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Abstract. A paper (Amirnovin R, J Mol Evol 44:473— Key words: Genetic code theories — Random code
476, 1997) seems to undermine the validity of the co-distributions — Coevolution — Biosynthetic relation-
evolution theory of genetic code origin by shedding ships between amino acids — Hypergeometric distribu-
doubt on the connection between the biosynthetic relation

tionships between amino acids and the organization of
the genetic code, at a time when the literature on the

topic takes this for granted. However, as a few papersntroduction
cite this paper as evidence against the coevolution

theory, and to cast aside all doubt on the subject, we havgp until now the literature has taken for granted the
decided to reanalyze the statistical bases on which thigxistence of a correlation between the biosynthetic rela-
theory is founded. We come to the following conclu- tionships between amino acids and genetic code organi-
sions: (1) the methods used in the above referred papefation (Pelc 1965; Dillon 1973; Wong 1975; McClendon
contain certain mistakes, and (2) the statistical founda1986; Miseta 1989; Taylor and Coates 1989; de Duve
tions on which the coevolution theory is based are ex-1991; Di Giulio 1991; Morowitz 1992). Hence, Amirno-
tremely robust. We have done this by critically apprais-vin's paper (1997) came as something of a surprise as it
ing Amirnovin’s paper and suggesting an alternativecasts doubt over the existence of such a correlation. We
method based on the generation of random codes whiclhaye already criticized this work (Di Giulio 1999), and
along with the method reported in the literature, allows Amirnovin and Miller's reply (1999) to our letter is, in

us to evaluate the significance, in the genetic code, obur opinion, somewhat inattentive.

different sets of amino acid pairs in biosynthetic rela- However, as a few papers (Free|and and Hurst 1998a,
tionships. In particular, by using this method and afterp; Knight et al. 1999) cite Amirnovin’s paper as evidence
building up a certain set of amino acid pairs reflecting against the coevolution theory of genetic code origin, and
the expectations of the coevolution theory, we show thato eliminate any doubt from this field, we have decided

the presence of this set in the genetic code would bgo reanalyze the statistical bases on which this theory is
obtained, purely by chance, with a probability of 6 x pgsed.

107°. This observation seems to provide particularly
strong support to the coevolution theory.

Methods

On the basis of the experience accumulated in previous works on the
Correspondence tayl. Di Giulio; e-mail: digiulio@iigb.na.cnr.it subject (Di Giulio 1989a, b; Di Giulio et al. 1994; Di Giulio and
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Fig. 1. The frequency distribution between the number of occur- random codes were generated. Only 69,294 codes (here represented)
rences of random codes having a CCS value equal to or greater than 2isplay a CCS value equal to or greater than 24 units, and only 7785 of
units and the number of amino acid pairs intervening in the determi-these display CCS values determined by only eight pairs of amino
nation of these CCS values, for the set of eight pairs in Amirnovin’s acids. Theasteriskdenotes the class containing the eight pairs of amino
(1997) Table 1. This distribution derives from a trial in which®10 acids encountered in the genetic code (Amirnovin 1997, Table 1).

