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Abstract. Evolution of proteins encoded in nucleotide genomes revealed that the preferred distances between
sequences began with the advent of the triplet code. Thealine, alanine, glycine, leucine, and isoleucine along the
chronological order of the appearance of amino acids osequences are in the same range of 25-30 residues, in-
the evolution scene and the steps in the evolution of thelicating that the loops are primarily closed by hydropho-
triplet code have been recently reconstructed (Trifonovbic interactions between the ends of the loops. The loop
2000b) on the basis of 40 different ranking criteria andclosure stage is followed by the formation of typical
hypotheses. According to the consensus chronology, thiolds of 100—200 amino acids, via end-to-end fusion of
pair of complementary GGC and GCC codons for thethe genes encoding the loop-size chains. This size was
amino acids alanine and glycine appeared first. Otheapparently dictated by the optimal ring closure for DNA.
codons appeared as complementary pairs as well, whichn both cases the closure into the ring (loop) rendered
divided their respective amino acids into two alphabetsgvolutionarily advantageous stability to the respective
encoded by triplets with either central purines or centralstructures. Further gene fusions lead to the formation of
pyrimidines: G, D, S, E, N, R, K, Q, C, H, Y, and W modern multidomain proteins. Recombinational gene
(Glycine alphabeG) and A, V, P, S, L, T, I, F, and M splicing is likely to have appeared after the DNA circu-
(Alanine alphabetd). It is speculated that the earliest larization stage.
polypeptide chains were very short, presumably of uni-
form length, belonging to two alphabet types encoded irKey words: Early evolution — Amino acid chronol-
the two complementary strands of the earliest mMRNAogy — Codon chronology — Triplet code — Homopep-
duplexes. After the fusion of the minigenes, a mosaic oftides — Heteropeptides — Sequence mosaic — Closed
the alphabets would form. Traces of the predicted mosaitoops — Autocorrelation — DNA ring closure — Pro-
structure have been, indeed, detected in the protein séein folds — Multidomain proteins — Gene splicing
quences of complete prokaryotic genomes in the form of
weak oscillations with the period 12 residues in the form
of alteration of two types of 6 residue long units. The .

: . Introduction
next stage of protein evolution corresponded to the clo-
sure of the chains in the loops of the size 25-30 residues ) )
(Berezovsky et al., 2000). Autocorrelation analysis of frequent argument in support of the idea about the

proteins of 23 complete archaebacterial and eubacteridnProbability of life is an estimate of the likelihood of
generating, by chance, a meaningful protein sequence of,

for example, 100 amino acid residues. The number of
Correspondence toE.N. Trifonov; present addressDepartment of pOSSSOIble different molecules of this size is on the Or‘?'er of
Structural Biology, The Weizmann Institute of Scienaamail: 10**°, much larger than, say, the number of atoms in the
edward.trifonov@weizmann.ac.il visible Universe. This estimate is, however, a self-
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inflicted scare, since life most certainly began with muchTable 1. Consensus chronology of amino acids calculated on the
smaller molecules. For example, extant biologically ac-Pasisof 44 criteria
tive peptides quite frequently have the size of 20-40

residues (Andreu and Rivas, 1998), and functional mini- rA;/nelfage + Order
genes are known to be even as small as 2 codons (Hef=

nandez-Sanchez et al., 1998; Dincbas et al., 1999). Thug, ;‘27 8'98 ;
it is quite reasonable to apply the general evolutionary, 6.8 07 3
formula “from simple to more complex” to protein struc- p 7.3 0.7 4
ture and sequence as well, and to explore the possiblg 8.0 0.7 5
simple precursor stages in protein evolution. Evidence of 8.5 0.7 6
such simple stages is provided, for the first time, by theE 98'78 g'g g
autocorrelation analyses of the prokaryotic protein se~ 102 06 9
quences, which will be described. Thus, the foundationy 11.5 0.7 10
has been established for describing several distinct stag®&s 11.5 0.7 11
in the evolution of nucleic acid-encoded proteins, from! 11.6 0.7 12
simple to complex, reflected both in the structure of K 1111'2 %i 113;
modern proteins and in their sequences. The suggest 123 08 15
stages are: (I) short homopeptides Gind Alg, (1) F 123 0.8 16
mixed-sequence 6 residue-long peptides of Glyci@ag ( H 13.1 0.7 17
and Alanine A) alphabets, (I11) 25-30 residue-long pep- M 14.3 0.6 18
tides closed into the loops by the end-to-end contact Y Eg g'g 2?)

