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Preference for guanosine at first codon position in
highly expressed Escherichia coli genes. A
relationship with translational efficiency
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ABSTRACT codons and genes containing internal in frame termination codons
were removed. For each gene we computed: (i) the CAl value as
defined in §), (i) the relative frequency of each amino acid (with
distinction, in the case of sextets, between the fraction encoded by
the quartet and the duet), and (iii) the base composition at each
codon site.

First, we investigated the relationship between CAl value and
amino acid composition, and second between CAl value and base
composition by codon site. For this purpose, we constructed for
each amino acid a scatter diagram, in which every gene is
represented by one point whose coordinates are the CAI value
(x-axis), and the relative content of the amino acid under analysis
(y-axis). The same procedure was used to analyze the relationship
between CAI value (x-axis) and the frequency of each base at
each codon site (y-axis). In every diagram, Pearson’'s and
Kendall's rank correlation coefficients were computed; a regression
INTRODUCTION line, y = ax + b, was calculated only when the Pearson’s

The expression level dscherichia coliprotein-coding genes is Correlation was statistically significant.
accompanied by a remarkable change in the usage of synonymous
codons. Highly expressed genes have a strong preference fdRRSULTS
subset of codons, while lowly expressed genes have a more uniform
attern of codon usagé,?). Changes in codon usage accompanys, . .. . : . "
ﬁ\g higher gene expgrjeszs)ion Fncc?li are a result ofgselectionpforyv"’m"’ltlon in amino acid composition
translational efficiency, as shown by the positive correlation betwe@ie variation profile of amino acid abundance encodé&tidnfi
optimal codons and tRNA abundané® (obry and Gautier in a genes in relation to CAl value can be appreciated in Table
recent paper3) have widened the effects of translational constraintwhere the different amino acids are sorted out according to their
by finding that the variation in amino acid composition among eegression line slope. Three amino acid groups can be distin-
sample of 99€ .coli genes correlates with their expression levels aguished: (i) amino acids which increase its frequency as CAl
estimated by the Codon Adaptation Index or Gl ( value does (Lys, Glu, Gly, Asp, Val, Ala, Asn and Met), (ii) amino
There is not an obvious link between the variation in thiréicids which decrease its abundance as CAl value rises (Leu, Ser,
codon base choices, upon which is based the CAI computati@ln, Arg, Trp, Pro, His, Cys and Phe), and (iii) amino acids whose
and the variation at first and second codon positions, which &undance is not affected by CAI value variation (Thr, Tyr and
related to amino acid composition. That is why we havéle). This pattern closely agrees with that based upon correspon-
undertaken the present study to analyze the variation in individwénce analysis. It is interesting to note the negative correlation
base frequencies at each codon site in a samplealf genes  shown by the amino acids Leu, Arg and Ser, otherwise abundant

The variation in base composition at the three codon
sites in relation to gene expressivity, the latter esti-
mated by the Codon Adaptation Index, has been
studied in a sample of 1371 Escherichia coli genes.
Correlation and regression analyses show that in-
creasing expression levels are accompanied by higher
frequencies of base G at first, of base A at second and
of base C at third codon positions. However, correla-
tion between expressivity and base compositional
biases at each codon site was only significant and
positive at first codon position. The preference for
G-starting codons as gene expression level increases
is discussed in terms of translational optimization.

ranked according to their CAl value. in E.coli proteins; such a trend is caused by the decrease of their
respective duet components, while their quartet components
DATA AND METHODS remain insensitive to CAl variation.

A sample of 1371 protein coding genes longer than 100 cod
was retrieved from th&.coli database ECD5). The sample
contains only those entries with the system number EGxx¥e address specifically here the changes at the nucleotide level
(structural gene), genes lacking standard initiation or terminatidoy remarking the consistent pattern displayed in Tabkhe

