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Abstract The purine-loading index (PLI) is the difference
between the numbers of purines (A + G) and pyrimidines
(T + C) per kilobase of single-stranded nucleic acid. By
purine-loading their mRNAs organisms may minimize
unnecessary RNA-RNA interactions and prevent
inadvertent formation of “self”” double-stranded RNA.
Since RNA-RNA interactions have a strong entropy-
driven component, this need to minimize should increase
as temperature increases. Consistent with this, we report
for 550 prokaryotic species that optimum growth tem-
perature is related to the average PLI of open reading
frames. With increasing temperature prokaryotes tend
to acquire base A and lose base C, while keeping bases T
and G relatively constant. Accordingly, while the PLI
increases, the (G+C)% decreases. The previously ob-
served positive correlation between (G + C)% and opti-
mum growth temperature, which applies to RNA species
whose structure is of major importance for their func-
tion (ribosomal and transfer RNAs) does not apply to
mRNAs, and hence is unlikely to apply generally to
genomic DNA.
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Abbreviations CUTG Codon usage tables from
GenBank - AS Chargaff difference for the S bases
(“GC skew”) - AW Chargaff difference for the W bases
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Introduction

In most species mRNAs are purine-loaded in regions
with the potential to form loops in stem-loop secondary
structures (Szybalski et al. 1966; Smithies et al. 1981;
Bell and Forsdyke 1999a, b). Like GC-pressure and fold
(stem-loop) pressure, the pressure to purine-load (AG-
pressure) can affect the amino acid composition of
proteins (Forsdyke and Mortimer 2000). Whereas
selective forces promoting the development of GC and
fold pressures are likely to operate primarily at the
genomic level (Grantham 1980; Bernardi and Bernardi
1986; Forsdyke 1996, 1998, 1999; Barrette et al. 2001;
Knight et al. 2001), it is proposed that selective forces
for the development of AG-pressure operate primarily at
the non-genomic level. A general purine-loading of
loops in mRNA secondary structures would militate
against unwanted mRNA-mRNA interactions (Bell and
Forsdyke 1999b) and the formation of segments of
“self”” double-stranded RNA of a length sufficient to
trigger intracellular alarms. Pressure to purine-load
provides a possible explanation for apparently non-
functional low complexity (simple sequence) elements in
proteins of the malaria agent Plasmodium falciparum
(Pizzi and Frontali 2001; Forsdyke 2002b; Xue and
Forsdyke 2003), and of viruses (Cristillo et al. 2001).
Being largely entropy-driven (Lauffer 1975; Cantor
and Schimmel 1980), RNA-RNA interactions should
increase with temperature. Thus, the need to prevent
unwanted interactions might be greater in organisms
that normally grow at high temperatures, or are peri-
odically exposed to such temperatures. Consistent with
this, in a previous study of a small number of prokary-
otes for which extensive genomic sequences were avail-
able, purine-loading was found to be greatly increased in
thermophiles to an extent sufficient to influence amino
acid composition (Lao and Forsdyke 2000). This was
confirmed in a recent study with 25 completely
sequenced genomes (Lobry and Chessel 2003). We have
now extended our study to a much larger number of
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prokaryotic species for which sequence information, al-
beit often limited, is available. We have also examined
the responsiveness of bases in different codon positions
to AG-pressure and the relationship of AG-pressure to
GC-pressure. Our results have implications for under-
standing how nucleic acids maintain active configura-
tions at high temperatures, and how forces other than
those of conventional Darwinian natural selection
can influence protein evolution (Forsdyke 2001a, b,
2002a, b; Hurst and Merchant 2001).

Materials and methods

Optimum growth temperatures

A table of optimum growth temperatures was obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig). Direct examination of the primary literature sup-
ported the accuracy of the temperatures in 20 randomly selected
cases, so the general accuracy of the table was assumed.