(IV) 100-200 amino acid residue protein folds (do-
mains), and (V) multidomain proteins. Gene splicing one filterinig step is used (Trifonov 2000b), reducing the number of
presumably enters at stages IV-V “politely” (Zucker- independent criteria to 36.
kandl 1986), in such a way that the earlier size regulari-
ties are still respected. early proteins, and other factors are included as well.
Taking all this into consideration, a striking order in both
amino acid chronology and derived codon chronology is
Results and Discussion revealed: (1) amino acids of the imitation experiments by
S. Miller (1953, 1987) are in the lead positions; (2) the
codons appear to have been engaged as complementary
pairs; (3) More stable codon pairs are engaged first; and
The range of amino acids of the earliest proteins wag4) new codons are simply point-change derivatives of
presumably very limited. A natural question to ask isthe previously engaged ones.
which amino acids were the first to appear, and in what An updated version of the amino acid and codon chro-
chronological order did all the other amino acids appearhologies is presented in Table 1 and Fig. 1. These result
Each of the numerous theories on the origin of the gefrom calculations performed the same way as in the
netic code, and various other considerations, suggest thabove cited work, with the larger number of criteria. The
amino acids have a certain temporal order. Some theoriesdded criteria of the amino acid chronology are based on
support others, whereas some are contradictory. Onthe reconstructed amino acid composition of ancient fer-
could think of a balanced consensus that would take intwedoxin (Eck and Dayhoff 1966), the stability of amino
account all the various estimates. However, the questioacids in a reducing atmosphere (Eck and Dayhoff 1966
about weights to be given to the criteria immediately and references therein), the mutational stability of codon
arises, making every attempt of this kind inevitably sub-repertoires (Luo, 1988), and on the molecular volumes of
jective and doubtful. amino acids (Haig and Hurst, 1991). Although there is
One fair and reasonable way to derive the consensusome uncertainty (see, for example, the average rank
is rank-averaging of different criteria, with no weights values for P and E, and for I, R, and K in Table 1), the
given, except for eliminating those that are almost iden-estimates of the rank averages for most of the amino
tical, thus combining them in one criterion. Such anacids allow them to be ordered rather uniquely in the
analysis is indeed performed with 40 different criteria of consensus chronology. Remarkably, the amino acids of
amino acid chronology (Trifonov, 2000b). Among the Miller's mix (Miller 1953, 1987), G, A, V, D, S, E, P, L,
criteria are various theories suggesting the existence of and I, within the accuracy of the estimates, are all found
specific order within the amino acids and/or codons, likeat the top of the list.
the coevolution theory of Wong (1981), the RNA theory  This would mean that emerging life utilized first, of
of Eigen et al. (1981), Jukes’ theory (1973), and otherall those amino acids that were already present in the
hypotheses. Criteria based on the chemical simplicity oenvironment, which is evidence for the fundamentally
amino acids, on their reactivity, or on the composition of opportunistic nature of the life process.

Homopeptide Stage. Evolution of the Triplet Code
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Fig. 1. Reconstruction of the codon chronology. The upper line corresponds to the consensus chronology of the amino acids. Numbered lines
contain complementary codon pairs. Codons of the same repertoire (for the same amino acid) are arranged vertically.

