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ABSTRACT

Base compositions were examined at every position in
codons of more than 50 genes from taxonomically
different bacteria and of the corresponding antisense
sequences on the bacterial genes. We propose that the
nonstop frame on antisense strand [NSF(a)] of GC-rich
bacterial genes is the most promising sequence for
newly-born genes. Reasons are: (i) NSF(a) frequently
appears on the antisense strand of GC-rich bacterial
genes; (ii) base compositions at three positions in the
codon are nearly symmetrical between the gene
having around 55% GC content and the corresponding
NSF(a); (iif) amino acid compositions of actual proteins
are also similar to those of hypothetical proteins from
the GC-rich NSF(a); and (iv) proteins from NSF(a) of
60% or more GC content are flexible enough to adapt
to various molecules encountered as novel substrates,
due to the high glycine content. To support our
proposition, using a computer we generated hypo-
thetical antisense sequences with the same base
compositions as of NSF(a) at each base position in the
codon, and examined properties of resulting proteins
encoded by the imaginary genes. It was confirmed that
NSF(a) of GC-rich gene carrying about 60% GC content
is competent enough for a newly-born gene.

INTRODUCTION

for newly-created bacterial genes, since the new genes produced
by the overprinting could have novel functions quite different
from the ancestral genes. Since different frames are used in
overprinting, the original gene function is retained even after a
newborn gene has been created. The typical examples of
overlapping genes were found in bacteriophajé34 (7—9), fd

(10) and an animal virus SV401,12). However, these might be
specialized examples of the viral genes on small genomes. On the
other hand, Yomeet al. originally provided the overprinting
mechanism encoded by the antisense sequences of the sam
frame as the genes on sense strands in generation of the nylon
oligomer-degrading enzymeskavobacteriumandPseudomonas
species §,13-16). Subsequently, we expanded the overprinting
mechanism on the other genes-lafvobacteriunsp. ©).

If newly-born genes could be produced by the overprinting,
several conditions must be satisfied to develop the noncoding
sequences into new coding sequences. One is that nonstop frame
(NSF) must be long enough to encode several hundreds of amino
acids without any interruptions, i.e. without meeting any stop
codons along the new reading frame. Another is that amino acid
composition of the polypeptide produced from the newly-born
coding sequence must be similar to that of extant proteins. In other
words, if the new polypeptide encoded by the NSF has largely
different amino acid composition from proteins encoded by the
active genes, it will be difficult for the former even to fold into a
functional three-dimensional structure because of the unfavorable
amino acid composition. Moreover, flexibility of polypeptides
from the newly-born coding sequences should be ensured to adapt
to novel substrates, because the newborn ‘enzymes’ would hardly

