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Deviations from Chargaff’s Second Parity Rule Correlate with Direction

of Transcription
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The distribution of deviations from Chargaff’s second parity rule was examined for
overlapping sequence windows of a length (1 kb) predicted to be suitable for detecting
correlations with functional features of DNA. For long genomic segments from E. coli,
Saccharomyces cerevisiae, and Vaccinia virus, Chargaff differences for the W bases and/or
for the S bases correlate with transcription direction and gene location. For W-rich genomes,
the mRNA-synonymous strand contains regions which, if extruded from negatively
supercoiled DNA, would fold to generate stem—loop structures with A-rich loops. Similarly,
for S-rich genomes the loops would be G-rich. We suggest that the disposition of genes in
nucleic acid sequences arises from their having to adapt to a preexisting mosaic of genomic
regions, each distinguished by its potential to extrude single-strand loops enriched for a
particular base (or two non-Watson—Crick pairing bases). The mosaic would have facilitated
the intrastrand and interstrand accounting required for correction of mutations, and would
have evolved in the early RNA world before the emergence of protein-encoding capacity. The
preexisting mosaic would have determined transcription direction since there is pressure for
all mRNAs of a cell to have purine-rich loops, thus decreasing loop—loop interactions which

might lead to formation of “‘self”” sense—antisense RNA duplexes.

1. Introduction

Transcribed duplex DNA has an mRNA-syn-
onymous strand and a template strand. If
transcription is to the right the top strand is the
mRNA-synonymous strand. If transcription is to
the left the top strand is the template strand.
Three decades ago Szybalski et al. (1966) showed
that mRNA-synonymous strands have purine-
rich clusters, and Chargaff’s famous first parity
rule for duplex DNA (%A =%T and
%C = %G), was found to apply, to a close
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approximation, also to single-stranded DNA
(““Chargaff’ second parity rule”; Karkas et al.,
1968; Rudner ez al., 1968). Combining Sybalski’s
observation with Chargaff’s second parity rule, it
follows for mRNA-synonymous strands, either
that purines in the clusters are balanced by an
equal number of dispersed pyrimidines, or that
there might be small deviations from the second
rule (“Chargaff differences”) in favour of
purines. That such deviations are present, and
can act as indicators of transcription direction, is
suggested by the above bacterial data from the
Chargaff laboratory, by a study of various
mammalian genes and viruses by Smithies et al.
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F1G. 1. Variation of Chargaff differences along five 20 kb segments of the first 100 kb of the E. coli sequence ECO110K:
(a) 0-20 kb; (b) 20-40 kb; (c) 40-60 kb; (d) 60-80 kb; (e) 80-100 kb). A 1 kb sequence window was moved in steps of 25 nt
and base compositions were determined in each window. Chargaff differences were calculated as described (Bell & Forsdyke,
1998). Data points are located at the centre of each window. Grey circles refer to differences for the W bases, and black
squares refer to differences for the S bases. The locations of open reading frames (hypothetical and proven) as determined
by Yura et al. (1992), are shown as open grey boxes (white boxes are open reading frames with less clearly defined limits).
Vertical dotted lines correspond to the limits of open reading frames. Horizontal arrows indicate transcription directions

assigned to each ORF.

(1981), and by studies in other organisms
(Forsdyke & Bell, 1997; Dang et al., 1998;
Cristillo et al., 1998; Bell et al., 1998).
Smithies er al. (1981) noted that the “top”,
mRNA-synonymous, strand of rightward-tran-
scribing globin genes has negative Chargaff
differences, when assessed as C-G (i.e. G > C).
In the circular SV40 virus genome they noted
that negative Chargaff differences in the top

strand (i.e. G > C) correlate with the rightward-
transcribing late genes (in which the bottom
strand is the template strand), and positive
Chargaft differences in the top strand (i.e.
C > G) correlate with the leftward-transcribing
early genes (in which the top strand is the
template strand). Thus, as shown for lamb-
daphage in the prescient Fig. 4 of Szybalski et al.
(1966), for the “top” strand of DNA, leftward
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transcription is indicated by pyrimidine excess,
and rightward transcription is indicated by
purine excess.

