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Does the ‘non-coding’ strand code?
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ABSTRACT

The hypothesis that DNA strands complementary to the coding strand
contain in phase coding sequences has been investigated. Statistical
analysis of the 50 genes of bacteriophage T7 shows no significant correlation
between patterns of codon usage on the coding and non-coding strands. In
Bacillus and yeast genes the correlation observed is not different from that
expected with random synonymous codon usage, while a high correlation seen in
52 E.coli genes can be explained in terms of an excess of RNY codons. A
deficiency of UUA, CUA and UCA codons (complementary to termination) seems to
be restricted to the E.coli genes, and may be due to low abundance of the
relevant cognate tRNA species. Thus the analysis shows that the non-coding
strand has the properties expected of a sequence complementary to a coding
strand, with no indications that it encodes, or may have encoded, proteins.

INTRODUCT ION

Alff-Steinberger has suggested that there is "evidence for a coding
pattern on the non-coding strand of the E.coli genome" (1). This conclusion
was drawn from a compilation of codon usage figures for 52 E.coli genes, in
which there exists "a significant positive correlation between the frequency
with which a given codon appears on the coding strand and the frequency with
which it appears, in phase, on the non-coding strand."” This echoes an
earlier report, from a separate group, that significant open reading frames
exist in the same phase in the complementary DNA strands of genes from
various sources (2). These 'coding properties' of the complementary strand,
suggesting the existence of many heretofore cryptic genes, clearly warrant
further investigation. If there is indeed widespread evidence of such a
pattern it would have far-reaching implications for our understanding of the
structure and evolution of genomes. One_obvious possibility would be the
involvement of these cryptic genes in regulation, while a correlation between
codon usage in the two strands would necessarily constitute a (previously
unidentified) constraint on synonymous codon choice.

Knowing that codon usage is non-random, and that patterns of codon usage
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vary between species (3,4), two immediate questions arise: Firstly, is such a
correlation, of coding patterns in the two strands, widespread in occurrence
or peculiar to the particular data set investigated by Alff-Steinberger?
Secondly, do the observed values for the correlation coefficient differ from
those which might be expected, given that certain patterns of non-random
codon usage have already been identified, and possibly explained?

To answer the first question codon usage data sets from bacteriophage T7,

Bacillus spp. and the yeast Saccharomyces cerevisiae (nuclear genes only) are

examined here. The T7 data set is particularly interesting, for several
reasons. It comprises 50 genes and so is of a similar size to the E.coli

data considered. Also T7 (a coliphage) depends on the host translational
machinery (of E.coli) for replication. Finally, one reason for the existence
of DNA sequences coding in both strands might be to encode many proteins
within a DNA molecule of restricted length. Such a restriction is most likely
to occur in viruses.

To answer the second question the expected value of the correlation
coefficient must be determined. Alff-Steinberger has correctly stated that
if codon usage were entirely random then a value of zero would be expected.
However the requirement for genes to encode proteins with particular prop-
erties, and hence of particular amino acid composition, strongly suggests that
codon usage can at best only be random within synonymous groups of codons (or
possibly groups encoding biochemically similar amino acids (5,6)). The nature
of the genetic code is such that, given non-random amino acid usage, random
synonymous codon usage yields generally non-zero correlation coefficients (of
codon usage in the two strands), with the exact magnitude dependent on the
amino acid composition of the particular proteins encoded.

In fact, even synonymous codon usage has been found to be non-random in
virtually all data sets so far examined. The much slower rate of evolution
at the third position of codons, relative to that in pseudogenes is evidence
that selective constraints on synonymous substitution exist (7,8). Several
candidate constraints have been suggested (e.g. 9-15), though as yet no
combination of these hypotheses has been found to be fully adequate (16,17).
It is possible to calculate the expected correlation coefficient for codon
usage under various constraints, in order to determine whether the observed
values can be explained in terms of previously hypothesized selection
pressures acting on codon usage. One explanation offerred by Alff-Steinberger
(1) involves optimization of the codon-anticodon interaction energy (13), an