%riation in base composition by codon site
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amino acids which increase their abundance as CAIl valdeble 2.Correlation coefficients (r) and slopes obtained by plotting the base
increases are all encoded by codons starting with a purine; mégérequency at each codon position against the CAl value
specifically, all the amino acids with G-starting codons increase

their frequency as CAl value does. Codon position
First Second Third
Table 1.Correlation coefficients (r Pearson’s) and slopes obtained by r slope r slope r slope
plotting the frequency % of each amino acid against the CAl value A +0.055 * +1.87 +0.243* +12.04 —0.230 ** -8.87
C -0.208*  —8.05 +0.031NS - +0.454 **  +21.62
AA Codons r Slope
G +0.504 * +20.44 -0.168* —4.38 -0.207* -10.15
*%
Lys AAR +0.359 +6.57 T —0429* -14.26 -0.197* -857 -0.061* -2.61
Glu GAY +0.242 ** +4.85
Gly GGN +0.264 ** +4.83 *Statistical significance P <0.05, ** idem P <0.001, NS = non-significant.
Asp GAR +0.271 ** +4.27
val GTN +0.192 ** +3.29 Table 3.Mean base frequency (%) and standard deviation (SD) by codon site
Ala GCN +0.143 ** +3.27 in the first (L) and last (H) 10% of CAI distribution
Asn ARY +0.059* +0.75 Codon Position
Met ATG +0.060 * +0.60 First Second Third
Cys TGY -0.117 = -1.02 Mean SD Mean SD Mean SD
His CAY —0.166 -1 L 2730 593 2814 685 2287 582
Arg2 AGR —0.389 ** -1.80 A
Pro CCN —0.143 ** -1.93 H 2617 295 3219  3.95 17.73  3.64
Trp TGG —0.237 * -2.13
Gln CAR -0.184 ** -2.87 L 2342 6.17 21.56 3.88 21.65 6.18
Ser2 AGY —0.358 ** -3.54 c
Thr ACN +0.012 NS
L 3045 4.62 18.63 3.99 26.31 7.69
Tyr TAY +0.007 NS G
Arg4 CGN —0.027NS H 3964  4.28 1689  3.16 2428 463
lle ATH —0.051 NS
Leus CTN -0.052 NS L 1883 4.33 31.68 5.82 29.18 7.40
Ser4 TCN —0.055 NS T
Phe TTY -0.063 NS H 1239 330 2828  3.25 2714 454
Arg6 CGN+AGR —0.122 ** -2.29
Ser6 TCN+AGY -0.277 ** —4.14 These results merge as the well known general pattern of
Leu6 CTN+TTR _0.426 ** ~10.71 overrepresentation of RNY codons, whose count exceeds those
RNY +0.556 ** +27.72 of RNR, YNR and YNY codonsyj. Actually, the overrepresenta-
RNR —0.044 NS tion of RNY codons strongly correlates to increases in CAl, while
0' " 5 the frequencies of RNR, YNR and YNY are negatively correlated
YNR —0.494 -1r.61 to CAI (bottom of Tabldl).
YNY —0.156 ** —4.69

R=AOIG Y=CoOrTH=A CorTnotG:N=A C. GorT. Base composition bias by codon site

*Statistical significance P<0.05, ** idem P <0.001, NS = non-significant. ~ \We have shown that variation in base frequencies occurs to
different extent at each codon site. A second point concerns the
The nuclectide frequency changes accompanying increasidgparture from base equifrequency at each codon site. The
CAl are shown in Table2 as correlation and regression measurement of this departure is particularly suitable . todi
coefficients; these have been computed in scatter diagragenome, whose overall base composition is fairly equifrequent
obtained by plotting the base frequency at each codon site agasrsti no marked regional compositional variation exits.
CAl value. To give an idea of the heterogeneity of base To disclose the relationship between the degree of base usage
frequencies, the genes pertaining to the top and bottom 10% of thas at each codon position and the variation in CAl value, we
CAl distribution were extracted, and the average base frequendies/e computed for each codon position in every gene an index,
at each codon site were computed in these two extreme clasiés= a, c, g, t) previously described.(Thefi index is defined
(Table3). as the frequency of thédnase divided by the expected frequency
At the first codon position, the most conspicuous changéall bases are equifrequent (i.e. the relative frequency ofi base
consists in the increasing frequency of base G while baseriultiplied by 4). By definition, the meanfat fc, fg andft equals
decreases. At the second codon position, base A increases whiléy. The standard deviatiogigma-j of thefi may be a good
bases G and T decrease and base C shows no variation. Atrtteasurement of the degree of base utilization bias, being larger
third codon position, a strong increase in the frequency of baserCheavily biased codon positions than in less-biased ones. As an
is observed at the expense of a decrease in bases A, G, and &xample, let us consider the gene ECOAAS (GenBank accession
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L14681), where A-, C-, G- and T- starting codons appear 17®8)e complementarity of G-periodical mMRNA to the C periodical
193, 246 and 107 times. Thiesjs 173/[(173+193+246+107)/4] sites in theE.coli 16S rRNA sequencell,12). Our results
= 0.96,fc =1.07,fg =1.37 andt = 0.60; the standard deviation substantiate that the G-periodicity of mMRNA sequences and thus
(sigma-j of fa, fc, fg andft is 0.27. their stickiness to the ribosoniel(see alsd 3 for review) might