Sequences

Sequences from the September 2000 release of GenBank have been
used to generate “Codon Usage Tables from GenBank” (CUTG;
Nakamura et al. 2000). Programs for Microsoft Excel were written
in Microsoft Visual Basic for Applications to calculate open
reading frame (ORF) base compositions from the CUTG data. We
excluded organisms for which there had not been available
sequences of at least four ORFs and 2,500 bases. The CUTG
database had not been screened for redundancies; thus, while the
sequence of Escherichia coli K12 contributed approximately
4,300 ORFs, under this heading there are 14,780 ORFs in the
database, implying at least three independent genome equivalents
had been used to derived the 64 codon usage values for the species.
While this might have introduced some bias, each of the prokary-
otic species studied is represented by only one data point in our
plots. Thus E. coli with 14,780 ORFs has the same representation
as a genome for which there are only four ORFs in GenBank.
There are reasons why certain species are chosen for sequencing
and why certain ORFs are sequenced first, and these may not be
representative of the corresponding genome. Furthermore, some
species are closely related phylogenetically, whereas others are
more distantly related. However, the large number of species
studied makes it likely that biases would cancel out to permit a fair
general picture. Indeed, a recent comparison of datasets from
completely sequenced and partially sequenced bacterial genomes
gave similar results (Lobry and Chessel 2003).

Chargaff difference analysis

Violating Chargaff’s second parity rule (Forsdyke and Mortimer
2000; Forsdyke 2002a), Chargaff differences (AW, AS) are the dif-
ferences between the numbers of the classical Watson—Crick pair-
ing bases in a single-stranded nucleic acid segment (““AT-skew”,
“GC-skew”). The sign of the differences depends on the direction
of subtraction, which in some previous work was determined
alphabetically, but in the present work is determined by subtracting
the number of pyrimidines (Y) from the number of purines (R).
Thus, purine excesses (R>Y) score positively and pyrimidine
excesses (R <Y) score negatively.

Chargaff differences may be calculated as A-T, and as G-C,
where A, T, G, and C can be the frequency of each base in 1-kb
sequence windows. This approach makes no assumption about the
disposition of ORFs, and can be applied to uncharted DNA. When

an unknown ORF is located, values for windows whose centers
overlap the ORF can be averaged to obtain an approximate value
for that ORF. For the importance of 1-kb window sizes and other
details see Bell and Forsdyke (1999a).

If the ORFs in a sequence are known, AW and AS in bases/kb
may be calculated either directly from ORF base compositions, or,
indirectly, from codon-usage tables. Then AW =1000[(A-T)/N],
and AS =1000[(G—C)/N], where N is the total number of bases in
an ORF. These two values can be summed to obtain a value for the
purine-loading index (i.e., AW +AS=PLI). This approach disre-
gards non-coding DNA. To distinguish bases in different codon
positions, base letters are followed by codon positions. For
example, whereas T refers to the quantity of bases in all three
codon positions, T1, T2, and T3 refer to the quantities of T in first,
second, and third codon positions, respectively. Accordingly, the
contribution of first codon positions to the W-base component of
the Chargaff difference, AW1, would be 1000[(A1-T1)/N1].

It should be noted that (G + C)% (a measure of “GC-pressure”)
is assessed as the sum of G+C in a sequence, whereas Chargaff
differences (a measure of “purine-loading pressure” or “AG-pres-
sure’’) are assessed as the excess of the R bases over the Y bases.
Although it might be preferable to assess GC-pressure and
AG-pressure in the same way (bases/kb), we here retain the clas-
sical measure of GC-pressure (G+C)% (i.e., bases/0.1 kb).

Statistics

First-order linear regression analyses were performed with the
assumption that data points were normally distributed. The prob-
ability that the slopes of two regression lines were not significantly
different from each other was calculated using an interaction
model with dummy qualitative variables as described previously
(Forsdyke 1998).

Results
Optimum growth temperature, (G+ C)%, and PLI

We found 550 prokaryotic species for which optimum
growth temperatures were known and for which there
were at least four ORFs and 2,500 bases in GenBank.
The average number of ORFs was 144 + 34. Ninety-two
species had less than six ORFs, and 190 species had less
than ten ORFs. Optimum growth temperatures ranged
from 17 °C (Renibacterium salmoninarum) to 105 °C
(Pyrodictium occultum). Of the 550 species, 494 had
temperature optima below 60 °C, and 56 had tempera-
ture optima of 60 °C and higher.

