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Abstract. We propose the existence of a relationship of stereochemical complementarity between
gene sequences that code for interacting components: nucleic acid-nucleic acid, protein-protein and
protein-nucleic acid. Such a relationship would impose evolutionary constraints on the DNA se-
guences themselves, thus retaining these sequences and governing the direction of the evolutionary
process. Therefore, we propose that prebiotic, template-directed autocatalytic synthesis of mutally
cognate peptides and polynucleotides resulted in their amplification and evolutionary conservation
in contemporary prokaryotic and eukaryotic organisms as a genetic regulatory apparatus. If this pro-
posal is correct, then the relationships between the sequences in DNA coding for these interactions
constitute a life code of which the genetic code is only one aspect of the many related interactions
encoded in DNA.

1. Directed Molecular Evolution

Genetic information which is stored in DNA may be retained in DNA as regula-
tory DNA, or may be transferred to RNA and retained in RNA as tRNA, rRNA,
SnRNA, etc. or may be reversed from mRNA back to DNA by reverse transcriptase
or may be further transferred from RNA (through mRNA) to protein (see Figure
1). This flow of genetic information constitutes the central Dogma of Biology. A
relationship between sequences in DNA that are coded to interact would clearly
facilitate the formation of genetic information, which in turn would facilitate the
emergence of multi-component systems and influence evolutionary direction. For
example, sequences in DNA that code for nucleic acid interactions are related
through stereochemical complementarity of the encoded base sequences (Watson,
J.D. and Crick, 1953) (i.e., those DNA sequences that code for codon:anticodon
interactions (Crick, 1966; Osave al., 1991; Osawa, 1995; Hatfiett al., 1992)

and other nucleic acid interactions (Saenger, 1988), including those sequences that
direct structural conformation in DNA and RNA (Saenger, 1988). In the absence
of this relationship, the various components would evolve indepently of each other
and evolution of the system would thus be left to chance alone. We propose the
existence of a similar relationship between gene sequences that code for interacting
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Figure 1.The central dogma of biology: the flow of genetic information.

components (protein:protein and protein:nucleic acid). Such a relationship would
impose evolutionary constraints on the DNA sequences themselves, thus retaining
these sequences and governing the direction of the evolutionary process.

There is mounting evidence that in the case of protein:nucleic acid interactions
the sequences in DNA responsible for directing the specific recognition between
these two components, like those involving nucleic acid: nucleic acid interactions,
are related. A code for recognition between regulatory proteins and the correspond-
ing specific sequences in DNA to which they bind has been deciphered whereby the
mechanism of recognition is determined by the stereochemical complementarity
between sites on anino acid sidechains and sites on their cognate codon:anticodon
nucleotide bases (Harrigt al., 1990a, 1993). This notion of a recognition code
between proteins and their specific DNA binding sites was initially based on the
findings that the c-DNA sequences which encode amino acids in eukaryotic and
prokaryotic regulatory proteins’ DNA recognition helices have a high degree of
nucleotide subsequence similarity with the sequences in DNA to which they specif-
ically bind and regulate transcription, operators or hormone response elements
(Harriset al., 1990a,b, 1993).

Application of this recognition code led to the discovery of DNA recognition
helices for members of the steroid/thyroid hormone receptor superfamily of DNA
regulatory proteins (Harrist al., 1990, 1993). For example, the c-DNA that en-
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Figure 2.Comparison of the c-DNA sequence encoding the GR DBD with a sequence withinthe LTR
upstream of the MMTV transcription start site. (a), a schematic of a maximally similar nucleotide
sequence alignment for the mouse mammary tumor virus (MMTV) 5’ long terminal repeat (LTR)
(Genbank locus MMTPRGR1) consisting of 272 nucleotides ranging from —312 to —40 upstream
from the MMTV transcription start site versus 458 nucleotides of c-DNA encoding the human gluco-
corticoid receptor DNA binding domain (GR DBD) (GENBANK locus HUMGCRA) ranging from
nucleotides 1291 to 1749 are shown. In (b), the MMTPRGRL1 nucleotide sequence with maximal
nucleotide subsequence alignment with the human c-DNA GR DBD HUMGCRA sequence is shown.
Within the MMTPRGR1 sequence are GR binding sites, glucocorticoid response elements (GRES),
as detected by nuclease footprinting studies by others and are shown as large boxesetRayvar
1983) and dashed underlines and overlines (Scheidetralt, 1983; Scheidereit and Beato, 1984).
Within one of the GR DNA binding sites are small boxes containing GRE DNA major groove half-
sites, GTTACA and THTTCT, respectively. Nucleotide base pair matches between the MMTPRGR1
and HUMGCRA sequence alignment are shown as stars. Below the HUMGCRA c-DNA sequence
is the corresponding amino acid sequence shown in Dayhoff one letter code (Dayhoff, 1978) with
the amino acids numbered as in the rat GR (Miesétldl., 1987). In (c), this amino acid sequence
was predicted to be an alpha helix using the Chow-Fasman secondary structure prediction algorithm
(Chou and Fasman, 1978). In (d), a computer model of the predicted GR DNA recognition helix is
shown.

