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ABSTRACT The universal rule of TA/CG deficiency-
TG/CT excess previously proposed as the construction prin-
ciple of coding sequences applies to noncoding regions of the
gene as well. Analysis of a 1989-base-long gene sequence for
mouse immunoglobulin y2 heavy-chain constant region as well
as the 19,002-base-long gene sequence for human serum albu-
min revealed deficiency and overabundance of very similar sets
of base trimers and tetramers in the coding and noncoding
regions of the same gene, in spite of the fact that noncoding
regions were considerably richer in A+T. Inasmuch as this
universal rule does not discriminate one strand ofDNA double
helix from another, two complementary DNA strands of the
entire gene maintained nearly perfect symmetry. That is to say,
the degrees of excesses, deficiencies of the 64-base trimers
remained nearly identical between two complementary
strands, and this symmetry was only slightly disturbed in the
coding region. It would thus appear that the universal rule as
an intrinsic force has been exerting far greater influence than
natural selection in the evolution of genes.

It was previously shown that coding sequences of diverse
organisms are constructed that obey the universal rule (1).
This rule is elaborated here as follows: (i) Regardless of their
base compositions, long enough coding sequences show a
gross deficiency oftwo base dimers-TA and CG. (ii) Among
the four base dimers having T as their first base, this TA
deficiency is always compensated for by an excess ofTG. As
TG is also one of the four base dimers having G as the second
base, TG excess also compensates for a deficiency ofCG. (iii)
Among the four base dimers sharing C as the first base, it is
the CT dimer in excess that compensates for deficiency of
CG. (iv) In the case of the four base dimers having A as their
second base, however, deficiency of TA may be compen-
sated for by excesses of any or all of the remaining three base
dimers-CA, GA, or AA.
Because of the CT/TG excesses noted above, CTG almost

invariably becomes one of the most numerous base trimers in
divergent coding sequences, provided that they are of rather
balanced base compositions. In fact, CTG has been shown to
be the most numerous base trimer in the entire Escherichia
coli genome (2). It is a small wonder that CTG serves as the
most frequently used of the six leucine codons in E. coli as
well as humans (3) and that leucine is one of the most
consistently abundant amino acid residues in proteins of
diverse functions.

In many of the eukaryotic genes, coding sequences are
interrupted by introns. In this paper, we now show that the
above universal rule, in fact, governs the construction of

entire genes, including introns and 5' and 3' noncoding
regions.
The most recent release of the GenBank data base (May

1989 update) contains 27,242 base sequences. However,
those containing sufficient lengths of 5' and 3' noncoding
regions, as well as complete sequences of all introns, con-
stitute only a small fraction of the total. Nevertheless, this
small fraction is substantial in absolute numbers.

After sampling divergent sequences in this fraction, we
have chosen two genes as examples in the present study: the
1989-base-long mouse immunoglobulin heavy-chain Y2a con-
stant region (Y2a CH) gene (4) and the 19,002-base-long human
serum albumin gene (5).

The 990-Base-Long Coding and 999-Base-Long Noncoding
Regions of Mouse Immunoglobulin 'YUa CH Gene

The complete published sequence of the mouse immunoglob-
ulin y2?, gene began with a 248-base-long 5' noncoding region
followed by four exons (CH1, hinge, CH2, and CH3), inter-
rupted by three introns, and ended in a 222-base-long 3'
noncoding region (4). Fortunately, the sum of four coding
regions encoding 330 amino acid residues was almost iden-
tical in length with the sum of five noncoding regions; 990
bases versus 999 bases.

