are
complementary to each other. Five years later the first opportun-
ity for experimental tests came, when the sequence of some re-
ceptor-coding nucleic acids was published. When searching for
complementary messages between mRNAs for epidermal growth factor,
transferrin, interleukin-2 and their respective receptors, as

many as 11 specific complements were determined which consisted
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(HSIRPR)
1537)AAAGTGTCCTACGGACCAGGGGTAACCAGAAGTCCCGTTACAGCAAAGAGAGGACCGCGGGGAACCAAGGAC(1aes)
(4281)UUCCAGAGGAUGCUUGAUUCCAGUGGUUCUGC (4312) (93)CUGUCCGGGUGCUCCUUGUGUGCUG(117)
(HSEGFPRE) (SSENDO)
(1890)CBTGAGGGCTTTGCTCTCCTGGAGACATTTB(1920)
(HSINSU)
581)GCCCTCTGGTTTCTCCCCAGGCTCCCGGACGTCCCTG(617)
(HSGROW2)

(HSIRPR)
(957)GACCACCGTCGGGACGGAGGCGCTCAAGAACGTAAACACCACGTCCAGGACCGTC(903)
(1805)ccééiéééATééé%6(1s19) (3375)TCTGCGCGGCACGTCCTGGCAG(3396)

(HSGRDWZ) (HSINSU)

(374)GTGCCTGCCTTGCCTCCCCCCGGCCCTGC(402)
(HSINSU)

(2931)UGACGGAAUCCCUGCCAGCGAGAUCUCCUCCAU(2963)
(HSEGFPRE)

ig.2.: Some examples of short complementary sequences found
(9 out of 87).

of 15-18 nucleotides (2). Based on this and other previous ex-
periments, Bost, Smith and Blalock (17) concluded that coding

of proteins by complementary nucleic acids might result in proteins
which specifically interact with each other.A hydropathic anti-
complementarity of amino acids based on the genetic code may be
the chemical background for this specificity (15).Codons for hydro-
philic and hydrophobic amino acids on one strand of DNA were
complemented by codons for hydrophobic and hydrophilic amino
acids on the other DNA strand.

The co-existence of short complementary RNA messages was shown
by Mizuno, Chou and Inouye (16). They described a sequence in

E. coli which contained 84 nucleotides. This sequence was com-
plementary to the ompF mRNA (67 complementary matches). This

so called mRNA-interfering complementary RNA (micRNA) is believed
to regulate the translation of ompF mRNA by specific interaction.
It is unknown whether a micRNA can be translated into a protein

but this possibility should not be disregarded.

A micRNA might possibly regulate translation, thus, a micRNA-de-
rived protein might regulate the interactions, bioclogical actian
or degradation of other proteins to which it is "complementary"
This was proven by sophisticated experiments done by Bost, Smith
and Blalock (17):
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a) Corticaotropin (ACTH) and @ -endorphin bind specifically and with
high affinity to synthetically derived counterparts, that were
specified by RNA sequences which were complementary to the mRNA
for ACTH and[?—endorphin, respectively.

b) Antibody to the peptide (which was encoded by the complement-
ary RNA for ACTH) recognized the adrenal cell ACTH-receptor.This
observation strongly supported the supposition that two peptides
coded by complementary RNA messages are "internal" images of

each other.

When looking for nucleic acid sequences cofiplementary to HSIRPR,
we expected HSINSU to contain such messages.We did, indeed, find
16. The length and number of complementary matches were close to
what had been described for micRNA (16) and other receptor-ligand
coding RNA complements (2). The finding of each sequence was
statistically highly significant, because

a) their Pa values were less than Pa values for ideal random-
ness by at least 3rd order of magnitude, and

b) no such sequence was found when computer generated random
nucleic acid sequences were studiedwith the same method.

In addition to the 16 short complementary sequences in HSINSU we
found 81 in 10 other nucleic acids which code other peptides.
These peptides do not bind to the insulinreceptor. Even though
these sequences were in most cases completely different from

those found in HSINSU, this finding made our initial hypothesis
doubtful. The frequent occurrence of short complementary sequences
in genes indicates that not only specifically interacting proteins
are coded by nucleic acids which contain complementary messages.
These short complementary messages might therefore have some
completely different structural and functional importance (18).
Their main role, for example, may be in the functional organizat-
ion of different genes or simply in compact packing of nucleic

acids in the nucleus.
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