In the preceding paper we report the sizes of
windows in certain long DNA sequences at
which average Chargaff differences of the natural
sequences differed maximally from those of their
shuffled counterparts (Bell & Forsdyke, 1999).
At these window sizes evolutionary forces
affecting base order (e.g. generating protein-en-
coding potential) should be readily detected. We
here report the disposition of Chargaff differ-
ences in the same sequences, and show that
correlations with known sequence features (open
reading frames; ORFs) are demonstrated opti-
mally when using window sizes near the
predicted optimum. We characterize short-range
accounting units, which together with the
long-range accounting proposed in the preceding
paper, would act to minimize Chargaff differ-
ences in long genomic segments.

2. In E. coli Rightward-transcribing Genes have
G-rich Loop Potential

We postulate that genomes are composed of
accounting subdomains, which summate to
maintain a low overall Chargaff difference (Bell
& Forsdyke, 1999). If a sequence window
matches an accounting subdomain (i.e. the
centre of the window is near the centre of the
domain), then absolute values of the Chargaff
differences should be minimal. Figure 1 shows
Chargaft differences for the first 100 kb of
GenBank segment ECO110K. A 1kb window
was moved along the sequence in steps of 25 nt,
and Chargaff differences were calculated either
as (A-T)/W and (C-G)/S (upper figure in each
20 kb section), or as (T-A)/W and (C-G)/S
(lower figure in each 20 kb section). In both
upper and lower parts of each section of Fig. 1
an excess of Cs over Gs scores positive. In the
upper parts an excess of As scores positive. In the
lower parts an excess of Ts scores positive [i.e.
for both W and S bases an excess of pyridimines
(Y) scores positive, and an excess of purines (R)
scores negative]. ORFs are shown as boxes. Thus
transcription would usually begin close to the left
of a box corresponding to a rightward-transcrib-
ing gene or operon.

There are regions where W and S Chargaff
differences have a common value, which is often
close to zero, and regions where the differences
have separate values, which often deviate far
from zero. The common values are most easily
discerned where the curves for the W and S bases
cross, and these cross-over regions are sometimes
seen better in the upper figure, and sometimes
better in the lower figure. The distances between
these cross-over regions are variable indicating
that, if the regions are located near to the centre
of accounting subdomains, then the subdomains
are not of uniform size. The postulated centres
usually lie in the flanking regions of genes. Thus,
in the first 20 kb segment [Fig. 1(a), lower], the
limits of the leftward-transcribing tetracyclin-re-
sistance gene (fet) are fairly well approximated.

Chargaff differences for the W and S bases
often show some ‘“‘synergy”’, approaching max-
ima near the centres of genes (which would thus
correspond to the borders of the putative
accounting subdomains). In Fig. 1(a) this is
particularly evident for the rightward-transcrib-
ing ant gene. Thus regions corresponding to
genes often appear as curves. Sometimes the
curves for the W and S bases project on opposite
sides of the zero baseline, and sometimes on the
same sides. The accounting subdomains defined
at the “micro” level in Fig. 1 might summate to
contribute to long range ‘“‘macro” accounting
domains postulated in the previous paper (Bell &
Forsdyke, 1999).