codes the DNA binding domain (DBD) of the glucocorticoid receptor (GR) was

compared with a DNA sequence within the long terminal repeat (LTR) upstream
of the mouse mammary tumor virus (MMTV) gene transcription start site, a region
known to contain several functional glucocorticoid response elements (GRES). A
maximal similarity was detected between a well-characterized GRE within the
MMTYV LTR sequence and a nucleotide subsequence of the GR DBD c-DNA (see
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Figure 3. Comparison of the putative GR DNA recognition helix to GR DNA recognition helix
structures subsequently determined by NMR and X-ray methodology. A computer model of the
predicted GR DNA recognition helix (center) is compared to a computer model of the GR DNA
recognition helix from NMR coordinates (Haet al., 1990). (left) and a computer model of the

GR DNA recognition helix from x-ray crystallography coordinates (Leisal., 1991) (right). End

views of the alpha helices are shown with amino acids designated using the Dayhoff one letter code
(Dayhoff, 1978) and numbered as in the rat GR (Miskldl., 1987). Main chains are shown with
heavy lines, side chains are shown as light lines, The Root Mean Square (RMS) deviations for the
predicted and NMR structures are 1.25 A for the alpha carbon atoms (11 atoms), 1.57 A for the main
chain atoms (44 atoms) and 2.31 A overall (76 atoms). The RMS deviations for the predicted and
x-ray crystallography structures are 1.05 A for the alpha carbon atoms (11 atoms), 1.39 A for the
main chain atoms (44 atoms) and 2.12 A overall (76 atoms).

Figures 2a—b). The region of maximal similarity within the GR DBD c-DNA was
predicted to encode an alpha helix (see Figures 2c—d). This finding resulted in
the discovery of a putative GR DNA recognition helix (see Figure 2d) which was
subsequently confirmed by NMR (Haet al., 1990) and X-ray crystallography
(Luisi et al., 1991) (see Figure 3).

Subsequently, genetic sequence similarity was reported between a GRE DNA
sequence and nucleotide sequences at the exon splice junction sites of exons 3,
4 and 5 within the DNA binding domain of the GR protein (see Figures 4a—c)
(Harris et al,, 1993). The GR protein structures encoded at the exon 3, 4 and 5
splice junction sites included the GR DNA recognition helix, a beta strand and a
predicted alpha helix, respectively. The primary nucleotide sequences at the exon
splice site junctions encoding these GR structures and the nucleotide sequence of
the GRE were not identical, but were very similar (see Figure 4b). Since there are
multiple codons for the majority of the 20 known amino acids, the GRE sequence
was examined in all three reading frames on both strands to determine the extent
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of genetic information within the GRE sequence. This procedure revealed trinu-

cleotides identical to codon:anticodon nucleotides in overlapping reading frames
for amino acids of the structures encoded at the exon splice junction sites (See
Figure 4c).

By model building and conducting molecular dynamics simulations of the GR
DBD protein in complex with its cognate GRE DNA, it was observed that amino
acids within GR DBD structures encoded at the splice junctions of exons 3, 4 and
5 specifically interact with their coghate codon-anticodon nucleotides within the
GRE and its flanking regions (Harret al, 1994, 1995, 1996a,b). The interac-
tions observed were manifest by strong electrostatic and H-bonding between amino
acids of the GR DNA recognition structures and nucleotide base sites of their cog-
nate codon-anticodons. As an example, during molecular dynamics arginine 466
of the GR DNA recognition helix shows movement and orientation of its sidechain
toward its cognate codon site, AGA, within the GRE sequence (see Figures 5a-
d). This movement and orientation of the arginine 466 sidechain is manifest by
strong electrostatic energy of attraction and the formation of H-bonds between the
arginine sidechain and its codon nucleotides (see Figures 5b and 5d). Strong elec-
trostatic attraction for cognate codon-anticodon nucleotides was also observed for
other hydrophilic amino acids of the GR DNA recognition helix (see Figures 6a—f).
Similar findings of amino acid- codon nucleotide recognition have been reported
in Tetrahymena groupself-splicing intronic RNA by arginine (Yarus, 1991). The
arginine side-chain shows stereoselective binding for its codons, AGA, CGA and
AGG, which are conserved at the catalytic sites of 66 group | self splicing intronic
RNA sequences (Yarus, 1989).