Figure 1 presents the reconstruction of the temporabnly evolve from the previous ones, but in addition, they
order of the codons, based on the amino acid chronologgo so in the most inexpensive way. The unexpected strict
as discussed, and on the original suggestion by Eigen anatder revealed in the organization of the codon chronol-
Schuster (1978) on the primacy of thermostability andogy gives a degree of confidence that the derived tem-
complementarity. The figure is a modified version of the poral orders largely reflect previously undisclosed steps
earlier scheme (Trifonov 2000b). The order of aminoof evolution of the triplet code.
acids P, S, and E is slightly changed to conform with the The first complementary codon pair, GGC*GCC,
error bars in Table 1. The lines of the scheme correspondhould correspond to the earliest coding RNA duplex
to complementary codon pairs. In every codon repertoiravith the complementary strands GGCGGCGGC. . .GGC
(vertical sets) the most stable codons (underlined) ocand GCCGCCGCC. ..GCC of uncertain length coding
cupy the topmost positions. A striking feature of thefor GlyGlyGly. . .Gly and AlaAlaAla. . .Ala, respec-
scheme in Figure 1 is the below-diagonal arrangement dfively. The original amino acid composition of the “pro-
the thermodynamically weaker codons of the respectiveeins” is 50% of Gly and 50% of Ala. At the later stages
codon repertoires. Any substantial change in the order obf the protein’s evolution the original abundance of Gly
the amino acids (top line) would destroy the overall tri- and Ala is gradually reduced by other amino acids, so
angular pattern. The triangular pattern means that théhat the proportions of Gly and Ala eventually go down
consensus amino acid chronology and the rules of therto their current 6%—-8% values. The exceptional evolu-
mostability and complementarity together dictate thattionary role of Gly is illustrated by the following impor-
one more most natural rule be fulfilled: new codons aretant observation. The decline in the Gly content is indeed
derived from existing ones as single-point mutations—aobserved when functionally related prokaryotic and eu-
processivity rule. Most of the new codons are generatedaryotic protein sequences are aligned and the composi-
by the wobble mutations and by complementary copyingtion of the shared parts of the sequences is calculated
whereas the pair GUC/GAC, for V and D, is derived (Trifonov 1999b). The proportion of the Gly in the
from the transition mutation(s) in the middle positions of shared residues is as high as 14%. That value of the Gly
the earliest GGC and GCC codons. Both the wobblecontent is likely to correspond to the moment of separa-
mutations and the transitions are the most frequention between eukaryotes and prokaryotes, about 3.5 bil-
“cheapest” mutations to occur. Thus, the new codons ndlion years (Doolittle 1997). Thus, the Gly content may