In Fig. 1, the total coding region and the total noncoding
region were analyzed as separate entities, for as double-
stranded DNA, GC/AT ratios ofthe two showed the inverted
relationship. The coding region was G+C-rich (52.7%),
whereas the noncoding region was A+T-rich (52.9o) in
almost the same proportion. When dealt as a single-stranded
sense strand, four bases in the order oftheir abundance of the
former were C, A, G, and T, whereas this order in the latter
was changed to A, C, T, and G.
As shown at the top of Fig. 1, the coding region demon-

strated the customary TA/CG deficiency and TG/CT excess.
In addition, however, there were peculiarities unique to this
particular coding sequence. Compared to the severity ofCG
deficiency (22% the expected amount), TG and CT were
rather mildly in excess (167% and 132% the expected
amounts). Accordingly, CA among the dimers having C as
the first base and AG among dimers having G as the second
base also occurred in excess (124% and 122%) to compensate
for the severe deficiency of the CG dimer. Among four base
dimers having T as their first base, in sharp contrast, 167%
excess ofTG amply compensated for the milder deficiency of
TA (48% the expected amount). However, the TT dimer was
also mildly deficient (61%) and was compensated for by a
slight excess of TC (123%). Among the four dimers having A
as a second base, TA deficiency, in this instance, was
compensated for by a mild 124% excess of CA dimer.

Abbreviation: CH, heavy-chain constant region.
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MOUSE IG Y2A CH GENE (1,989-BASES)
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TOP 10 BASE TRIMERS
CODING

1. C C A 35
2. C A G 33
3. C T G 29
4. T G G 29
5. A G A 28
6. C C T 28
7. A C A 27
8. C T C 26
9. T C C 26
10.G T G 26

A A G 22
A G G 14
A G C 21
C A C 24
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30 (3)
31 (1)
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27 (5)
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9

28 (4)
27 (6)
26 (8)
25 (10)

BOTTOM 10 BASE TRIMERS
CODING

64. C G C 1
63. G C G 2
62. C G T 3
61. C C G 4
60. T C G 4
59. T T A 4
58. T A T 4
57. T A G 4
56. T T G 4
55. A C G 5
54. C G A 5
53. A T A 5

C G G 6
A G T 16
T A C 11

NONCODING
O (64)
O (63)
O (62)
1 (60)
1 (59)
5 (56)

10 (54)
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21
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10 (53)

FIG. 1. Base dimer and trimer analyses of 1989-base-long mouse

immunoglobulin Y2a CH gene (4). The coding regions represented by
four exons are compared with the noncoding region of 5' and 3'
flanking regions and three introns. Base composition of each is
shown in numbers and fractions (in parentheses) of the four bases.
Shown immediately below are four sets of 4 base dimers; the first set
of4 share C as their first base, the next 4 share G as the second base,
the third set share T as the first base, and the last 4 share A as the
second base. The observed number of each base dimer is accompa-
nied by the expected number (in parentheses) and the observed/
expected ratio is also shown immediately below each base dimer.
Each set of4 dimers is arranged from the left to right in order of most
overrepresented to most underrepresented. The base dimers that
were 125% in excess are underlined by thick solid bars, while those
that were in excess to lesser degrees are marked by progressively
thinner solid bars. Those base dimers that were 70% or more
deficient, on the other, are underlined by open bars. (Bottom) The 10
most numerous base trimers (Left) as well as the bottom 12 base
trimers (Right) found in the coding region. The ranking and actual
number of each base trimer are shown to its left and right, respec-
tively. Also shown are rankings and actual numbers ofcorresponding
base trimers in the noncoding region. Inasmuch as the concordance
between the coding and noncoding region was not 100%1, the remain-
ing members of the top 10 and bottom 12 base trimers in the
noncoding region are also shown accompanied by numbers of their
counterparts in the coding region.

As shown in the middle of Fig. 1, the universal rule of
TA/CG deficiency-TG/CT excess applied equally well to the
noncoding region. CG deficiency (only 4% the expected
amount) was even more severe, whereas TA deficiency (71%)

was even milder than that found in the coding sequence.
Comparing dimer compositions between the coding and

7) noncoding regions shown in Fig. 1, it is noted that the rank
order of four base dimers from the most overrepresented to
the most underrepresented is the same between coding and
noncoding regions with regard to three of the four sets-
those having C and T as their first base as well as the set of
four having A as their second base.
Only in the set of four having G as their second base did

greater deficiency of CG, combined with a marginal excess of
TG in the noncoding region, change the rank order from TG,
AG, GG, CG to AG, GG, TG, CG.