Following the series of curves from Fig. 1(a)
to Fig. 1(e), it is evident that Chargaff differences
for S bases correlate with the direction of
transcription. Cs are generally in excess (C > G)
when transcription is to the left, and Gs are
generally in excess (G > C) when transcription is
to the right. The data are summarized in Table 1.
For the S bases only seven of the 29 ORFs
transcribed to the left have negative Chargaff
differences (i.e. G > C). For the majority (22) of
the 29 ORFs C > G (P < 0.01). In the case of the
W bases, for 23 of the ORFs transcribed to the
left T > A; the probability that the average
Chargaff difference (involving subtraction of T
from A) is less than zero is not significant by
Student’s ¢-test (P > 0.10), but is significant by
the Wilcoxan signed ranks test (P = 0.013). For
all 40 ORFs transcribed to the right G > C
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F1G. 2. In E. coli the direction of transcription correlates with the relative C- or G-richness of potential loops in the “top”
strand. Duplex DNA (long parallel left- and right-pointing arrows representing the upper and lower strands and their
5= > 3’ polarities) is transcribed by RNA polymerases (@), which may utilize as template either upper or lower strands
(small arrows indicating direction of transcription), and will transcribe mRNA with the potential for G-rich loops only.
Grey boxes refer to non-transcribed DNA containing regulatory elements (e.g. promoters). The curve fluctuating above and
below the zero line indicates Chargaff differences (C—G) for the top strand. Potential stem—loop structures which might be
extruded from the top strand in supercoiled DNA if base order would allow, are shown as the upper row of stem—loop
structures. Large Chargaff differences occurring in the middle of genes confer greater potential for loop formation. The
lower row of structures are the corresponding structures if base order will not allow stem formation (i.e. at the ends of
genes there is a greater potential for stems since Chargaff differences are low, but base order may not allow stem formation).

(P < 0.001). In the case of the W bases, T > A
for 24 of the 40 ORFs; the probability that the
average Chargaff difference is less than zero is
significant (P < 0.01).

These data indicate that in E. coli Chargaff
differences for the S bases should be more
reliable predictors of transcription direction than

Chargaff differences for the W bases. Since a
minority (seven) of 29 leftward transcribing
ORFs have G > C, an observation of G > C
does not necessarily mean that an ORF is
rightward transcribing. However, 40 of the 47
ORFs with G > C are rightward transcribing, so
that if the average window in an ORF has G > C



DEVIATIONS FROM CHARGAFF’S SECOND PARITY RULE 69

this is a good indicator of rightward transcrip-
tion. On the other hand, no rightward transcrib-
ing ORF has C > G, so that if the average
window in an ORF has C > G the ORF is very
likely to be transcribed to the left. Other
genomes also have distinctive Chargaft differ-
ences depending on transcription direction
(Table 1), as will be discussed later.

In general, our observations support the
presumption that the 1 kb window size at which
Chargaff difference values for natural and
shuffled sequences diverge maximally would be
the most informative (Bell & Forsdyke, 1999).
Thus, the relationships revealed in Fig. 1 were
much less apparent when windows smaller or
larger than 1 kb were used (e.g. 0.5 and 1.5 kb;
data not shown). A shuffled sequence gave
generally smaller Chargaff differences and
patterns which showed no relationship to gene
location and transcription direction (data not
shown). Plots of differences between non-Wat-
son—Crick base pairs (A-C, G-T, A-G, C-T)

sometimes showed relationships to gene lo-
cation, but not to transcription direction (data
not shown).

3. Loop Compositions Reflect Chargaff
Differences

Although the patterns of Chargaff differences
around individual genes or groups of genes
sometimes show distinctive characteristics (Fig.
1), a general pattern emerges. The upper part of
Fig. 2 shows duplex DNA with non-transcribed
regions as grey boxes, and leftward- and
rightward-transcribing RNA polymerase mol-
ecules as black balls. The curves show the
relative excess of Cs in the leftward-transcribing
region, and of Gs in the rightward-transcribing
region. The lower part of the figure shows two
possible interpretations of this in terms of
stem—loop configurations. On the basis of the
overall Chargaff difference values for ECO110K
(4.22% for the S bases and 1.24% for the W

TABLE 2
Relationship between (C 4+ G) % and composition of potential loops in the top strand for
rightward-transcribing O RFs