Although the wide scatter of data points indicates
other variables affecting base composition, linear
regression plots show that the optimum growth tem-
perature of prokaryotes is inversely related to ORF
(G+C) percentages (Fig. 1a), and directly related to
ORF PLIs (Fig. 1b). In both cases, the greatest response
to growth temperature occurs much below 60 °C,
whereas there is no significant further response over the
higher temperature range (i.e., over the higher temper-
ature range P values for local slopes were 0.26 and 0.23
for Fig. la and b, respectively). The average (G + C)%
for prokaryotes with optima below 60 °C (52.0£0.6)
was greater (P=0.002; unpaired ¢-test) than that for
prokaryotes with optima of 60°C and higher
(46.6 = 1.2). The average PLI for prokaryotes for optima
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Fig. 1a, b Variation of a ORF G+ C and b ORF PLI with the
temperature required for optimal growth. The least squares
regression lines for the 550 prokaryotic species studied extend to
the y-axis. Y, Value for intercept at the y-axis, S/ slope with
associated probability (P) that the slope is not significantly different
from zero, r* adjusted square of the correlation coefficient (i.e., the
coefficient of determination). Regression lines for the 494 species
with temperature optima <60 °C, and for the 56 species with
temperature optima of 60 °C and greater, are shown as short lines
which do not extend to the y-axis. Data from this figure are
included in Table 1

below 60 °C (44.4+2.5) was less (P<0.00001) than
that for prokaryotes with optima of 60 °C and higher
(116.3+£6.0). Thus, effects of growth temperature tend
to plateau between 37 °C and 60 °C.

The data of Fig. 1 are for bases in all codon posi-
tions. Table 1 shows that for some codon positions there
is a tendency for progressive effects of growth temper-
ature at temperatures above 60 °C. The third codon
position is most responsive to temperature in the case of
(G+ )% (i.e., for the entire temperature range the slope
value of —0.31 for third codon positions is significantly
different from the values of —0.15 and —0.12 for first and
second codon positions; P=0.024 and 0.007, respec-
tively). In contrast to the trend at lower temperatures, in
the temperature range above 60 °C the third codon
position (G+C)% shows a slight increase (a positive
slope value of 0.32), which is of marginal significance
(P=0.087).
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On the other hand, the first and third codon positions
are most responsive in the case of the PLIs. For the
entire temperature range, the slope values of 2.20 and
2.45, respectively, while not significantly different from
each other (P=0.43), are both significantly different
from the value for second codon positions (0.84;
P <0.0001). For the temperature range above 60 °C the
first position PLI tends to continue the positive rela-
tionship with growth temperature observed at lower
temperatures (slope 1.23; P=0.088).

The PLI has contributions from the W bases
(AW=A-T) and from the S bases (AS=G-C). These
contribute approximately equally to the increase of PLI
with optimum growth temperature. Thus, over the entire
range of optimum growth temperatures AW and AS
values increase with temperature (slopes of 0.88 and
0.95, respectively, which are not significantly different
from each other; P=0.59; data not shown).

As expected from the above, Fig. 2 shows that
(G+C)% and PLI are inversely related. Adjusted coef-
ficients of determination indicate that 59% of the vari-
ation in (G + C)% relates to the increase in the PLI in
the case of species with temperature optima below 60 °C
(open circles), and 50% of the variation in (G+C)%
relates to the increase in the PLI in the case of species
with temperature optima of 60 °C and higher (filled
circles).

Contributions of individual bases to AW and AS

Individual bases contributed in different ways to the
observed changes in AW and AS in response to increased
optimum growth temperature. Figure 3 shows that the
increase in AW is derived mainly by an increase in ORF
content of A, while T remains relatively constant. On the
other hand, the increase in AS is derived mainly from a
decrease in C, while G remains relatively constant. In
essence, as temperature increases, A is traded for C.

In each of Fig. 3a and Fig. 3b, the regression lines
begin to diverge at low growth temperatures. Thus, at
the first codon position, purines are in excess even at low
temperatures, and this difference further increases as
optimum temperature increases. Accordingly, a distinc-
tion can be made between a base-line contribution to
purine-loading, and a response to a further pressure to
purine-load, in the present case arising from an increase
in growth temperature. Figure 4 shows that, while
A-for-C trading is true for all codon positions, the major
contribution to AW and AS is in the first codon position.
However, the major response to increasing optimum
growth temperature is in the third codon position
(greatest positive slope for A and greatest negative slope
for C).