One of the most interesting research projects in moleculunction as mature enzymes from the beginning. Thus, as a second
evolution may be studies on the mechanism of creation of genstep, the much less functional enzymes produced from the
Although little is known about the mechanism as yet, two mainewly-born genes must efficiently evolve in the cells into
ideas are proposed by several groups)( One is the gene competent enzymes under appropriate conditions. In this respect,
duplication theoryX,2), which anticipates that genes to be codindacterial cells should be advantageous judging from the large
for new enzymes should be generated from the duplicated gemesnber of population and the short time of generation. In this
encoding extant enzymes catalyzing related reactions. The otpaper, we provide the hypothesis that NSF(a) of the GC-rich
is the overprinting mechanism whereupon new genetic sequenbesterial gene should be the most promising sequence for a
are produced from currently unused reading frames on sensenewly-born gene and for subsequent development of the originally
antisense strand3+6). The latter is a more promising mechanisnmoncoding sequence [NSF(a)] into a newly coding gene.
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RESULTS AND DISCUSSION Table 1.Some properties of bacterial genes examined in this&fudy
Unusually biased pase sequences were generally Bacterial species Gene GC (%) Codonno. SC(af
observed on GC-rich bacterial genes Clostridium thermosulfurogeneslacA 30.8 716 28
In addition to seven genes frattavobacteriunsp. described in  Vibrio cholerae tecpd 315 253 24
the previous papeb), 14 GC-rich genes from eight species of Rickettsia prowazekii pepA 33.2 500 35
bacteria distantly related to each othgr were arbitrarily selecte@ostridium acetobutylicum lyc 347 324 24
from the@GeGnganktda:abasg byd using trl;e profqﬁm IDlEAtSBacillus cereus sph 356 333 o5
segman ). contents and codon numbers of the selected, .
genes ranged from 63.5 to 72.8% and from 137 to 709q§brlo cholerae aldb 368 20 3
respectively (14 genes from the bottom of Tapl@hey were all ~ Staphylococcus aureus - glu 374 357 13
house-keeping genes, different fréitavobacterium nyenes, ~ Streptococcus thermophilus —— lacZ - 37.4 985 21
which are possibly newly-created gen@s As shown in Table  Staphylococcus aureus lip 375 690 44
1, characteristics of the gene products were widely distributed;lavobacterium meningosepticumendoF1  39.0 339 13
since the genes were selected arbitrarily. Base compositions B4cillus cereus ghA 391 444 35
every position of codons of the genes clearly indicate that alfjayobacterium meningosepticum pep  39.2 705 18
GC-rich genes carrying >60% GC content showed unusually;aemophilus influenzae cp 393 224 16
biased nuc]eonde sequences, (GNC/g)n, like the cases af cillus coagulans csA 395 373 33
Flavobacterium spgenes®). In the symbol (GNC/g), the capital .
letters, G and C, indicate that they are the main bases at eatfP°nema denticola pyrB - dla 475 5
position, and the small letter g means that guanine is the secofigémephilus influenzae sodC 41.9 187 18
main at the third position. N is either of the four bases. Severdicinetobacter calcoaceticus ~ gld 424 801 47
common features were revealed on almost all GC-rich geneacillus subtilis sigG  43.0 260 14
examined in this and the previous papéjs The features are Proteus vulgaris rplA 45.0 233 12
(i) guanine and thymine were observed at the first position in theacillus subtilis sigF  44.8 255 11
codon at the ma?dmum and mi_nimum frequencies, respectlivel)_moraxm|aSICl lip 45.9 319 14
except that thymine was contained slightly more than adenme Methanobacterium formicium ~ fdhC ~ 46.2 280 14
two genes, Halobacterium sp.H-sod and Mycobacterium I ) hisD 474 378 10
tuberculosis thyAgenes, (ii) at the second base position, fourM,organe a morganl '
kinds of bases were almost equally contained, (jii) cytosine wal'osemonas europaea amoA 480 275
detected most frequently at the third position of the codon, angymomonas mobilis adhB 488 383
guanine was the second most, without exception. (iv) BothBacillus stearothermophilus aml  50.0 549
adenine and thymine contents were very low at the third basehlorobium vibrioforme cycA  50.8 206
position and, moreover, the scores of adenine were usually lowgymomonas mobilis pdc 524 559
than those of thymine. Chlorobium vibrioforme hemA 53.9 415

Bacillus stearothermophilus ala.rac 56.2 286
Dependence of base compositions at the codon positions Treponema pallidum pyr.red 56.7 260
on GC content of bacterial genes Mycobacterium tuberculosis ~ Mn-sod 59.4 206
Nucleotide sequences of 56 genes [48 given in Tatfein the ~ Mycobacterium tuberculosis — folA  59.7 214
previous paper6]], most of them from taxonomically different Desulfovibrio vulgaris sd 599 218

bacteria, were collected from the GenBank database with th@hodopseudomonas capsulata — cycA 63.5 137
computer program, IDEAS-segman, developed by Dr M. Kanehisatycobacterium tuberculosis thyA 63.8 449