Bases predicting
rightward ORFs

DNA source* C+ G (%) by Chargaff differences Reference

C. perfringens 31 A>T (G>OfF Szybalski et al., 1966
Vaccinia virus (VACCG) 334 A>T (G>C0O This paper

T2 phage 34 A>T Szybalski et al., 1966
Herpes saimiri 35 A>T Cristillo et al., 1998
S. cerevisiae chromosome III 38.5 A>T This paper
Simian foamy virus-1 39.2 A>T (G>0O Cristillo et al., 1998
Fetal globin (human) 39.5 G>C Smithies et al., 1981
p-globin (mouse) 39.8 T>A Smithies et al., 1981
Simian virus 40 40.8 G>C Smithies et al., 1981
Drosophila mel. (bithorax) 41.7 A>T Dang et al., 1998
HIV-1 42.6 A>T (G>C) Cristillo et al., 1998
Varicella-Zoster virus 46.1 A>T Cristillo et al., 1998
Polyoma virus A-2 47.2 A>T Smithies et al., 1981
Lambdaphage 50 G>C Szybalski et al., 1966
T7 phage 50 G>C Szybalski et al., 1966
B. subtilis 50 G>C Szybalski et al., 1966
E. coli (ECOI110K) 52.6 G>C This paper
HTLV-1 53.2 C>G Cristillo et al., 1998
Rous sarcoma virus 54.4 G>CA>T Cristillo et al., 1998
Epstein—Barr virus 60.1 C>aG Cristillo et al., 1998
Herpes simplex (HE1CG) 68.3 C>G Cristillo et al., 1998
M. lysodeikticus 71 G>C Szybalski et al., 1966
S. lutea 71 G>C Szybalski et al., 1966

*GenBank names are capitalized and contained in parentheses.

TParentheses indicate a minor role.
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bases), it is calculated that, on average, up to
97.2% of bases might be paired with their
complements in stems. Thus, when there are
equivalent numbers of pairing bases, as at the
ends of genes (Fig. 1), considerable stem
structure might be possible. This is shown in the
top row of model stem—loop structures in the
lower part of Fig. 2. However, although the
correct bases are present in the correct
proportions (i.e. base composition is compatible
with extensive stem formation), base order may
not permit this. This is shown in the bottom row
of model stem—loop structures shown in the
lower part of Fig. 2.

To distinguish between these possibilities, 15
sequence windows corresponding to a wide range
of Chargaff difference values were selected from
those shown in Fig. 1. The 1 kb sequences were
each subjected to the energy-minimization
folding program LRNA (Jaeger et al., 1990),
using energy parameters suitable for folding
DNA at 37°C (SantaLucia et al., 1996). On
average, 57.8% (standard error + 0.4%) of bases
were in stems. Although windows with small
Chargaff differences would seem to have greater
potential for stem formation, this was not
observed in folded structures. The magnitude of
Chargaff differences was neither positively
correlated with the proportion of bases in loops
(whether a “‘loop” is loosely defined as any
non-pairing base, or >four non-pairing bases),
nor inversely correlated with the proportion of
bases in stems. Thus base order plays an
important role in determining calculated struc-
ture.

Since in stems Chargaff differences tend to be
zero (by definition), then overall Chargaff
differences should be reflective of the base
composition of loops. Indeed, as expected,
Chargaff differences calculated directly from the
base composition of loops correlated well with
Chargaff differences calculated for the corre-
sponding sequence windows (r = 0.98). Thus
Chargaft differences (i.e. relative richness of a
region for a particular W base or S base) would
be reflected in the composition of loops in the
stem—loop structures which might be extruded
from supercoiled DNA under biological con-
ditions (Murchie et al., 1992). These folding
studies were repeated with smaller windows

(200 nt), with similar results. A study of a human
genomic segment HUMMMDBC using 200 nt
windows also produced similar results (data not
shown).

4. In W-rich Genomes Rightward-transcribing
Genes have A-rich Loop Potential

The study shown in Fig. 1 for E. coli segment
ECOI110K (C + G = 52.8%), was repeated for
the W-rich Vaccinia virus genome
(C + G = 33.4%; Goebel et al., 1990), and for
chromosome III of Saccharomyces cerevisiae
(C+ G = 38.5%; Oliver et al., 1992). Again,
correlations with transcription direction were
obvious in the natural sequence, but not in a
shuffled version (data not shown). In the case of
Vaccinia virus, Chargaff differences for the W
bases correlate best with transcription direction
(A>T in 83 out of 92 rightward transcribing
ORFs), but S bases are also often good
predictors (Table 1). In the case of chromosome
III of Saccharomyces cerevisiae, Chargaff differ-
ences for the W bases correlate well with
transcription direction, but Chargaff differences
for the S bases are less reliable. A study of the
bithorax region from the W-rich genome of
Drosophila melanogaster showed that A > T in
the case of rightward transcribing genes and
ORFs (Dang et al., 1998).