Reflecting on the above similarity, despite considerable
differences in their base compositions, coding and noncoding
regions contained CA, GA, and TC dimers in nearly equal
numbers. Thus, similarity between coding and noncoding
regions was expected to extend to their base trimer compo-
sitions. This was, indeed, the case, as shown in Fig. 1
(Bottom). At the left, the 10 most numerous base trimers
found in the coding region are listed in order of abundance.
Top rankings enjoyed by CCA and CAG reflected C+A-
richness of this coding region. In spite of G+T-poorness,
however, CTG ranked third thanks to CT and TG excess. It
should also be noted that 6 of the top 10 base trimers in the
coding region also enjoyed the top 10 ranking in the noncod-
ing region and that many of the base trimers (numbering >20)
were present in nearly equal numbers in both regions. They
were CAG, CCT, ACA, CTC, and CAC (shown in Fig. 1) and
GAG, GAA, and TCA (not shown). Shown to the right of the
top 10 base trimers in Fig. 1 are the 12 least abundant base
trimers found in the coding region. It is no coincidence that
all but 1 (TTG) contained either CG or TA. Fig. 1 shows that
9 of the bottom 12 base trimers in the coding region also
ranked in the bottom 12 in the noncoding region.

The 19,002 Bases of the Human Albumin Gene

The coding region composed of 14 exons of the human serum
albumin gene contained 609 codons. This large size, how-
ever, paled in comparison to 13 introns, which added up to
the total of 14,127 bases. In addition, the sequenced data also
included 5' and 3' flanking noncoding regions totaling 3048
bases (5). Because of the enormity of these base numbers, 5'
and 3' flanking regions and introns of the noncoding region
were treated as separate entities in Fig. 2. It should be noted
that data in Fig. 2 are essentially a recapitulation, in greater
numbers, of those in Fig. 1.
Although the human albumin coding region was already

A+T-rich (57%), noncoding regions were even richer in
A+T; 67% for 5' and 3' flanking regions and 66% for introns.
In Fig. 2, observed versus expected numbers of all 16 base
dimers in each of the three entities are shown. They are
vertically arranged in order from the most overrepresented to
the most underrepresented, with a gap separating the least
overrepresented from the least deficient. With regard to the
coding region and two noncoding regions, the two most
underrepresented base dimers were, again, CG and TA; CG
deficiency was more acute, while TA deficiency was milder
in two noncoding regions. Two base dimers, CT and TG,
were again in excess in coding as well as in two noncoding
regions, although to variable degrees. In addition to obeying
the universal rule noted above, the coding and the two
noncoding regions of the human serum albumin gene shared
a number of individual peculiarities. As shown in Fig. 2, in
addition to CG and TA, three other base dimers-AC, AT,
and GT-were underrepresented in the coding as well as in
the two noncoding regions of human serum albumin. Simi-
larly, three of the overabundant base dimers-CT, CA, and
TT-were in excess almost to the same degree in all three
regions-one coding and two noncoding. The above data
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HUMAN SERUM ALBUMIN GENE (19.002-BASES)
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FIG. 2. The complete base dimer analysis of the 19,002-base-long
human serum albumin gene (5). Because of the enormous size of this
gene, the 1827-base-long coding region composed of 14 exons was
contrasted with two noncoding regions: (i) the 3048-base-long 5' and
3' flanking regions, which went beyond the promoter as well as
transcription terminator site; (ii) 13 introns totaling 14,127 bases.
Base compositions ofthe three regions are shown in the same manner
as in Fig. 1. Immediately below, all of the 16 base dimers of each
region are shown in order from top to bottom of most overrepre-
sented to most underrepresented. The actual number and the ex-

pected number (in parentheses), as well as the observed/expected
ratio ofeach dimer, are shown. The always overabundant TG and CT
dimers are underlined by thick solid bars, whereas the invariably
most underrepresented CG and TA dimers are underlined by open
bars.