(Kyoto University, Institute of Chemical Research, Uji, Kyoto), as caulobacter crescentus hfaB 64.5 230
described in the previous pap@). Base compositions of the genes paracoccus denitrificans cye 652 296
base posiion of codons (FG), guanine ias most fequenty T CCCLS denrfeans v 57 ag1
detected even on AT-rich genes haviBg% GC content, although Caulobacter crescentus hfaA 6.0 147
guanine gradually decreased under GC/AT pressidfed] as the ~ Rnodopseudomonas capsulata — lac  68.7 293
GC content of the genes decreased, while the values of thymine wétglobacterium sp. H-sod 688 200
usually low even on the AT-rich genes. The values of cytosine werdycrococcus luteus uvrB  68.6 709
roughly half of the guanine across the wide range of GC content @ftreptomyces coelicolor argG 70.6 487
the genes. Adenine largely increased as the GC content decreaseslulomonas fimi cex 711 484
compensating for the decrease of guanine and cytosine. Caulobacter crescentus divd 722 596
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In the second position (Fig), it is obvious that compositions | uiomonas fimi cenA 725 449

of all bases were rather insensitive to the change of GC contep .
. . . o reptomyces coelicolor afsB 72.8 243

of the genes, in comparison with the other base posifi6/ig),
although adenine was most, and thymine was least dependent‘@ghes are listed in the order of the increase of GC content.
the GC content under the GC/AT pressurg1(g). It was also  beignt genes oFlavobacteriunmsp.are ommited from this table for simplicity.
found that contents of three bases except guanine were almgsdut the genes, see ref. 6.
equal(b0% GC content. ¢SC(a) indicates number of stop codons on antisense strand.
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Figure 1. Base compositions are plotted against GC content of the genes at thg fiestqndlf) and third €) base positions in the codon. More than 50 bacterial
genes were observed (see Table 1 and ref. 6). Open and filled circles, and open and filled triangles indicate adenine, thymine, guanine and cytosine, respecti

In the third position (Figlc), the contents of the four kinds of Bacterial GC-rich genes produce NSF on the
bases were much more dependent on the GC content of the garmgesponding antisense strand at a high probability
than the other base positions, as was expected from the fact that
most base substitutions at the third position in the codon do rfeigure2 shows that number of stop codons on antisense strand
cause amino acid exchange due to degeneracy of the genetic d&f&a)] decreases as GC content of bacterial gene increases, an
at that position. A couple of interesting properties were alsthat the SC(a) values approach to almost zero in the region larger
observed at this position. Cytosine content was much motiean[60% GC content. The latter fact is interesting, since long
dependent on the GC content of the genes than that of guaniN&Fs should be detected at a high probability on the antisense
Adenine and thymine contents were extremely low in the genserands of the widely distributed bacterial GC-rich genes. The
[70% GC content, whereas the contents of guanine and cytosimased base sequences, (GNC/g)n, on the sense strands as well ¢
were not so low in the gened®0% GC content. The former was the high GC content may offer promising regions for possible
significantly lower than the latter, in spite of the same distance®w genes on the antisense strands without stop codon.
from 50% GC content and of probably similar strength of GC/AT To investigate the contribution of the biased base compositions
pressure. It is also apparent that the small amounts of adenine sBnmdroducing NSF(a), the observed SC(a) frequencies on actual
thymine in the high GC-rich region cannot be simply accountegenes were compared with the Sggadgvalues calculated by
for by the fact that stop codons are by definition absent fromquationEl set up by taking consideration of the biased base
coding regions, because the amount of thymine was as low as tt@mpositions at each position in the codon.
of adenine at the third codon position (Hig).

The data of bacterial genes shown in Fiduegl to the following  SC(apiased= T1T2A3 + T1CA3 + C1T2A3 El
equations when approximated by the linear least-squares method.

The values of T, Tp, A3, C; and G were obtained from

G1=0.289 G¢ + 0.222 A =-0.349 Gc + 0.442 appropriate equations described in the above sectignEL2).
C1=0.267 ¢ + 0.060 h=-0.207 Gc + 0.276 The observed SC(a) values were also compared with the
G2 =0.207 ¢+ 0.073 A =-0.295 G¢c + 0.452 SC(a)andomValues obtained by calculation of equati) in
C2=0.227 ¢+ 0.127 $=-0.138 Gc + 0.347 which random distribution of the bases on the reading frame (and
G3=0.726 G¢c— 0.136 A =-0.937 Gc + 0.681 on the antisense strand) was assumed.
Cs=1.284 Go— 0.347 B =-1.074 Ge + 0.801