Trinicleotides identical to codon-anticodons for amino of regulatory proteins’
DNA recognition helices were also observed for other eukaryotic and prokaryotic
regulatory proteins within their cognate response elements or operators (&tarris
al., 1990a,b, 1993, 1994, 1995, 1996a,b). This relationship allows concentration of
genetic information within both strands of the specific DNA recognition motifs for
both hydrophilic and hydrophobic amino acids of the regulatory proteins’ DNA
recognition helices. Recently, a gal/S operator that specifically binds the gal/S
repressor protein was found within the c-DNA that encodes the gal/S repressor
protein; this gal/S operator sequence is identical to the c-DNA sequence which
encodes amino acid residues 1-6 within the DNA recognition helix of the gal/S re-
pressor protein (Muller-Hill and Kolkhof, 1994) (see Figure 7). Therefore, genetic
subsequence similarity between DNA regulatory profgia€DNA encoding DNA
recognition helices and their cognate operators or response elements is, in most
cases, very similar and in one case identical.

All of these observations support the existence of a code for DNA site specific
recognition by DNA regulatory proteins based on stereochemical complementarity
and interaction between amino acid sidechains and their cognate codon-anticodon
nucleotides. In all of the above studies the amino acids of the DNA recognition
helices are consistantly found lined up with their cognate codon nucleotides in their
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Figure 4. Genetic sequence similarity between a glucocorticoid response element (GRE) and the
c-DNA encoding the DNA binding domain (DBD) of the glucocorticoid receptor protein (GR),
exons 3, 4 and 5. (a) A schematic of local nucleotide sequence alignments for exon 3 (nucleotide
positions 1318 to 1485), exon 4 (positions 1486 to 1602) and exon 5 (positions 1603 to 1626) of the
DNA encoding the human GR DBD (GENBANK locus HUMGCRA) vs. mouse mammary tumor
virus (MMTV) 5’ long terminal repeat (GENBANK locus MMTPRG1) nucleotides ranging from
—312 to —40 upstream from the MMTYV transcription start site. (b) Nucleotide sequence alignments
from (4a). At the top is shown the MMTPRGRL1 nucleotide sequence within which GR binding sites
(GRESs) have been detected with nuclease footprinting studies by others and are shown as large boxes
(Payvaret al., 1983) and dashed underlines and overlines (Scheiadrait 1983; Scheidereit and
Beato, 1984). Small boxes contain the two GR binding (GRE) half-sites GTTACA and TGTTCT,
respectively. Nuclecotide base pair matches are starred. Below the HUMGCRA cDNA sequences
are shown their corresponding amino acid sequences in Dayhoff (Dayhoff, 1978) one-letter code
with the amino acids numbered as in the Rat GR (Mieséelal., 1987). The DNA recognition helix

in the exon 3 alignment is underlined. (c) The nucleotide sequence of the GRE within MMTPRGR1
showing maximum subsequence similarity (see 4b) is translated to amino acids (in Dayhoff one-letter
code) in all reading frames (F1, F2, and F3), on both strands: top (rightward: sense 5'-3’) and bottom
(leftward: antisense 5'-3’). Circles, triangles and squares indicate codons in the DNA sequence with
which cognate amino acids from the GR DBD are aligned. Circles = codons for exon 3 encoded DNA
recognition helix amino acids, triangles = codons for exon 4 encoded beta strand amino acids and
squares = codons for exon 5 encoded putative alpha helix amino acids. The amino acid sequences of
these structures are shown at the bottom of the figure. Amino acids aligned with cognate codons are
in boldface type.
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Figure 5. Computer models and energy plots of Arginine 466 of the GR DBD DNA recognition

helix interacting with GRE nucleotides. Dashed lines represent H-bonds. (a) Arginine 466 and GRE
nucleotides at the beginning of molecular dynamics. (b) Arginine 466 and GRE nucleotides at the
end of 1000 picoseconds of molecular dynamics. (c) A plot of interaction energy between Arginine
466 and GRE nucleotides at the beginning of molecular dynamics. (d) A plot of interaction energy
between Arginine 466 and GRE nucleotides at the end of 1000 picoseconds of molecular dynamics.