Medugno 1998, 1999), we have written a program that makes it pos- Nrel
sible to calculate the probability that can be associated to a given set of CCS= 2 a(pti Pot)
pairs of amino acids in biosynthetic relationships. i=1
In particular, the program generates random numbers and uses ap-
propriate representations and manipulations of sets in order to build After calculating the CCS for a given random code, the program
random codes. These codes are identical to the genetic code as far ares the value in a vector and increments by 1 unit the corresponding
the relative allocations of synonymous codons blocks are concerned bidtequency at which that value was observed up to the previous iteration.
they differ from it in that the amino acids are permuted. In other words, Proceeding in this way, the program is able to build frequency distri-
a randomly built code is one of the 2.4 x'#q20 factorial) possible  butions equivalent to those built by Amirnovin (1997).
permutations of amino acids in the genetic code table (Di Giulio  The program also builds another frequency distribution. In this case
1989a)* only the CCS values equal to or greater than a certain threshold (pre-
For every random code, the program calculates the Codon Correassigned in the infile) are considered useful to frequency distribution
lation Score (CCS) (Amirnovin 1997). That is, for every pair of amino construction. Once it has been established that a certain CCS value can
acidsij, the program identifies the number of times that amino asd  enter this distribution, the program simply increments by 1 unit the
transformed into amino acidon the basis of the genetic code structure frequency value corresponding to the number of amino acid pairs ac-
and considering only single base changes (Di Giulio 1989b). (In ourtively intervening in the definition of that specific CCS value. Ex-
program these numbers are given in matrix form.) The sum of all theseamples of this frequency distribution are given in Figs. 1, 2, and 3.
numbers for all the pairs of amino acids (biosynthetic relationships)  We checked that the program performed as required in two ways.
considered makes up the CCS (Amirnovin 1997). The first of these entailed the printout of many random code configu-
We usep to indicate the bijective correspondence mappingithe rations, which allowed a manual verification of their CCS values and
position in the genetic code to the amino apjd The inverse corre-  the number of amino acid pairs intervening in their determination. The
spondence ! maps thdéth amino acid to the positiopy*. The CCSis  second used a CCS threshold of 0 and a number of amino acid pairs
determined by examining the number of “correlations” between the(biosynthetic relationships) equal to 1 so that we could check the pro-
codons of amino acids defined in the biosynthetic relationshijs as gram’s adequacy by comparing the CCS frequency distribution to the
(m(r), o(r)), i = 1...N, considered in the analysis (Di Giulio and theoretically expected values (in the discrete interval of 0—6 units of the
Medugno 1998). If A is the weight matrix of the genetic code (Di CCS values, the value 5 is not expected) obtained on the basis of
Giulio 1989b; Di Giulio and Medugno 1998, 1999), then the CCS turnsgenetic code structure.
out to be Finally, a number of trials allowed us to establish that 100 million
random codes is a sufficient number of random codes to generate
because it seems that the variability in this case is under control.
This program runs on PC and is available from the authors upon
1 We note that in his Method 3, Amirnovin (1997) also permutes the request.
meaning of termination codons=(Ter), as he treats Ter as if it were an
amino acid. This is a mistake. If Ter is not permuted, it does not affect
the probability calculation, whereas if it is permuted, it does, because . .
changing the position of Ter is tantamount to changing the wholeResults and Discussion
organization of the genetic code. This must not be allowed to happen,

as we are trying to establish the probability that a given number of pairSAmimOVin’S paper (1997) contains two types of mistake

of amino acids in biosynthetic relationships are allocated on a purel . .
random basis in a certain way within the genetic code table, which mu:z,l;rhe first type can be said to be absolute. In order to

therefore be invariant in the relative arrangement of both the blocks oﬂnqerStanq this t'ype' of error, we consider a hprIhEtiFal
synonymous codons of amino acids and the three termination codongair of amino acids in a precursor—product relationship.
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Fig. 2. The frequency distribution between the number of occur- these display CCS values determined by a number of amino acid pairs
rences of random codes having a CCS value equal to or greater than XBat is equal to or greater than seven. Esteriskdenotes the class
units and the number of amino acid pairs intervening in the determi-containing the seven amino acid pairs that have a CCS value different
nation of these CCS values, for the set of pairs in Amirnovin’s (1997) from 0 and that are therefore encountered in the genetic code and are
Table 2. This distribution derives from a trial in which&eandom reported in Amirnovin’s (1997) Table 2. In the trial we used 12 amino
codes were generated; 26,535,635 codes (here represented) displayaeid pairs (Amirnovin 1997, Table 2), i.e., the program looked for a
CCS value equal to or greater than 16 units, and only 12,009,767 ofpecific CCS value using all 12 pairs assigned in the infile.
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Fig. 3. The frequency distribution between the number of occur- values determined by a number of pairs of amino acids that is equal to
rences of random codes having a CCS value equal to or greater than 58 greater than 23. Thasteriskdenotes the class containing the 23 pairs
units and the number of amino acid pairs intervening in the determi-of amino acids encountered in the genetic code and that are specified in
nation of these CCS values, for the set of pairs in our Table 1. ThisTable 1 (pairs with values different from 0). In the trial we used 31
distribution derives from a trial in which £dandom codes were gen- amino acid pairs (Table 1), i.e., the program looked for a specific CCS
erated. Only 767,232 codes (here represented) display a CCS valualue using all 31 pairs assigned in the infile.

