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ABSTRACT
Analysis of codon usage frequency for the combined coding

sequences of 52 E. coli genes, taken from the European Molecular
Biology Laboratory Nucleotide Sequence Data Library, Release 2,
shows that there is 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.

INTRODUCTION

For the purpose of studying the codon distribution in the

Escherichia coli genome, a tabulation of codon frequency was

made using the sequence data of 52 complete E. coli genes.

These compiled data are shown in Table 1. The observation which

is the subject of this paper is that there is a significant

positive correlation between the frequency with which a given

codon appears on the coding strand and the frequency with which

the same codon, in phase and with the correct polarity, appears

on the non-coding strand.

MATERIAL AND METHODS

Sequence Selection. The sequence data were obtained from the

Nucleotide Sequence Data Library, Version 2, of the European

Molecular Biology Laboratory (EMBL), Heidelberg, Germany. All

complete E. coli coding regions for known proteins were selected,

and in the cases where more than one sequence was given for a

particular gene, one of the sequences was arbitrarily chosen to

be included in the tabulation. Coding sequences were rejected

if there were gaps in the sequence, or if the gene product was
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not identified, or if the termination codon was missing, or if

the length of the sequence given was not a multiple of three.

In this way, 32 data library entries containing 52 complete

genes were selected. The EMBL identifying codes for the entries,

together with the relevant genes in parentheses, are :

EC5388 (TRIMETHOPRIM RESISTANT DIHYDROFOLATE REDUCTASE, PLASKID
ASSOCIATED) (1),

ECALAS (ALANYL-TRNA SYNTHETASE) (2),
ECARAC (ARAC) (3) , (4) ,
ECASNA (ASPARAGINE SYNTHETASE) (5),
ECATPX (FIRST FIVE GENES OF ATP SYNTHETASE) (6),
ECATPY (GAMMA AND BETA FROM ATP (UNC) OPERON) (7),
ECCOLl (COLICIN El IMMUNITY) (8),
ECFOLX (FOL GENE FOR DIHYDROFOLATE REDUCTASE) (9),
ECHIS1 (REGULATORY PEPTIDE OF HISG GENE) (10),
ECILVX (ILVL AND ILVG) (11),
ECLACI (LAC REPRESSOR) (12),
ECLACY (LACTOSE PERMEASE) (13) ,
ECLEXX (LEXA REPRESSOR) (14),
ECLPPX (OUTER MEMBRANE LIPOPROTEIN) (15) ,
ECNDHX (NADH DEHYDROGENASE) (16) ,
ECOMPA (OUTER MEMBRANE PROTEIN II) (17),
ECPAP1 (ATPASE GENES PAPD/UNCB, PAPH/UNCE, PAPF/UNCF) (18) ,
ECPAP2 (ATPASE PAPB, PAPG) (19),
ECPAP3 (ATPASE PAPA, PAPC) (20) ,
ECPHEA (ATTENUATOR PEPTIDE OF PHENYLALANINE OPERON) (21),
ECPURF (PURF) (22),
ECRECA (RECA) (23), (24),
ECRPOBC(RNA POLYMERASE RPLK, RPLA, RPLJ, RPLL, RPOB,

RPOC) (25-29) ,
ECRPSA (RIBOSOMAL PROTEIN SI) (30),
ECRPSB (RIBOSOMAL PROTEIN S2 AND ELONGATION FACTOR TS) (31),
ECRPSL (RIBOSOMAL PROTEIN RPSJ (S10) ) (32),
ECRPST (RIBOSOMAL PROTEIN S20) (33),
ECSTR1 (RIBOSOMAL PROTEIN S12) (34) ,
ECTHR1 (ATTENUATOR PEPTIDE OF THRA GENE (35),
ECTHRA (THRA GENE OF THREONINE. OPERON) (36) ,
ECTRPR (TRP APOREPRESSOR (37),
ECTRPX (TRYPTOPHAN OPERON GENES TRPE, TRPD, TRPG, TRPB,

TRPA) (38).

Analysis. The tabulation and statistical analysis of the data

were done using the CDC Cyber computer of the Cantonal Hospital

in Geneva, using programs written by the author. The EMBL Data

Library convention is to give the sequence of the non-coding DNA

strand, which is homologous to the mRNA transcribed from the

coding strand. The frequencies shown in Table 1 are those of

the mRNA, from the initiation codon up to and including the

termination codon.
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Table 1.