specific DNA binding sites. These observations suggest that these structures may
have been template dependant in their evolution (i.e., peptides acting as templates
for nucleotide polymerization or vice versa) (Nelsestuen, 1978, 1979). Therefore,
we propose that prebiotic, template-directed autocatalytic synthesis of mutally cog-
nate peptides and polynucleotides resulted in their amplification and evolutionary

conservation in contemporary prokaryotic and eukaryotic organisms as a genetic
regulatory apparatus.
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Figure 6.Plots of interaction energy between GRE nucleotides and GR DBD DNA recognition helix
amino acids from a GR DBD protein/29 bp GRE DNA model after energy minimization, heating and
equilibration (0 picoseconds) and after 1000 picoseconds of molecular dynamics. Codon/anticodon
nucleotides reading 5’ to 3’ for the respective amino acids are boxed. The sense strand is on top. (a)
Lysine 461 total interaction energies with GRE nucleotides 17-26 on the sense strand and 3-42 on
the antisense strand. (b) Valine 462 VDW interaction energies with GRE nucleotides 15-24 on the
sense strand and 35-44 on the antisense strand. (c) Lysine 465 total interaction energies withGRE
nucleotides 17—24 on the sense strand and 35-42 on the antisense strand. (d) Arginine 466 total
interaction energies with GRE nucleotides 17-25 on the sense strand and 34-42 on the antisense
strand. (e) Glutamic acid 469 total interaction energies with GRE nucleotides 17-24 on the sense
strand and 35-42 on the antisense strand. (f) Glutamine 471 total interaction energies with GRE
nucleotides 13—23 on the sense strand and 36—46 on the antisense strand.

The above studies (Harrég al., 1990a,b, 1993, 1994, 1995, 1996a,b) and those
that have shown (1) a correlation between amino acids’ sidechain physicochemical
characteristics and the nucleotides of their cognate codons (Jungck, 1978; Pieber
and Toha, 1983; Hendmt al.,, 1984; Laceyet al., 1984), (2) stereochemical com-
plementarity and structural relationships between amino acids and their cognate
codon and/or anticodon nucleotides (Haetsal., 1990a,b, 1993; Hendrgt al.,

1984; Laceyet al.,, 1984; Al'tshtein and Efimov, 1988; Hendgt al., 1995), (3)

a direct in vitro binding preference for amino acids and their cognate codon or
anticodon nucleotides (Harrit al., 1994, 1995, 1996a,b; Yarus, 1989, 1991, 1998;
Miller-Hill and Kolkhof, 1994; Saxinger, C. and Ponnamperuma, 1974; Desjari-
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Figure 7.Protein:nucleic acid interactions are directed by genetically conserved sequences in DNA.
The c-DNA sequence that directs the synthesis of amino acid residues 1-6 of the DNA recognition
helix of the gal/S repressor protein shares identical codon sequence for these amino acids within the
gal/S operator sequence to which it specifically binds.

ais and Berg, 1992; Harriet al., 1997), provide strong evidence for a directed
molecular evolution in the origin of the genetic code (Woese, 1968).

The question of whether the sequences in DNA that are responsible for directing
protein interactions (both intramolecular interactions that determine protein shape
and intermolecular interactions that determine recognition between different pro-
teins) may be related has been addressed (Blalock and Smith, 1984; Blalock, 1990;
Brentani, 1990; Blalock, 1995). It has been proposed that protein folding and pro-
tein:protein interactions are determined by the recognition of peptides of opposite
hydropathic properties. This idea is based on a relationship between the genetic
code and the hydropathic character of amino acids; complementary codon nu-
cleotide sequences specify amino acids that are hydropathically opposites (Blalock
and Smith, 1984). Thus, complementary nucleotide sequences theoretically encode
interacting peptides (see Figure 8). Support of this notion is provided by reports
of sense-antisence peptide recognition (Blalock and Smith, 1984; Blalock, 1990;
Brentani, 1990; Blalock, 1995).
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Figure 8. Protein:protein interactions are directed by complementary sequences in DNA. These
complementary DNA sequences encode complementary peptide sequences which are hydropathic
opposites.

The proposal presented herein states that sequences in DNA coding for nu-
cleic acid:nucleic acid, protein:nucleic acid and protein:protein interactions must
be related. As discussed above, the sequences in DNA that direct nucleic acid inter-
actions are related as are many of the sequences in DNA that direct protein:nucleic
acid interactions. There is emerging evidence that the sequences in DNA that direct
protein: protein interactions are also related. If this proposal is correct, then the
relationships between the sequences in DNA coding for these these interactions
constitute a life code of which the genetic code is only one aspect of the many
related interactions encoded in DNA.
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