5. Transcription Direction Rule Depends on
(C+ G)%

Table 2 summarizes our data and some data
from the early literature, which can now be
reinterpreted. The top strand for rightward-tran-
scribed ORFs usually has R-rich loops. At low
C 4+ G percentages the main predictor of
rightward transcription is A, either alone or
accompanied by G. At high C + G percentages
G is the main purine predictor. Thus, results
from various species (Tables 1 and 2) strongly
support what might be referred to either as the
“Chargaff difference transcription rule”, or as
“Szybalski’s transcription rule” (Szybalski et al.,
1966). Rather than question the validity of the
rule, when individual genes/ORFs are found
within a genome or genome sector which disobey
the rule for that genome or genome sector
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F1G. 3. Relationships between (C + G)% of different bacterial species and genomic Chargaff ratios, as determined by
Rudner et al. (1969). Chargaff differences were calculated directly from the chemically-determined base compositions (mole
%) of “light” and “heavy” strands [e.g. for the ordinate of Fig. 3(a), “T-A” refers to the mole % T less the mole % of
A]. Genomes were from B. megaterium (38.6% C + G), P. vulgaris (38.8% C + G), B. subtilis (43.5% C + G), B.
stearothermophilus (45.2% C + G), E. coli (51.0% C + G), S. typhimurium (52.3% C + G), and S. marcescens (59.2%
C + G). In (a) and (b) points for the W bases are with open symbols, and points for the S bases are with filled symbols.
In (c) and (d) points for the light strands are with open symbols, and points for the heavy strands are with filled symbols.
Parameters of the least squares regression plots (———) are in blocks near to the relevant line; S1 corresponds to the slope;
r* is the square of the correlation coefficient (unadjusted); P is the probability that the slope is not significantly different
from zero. (“Light” and “heavy” are operational terms used when separating DNA strands chromatographically or by
ultracentrifugation; purine-rich strands tend to be “lighter” than the ‘“‘heavy” pyrimidine-rich strands).

(Tables 1 and 2), it is appropriate to ask whether
those genes/ORFs have special characteristics, or
are misassigned or non-functional (Dang et al.,
1998).

However, there are also exceptional genomes
which disobey the rule. These are the S-rich
genomes of the human T cell leukaemia virus
(HTLV-1), Herpes simplex virus-1, and Epstein—
Barr virus (Table 2). These exceptions are all
viruses which are profoundly committed to
latency, in which state only a few mRNAs are
expressed. Remarkably, latency-associated mR-
NAs in the viruses tend to be exceptional and
obey the rule (Cristillo et al., 1998).

6. Transcription Direction Rule in Various

Bacterial Species

Further evidence on the role of base
composition is found in data gathered by Rudner
et al. (1969) from the genomes of several
bacterial species which span a wide range of
C + G percentages (Fig. 3). At low (C + G)%,
both purines contribute to equal extents to
average Chargaff differences in the light (mRNA
synonymous) strands [Fig. 3(a)]. As (C + G)%
increases the contribution of the W bases to
average Chargaff differences for the genomes
decreases to near zero, whereas the contribution
of the S bases remains constant, or may increase
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slightly (but not significantly in this study;
P > 0.05). Reciprocal changes are noted with the
“heavy” template strand, where both pyrimidi-
nes contribute to Chargaff differences at low
(C+ G)% [Fig. 3(b)]. Average purine—pyrim-
idine ratios in the light and heavy strand
sequences do not change significantly with
increasing (C + G)%, although there are sugges-
tive trends [Fig. 3(c)]. However, the average
ratios between the 6-amino (A, C) and 6-keto (G,
T) bases show significant changes [Fig. 3(d)]. At
40% (C 4 G), when both purines contribute to
the R-richness of the mRNA-synonymous
strand, the 6-amino and 6-keto bases are in
balanced proportions; but as C + G percentages
increase the light, mRNA-synonymous, strand
loses more As than Ts, and increases Gs more
than Cs. Thus, the denominator increases with
respect to both 6-keto bases, and the numerator
decreases with respect to both 6-amino bases.
Reciprocal changes are seen in the heavy
(template) DNA strand.