The difference between the slopes for each pair of
Chargaff bases is highly significant in the case of first
codon positions (Fig. 4a, d; P<0.0001) and second co-
don position S bases (Fig. 4e; P<0.0001). The differ-
ence is significant in the case of third codon positions,
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Table 1 Parameters of linear regression plots for relationship of (G+C)% and PLI to optimum growth temperature

Codon positions Temperature range

(G+C)% versus temperature

PLI versus temperature

<60 °C 60 °C+ 17-105 °C <60 °C 60 °C+ 17-105 °C
Al Yo 82.5 38.6 58.5 -96.1 75 -15.4
Slope -0.95 0.10 -0.19 4.37 0.54 1.83
PP <0.0001 0.26 <0.0001 <0.0001 0.23 <0.0001
r 0.152 0.006 0.052 0.160 0.009 0.211
First Yo 78.4 51.3 62.3 67.9 242.8 183.7
Slope -0.65 0.02 -0.15 5.86 1.23 2.20
P <0.0001 0.731 <0.0001 <0.0001 0.088 <0.0001
r 0.149 <0.001 0.063 0.162 0.035 0.174
Second Yo 55.0 39.5 45.6 -154.2 224 —66.3
Slope —-0.42 -0.03 -0.12 3.61 —-0.44 0.84
p <0.0001 0.437 <0.0001 <0.0001 0.400 <0.0001
r 0.131 <0.001 0.095 0.086 <0.0001 0.039
Third Yo 114.2 25.2 67.7 -202.0 —40.2 -163.7
Slope -1.77 0.32 -0.31 3.64 0.84 2.45
p <0.0001 0.087 <0.0001 <0.0001 0.246 <0.0001
P 0.144 0.036 0.036 0.048 0.007 0.166

“Data correspond to Fig. 1

"Probability that the slope is not significantly from zero. For probabilities that slopes are significantly different from each other, please

see text
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Fig. 2 Relationship between (G + C)% and PLI for ORF DNA for
494 prokaryotic species with temperature optima <60 °C (open
circles; regression line continuous), and for the 56 species with
temperature optima of 60 °C and greater (closed circles; regression
line dashed). Single base letters in bold at the corners indicate
quadrants enriched for particular bases [for example, at high values
of (G+ C)% and low values of PLI, there is enrichment for C]. The
slopes of the regression lines are not significantly different
(P=0.30)

but here purines do not exceed pyrimidines until 63 °C
(W bases; Fig. 4c) and 71 °C (S bases; Fig. 4f). There is
no significant increase in second codon position AW
with growth temperature (Fig. 4b), although purines are
generally in excess of pyrimidines. There is symmetry in
positive and negative slope values for the non-Watson—
Crick base pairs (A and C; T and G), which is particu-
larly apparent in third codon positions (for example, A3,
2.16; C3, =2.14; T3, 0.91; G3, —0.93).

In Table 2 average values for base densities for the
494 species with growth optima less than 60 °C are

compared with the corresponding average values for the
56 species with growth optima of 60 °C and higher. First
and third codon positions show major gains in A and
declines in C, but small changes in G and T, which are
not statistically significant. For second codon positions
the most significant changes are in the pyrimidines. A
significant increase in the purine A is countermanded by
a decrease in the purine G.

Discussion

Purine-loading index is positively related to growth
temperature

The previously reported positive correlation of purine-
loading with optimum growth temperature (Lao and
Forsdyke 2000) is here confirmed for a much larger
sample of prokaryotes (Fig. 1b). Data from eukaryotes
are limited. Our preliminary studies show that the heat-
tolerant marine worm Alvinella pompejana (Sicot et al.
2000) has much more purine-loading of its mRNA than
comparable mesophilic worms. Among 51 chloroplast
genomes, species at the upper extreme of the distribution
of PLI values include the thermophiles Astasia longa
(PLI=126 bases/kb for 37 sequenced ORFs) and Gale-
ria sulphuria (PLI 124 bases/kb for 9 sequenced ORFs).
However, while the generalization that thermophiles
usually have purine-loaded mRNAs is supported, the
converse does not apply. High purine-loading is found in
some mesophilic species (Fig. 1b).

While not excluding other causes of high purine-
loading, such as low GC-pressure (see below) or an
inability to escape usage of purine-rich codons (“‘protein
pressure’), it is possible that purine-loading in non-
homeothermic organisms reflects intermittent exposure
to high temperatures. This might apply to organisms
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living in the surface layers of tropical soil (for example,
the 24 clostridial species in GenBank represented by at
least four ORFs and 2,500 bases have an average PLI of
144 bases/kb).