397

serve as a clock to construct rooted evolutionary trees. A We assumed, not without a reason, that the speculated
first attempt of this kind, the rooted tree for 6 major ancient mosaic would be largely an alternating type,
kingdoms has been recently constructed (Trifonovforming a period of two mosaic units of the different
1999b). It completely matches consensus chronology oélphabets. The preferred distance between letters of two
the evolutionary bifurcations obtained by traditional non-different alphabets would then be equal to one unit, three
rooted techniques (Doolittle 1997). units, and so on, probably decaying with the distance
because of the destructive influence of deletions and in-
sertions. Similarly, the preferred distances between let-
Earliest Mosaic Stage ters of the same alphabet would be equal to two units,
four units, etc.
With advances in the evolution of the code, new codons What would be the size of the mosaic unit? In other
and amino acids were accommodated, so that the earliegiords, what was the size of the very first homopep-
homopeptides became heteropeptides, encoded as weélles—oligoalanines and oligoglycines? The upper limit
by the mRNA duplexes. If the wobble and transition to that size is set by the solubility of the peptides, which
mutations were dominant a sufficiently long time, theis 7-8 residues (Ogata, in press). The lower limit can be
newly formed codons of the strand initially encoding derived from the RNA duplex stability. The G+C rich
only glycines and, one step later, aspartic acid, wouldRNA duplex of a length as short as 10 base pairs is stable
almost all contain purines G or A in the middle. Theseat 90-100 C° (Frank-Kamenetskii, 1990). This corre-
codons of the structure xRz correspond to the amingsponds to the peptide size of the 3—4 residues. Thus, the
acids of the Glycine alphabéi: G, D, S, E, N, R, K, Q, expected size of the speculated mosaic element would be
C, H, Y and W (in chronological order). Similarly, the in the range of 3-8 amino acid residues.
complementary strands with triplets XYz encode peptides To our delight, the predictions about the hidden peri-
of the Alanine alphabeA: A, V, P, S, L, T, I, F, and M.  odicity present in the protein sequences was fully con-
The alphabets have only one amino acid in common—firmed by analyzing the proteins of prokaryotic complete
serine, since it is encoded by the triplets of both typesgenomes. Fig. 2 presents the autocorrelation functions
Notably, theG alphabet consists largely of polar and showing the preferred distances between the letters of
charged residues, whereas thalphabet consists of pri- alphabetsG andA (common S is excluded) in the pro-
marily hydrophobic residues. teins. The decaying oscillations are clearly seen in the
The presumably short initial minigenes were likely to smoothed curves. The smoothing is necessary to elimi-
eventually fuse end-to-end, forming a mosaic of the twonate oscillation due to a 3.5 residue, short-range period-
alphabets in the oligopeptide translation products. Wecity of the a-helical regions (e. g., Herzel et al. 1999).
speculate that the mosaic elements were a certain uni- Alternating minima and maxima are seen, as pre-
form length as were the respective minigenes (Trifonovdicted, at distances 6, 12, and about 19 residues. This
2000). In this case we could probably attempt to detectorresponds to the size of a detected mosaic unit of about
the traces of the mosaic of two alphabets, perhaps stil6.3 residues, well within the estimated range of 3 to 8
surviving in the modern sequences. This prospect soundsidues. It does not have to be an integer, if unequal
like a fantasy, considering 3.9 billion years of point mu- rates of the insertions and deletions are assumed, which
tations, deletions, and insertions in the incessantly evolvwould make the apparent unit size proportionally larger
ing protein sequences. There is, however, some hoper smaller. One could also imagine that the original mi-
based on two factors. First, many of the primarily hy- nigenes had a range of sizes, within the estimated 3 to 8
drophobic or hydrophilic mosaic elements selected origi+esidues for the peptides, with the non-integer average
nally for their respective functions requiring hydropho- close to 6.
bicity/hydrophilicity would perhaps survive. Second, the
informational sequences, in general, and protein se-
quences, in particular, carry many different overlappingLoop Closure Stage
codes (Trifonov 1989, 1996). This provides a certain
degree of sequence conservation. Ancient sequence pat- fundamental unit of the protein structure—closed
terns not functional anymore may remain as a part oloops of a typical size of 25-30 residues—has been re-
later functional patterns, involving the same letters in thecently discovered (Berezovsky et al. 2000). Contrary to
same positions. Still, the speculated mosaic signal, if ithe traditional approach to protein structure based on the
exists at all, is expected to be very weak, so that it mayprimacy of secondary structure elements, exghgelices,
be detected only in very large sequence ensembles. Thigsheets, and turns, in this work the protein globule is
is why we have chosen for the following autocorrelationviewed as a path of the polypeptide chain trajectory, with
sequence analysis completely sequenced archaebacter@hierarchy of returns (closed loops) and chain-to-chain
and eubacterial genomes, 23 in all, containing aboutontacts. The contour length distribution of the closed
50,000 protein sequences, including translated unidentioops of the globular proteins shows one major maxi-
fied reading frames. mum, at 25-30 amino acid residues. Analysis of repre-
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Fig. 2. Traces of the two-alphabet mosaic structure in modern protein sequences. Positional correlations and autocorrelations between residues
of alphabeG (G, D, E, N, R, K, Q, C, H, Y, and W) and alphat®tA, V, P, L, T, I, F, M). Smoothed curves show extrema at 6, 12, and 19 residues.
Protein sequences from the 23 complete prokaryotic genomes were taken for the calculations.