indicate that coding and noncoding regions of the human
albumin gene might also show remarkable similarity in base
trimer composition. As shown in Fig. 1 (Bottom), there was
a very strong indication of such a similarity in the shorter
mouse gene. The enormous total length of this human serum

albumin gene sequence warranted the detailed scrutiny of so

intriguing a possibility. Shown in Fig. 3 are three pairwise
comparisons of base trimer compositions between the coding
region and introns, between 5' and 3' flanking regions and
introns, as well as between the coding and 5' and 3' flanking
regions. Comparison between two noncoding regions (5' and
3' flanking regions and introns) shown in Fig. 3b reveals that
59 of the 64 base trimers were in either the upper right square
or the lower left square. Points located in the upper right
square represent base trimers that are in excess in both, while
those in the lower left square represent base trimers that are
deficient in both. Only one base trimer (GGT) was clearly in
the upper left square, while four others straddled lines
separating the squares. Even this GGT overrepresented in
one and underrepresented in the other, however, was very
close to the center, thus signifying that observed numbers of
GGT in two regions were very close to expected numbers. In
short, two noncoding regions were exceedingly similar in
base trimer composition. As to similarities between the

coding and one or the other of two noncoding regions, Fig. 3
a and c shows that only 8 and 9 base trimers of64 were clearly
in the lower right square. Thus, the following 8 base trimers
that were overrepresented in both noncoding regions were
slightly underrepresented in the coding region-TCT, TGG,
CAT, CAC, AGG, GGC, GGA, and GGG-to which GGT
should be added in Fig. 3c. Not surprisingly, the last 4 base
trimers underrepresented only in the coding region were four
glycine codons. Human serum albumin is an unusually gly-
cine-poor protein, only 23 of 609 residues are glycine, while
there are 63 alanine residues. The virtual emptiness of the
upper left square, on the other hand, indicates that none of
the base trimers underrepresented in two noncoding regions
is overabundant in the coding region. In view of a consider-
able difference in base composition between the coding
(A+T; 57%) and two noncoding regions (A+T; 66% and
67%), the similarities in base trimer composition revealed in
Fig. 3 a and c are truly impressive. Although not shown, we
have also done three pairwise comparisons of base tetramers
with essentially the same results as for base trimers.

Maintenance of Symmetry Between the Two
Complementary Strands

Both of the universally underrepresented base dimers, TA
and CG, are palindromes. It follows that two complementary
strands are destined to remain symmetrical as far as these two
dimers, as well as their reciprocal dimers, AT and GC, are
concerned. Inasmuch as the TA/CG deficiency part of the
universal rule is inherently indiscriminate as to sense and
antisense strands of DNA double helix, it is a distinct
possibility that the universal rule has been enforcing sym-
metry to be maintained between two complementary strands
of DNA. As to the two universally overabundant base
dimers, TG and CT, their counterparts in the complementary
strand are CA and AG. Figs. 1 and 2 reveal that with regard
to noncoding regions of both mouse and human genes, these
two pairs of complementary dimers on the same strand, TG
and CA, as well as CT and AG, are excessive almost to the
same degree. It follows that, as far as noncoding regions are
concerned, two complementary strands of DNA are also
maintaining symmetry with regard to CT, AG, TG, and CA
dimers. Although clear symmetry is indicated only with
regard to CT and AG in the coding region ofthe mouse as well
as human genes, the top 10 base trimers of the mouse gene
coding region shown in Fig. 1 (Bottom Left) includes two
pairs of complementary base trimers: no. 1 CCA and no. 4
TGG, and no. 2 CAG and no. 3 CTG. Furthermore, the
bottom 12 base trimers shown to the right of the top 10 also
include four pairs of complementary base trimers. They are
as follows: no. 64 CGC and no. 63 GCG, no. 60 TCG and no.
54 CGA, no. 62 CGT and no. 55 ACG, and no. 58 TAT and
no. 53 ATA. The above were taken as a very strong indication
that, in spite of evolutionary constraints imposed by natural
selection, coding regions might also be maintaining a sur-
prising degree of symmetry with their complementary
strands. Because of its great size, this intriguing possibility
has been tested on the human serum albumin gene in great
detail. Results are tabulated in Fig. 4.