equal to or greater than 53 units, and only 5648 of these display CCS

We assume that this pair occupies the positions occupiethis value should contribute to shifting the CCS value
in the genetic code by Ser and Arg. The value that Amir-toward the right-hand tail of the distributions generated
novin’s function (1997), i.e., the CCS, attributes to thisby Amirnovin (1997), and this contributes, in the code
pair is 6 units, which is given simply by the number of having such a pair, to making the code highly significant
times that the codons of Arg (Ser) transform into those ofin probability terms. Moreover, Wong'’s (1975) method,
Ser (Arg) on the basis of the genetic code structure angvhich associates a probabiliti?Y value to every pair of
considering only single base changes. The value of @mino acids on the basis of hypergeometric distribution
units is the maximum value that Amirnovin’s function (Wong 1975; Di Giulio 1991), would associate a mean
(1997) can attribute to a pair of amino acids on the basiwvalue ofP = 0.70 to this pair (Ser-Arg = 34,b = 24,

of genetic code structure. It is to be expected then thah = 6,x = 4,P = 0.51; Arg—Sera = 28,b = 30,n
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= 6,Xx = 2,P = 0.89), which is not significant. Why, To calculate the probability to associate to a certain
then, for the same pair of amino acids (i.e., for the samewumber of amino acids, Amirnovin (1997) generates ran-
positions occupied by two amino acids in the code), dodom codes that allow him to build a frequency distribu-
the two methods affect the probability values in suchtion between the number of occurrences of random codes
different ways? While Amirnovin’s probability would and the respective CCS values. Then, according to the
certainly be lowered by a pair of amino acids occupyingposition that the CCS value of the considered set of pairs
such a position in the code, the hypergeometric distribuoccupies in this distribution, he establishes the probabil-
tion (Wong 1975; Di Giulio 1991), on the other hand, ity (Amirnovin 1997). However, the probability that he
would make such a pair nonsignificant. calculates is only the probability of obtaining a certain
We can clarify this with an example. Let us consider CCS value, whereas we are not really interested in this
a hypothetical set of eight pairs of amino acids in bio-value but, rather, in a conditioned probability. That is, we
synthetic relationships, such as those reported in Amirhave to calculate the probability of observing a certain
novin’s Table 1 (1997). If these precursor—product pairsCCS value on the condition that the CCS value is pro-
occupied, in the randomly generated code, the positionduced only by those that have a number of amino acid
occupied in the genetic code by Ser—Cys (for the Ser-pairs at least equal to that of the pairs that are effectively
Cys precursor—product pair), by Ser—Trp (for the Ser-specified in the genetic code and whose significance has
Trp pair), by Pro—Leu (for the Glu—GIn pair), by Leu— to be established, whereas we have to exclude the ran-
Phe (for the Gln—His pair), by lle—Met (for the Val-Leu dom codes that have the same rare CCS value but which
pair), by Asp—Gly (for the Asp—Asn pair), by Glu—-Ala are actively produced only by a number of amino acid
(for the Thr—lle pair), and by Thr-Arg (for the Phe—Tyr pairs lower than the number of pairs effectively specified
pair), then for these eight pairs we would obtain a CCSin the genetic code and whose significance has to be
value of 24 units which, from Amirnovin’s Fig. 1 (1997), established. Amirnovin’'s method does not do this. By
turn out to have a highly significant probability. In con- taking into account these two characteristics of random
trast, these same eight pairs would be nonsignificant accodes, one being the CCS value and the other given by
cording to Wong'’s (1975) method based on the hyperthe number of amino acid pairs that must actually con-
geometric distribution¥® = 18.69,n = 8, df = 16, tribute to defining the CCS value, we manage to intro-
0.20<P<0.30). duce into this probability calculation the idea that the
Clearly, by characterizing the pairs of amino acids byrarity of a certain random code is based both on a high
means of a single variable, Amirnovin(8997 method CCS value and, above all, on a high number of amino
is unable to pay due consideration to the whole geneti@cid pairs contributing to that CCS value. It is clear that,
code structure, which is indeed fundamental if we are tdor the same CCS values, a random code to which a
establish whether or not two of its positions occupied byhigher number of amino acid pairs contributes is less
amino acids in a precursor—product relationship signifi-likely to be obtained, because of the sole effect of
cantly “overlap,” while the hypergeometric distribution chance, than a random code possessing the same CCS
can achieve this (Wong 1975). The latter distribution is abut to which a lower number of amino acid pairs con-
function of (1) the number of codons in the genetic codetributes. This is true in the region to the far right of the
that are contiguous to those of a certain precursor amindistribution, i.e., in the region in which we are most
acid, (2) the number of codons that are not contiguous tanterested.
this precursor, (3) the total number of codons codifying In short, the probability (or, rather, the estimate of the
for a given product amino acid, and (4) the number ofprobability, i.e., a frequency) that has to be calculated is
these product codons that are contiguous to those of th&mply given by the ratio between (1) the number of all
precursor. These properties of the hypergeometric funcrandom codes having a value equal to or greater than a
tion are the very ones that are expected from a functiorcertain CCS value, on the condition that these CCS val-
that has to establish whether or not a certain pair oues are determined by a number of amino acid pairs
amino acids in precursor—product relationship possessesjual to or greater than the number of amino acid pairs
a significant probability on the basis of the genetic codeeffectively specified in the genetic code of the set being
structure. Amirnovin’'s CCS does not do this. Conse-analyzed (this set may also contain a higher number of
quently, Amirnovin’s (1997) method does not give a cor-amino acid pairs than the ones effectively specified in the
rect evaluation of the probability to associate to a certairgenetic code), and (2) all the random codes generated in
number of amino acid pairs because it only takes intahat trial. [However, the probability calculated by Amir-
account a single variable characterizing the amino acidhovin (1997) considers only the CCS value and treats in
pairs in the genetic code, whereas it should also considghe same way, i.e., considers as belonging to the same
the number of amino acid pairs that actually take part inlogical category, random codes that might differ by sev-
determining a specific CCS value. This introduces theeral units in the number of amino acid pairs that actively
second type of mistake present in Amirnovin's paperintervene in determining that CCS value.]
(2997). In this way, Amirnovin’s probability calculation is
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corrected and improved and seems to run parallel tgable 1. All the combinations of amino acid pairs relative to the five