(Eobs1[112) SC(@)andom =T1T2A3+ T1CoA3+ CT2A3

where G, A, C and T represent frequencies of bases; numerical - T11A2A3 * T162A23 N TlAZG?S

subscripts indicate the position in the codon; aggd@eans GC =[1-Goc— (Ceof + (Ceo)] E2
content of the gene. These equations are used for further analygbsre T =To=A2=A3=(1-Go/l2and G=C =Gy =
of following sections. Gz =Cgd2.
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L] T T genes. At the same time, the results also indicate that it is
- practically difficult to make long NSF(a) on AT-rich bacterial

o genes. This is also of importance when the origin of AT-rich bacterial
genes is discussed because AT-rich bacteria must not be able to
produce new genes in their own cells and they must receive
newly-born genes from others, probably GC-rich bacteria, through
horizontal gene transfer.

Base compositions in the codon of bacterial genes with
GC content[(65% are nearly symmetrical to those on
the antisense strands

SC(a) (%)

It can be seen that contents of four kinds of bases at the first
position in the codon are roughly similar to those of complementary
bases at the third position (Fig. and c). In addition to that, at the
second position the lines approximated by the linear least-squares
method seem to converge 86% GC content except for the line

of guanine (Figlb). This means that the base compositions in the
same frames on sense and antisense strands of the genes approact

a ; : . ; .
an 40 L1 B0 T B0 mutual symmetry in the GC-rich region as, for example, GNC.
To confirm these tendencies quantitatively, the symmetry value
GC Content of the Gene (%) in the codon [Sym(c)] was calculated by equaiiBras an index

of symmetry between corresponding codons on the sense and

antisense strands.
Figure 2. Percentages of SC(a) against GC content of the genes. Open circles
indicate the values of observed SC(a) (Table 1). The average curve (no symbd§ym(c) =|A1— Ta| + [T1— Ag| +|G1— C3| +|C1 — G3| +
was obtained by approximation with a trinominal equation: gts(s)—4.44 |A2 _ T2| + IGz - C2| E3
+ 1.03Gc — 2.74% 104Cgo)? + 1.94x 104Cgo)3. Open and closed

triangles show percentages of Sg(g}gdand SC(a),ndomvaIues calculated where A, T, G and C represent frequencies of bases, and
from equationd1 andE2 described in the text, respectively. numerical subscripts indicate the position in the codon. The
values of base contents were obtained from equatiogss. (E
- 1M 2). In the equation, we considered the fact that contents of A,
As can be seen in Figueethe SC(ajasedvalues were clearly g '+5n4 ¢ at the first position in the codon correspond to those
lower than the SC(ahgomvalues irrespective of the GC content. of the complementary bases, T, C, A and G at the third position
On the other hand, the curves of the calculated gseayalues the antisense strand, respectively, and absolute values were

n
were located closely to the average curve of the observed chééd so that the smaller Sym(c) value means the higher symmetry
values. Both the observed SC(a) and the Bd@curves ¢ aqe compositions between the codons on sense and antisens
gradually decreasgd as the_GC content of the genes increased ds. The calculated Sym(c) values were plotted against GC
approached zero in the region of high GC content. The observggont of the genes in FigtieThe base compositions in codons
SC(a) values were steadily scattered below the line of idéa) of bacterial genes were most symmetricab&% GC content in
in GC-rich region, indicating that the biased base distribution il%lation to those between the sense and the corresponding

the codon lowered actual SC(a). This was true &Bfb GC 5 piisense strands, since the Sym(c) value reached minimum at
content. These may be attributed to the facts that content ) t point