apparent constraint on codon choice in E.coli (14) and bacteriophage T7 (16),
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which might inflate the correlation due to use of energetically favoured
triplet pairs. This constraint appears as third base pyrimidine bias - C is
preferred to U when the initial doublet of the codon is A/U rich, while U is
preferred to C if the doublet is C/G rich. Another property of coding
sequences, perhaps the most ubiquitous so far reported, is a great excess of
RNY (purine - any base - pyrimidine) codons (15). The manner in which
patterns of codon preference might affect the correlation between the two
strands can be discerned from examination of Table 1. Alff-Steinberger has
wanted to examine the relationship between the usage figures for codons in
panels (1),(2) - the mRNA - and those in panels (4),(3) - the same codons in
the complementary strand. However, realizing that the figures for codons in
panels (4) and (3) are fully determined by those for codons in panels (2) and
(1) respectively she proceeded by calculating the correlation between panels
(1) and (2). It can readily be seen that an excess of RNY codons in panels
(1) and (2) would automatically lead to an excess of RNY codons in panels (3)
and (4) (- the complement of an RNY codon is always also RNY). However third
base pyrimidine bias in the mRNA leads to an excess in the complementary
strand of a different subset of codons. It seems likely then that RNY bias
(acting only in one strand), but not third base pyrimidine bias, could lead
to an apparent correlation between the two strands. Note also that a correl-
ation could arise in a random sequence if the G+C content were other than 0.5.
In this investigation the correlation coefficients expected under four

models have been calculated for comparison with the observed values. The
models are:

(1) Random synonymous codon usage.

(2) Random synonymous codon usage plus RNY bias.

(3) Random synonymous codon usage plus third base pyrimidine bias.

(4) Random synonymous codon usage plus RNY and third base pyrimidine bias.

Long open reading frames in complementary DNA strands would necessarily

require avoidance, in coding sequences, of those triplets complementary to
termination codons (i.e. UUA, UCA and CUA - see Table 1). The frequency of
use of these three codons has also been investigated.

CODON USAGE DATA SETS
Codon usage data from E.coli was compiled by Alff-Steinberger from the

EMBL Nucleotide Sequence Data Library, Release 2 (l1). Data for bacteriophage
T7 and Bacillus have been calculated previously (16,18), from references
therein. The yeast data has been drawn from Release 4 of the EMBL Library
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Table 1. Relationship of codon usage in two complementary strands.

mRNA comp lement
(1) (2) (3) (4).
uuy ucu AAA AGA AAA AGA uuy ucu
uuc @ uce GAA GGA GAA @ GGA uue uce -
UUA UCA UAA * UGA * UAA UGA UUA * UCA *
uuG uce CAA cGA CAA CGA uuG UcG
(1)1 ccu @ AAG AGG AAG AGG @ cuv ccu
cuc cce GAG GGG GAG GGG cuc cce
cuA cca UAG * UGG UAG UGG CUA * CCA
cuG cce CAG CGG CAG [Wele] cuG cce
AUU $ ACU $ AAU $ AGU $ AAU $ AGU $ AUU $ ACU $
AUC @$ ACC $ GAU $ GGU @$ GAU @ GGU $ AUC $ ACC @$
AUA ACA UAU UGU UAU UGU AUA ACA
AUG ACG CAU CGU @ CAU CcGU AUG ACG @
GUU $ GCU @$ AAC @ AGC $ AAC $ AGC @$ GUU @$ GCU $
GUC $ GCC § GAC $ GGC §$ GAC $ GGC §$ Guc $ ccc $
GUA GCA UAC @ UGC UAC UGC GUA @ GCA
feiid] GCG CAC (Wed CAC cGC GUG GCG

Codons influenced directly ((1),(2)), and indirectly ((3),(4)) by bias in
the mRNA strand:
$ - RNY bias (codons expected to be preferred).
@ - third base pyrimidine bias (codons expected to be preferred).
* - termination codons (expected to be rare).

(details available from the author on request). The size of the data sets is

given in Table 2.