Wong's (1975) method. biosynthetic families of amino acids defined according to a single
. . amino acid precursor or non-amino acid precursor (Taylor and Coates
Therefore, by using this new method we have recal- gqq Fig. 13

culated the probability for the pairs in Amirnovin’s
Tables 1 and 2, to obtain respective value$®of 8 x  Serine family

107° (Fig. 1 and its legend) anl = 0.12 (Fig. 2 and its ~ Ser-Gly= 2, Ser-Cys= 4, Ser-Trp= 1, Gly-Cys= 2, Gly-Trp
Iegend). = 1, Cys—Trp= 2

. . . Phosphoenolpyruvate famil
TheP = 8 x 10°° refers to the amino acid pairs used Phe—?l'yr: 2py Y

by Wong (1975) to support the coevolution theory, while pyruvate family
the P = 0.12 refers to the amino acid pairs used byAla-Val = 4, Ala-Leu= 0, Val-Leu= 6
Amirnovin (1997, Table 2) to claim that the coevolution Aspartate family
theory cannot be sustained by comparing the biosyn,SPAS1= 2. Asp—Thr= 0, Asp-lle = 0, Asp-Met= 0,
. y . - y > y Asp-Lys = 0, Asn—-Thr= 2, Asn-lle = 2, Asn—-Met= 0,
thetic pathways of amino acids to the organization of theasn_Lys = 4, Thr-lle = 3, Thr—Met = 1, Thr-Lys = 2, lle—Met
genetic code (Amirnovin 1997; Amirnovin and Miller = 3, lle-Lys = 1, Met-Lys = 1
1999). We have already discussed the inadequacies &fiutamate family
this set of pairs in representing the biosynthetic relation->1U=CIn = 2, Glu-Arg = 0, Glu-Pro= 0, GIn-Arg = 2,
. . . A, GIn-Pro= 2, Arg—Pro= 4
ships between amino acids (Di Giulio 1999). Here we
wish to add only that the value & = 0.12, for these 12  2The numbers indicate the number of times that the amino acids in the
pairs, is different from Amirnovin's (1997), which is pair are interchanged on the basis of the genetic code structure, and the
equal to 0.34, and therefore, our value has a significancé“m of all these numbers is the CCS for this set. See text for further
Y T information.
level of around 10%. More significantly, we have no-
ticed that if, in these amino acid pairs, we substitute the