It should also be noted that pyrexia, an elevation in
temperature that constitutes part of the adaptive re-
sponse to pathogens (Forsdyke 1995), is achieved by
behavioral adaptation in organisms not able to regu-
late body temperature physiologically (for example,
they migrate to full sunlight). If one of the hosts of a
pathogen were non-homeothermic and could elevated
its temperature to high levels behaviorally, then that
pathogen might have purine-loaded mRNAs, many of
which might also be expressed in an alternative
homeothermic host. In this light we can interpret high
purine-loading in genera such as Borrelia, the agent of
tick-borne infections (eight species in GenBank have
an average PLI of 140 bases/kb), and in Plasmodium
falciparum (Pizzi and Frontali 2001; Forsdyke 2002b;
Xue and Forsdyke 2003). In a preliminary study of
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viruses of the genus Flavivirus we find non-vector-
borne viruses to have less purine-loading than vector-
borne viruses, but to show little difference in (G + C)%
(cf. Jenkins et al. 2001).

(G+C)% is negatively related to growth temperature

Since TRNAs and tRNAs function by virtue of their
structures rather than by virtue of encoding information
for a protein, and since the maintenance of those
structures should be required for function at high tem-
peratures, it is not surprising that the (G + C)% contents
of these RNA species increase with optimum growth
temperature (Dalgaard and Garrett 1993; Forterre and
Elie 1993; Galtier and Lobry 1997). However, mRNAs
might not be so constrained. Their structures, which can
appear just as elaborate as those of rRNAs, probably
reflect pressures that operate at the genomic level on
both genic and non-genic DNA (for example, to assist
recombination; Forsdyke and Mortimer 2000; Barrette
et al. 2001; Forsdyke 2001a).

Our observation that ORF (G + C)% is decreased in
prokaryotes with high optimum growth temperatures
suggests that such genomic operations, even while
requiring secondary structure, can occur at high tem-
peratures without the need for a (G + C)% increase. This
is in agreement with Hurst and Merchant (2001), who
conclude that “within prokaryotes GC content in pro-
tein-coding genes, even at relatively freely evolving sites,
cannot be considered an adaptation to the thermal
environment.” Similarly, Ream et al. (2003) note for a
variety of vertebrate species no change in the (G+ C)%
of specific genes as a function of average species tem-
perature over the range —1.86 °C (fish) to 45 °C (desert
reptile). Adaptations to facilitate genomic operations in
thermophiles would include high intracellular concen-
trations of K and other cations, relaxation of super-
coiling, and association with polyamines and specialized
DNA-binding proteins (Forterre and Elie 1993; Stetter
1999; Bernardi 2000; Forsdyke and Mortimer 2000;
Grove and Lim 2001).

Although we assessed the (G + C)% content only of
ORFs, these comprise such a large part of prokaryotic
genomes that our data are likely to reflect total genomic
(G+C)%. However, in contrast to our results (Fig. 1a),
values for (G+ C)% derived from buoyant density cen-
trifugation and thermal denaturation profiles demon-
strate no correlation between the genomic G + C content
and optimal growth temperature in prokaryotes
(Forterre and Elie 1993; Galtier and Lobry 1997). The
latter authors have interpreted their data as supporting a
neutralist (non-selectionist) view of the cause of varia-
tions in genome base composition at “freely evolving
sites” (Hurst and Merchant 2001), and as opposing our
proposal that the ubiquitous occurrence of stem-loop
potential in genomes is of adaptive value. Both these
interpretations are disputed (Forsdyke and Mortimer
2000; Forsdyke 2002b).
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Table 2 Average ORF base densities (in bases/kb) at low or high
growth temperatures

Base and codon Optimum growth Difference P

position temperature (°C)
< 60" 60+°

Al 265.7+£2.6 304.3+6.0 38.6 <0.00001
Cl 210.8+2.5 166.6+5.8 —44.2 <0.00001
Gl 362.5+1.9 363.9+4.8 1.4 0.802
Tl 161.1£1.5 165.1+45 4.0 0.400
A2 304.4+2.3 325.1+£4.5 20.7 0.004
C2 237.8+£1.6 203.7+3.2 -34.1 <0.00001
G2 176.6+1.3 169.3+2.5 -7.3 0.073
T2 281.2+1.2 301.9+2.8 20.7 <0.00001
A3 194.7£5.5 260.9+14.0 66.2 0.00013
C3 309.5+6.6 244.0+£14.8 -65.5 0.00127
G3 262.8+4.5 250.9+10.6-11.9 0.390
T3 233.0+5.5 244.1+11.7 11.1 0.510

1494 prokaryotic species
®56 prokaryotic species
“Unpaired 7-test

(G+ )% is negatively related to PLI
The general nature of the inverse relationship between