7. Transcription Direction Rule in Primates

Our results are consistent with the recent
generalization of Mrazek & Kypr (1994) that
A > T universally in protein-encoding sequences
(from bacteria to primates). From their data on
3954 primate coding sequences, the average
Chargaff difference for the W bases [calculated as
(A-T)/W and expressed as a percentage], is
8.4%. Similarly, the base composition of 1657
human coding sequences compiled by Karlin &
Mrazek (1996), yields a generic Chargaff
difference [calculated as (R — Y)/(R + Y) and
expressed as a percentage] of 4%.

8. R-rich Clusters in mRNAs Correspond to Loops

Although the energy parameters for folding
RNA differ from those for folding DNA
(SantaLlucia et al., 1996), there are usually not
major differences between the structure gener-
ated by folding a mRNA and the structure
generated by folding its cognate mRNA-synony-
mous DNA strand (D. R. Forsdyke, unpub-
lished work). Thus, our results for

mRNA-synonymous strands should apply to the
corresponding mRNAs. The loop regions of the
mRNAs of various species should be preferen-
tially enriched in certain bases. For E. coli, the
loops would be enriched for G (Fig. 2).

The studies of Eguchi et al. (1991) indicate
that loop—loop ‘kissing” interactions are im-
portant in initiating hybridization between
nucleic acids (see later). Thus, our results are
consistent with the observation of Szybalski et
al. (1966) that the template strand of B. subtilis
DNA rapidly hybridizes at low temperature
(4-25°C) with poly rG to form partial double-
strand complexes. (At higher temperatures the
template strand would slowly hybridize with
bacterial mRNA to form perfect complexes.)
The rapid low-temperature hybridization was
ascribed to C-rich ‘‘clusters” in the template
strand; this implied that there were G-rich
“clusters” in the mRNA-synonymous strand of
the DNA. It should be noted that if an mRNA
(and hence the corresponding mRNA-synony-
mous strand) has purine clusters without
complementary pyrimidine clusters in close
proximity, then a priori the most likely location
of the purines would be in the loops of any
stem—loop secondary structures adopted by the
mRNA (or mRNA-synonymous strand).

It was also observed that sheared, denatured,
B. subtilis DNA could be separated into “light”
and ‘“‘heavy” fractions, considered to represent
the two complementary strands of the native
duplex (Karkas et al., 1968; Rudner et al., 1968).
These could be transcribed by E. coli RNA
polymerase in vitro to generate RNA products
with complementary base compositions. The
light fraction generated a Y-rich product, and
was itself R-rich; the heavy fraction generated an
R-rich product, and was itself Y-rich. However,
when native DNA was used as template, the
quantity of product was half that produced by
the denatured strands, and its composition was
similar to that produced by the heavy fraction,
being particular rich in G. Thus, in the absence
of other proteins, the RNA polymerase
appeared able to monitor duplex DNA with
respect to transcription direction. This implies
that the polymerase monitors some sequence
feature.
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9. R-rich Loops in mRNAs to Avoid Pairing with
Other “Self” mRNAs

Why should the majority of cell mRNAs have
the potential to form loops enriched in the same
base? Although natural mRNAs (‘“sense
mRNAs”) are likely to exist as partial ribo-
nucleoprotein complexes within cells, the
corresponding antisense mRNAs introduced
experimentally either by injection (Melton,
1985), or by transcription from transfected
artificial constructs (Izant & Weintraub, 1984),
are able to inhibit expression of the natural
mRNAs with high specificity (Krol ez al., 1988).
This indicates that at least some parts of natural
sense RNAs are available for hybridization to
antisense RNAs. Indeed, there are many
examples of natural ‘“‘antisense” RNAs, which
control with high specificity the expression of the
transcript from the complementary strand (the
“sense” mRNA; Eguchi er al., 1991).