In two complementary strands of a given DNA, both the
observed and the expected numbers of a given trimer, such
as CTG on one strand, are the same as those of its comple-
mentary base trimer CAG on another strand. In Fig. 4, 64
base trimers of sense and antisense strands of two noncoding
and one coding regions were plotted as in Fig. 3. Accordingly,
each pair of complementary base trimers was invariably
represented as two points placed equidistant from the diag-
onal slope. One example is shown on the GCA/TGC pair in
Fig. 4c. The point marked GCA is also the point for TGC in
the antisense strand. Conversely, the point marked TGC is
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FIG. 3. Three pairwise comparisons involving the coding region and two noncoding regions (introns and 5' and 3' flanking regions) of 64
base trimers. (a) Coding regions (ordinate) versus introns (abscissa). (b) The 5' and 3' flanking regions (ordinate) versus introns (abscissa). (c)
Coding regions (ordinate) versus 5' and 3' flanking regions (abscissa). We defined the position in the axis (of ordinates, as well as abscissas)
of each base trimer as follows: X(ijk) = {N(ijk) - [Nt x P(i) x POj) x P(k)]}/[Nt x P(i) x PO) x P(k)]'/2, where N(ijk) is the number of particular
base trimer ijk in a given DNA sequence, while Nt is the total number of bases in that sequence, and P(m) is a fraction of that total represented
by base m. In the above equation, (observed) - (expected) was divided not by (expected) but by the square root of (expected), which
approximates the standard error of (expected). This gave different weights to various degrees of excesses as well as deficiencies exhibited by
64 base trimers within the same sequence. At the same time, however, values given to the same degree of excess or deficiency found in 5' and
3' noncoding regions and introns became roughly 1.3 and 2.8 times greater than that given to the coding sequence. This was because 5' and 3'
flanking region and introns were 1.7 and 7.7 times longer than the coding sequence. This procedure managed to spread 64 points along the axis
of abscissas in a-c, so that most of the points were readily recognizable and easily distinguished those base trimers that were either significantly
in excess or in deficiency in both of the two sequences being compared from insignificant ones, since the latter stayed close to the center. With
regard to each axis, overrepresented base trimers were placed between 0 and 20.0 and underrepresented ones were placed between 0 and -20.0.
The lines were obtained by the least-squares method. Correlation coefficients (r) for a-c, respectively, were 0.667, 0.882, and 0.598, whereas
slopes were 0.46, 0.47, and 0.78, and y intercepts were 0.0012, -0.019, and 0.0157. With regard to each graph, points located in the upper right
square represented base trimers that were in excess in both members of the pair, whereas those in the lower left square represented base trimers
deficient in both.

also the point for GCA in the complementary strand. It
follows that the shorter the distance between two members of
a pair, the greater the symmetry between the two comple-
mentary strands with regard to that pair of base trimers. In
Fig. 4, two dashed lines are drawn parallel to the diagonal
slope at a distance of 2.5 units each. The reason for the above
is explained in the legend to Fig. 5b. In the case of Fig. 4 a

and b, all 32 pairs of complementary base trimers are placed
between the two dashed lines, thus indicating nearly perfect
symmetry between complementary strands oftwo noncoding
regions; introns and 5' and 3' flanking regions. In short, as far
as noncoding regions are concerned, degrees of excesses and
deficiencies of the 64 base trimers of one strand are nearly
identical with those of its complementary strand. Even in the
coding sequence (Fig. 4c), only members of 5 of the 32 pairs

I
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-10.0,. I

-20.0 -10.0 0.0 10.0

Sense
Introns
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b

of complementary base trimers are outside the two dashed
lines, the greatest distance being shown by the GCA/TGC
pair already noted. Yet, in the case of 3 of the 5 pairs,
including the GCA/TGC pair, both members of each pair are
in the upper right square; thus, both are overrepresented in
two strands. The symmetry maintained by two complemen-
tary strands of the coding region is quite remarkable.