pair Thr—Met for Asp—Met [this can be justified, as Thr

is the closest amino acid to Met in terms of bio:syntheticp.orted n Tayl_c_)r and Cogtes F.'g' 1 (1.989) and.we de-
fined the families of amino acids in biosynthetic rela-

steps (Wong 1975)], we obtain a significant valueRof tionships as the ones obtained by considering an entire

N .0'04.4 (datg not shown). Therefore, these 12 aming roup of amino acids that biosynthetically derive from an
acid pairs, wh|ch, we repeat, do ngt adequately rep_re§er§rnino acid precursor or non-amino acid precursor. In
the expectaﬂpns of the cqevqlut!c?n theory (Di Giulio this way we established a set formed of all the possible
1999), also d_|splay a certain 5'9”',f'°a”°?- ) ._combinations of amino acid pairs obtainable from all the
'However, is there a sgt O,f amino acid pairs that{ I1Efamilies. This set (reported in Table 1) does not contain
suitably chosen, can objectively tgst the coevolutioniha amino acid His, which, according to Taylor and
theory or, more generally, the relationship between thesgates (1989), is metabolically isolated and, in our opin-
biosynthetic pathways of amino acids and the organizajop represents a set on which the coevolution theory can
tion of the genetic code? We believe that there is. e gbjectively tested because it is derived from a rigor-
The coevolution theory of the origin of genetic code gys definition of the amino acid families in a biosyn-
structuring suggests that there was an evolutionary stagfetic relationship. Moreover, as this set is based on all
during genetic code origin in which only precursor the possible combinations of amino acid pairs of a bio-
amino acids were codified (Wong 1975). At this evolu- synthetic family, the analysis need not use only the
tionary stage, the theory claims that the codon domaingmino acids in a precursor—product relationship, which is
of precursor amino acids had already been defined. Jugt fundamental concept to the coevolution theory but
as the product amino acids evolved from these, part or allvhich here interferes with the analysis.
of the codon domain of precursors was ceded to the The probability obtained for this set of amino acids
products (Wong 1975). Consequently, the theory pre{Table 1) isP = 6 x 10°° (Fig. 3 and its legend), which
dicts that most of the codons of the product amino acids$s thus highly significant. Wong’s (1975) method (Di
of a certain precursor should be contiguous in the genetiGiulio 1991) applied to this set of pairs (Table 1) also
code, i.e., they should differ only in a single base. In-gives a highly significant value & = 1.2 x 10° (x? =
deed, if a precursor amino acid, e.g., Asp [which char-98.03,n = 23, df = 46). [The amino acids in each of the
acterizes an entire biosynthetic family of amino acids23 amino acid pairs taking part in the determination of
that are derived from it (Wong 1975; Miseta 1989; Tay-the x? value were alternately considered here both as
lor and Coates 1989)], had been attributed with a nonprecursor amino acids and as product amino acids. The
contiguous codon domain, then the theory, even thoughesulting two values of the —2fhquantity (Wong 1975;
true by hypothesis, would be falsified, as the contiguitiesDi Giulio 1991) were used to obtain a mean that con-
between the codons of the product amino acids relativéributed to they? aggregate value.]
to a specific precursor and those between the precursors While the probability in the method based on the gen-
and the products would, by definition, not be observed.eration of random codes is directly affected by the 8 pairs
Therefore we used the biosynthetic relationships re-of amino acids with a CCS value of 0 (Table 1), as it is
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estimated under the condition that all 31 amino acid pairgput forward a better theory than the one formulated by
(Table 1) may be selected to contribute to the propertie$Vong 25 years ago.

needed in the random codes (Fig. 3 and its legend), this

does not happen in the probability calculated using

Wong's method, in which these 8 pairs are simply notReferences
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