ANALYSIS
Following Alff-Steinberger the intraclass correlation of the frequency of

use of codons in the coding and non-coding strands was calculated by pairing
the usage figures for complementary codons (e.g. UUC and GAA) in one strand.
The standard deviation of the correlation coefficient is taken to be 0.10
(Alff-Steinberger's bootstrap value (1)), although calculations using
formulae presented in reference (19) suggest the somewhat higher value of 0.18.
Expected correlation coefficients were calculated by first calculating
expected codon usage data sets, as follows:

exp(1l): Random synonymous codon usage was simulated by summing the observed
codon usage within amino acids, and then assigning the average usage to each
codon within the synonymous group. Necessarily the figures for UGG and AUG
remain unchanged from the observed data set.

exp(2): Additional RNY bias was simulated by summing and averaging within
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Table 2. Correlations of codon usage between coding and non-coding strands.

CORRELATION COEFFICIENT
nl n2 P2 obs exp(1l) exp(2) exp(3) exp(4)
E.coli 52 16351 0.62 0.448 0.135 0.325 0.095 0.284
T7 50 12145 0.62 0.075 0.080 0.284 0.059 0.229
Bacillus 17 5313 0.48 0.166 0.173 0.128 - -
Yeast 19 7153 0.69 0.383 0.253 0.548 0.207 0.446

nl - number of genes.

n2 - number of codons.

P2 - average third base pyrimidine bias (14).
exp(i) refers to model i (see text).

RNY and non-RNY codons (within synonymous groups) where appropriate.

exp(3): Additional third base pyrimidine bias was simulated by calculating
average P2 values for each data set, and modifying the exp(l) values accord-
ingly. (A P2 value is simply the proportional usage of codons of the
favoured type, within the relevant pair of triplets (14)). Values were
calculated for each pair of codons, and then averaged, to remove the effects
of unequal amino acid usage. These P2 values are given in Table 2.

exp(4): RNY plus third base pyrimidine bias was simulated by modifying the
exp(2) values by the appropriate P2 value.

For illustration the observed and expected usage figures, under each

model, for the four Gly codons in the E.coli data set are presented in Table 3.

RESULTS

Correlation coefficients are given in Table 2. The high value of 0.45
seen for the E.coli genes has already been reported (1). While the T7 data
set is of a similar size to that for E.coli, the correlation coefficient for
T7 is low, and not significantly different from zero. The values for the
Bacillus and yeast data sets lie between the E.coli and T7 values.

Under the hypothesis that amino acid usage is non-random, but synonymous

Table 3. Example of expected codon usage figures (see text), in E.coli.

obs exp (1) exp (2) exp(3) exp (4)
GGU 619 322.25 564.0 397.0 694.9
GGC 509 322.25 564.0 247.5 433.1
GGA, 61 322.25 80.5 322.25 80.5
GGG 100 322.25 80.5 322.25 80.5
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Table 4. Relative use of the synonymous codons for Leucine and Serine.

Leucine Serine
E T B Y E T B Y

UUA * 0.34 0.70 1.39 1.57 ucu 1.63 1.78 1.17 2.75

uuG 1.39 1.82 1.53 2.05 ucc 0.88 1.56 1.07 1.00
UCA * 0.49 0.83 1.15 0.75

Cuu 0.38 1.01 1.31 0.69

CUC  0.38 0.65 0.40 0.19 vce  0.80 0.36 0.68 0.30

CUA * 0.09 0.58 0.44 0.96 AGU 0.41 0.81 0.75 0.77

CUG 3.42 1.23 0.93 0.55 AGC 1.78 0.66 1.18 0.42

E: E.coli T: T7 B: Bacillus Y: Yeast
* codons complementary to termination.

codon usage is random, the expected value of the correlation coefficient
varies widely, réflecting different patterns of amino acid usage in the data
sets from different species. For both the T7 and Bacillus data sets the
exp(l) value is slightly greater than the observed value.

In allowing for the known bias in use of RNY codons the value of exp(2)
is greater than exp(l) in all but the Bacillus data set. The expected value
for the yeast genes under this model is greater than that observed. While
the observed value for E.coli is still greater than exp(2), the difference is
no longer significant. Thirteen of these 52 E.coli genes have been noted to
have high expression, and a more biassed pattern of codon usage (14). It is
of interest to note that for these genes the observed correlation coefficient
is lower (0.200).

The Bacillus genes (as a whole) show no evidence of third base pyrimidine
bias (P2 values greater than 0.5 indicate the expected bias), and so it would
be inappropriate to use models 3 and 4 for that data set. From Table 2 it
can be seen that by incorporating third base pyrimidine bias into the models
the correlation coefficient is always reduced (compare exp(3) and exp(4) with
exp(l) and exp(2), respectively).