Intrinsic Evolution by the Universal Rule Versus Adaptive
Evolution by Natural Selection

When data presented thus far are considered together, it
becomes clear that coding and noncoding regions ofgenes are
governed by the same universal construction rule ofTA/CG
deficiency-TG/CT excess. It is this intrinsic force that has

c

Sen

5' and 3' flankog

I

20.00.0

Sense
Coding

FIG. 4. The 64 base trimers of the sense strand (abscissas) and the antisense strand (ordinates) were plotted as in Fig. 3 on introns (a), on
5' and 3' flanking regions (b), and on coding regions (c). When plotted in this manner, 64 base trimers are seen as 32 pairs of complementary
base trimers, with members of each pair occupying the points equidistant from the diagonal slope drawn from the lower left corner to the upper
right corner (for example, the GCA/TGC pair in c). Two dashed lines parallel to the central slope were drawn at a distance of 2.5 units each
from the diagonal slope. This is explained in the legend to Fig. 5b.
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Introns
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10.0 20.0

b

-10.0 0.0 10.0 20.0
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FIG. 5. An artificial version of Fig. 3a. The coding region of the ordinate remained the same, whereas introns totaling 14,127 bases of the
abscissa were replaced by a computer-generated randomized sequence of the same length and base composition as introns. Correlation
coefficient r = -0.034, slope = -0.11, and y intercept = -0.001. (b) An artificial version of Fig. 4a. The same computer-generated randomized
sequence of the same length and base composition as introns was used. All the points generated by several randomized sequences of the same
length and base composition were distributed within the boundary demarcated by two dashed lines drawn parallel to the diagonal line, each
distanced 2.5 units from it.

been maintaining the base sequence of noncoding regions in
unity with coding regions. In the case of the human serum

albumin gene, the sum of 13 introns exceeds the total length
of 14 exons by nearly 10-fold. Yet, noncoding regions remain
quite similar to coding regions in composition of base trimers
and even base tetramers. This is despite the fact that non-

coding regions are considerably richer in A and T than coding
regions. The significance ofthis similarity between the coding
and noncoding regions of the serum albumin gene shown in
Fig. 3 a and c can best be appreciated by comparing Fig. 3a
with Fig. Sa. For Fig. Sa, introns of Fig. 3a totaling 14,127
bases were substituted by a computer-generated randomized
sequence of the same length and base composition on the
abscissas. Because of the enormity of the length involved,
several computer-generated sequences have very similar
trimer compositions. Base trimers of this randomized se-

quence were plotted in relation to those of the albumin coding
region. The total absurdity of Fig. Sa, as indicated by its
correlation coefficient of -0.034, attests to the extreme
significance of Fig. 3a. In spite of overabundances and
deficiencies of many base trimers, the two complementary
strands of the noncoding regions maintain nearly perfect
symmetry. Furthermore, this symmetry is disturbed only
slightly in the coding regions. The latter was a surprise, for
only one of the complementary strands in the coding regions
has been under surveillance by natural selection. As to the
significance of the observed symmetry between complemen-

tary strands of the human serum albumin gene, Fig. 4 should
be compared with Fig. 5b. In Fig. Sb, base trimers in two
complementary strands of the computer-generated random-
ized intron-like sequence used for Fig. Sa are plotted. Be-
cause of the enormity of length involved, nearly all of the 64
base trimers occur very close to their expected rates. Ac-
cordingly, all the points are clustered around the center and
remain largely within the boundary of the two dashed lines.
The type of symmetry between complementary strands
shown by a long randomized sequence of Fig. 5b is, indeed,
very different from that shown in Fig. 4. Thus, it appears that
as far as evolution ofDNA base sequences is concerned, the
universal rule as an intrinsic force has been exercising a far
greater influence than natural selection. This is no surprise
when the inherent paradox in the role of natural selection on
gene evolution is recalled. A gene encoding a functionless
protein shall forever be ignored by natural selection. It
follows that the initial acquisition of a function by a newborn
gene has to be intrinsic in its construction.
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