sentatives of 10 major fold types also reveals that thehe natural proteins, an optimal loop closure size of 20—
nearly standard closed loops follow one after anothe5 residues is statistically predicted, as was indeed ob-
along the polypeptide chain making linear arrays of theserved (Berezovsky et al. 2000 and references therein).
loops (Berezovsky et al. 2000). Such an arrangemenfctually, the loop closure is an inevitable stage for the
could have resulted from end-to-end fusions of smallevolving protein chains to go through. The must of the
genes encoding the standard loop-size polypeptides. Albop closure also carries with it an important selective
intraglobular residue-to-residue contacts close the readvantage: higher stability of the polypeptide chains
spective loops—segments of the chain between the looplosed in the loops.
ends. The stability of the globule is provided largely by  Crucial evidence that the closed loops indeed have
these contacts, which consist of van der Waals lockdeen accommodated in the evolutionary scenario could
between the meeting loop ends. The primary loops of thde taken from the protein sequences. In particular, since
standard size were found to be mostly closed by hydrosome residues, presumably the hydrophobic ones, would
phobic residues (Berezovsky and Trifonov 2001a). be the better choice for the loop-closing interactions,
What is the origin of the 25-30-residue unit-size they would be selected for this important function. In this
loops? The plausible answer comes from polymer statisease the preferred loop sizes may also appear as the
tics. The polypeptide chains possess some flexibility dugreferred distances between these residues along the pro-
to significant rotational freedom around the bonds of thetein sequences. Such a sequence pattern would again
backbone. Because of this flexibility, the ends of suffi- reflect the very distant past of the protein’s evolution.
ciently long chains may come together and make theéOne would need a very large ensemble of the sequences
closed loop. In the partially structured loop with 40%— in order to detect this possible pattern. For the analysis
50% of the residues involved in the rigidhelices as in  we have taken protein sequences of 23 complete pro-
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Fig. 3. Positional autocorrelation for valines in protein sequences ofFig. 4. Sum of positional autocorrelations for residues V, A, G, L,

23 prokaryotic genomes. Thick line—natural sequences, thin line—and | in protein sequences of 23 prokaryotic genomes. Thick line—
shuffled sequences. Note the maximum at 22—31 residues. natural sequences, thin line—shuffled sequences. Note the maximum at

25-30 residues.

karyotic genomes, available in the beginning of this
study. The sequence distances (positional autocorrelation
functions) have been calculated individually for all 20 Formation of Domains (Folds), Multidomain Proteins
amino acids. To our satisfaction, many of them displayed
the expected preference to the residue-to-residue dig=usion of the genes encoding the loop-size polypeptides
tance within the range of 25-30 amino acids. results in the formation of larger proteins with a devel-