adenine at the third position on sense strand, or that of uraci
composing a part of stop codons at the first position on antise . : ; " .
strand, is extremely low, and that contents of both cytosine aﬁé@""amy of amino acid compositions of proteins
thymine at the first position in the codon on sense strand, whic
corresponds to guanine and adenine at the third position dlext, it was investigated whether the GC-rich NSF(a)s can
antisense strand, are much smaller than those of other basesode polypeptides composed of similar amino acids to those
(Fig. 1a). Compared with the calculated SGia)qline, the found in real proteins, since the symmetrical base compositions
observed SC(a) values tended to shift upward in the AT-ridh the codons on sense and antisense sequences do not alway
region and downward in the GC-rich region (R2y. These guarantee to encode polypeptide chains composed of similar
tendencies may result from not only the biased base compositi@mino acid compositions. Here we compared the amino acid
in the codon but also deviation of the local base sequences froompositions of actual proteins encoded by seven gestsajo-
the randomness, although the possibility cannot be ruled out thia¢rmophilusala.rac, T.pallidumpyr.red M.tuberculosisMn-sod
itis simply caused by the rough approximation of equatigyas.(E folA andthyA D.vulgarissrd andR.capsulata cycATable 1)]
1[M2) in the AT-rich and GC-rich regions. having [(60% GC contents with those of possible proteins
The results in Figurelsand?2 clearly show that the biased baseencoded by the corresponding antisense strandgl{Fjmilar
compositions in codon positions are mainly responsible famounts of amino acids were contained in proteins encoded by
producing NSF(a). Therefore, many bacterial genes with a Gibth sense (black bars) and antisense (hatched bars) sequence:
content >60% certainly produce NSF(a)s at a high probability. Elthough arginine showed difference. This similarity of amino acid
other words, it can be inferred that NSF(a)s of the GC-ricbomposition suggests that proteins derived from the antisense
bacterial genes satisfy the primary condition for producing novetrands could be functional enough in GC-rich region.

rived from sense and antisense strands
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random but biased base compositions in the codon. Thus,
hypothetical base sequences with 60% GC content similar to the
actual GC-rich genes were generated by a computer using a
hand-written program and the random number table. We used the
12 straight lines (§s. 1[112) described above to generate the
hypothetical genes. Base compositions used at three positions
were: G = 39.6%, A = 23.3%, G =22.2%, T = 15.2%, G =
19.7%, A = 27.5%, G = 26.4%, B = 26.4%, G = 30.0%, A

= 11.9%, G = 42.9% and 3 = 15.7%. By using the simple
program, five hypothetical NSF(a) genes composed of 208
codons were generated and some properties of the computer-gen:
erated genes were examined (Tab)leFirst, it was ascertained

that the average GC content of the hypothetical genes was
expectedly(60% (59.6) and the average SC(a) number was as
small as 3.4, which was comparable with the value of seven actual
genes (2.6 per 208 codons). Amino acid compositions of the
hypothetical polypeptides encoded by both sense and antisense
sequences on the computer-generated genes were compared witl
those of proteins on the seven bacterial genes habbfp GC
content (Fig4). Interestingly, it was found that the both amino
acid compositions on the hypothetical proteins from the computer-
generated base sequences were similar to those of proteins
encoded by the actual bacterial genes. In other words, the amino
GC Content of the Gene (%) acid compositions of functional proteins produced from the actual
genes do not largely deviate from those of the hypothetical
proteins from the computer-generated NSF(a) sequences. Thus,

Figure 3. NSF(a) and Sym(c) against GC content of the genes. NSF(@)t j5 hrobable that artificial bacterial genes may be produced from
appearance (open circles) were estimated from the averageps@éh)es

observed on the actual genes described in Table 1 and Figure 2. Sym (c) valdd2e Synthetic polynucleotides, which also supports our hypothesis

(closed circles) were calculated by equainDotted line shows the position 0N the origin of bacterial genes derived from GC-rich NSF(a).

of 50% GC content. Actually, we are trying to produce the hypothetical, synthetic
genes in our laboratory.

MH5Fla) Appearance [%)
Sym (&) {arbilrary unit}

Properties of imaginary proteins encoded by Antisense sequences of GC-rich bacterial genes can
computer-generated base sequences encode flexible polypeptide chains

It is important to investigate the properties of imaginary protein&s written in the above section, antisense GC-rich sequences with
encoded by computer-generated base sequences having (8% GC content can encode polypeptides composed of amino
biased base composition§0% GC-rich genes, because it will acid compositions similar to those of proteins encoded by the

make possible not only to confirm our conclusions, but also worresponding genes. In addition to that, the GC-rich NSF(a) has
create artificial genes from synthetic polynucleotides havingnother advantage in creating novel genes. The possible genes