UUU
UUC
UUA
UUG

CUU
COG
CUA
CUG

AUU
AUC
AUA
AUG

GUU
GUC
GUA
GOG

214
367
110
143

124
124
30

1114

354
604
31
452

477
192
292
359

Codon

PHE
PHE
LEU
LEU

LEU
LEU
LEU
LEU

ILEU
ILEU
ILEU
MET

VAL
VAL
VAL
VAL

Distribution from

UCU
UCC
UCA
UCG

ecu
CCC
CCA
CCG

ACU
ACC
ACA
ACG

GCU
GCC
OCA
GCG

210
239
63
103

74
45
103
411

186
385
52
125

429
358
370
518

SER
SER
SER
SER

PRO
PRO
PRO
PRO

THR
THR
THR
THR

ALA
ALA
ALA
ALA

52 compl

UAU
UAC
UAA
UAG

CAU
CAC
CAA
CAG

AAU
AAC
AAA
AAG

GAU
GAC
GAA
GAG

164
248
39
4

121
203
161
518

162
452
672
212

407
485
803
302

ete E.

TYR
TYR
TERM
TEFM

HIS
HIS
GLUN
GLUN

ASPN
ASPN
LYS
LYS

ASP
ASP
GLU
GLU

coli

UGU
UGC
UGA
UGG

CGU
CGC
CGA
CGG

AGO
AGC
AGA
AGG

GGU
GGC
GGA
GGG

Genes

62
83
9

113

509
323
29
26

53
229
9
6

619
509
61
100

CYS
CYS
TERM
TRP

ARG
ARG
ARG
ARG

SER
SER
ARG
ARG

GLY
GLY
GLY
GLY

Total number of codons 16351

RESULTS

The range in the frequency of appearance of individual

codons in the distribution shown in Table 1 is wide. It was

observed that the codons complementary to those codons appearing

frequently also tended to appear frequently, and that the codons

complementary to those codons appearing infrequently also tended

to be infrequently used. The complementary codon is that which

would be obtained if the triplet on the non-coding strand,

opposite to the coding strand triplet, were to be transcriber,

in the appropriate direction. For example, the codon CAG, for

glutamine, is complementary to the codon CUG for leucine,

and both are frequently used codons. The same is true for the

pair of complementary codons AUC, for isoleucine, and GAU, for

aspartic acid; both are frequently used. The codon AGG for

arginine is infrequently used and is complementary to the codon

CCU for proline, also infrequently used. This relation can be

presented graphically for the set of 64 codons. In figure 1,

the frequency with which a given codon appears is plotted against

the frequency with which the complementary codon appears.
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Frequency of codon use

Figure 1. Scatterplot of the frequency of each codon versus the
frequency of the complementary codon,using the data from Table 1.

From Figure 1, it is clear that although there is a sub-

stantial scattering of points, the correlation between the two

variables is positive. There are few points in Figure 1 corres-

ponding to frequently used codons whose complements are infre-

quently used. To quantify this relation, the intraclass correla-

tion coefficient p (39), was calculated for the 32 pairs of

numbers formed by pairing the frequency of codon use and the

frequency of use of the complementary codon. In this calculation,

the order of the numbers within a pair is irrelevant. A value of

p = .43 was obtained. If the frequency with which a given codon

is used were unrelated to the frequency of the codon complemen-

tary to it, an intraclass correlation coefficient of zero would

be expected. The standard deviation of the value of p obtained

was estimated using a bootstrap calculation (40) to be .10; thus

the value of p = .43£.10 is more than two standard deviations

from zero and is significantly positive.

DISCUSSIONS

The conclusion reached is that the non-coding strand of

the E. coli genome tends to ressemble the coding strand in that

the triplets found, in phase with the reading frame, have fre-

quencies related to their frequency of appearance on the coding
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strand. This does not imply that the non-coding strand is

actually transcribed. If there were reading frames on the non-

coding strand, the gene product would not be expected to bear

any similarity to the gene product of the coding strand, since,

although it is possible for the first and third bases of the

codon and its complement to be the same, e.£., CUG is complemen-

tary to CAG, the second base, via which the most information

about the amino acid is transmitted (41), necessarily changes.

The explanation of the observed correlation is not obvious.

Optimization of the codon-anticodon interaction energy (42) may

influence codon usage in such a way that energetically favored

triplet pairs tend to be frequently used, and energetically dis-

favored pairs infrequently used. Alternatively, the correlation

might be the result of the evolution of codon usage to optimize

the efficiency of double stranded coding in the past. Another

explanation, suggested by H.M. Krisch, is that the pattern

observed may be the result of gene rearrangements involving the

frequent incorporation of inverted segments.

Preliminary examination of some coding regions of Homo

sapiens also reveal a significant positive correlation between

codon appearance on the coding and the non-coding strands,

although the codon distribution itself is not consistent with

that of E. coll.
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