Fig. 3 shows the distance distribution for valine, oped hierarchy of domains and subdomains (Berezovsky
which appeared to be the strongest residue in this respeat al. 1999), due to a variety of interactions between the
The curve has a distinct maximum in the range of 22—-3Iprimary loops. The longer genes would eventually reach
residues, with the amplitude well beyond random fluc-the size when DNA, in its turn, will have to close into the
tuations (compared with the curve calculated for shuffledring, by fusion of its ends. The inevitability of this event
sequences). Alanine, glycine, leucine, and isoleucine aris dictated by the laws of polymer statistics and stability
the next largest contributors to the effect. Fig. 4 showsadvantage, which is also true with the polypeptide loop
the combined curve for all five residues, further support-closure. Since the DNA molecule is more rigid, the op-
ing the conclusion that the protein sequence manifestimal length for the DNA circularization is substantially
the preferred distance of 25-30 residues for some amintarger, about 300-600 base pairs (Shore et al. 1981) cor-
acids, as expected. The fact that the major contributorsesponding size-wise to about 100—200 encoded amino
are all hydrophobic provides an additional strong supporgcid residues, or to 4-7 standard size closed loops. This
to the view that the proteins, in their evolution, passedrange of sizes is characteristic of typical domain repre-
through the loop closure stage, reflected both in the typisentatives—protein folds (Wheelan et al. 2000). It is
cal closed loop size and in the distribution of hydropho-likely that this size is established at the gene circulariza-
bic residues, presumably locking the loop ends. Oftion stage. A more detailed analysis of the sizes of the
course, other residues may also be involved in the locksprotein chains (Berman et al. 1994) results in somewhat
which are generally stabilized by van der Waals interacdifferent values for the protein chain lengths in eukary-
tions (Berezovsky and Trifonov 2001b). otes—about 120 residues, and in prokaryotes about 150



400

residues. Both correspond to the optimal range for ther rr
DNA ring closure. The epoch of DNA circularization
apparently had its impact not only on the protein sizes, L
but also on the genome structure in general. For example,
mobile DNA elements, not necessarily protein-coding, D %
prefer the ring closure sizes and multiples thereof (Tri-III 0 b Q Q
fonov 1997). One can speak in general about genome
units of the optimal DNA circularization size from which Q Qt @
modern genomes are built, by recombinational fusion of C
the initially separate DNA rings (Trifonov 1995). Similar
estimates of the genome unit sizes, consistent with the % %
above values, are also obtained from the distribution ofTV Q)/
methionines in the protein sequences, from the distribu-
tion of rare triplets along mRNA and other data (re-
viewed in Trifonov 1999a).

For all earlier stages of protein evolution as described
here, the forthcoming stage always involves end-to-end
fusion of the protein-coding genes of a previous stage.
Likewise, in the last, close-to-current stage, respectivev
genome unit-size genes have fused to form large genes
coding for multidomain proteins with several typical
fold-size domains, sometimes forming rather long linear
arrays. Fig. 5. A scheme of five major stages of protein evolution. I, Il—six

residues long homo- and heteropeptides. Ill—loop closure stage. IV—
protein folds. V—multidomain proteins.

Gene Splicing

L . . tions of the closed loops with the positions of exon-exon
Undoubtedly, gene splicing is an important evolutionary. . X o N
. . . junctions would be necessary to confirm the “politeness
invention that presumably allows for reshuffling of the

coding sequences and thereby increases the frequency %];‘ the introns.

the recombination events (Gilbert 1978). In addition, it
allows for spatial separation of the otherwise conflicting
sequence messages responsible for the chromatin stru
ture and for the protein coding (Zuckerkandl 1981; Tri-
fonov 1993; Denisov et al. 1997). It is thought that due The stages of protein evolution as outlined here are sche-
to this Separation’ the qua“ty (performance) of the en_matica”y illustrated in Flg 5. Since this is the first
coded protein is improved. To be consistent with thescheme.o.f this kind, it may be modifi_ed in future studie;
characteristic sizes pertinent to the sequential stages & acquiring new details and corrections. Importantly, it
protein evolution, the newly inserted coding sequencegeflects the current state of our knowledge about the
have to obey the size distribution rules. In particular, the€arly evolution of the protein and may serve as a working
typical sizes of the closed loops and the folds should pdypothesis for further efforts in elucidating the evolution
maintained. That is, there should be a positional corre®f life. The scheme is based on the initial notion that the
lation between the exon-exon junctions in the proteinevolution of proteins underwent distinct structural stages,
sequences on one hand, and the borders between tH®M simple to complex, from short to long, having a
closed loops and domain-domain borders on the othefcertain characteristic size at every stage. In this respect
Such a correlation is observed when we consider thdh€ gene splicing does not represent a separate stage. It
so-called centripetal modules of haemoglobin (Go 1981)Was perhaps invented by nature at the stage of the fold
enolase (Roy et al. 1999), and xylanase (Sato et a|f_0rmat|or_1, or later, a}nd appgrently did not mtro_ducg any
1999). The modules mapped on the sequence are fréubstantial change in the size-based scheme in Fig. 5.
quently separated by the exon-exon junctions. Interest-