We have computed the correlation coefficient betwagna-f  influence the rate of translation. In this framework, sequences
and CAIl value. Interestingly, only the first codon positionwith a stronger GNN periodical pattern should bind better to the
compositional bias is positively correlated to CAl (r = 0.442framing sites, thus favouring processivity and avoidance of
P <0.001), while compositional biases at second and third codmading frame errors.
positions do not (r=—0.0003, P =0.992; and r =—-0.002, P = 0.929In connection with the above hypothesis, we note the variation
respectively). To illustrate these results, the average value infamino acid composition observed in proteins encoded in the
sigma-fat each codon site has been computed in the gereacteriophage lambda genome related to their expressidity (
pertaining to the four quartiles of the CAI distribution (TaBle Although not statistically significant, the frequency of amino
It can be seen that only at first codon position is there a cleacids with G-starting codons is higher (36.8%) in the heavily
increasing trend in compositional bias, while no variation igxpressed proteins encoded by the late operon (head and tail
observed at second and third codon positions. Thus, with regayhthesis and assembly), than in the less expressed proteins
to nucleotide composition the main changes which accompangrresponding either to the left operon (regulation and recom-
increasing gene expression level do occur at first codon positiobdnation) or to the right early operon (regulation and replication),

where the frequencies of G-starting codons are 30.6 and 33.2%,

Table 4. Sigma-faverages and standard deviations (SD) in the four quartiles respeCtlvely' On the other hand, the differences bet\.Neen the three
of the CAIl distribution major lambda operons are smaller when the C-starting codons are
considered (late operon 22.1%, left operon 18.8% and right early
operon 21.6%). This observation might be valuable to separate
the variation in amino acid composition from tRNA availability,

Codon Position

First Second Third . -
Mean  SD Mean  SD Mean  SD given the poor correlation between lambda codon usage and host
tRNA abundancel). Indeed, the codon usage of lambda head
Q1 02r 008 02 010 025 011 and tail genes resembles that of weakly expressed host @nes (
Q2 0.31 0.08 0.25 0.09 0.25 0.09 and has been considered an example of how high expression
03 033 0.08 0.25 0.08 0.26 0.09 levels can be achieved for genes with a relatively high content of
rare codonsi(3).
Q4 038 009 026 007 025 008 As a concluding remark, we would like to note that if the
hypothesis is true, this would be an interesting example of how
The CAl cutpoints were 0.295, 0.354 and 0.428. a selective force acting on a mechanical process (translational
framing) might promote neutral amino acid substitutions with
DISCUSSION regard to protein function. Thus, amino acid replacements which

are neutral for protein function might be advantageous with

Lobry and Gautier discusse) that proteins encoded by genes with"©92rd to protein synthesis mechanics.

high CAI values are enriched in amino acids carried by the most

abundant major tRNA; this implies that the forces shaping cCOdGXCKNOWLEDGEMENTS

usage can also influence protein sequences, i.e. the best codon for

one amino acid may not be as good as that for an&)her ( Helpful comments by Josep Casadesus, Luis M. Corrochano,
However, some discrepancies were noted regarding the patt&figancisco Gonzalez and José L. Oliver are acknowledged.
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