PLI and (G + C)% noted previously in prokaryotes (Lao
and Forsdyke 2000) and eukaryotes (Saccone et al. 2000;

Cristillo et al. 2001) is confirmed in the present work
(Fig. 2). Individual codons of a particular amino acid
can be differentially affected by the two pressures. Thus,
the frequency of arginine codon CGC increases pro-
gressively with increasing (G + C)%, but the frequency
of arginine codon GCA remains constant, indicating
that here the pressure for A to decrease balances the
pressure for G and C to increase (Knight et al. 2001).
The latter authors conclude that “codon and amino-acid
usage is consistent with forces acting on nucleotides
rather than on codons or amino acids’ (our italics; see
Grantham 1980).

Under what circumstances AG-pressure would re-
spond to GC-pressure, or vice versa, remains to be
determined. By the mechanism we have proposed, an
evolutionary chain of causation would be: (1) elevation
of temperature, (2) increased purine-loading, and (3)
decrease of (G+C)%. The latter decrease would be
secondary to the primary adaptation of purine-loading,
and hence would be an indirect adaptation to a thermal
environment.

It should be noted that increased AG-pressure per
se does not imply a decrease in (G+C)%. Trading As
for Ts would purine-load without affecting (G + C)%.
Trading Gs for Ts would increase the (G+C)%. The
decrease implies a preference for trading As for Cs,
perhaps because this would minimize the amino acid
miscoding penalty. Codon flexibility in this respect is
most in third codon positions and least in second
codon positions. According to the RNY rule for
average codon composition (Figen and Schuster 1978;
Shepherd 1981), the first codon position is already



R-rich in species with low optimum growth tempera-
tures, so that, while adept at receiving more A (slope
value of 1.26; Fig. 4a), it is not as adept at receiving
more A as is the third codon position, which is Y-rich
in species with low optimum growth temperatures.
Thus, A3 responds dramatically to increased optimum
growth temperature and has a slope value of 2.16
(Fig. 4c). Being Y-rich, the third codon position is also
particularly adept at donating C. Thus, C3 has a slope
value of —-2.14 (Fig. 4f).

The tendency to decrease C in thermophiles would
mean there would be less C at risk of deamination at
high temperatures. However, A-for-C trading is also
observed in plots of base composition against (G + C)%
for the 1,046 prokaryotic species and 161 bacteriophage
species that fulfill our selection criteria (at least four
ORFs and 2,500 bases in GenBank). For many of these,
optimum growth temperatures are not available; how-
ever, as (G+C)% increases, A decreases and C in-
creases, apparently irrespective of the optimum growth
temperature (Mortimer and Forsdyke 2003).

Nucleic acid constraints on phenotype

Since second codon positions are of major importance in
determining the encoded amino acid, the trading of C2
predicts, for example, that serines (with codons UCN)
will be replaced in thermophiles by other amino acids, or
will be encoded by purine-loaded codons for serine
(AGY). Thus, because the amino acid composition of
thermophile proteins is different from that of mesophile
proteins, it should not be concluded that such changes
are necessarily adaptive with respect to protein function
at high temperatures (Lao and Forsdyke 2000; Lobry
and Chessel 2003). Since decreased (G + C)% correlates
with an increase in hydrophilic, charged, amino acid
residues (D’Onofrio et al. 1999), and since (G+C)%
and PLI are reciprocally related (Fig. 2), then thermo-
philes, by virtue of their high purine-loading, should
have proteins rich in charged residues (Lys, Arg, Glu).
These might indeed aid protein stability and militate
against protein aggregation (Jaenicke and Bohm 1998;
Cambillau and Claverie 2000), but it should be noted
that the corresponding codons are often purine-rich.

Like GC-pressure (Knight et al. 2001), AG-pressure
has the potential to influence the amino acid content of
proteins, and hence protein-dependent aspects of the
phenotype. AG-pressure appears to affect preferentially
nucleic acid segments encoding low-complexity regions
of proteins, possibly surface-located (Fukuchi and
Nishikawa 2001). It is proposed that sometimes such
regions exist, not because of a function required at the
protein level, but to permit purine-loading of the cor-
responding nucleic acid without compromising protein
functional domains. Thus, proteins may be larger than
needed for their function (Cristillo et al. 2001; Pizzi and
Frontali 2001; Forsdyke 2002b; Xue and Forsdyke
2003).
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