ingly, the average size of the centripetal module of eno-

lase is about 27 residues, in good agreement with th&equences and Calculation Methods

typical size of the closed loops. The most frequent size of

exons, 35-37 residues (Long et al. 1995) is also rathefhe protein sequences of the following complete pro-
close to the loop sizes. Thus, it seems plausible that thkaryotic genomes were used for the calculations. Ar-
gene splicing does respect the loop organization of thehaea:A. pernix, A. fulgidus, M. thermoautotrophicum,
proteins. A detailed comparison of the sequence locaandP. horikoshii.EubacteriaA. aeolicus, B. burgdorfe-

g_onclusion
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rii, C. jejuni, C. muridarum, D. radiodurans, E. coli, H. Frank-Kamenetskii MD (1990) Energetics of DNA and RNA double

influenzae. H. pylori M. tuberculosis. M. pneumoniae helices. In Landolt-Bornstein series in Biophysics, vol. 1, subvol. c.
N ’ .. ! - ' Springer-Verlag, Heidelberg, pp 228-240

N. meningitidis, R. prowazekii, Synechocystis, T. mar-

it T llid U IVti V. chol dX Gilbert W (1978) Why genes in pieces? Nature 271:501-501
itima, T. pallidum, U. urealyticum, V. choleraan ; Go M (1981) Correlation of DNA exonic regions with protein struc-

fastidiosa.The sequences were provided by the National 1y units in haemoglobin. Nature 291:90-92

Center for Biotechnology Information, via Entrez Haig D, Hurst LD (1991) A quantitative measure of error minimization
Browser. The sequences were used without any filtering, in the genetic code. J Molec Evol 33:412-417

as indicated. Hernandez-Sanches J, Valades JG, Herrera JV, Ontiveros C, Guarneros

The positional cross- and autocorrelation functions— G (1998)A bar minigene-mediated inhibition of protein synthesis

. . involves accumulation of peptidyl-tRNA and starvation for tRNA.
histograms of all encountered distances between the ryso J17:3758-3765

specified _amino acids—were ca!culated up to a distanC@ierzel H, weiss O, Trifonov EN (1999) 10-11 bp periodicities in
of 50 residues. The last 50 residues of every sequence complete genomes reflect protein structure and DNA folding. Bio-
were not taken as starting points, to avoid end-effects. informatics 15:187-193

The functions were calculated first for individual ge- Jukes TH (1973) Possibilities for the evolution of the genetic code from
nomes and then summed together in one plot. a preceding form. Nature 246:22-26

S thi f th in Fi 2 f dLong M, Rosenberg C, Gilbert W (1995) Intron phase correlations and
moothing o € curves In Figuré 2 was periorme the evolution of intron/exon structure of genes. Proc Natl Acad Sci

by two cycles of averaging by running a window of 3 ysa 92:12495-12499

residues. Luo LF (1988) The degeneracy rule of genetic code. Origin of Life
The shuffling of the sequences for all 23 genomes was Evol. Biosphere 18:65-70

performed by repla(:lng every Second randomly Choseerller SL (1953) A production of amino acids under pOSSIble prlmlthe

residue by another residue within a sliding interval of 10 €t conditions. Science 117:528-529
amino acids Miller SL (1987) Which organic compounds could have occurred on

the prebiotic earth? Cold Spr Harb Symp Quant Biol 52:17-27
Ogata Y, Imai E, Honda H, Hatori K, Matsuno K (2001) Hydrothermal
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