Usage figures for the triplets encoding Leu and Ser (which include the
three codons that complement termination) are presented in Table 4. These

are relative values calculated within species (1.00 indicating the expected
usage), to aid comparison across species. The Leu codon CUA is consistently
under-used, but only in the E.coli genes does there appear to be strong
avoidance of the three codons as a group. Even then these 52 E.coli genes

contain 203 'complementary stop' codons.

DISCUSSION

This consideration of codon usage data from four different sources
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suggests that the correlation of coding and non-coding strands observed in
E.coli (1) is not general. It is particularly striking that no evidence of
a correlation is seen in a data set of a similar size from a coliphage.

It is also seen that a positive correlation, when observed, may be simply
due to patterns of amino acid usage in the particular genes examined. The
primary purpose of the genes considered is to encode a protein with particular
properties which may depend critically on the precise amino acid sequence.
While a small (and variable) proportion of nucleotide substitutions resulting
in amino acid changes may be effectively neutral with respect to fitness, the
majority will not (20). It is then naive to ignore amino acid usage and
expect the correlation coefficient to be zero. For the T7 and Bacillus data
sets the observed correlation is lower than that expected with random synon-
ymous codon usage, and so there is no evidence there for a coding pattern on
the non- coding strand.

In the E.coli data set the observed correlation is significantly higher
than that for random synonymous codon usage. However, it is not significantly
higher than that predicted by a model in which random synonymous codon usage
is distorted by the RNY bias seen in the E.coli genes. The high correlation
in yeast can also be explained by RNY bias. Two hypotheses (not mutually
exclusive) have been proposed to explain this bias. Shepherd has observed an
excess of RNY codons in protein coding genes from a wide variety of species
(21), and has suggested that this may be a remnant of a primordial genetic
code, in which only codons of the form RNY were used (15). Pieczenik, on the
other hand, has considered the bases neighbouring the anticodon in the anti-
codon loops of E.coli tRNAs, and suggested that successive RNY codons would
facilitate codon-anticodon interactions of more than three bases in length
(22). He predicted that if such extended interactions are favourable then
there should be an excess of RNY codons in the E.coli genome.

Although there is evidence of third base pyrimidine bias in the E.coli,
T7 and yeast genes incorporating this bias into models of expected codon
usage does not contribute to an explanation of the correlation coefficients
observed. This was predicted from Table 1. However by taking account of
just one previously identified constraint on synonymous codon choice, namely
the widespread excess of RNY codons, the observed correlation coefficient in
the E.coli genes can be explained. While it has not been ruled out that the
excess of RNY codons in E.coli might result from codon preference in the
complementary strand, the opposite cause and effect relationship seems far

more likely. The existence of a strong bias towards use of RNY codons in T7
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(16), in the absence of a high correlation coefficient, is just one piece of
corroborative evidence. It is concluded then that there is no real evidence
for a coding pattern in the non-coding strand of E.coli.

Avoidance of codons complementing termination does not appear to be wide-
spread. Of the eight in phase "virtual genes" (open reading frames of
greater than 100 codons, in the non-coding strand) previously reported (2)
seven were from globin sequences, and six of these seven from mammalian
sources. This may simply reflect non-use of the codons UUA, CUA and UCA in
globin genes. Indeed this avoidance has been reported (23) and explained (in
the case of UUA and UCA) as selection against codons liable to mutate to
termination (23,24), although it seems more likely to be due to the relative
abundance of corresponding tRNA species (25). In E.coli UUA and, particularly
CUA are translated by Leu tRNAs of relatively minor abundance (12), and their
low usage may be related to this. Open reading frames in the complementary
strand, in phase, and of greater than expected length would then arise as an
artefact. Again a previously hypothesized constraint on codon choice would
appear to be sufficient to explain an 'unexpected' property of the comple-
mentary strand.

In conclusion, the suggestion that DNA strands presently considered to be
non-coding (being complementary to identified genes) contain many sequences
which encode, or may have encoded, cryptic genes is of great interest.

However the hypothesis is not supported by this statistical analysis.
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