EARASAL LA AR L L AL AL R R
i

EAAA LA AL AL
AR AR AR AR
n RN
EARARAAE
- e i b

-
-
s

Figure 4. Comparison of average amino acid compositions of proteins encoded by bacterial genes* (black bars), by the GC-rich antisense sequences of bacterial
(hatched bars), by sense (shaded bars) and antisense sequences (open bars) of the computer-generated base[S8fteBEsamitnt (Table 2), maintaining

the same base compositions at each position in the codon as the actual bacterial genes having. *Seven genes selected from Tadtl&6lGRacdmgent:
B.stearothermophiluala.rac T.pallidumpyr.red, M.tuberculosisMn-sod folA andthyA D.vulgarissrd andR.capsulata cycA
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could encode more flexible polypeptide chains than those from ]
the extant genes, because the former polypeptides should contain

more glycine, a nonbulky and slightly hydrophilic amino acid .
which is translated by GGN codons, than in polypeptides encoded
by the corresponding GC-rich genes or by AT-rich sense and
antisense sequences. Figérshows that most of real proteins
contained 7B% of glycine on average, with a slight tendency to
increase toward the high GC content. On the other hand, the
glycine content of hypothetical proteins varied more and
exceeded 10% on average in proteins from GC-rich NSF(a)s,
although the values were very low in those from AT-rich NSF(a)s.
Actual proteins have adequate flexibility of the structure, since
they have moderate percentage of glycine, a less bulky amino
acid. The large flexibility of newly-born enzymes must be
important especially to accommodate three-dimensional structures
of the proteins for adaptation of the structures to newly
encountered substrates. Therefore, it is extremely important for
a possible newborn polypeptide that GC-rich NSF(a) gives a high
content of glycine, thus enough flexibility to the future enzyme.

Glycine Content (%)

GC Content of the Gene (%)

Table 2. Some properties of the computer-generated genes having
GC-content50%
Figure 5. Glycine content against GC content of the genes. Open circles,

Fopoeica ger G008 oo SO SO B e I ey
Gene 115 60.7 208 2 3 least-squares method.

Gene 376 58.8 208 5 5

Gene 753 61.9 208 3 1 We have recently found by investigation of the actual proteins
Gene 826 60.6 208 3 5 encoded by functional genes and the hypothetical proteins from

the possible GC-rich NSF(a) that several advantages for produc-
ing new bacterial genes are inherent in the GC-rich NSF(a) with
C content 0£60% (lkeharagt al, manuscript in preparation).

Gene 952 56.1 208 4 2

?r;gzi:é[:?tg:::ggl genes are arbitralily named as numbers used in generating e main results obtained are summarized as below. (I) Polypep-

bSC(a) and SC(s) indicate numbers of stop codons on antisense and se ?gs_e_nCOdEd by_GC'r_ICh NSF(a) contain tOta”y similar numbers
strands, respectively. of acidic and basic amino acids, therefore they are almost neutral.
(i) The hydrophobicity of the hypothetical protein from GC-rich
- _ o NSF(a) is appropriate for folding them into soluble and globular
Proposition of a possible origin for newly created three-dimensional structures, since total values of the hydro-
bacterial genes phobicity indices of the hypothetical proteins encoded by the

Observations described in this paper are summarized as follo’f's‘:."mh.NSF("")S were close to ‘hos‘? of real proteins. (iii) Abilities
(i) Probability of appearance of NSF(a) increases rapidly in tHg" forming secondary structures felix, p-structure ang-turn)

region with >55% GC content as GC content increasesXBits in the hypothetical proteins were also similar to those in the actual
roteins. These properties of the hypothetical proteins from

3). (i) Base compositions are nearly symmetrical betwee . i X :
cz)dc(nn)s of the regulting polypeptideg frgm both sense ar%c'”Ch.NSF(a) disclosed in further papers support our hypothesis
of creating new bacterial genes described in this paper.

antisense strands of the GC-rich bacterial geém#s®% GC
content (Fig.3). (iii) Amino acid compositions are nearly the
same between those from sense and antisense sBGC ACKNOWLEDGEMENT
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