The specificity of these artificial or natural
RNA-RNA interactions is determined by the
precise complementarity of pairing strands.
However the pairing is initiated by reversible
exploratory interactions between the tips of the
loops of stem-loop structures (Eguchi et al.,
1991; Marino et al., 1996). These initial,
reversible, “‘kissing” interactions are relatively
non-specific, but provide an alignment between
two strands, which may be followed either by full
hybridization, or by dissociation of the complex.
A similar mechanism has been suggested as a
basis for the pairing between homologous DNA
strands required for mitotic or meiotic recombi-
nation (Kleckner & Weiner, 1993; Kleckner,
1997); one function of this would be the
detection and correction of sequence errors
(discussed below).

The intracellular environment should be
highly adapted to favour exploratory, low-
specificity, loop—loop interactions between nu-
cleic acids. An obvious example of this would be
the interactions between anticodon loops of
tRNA molecules, and codons in mRNA. Protein
synthesis occurs extremely rapidly, even though
for each amino acid added to the growing
peptide chain there must be discrimination
between many competing tRNA species. It is
likely that the “‘crowded” cytosol provides an

environment where such recognition reactions,
probably with a high entropy-driven component,
can occur very efficiently (Lauffer, 1975; Cantor
& Schimmal, 1980; Forsdyke, 1995; Zimmerman
& Murphy, 1996).

Given such a favourable environment for
initial low-specificity loop—loop interactions of
an exploratory nature between RNA molecules,
there should have been an evolutionary pressure
to avoid unnecessary loop—loop interactions,
such as between “self”” mRNA molecules which
happened to have complementary loops. In a
crowded cytoplasm where mRNAs with G-rich
loops predominated, there would be little
likelihood of a G-rich mRNA promiscuously
pairing with one of its fellows. A gene encoding
a minority mRNA population with C-rich loops
would be at a strong selective disadvantage since
the mRNA molecules would be diverted by
multiple transient interactions with members of
the G-rich loop-bearing majority species. How-
ever, if at an important time in the life of a cell
only a limited number of specific mRNAs
predominated (e.g. in reticulocytes synthesizing
mainly globin), there would then be the
possibility of adopting a loop pattern in response
to other selective pressures (e.g. facilitating
codons for abundant tRNAs), rather than to the
pressure of having to have a loop pattern
adapted to avoid ephemeral “kissing’” with other
mRNA species. In this respect it is of interest to
note that a mouse f-globin mRNA appears
exceptional in having high Y-rich loop potential
(Table 2).

In organisms with intron-containing genes,
mRNAs are generated by splicing short-lived
primary transcripts. The latter are located in the
nucleus at low concentrations, so that there
would be less need to have purine-rich loops in
introns to avoid “kissing” interactions with
other RNAs. This would predict that introns
would not show the purine bias, as has indeed
been noted (Mrazek & Kypr, 1994).

10. A Mosaic of Loop-accounting Regions?

Deviations from Chargaff’s second rule are
manifest as a series of curves which demarcate
genes or groups of genes sharing a common
direction of transcription (Figs 1 and 2). In



74 S. J. BELL AND D. R. FORSDYKE

E. coli some of the groups could correspond to
operons, where several gene products are
generated from a polycistronic mRNA. How-
ever, similar group demarcations are seen in
organisms which do not have polycistronic
mRNA (e.g. Saccharomyces cerevisiae; data not
shown). The clustering of yeast genes sharing a
common transcription direction does not appear
to have arisen on a random basis (Bussey et al.,
1995).

It has been proposed that stem—loop potential
developed in the early “RNA world” to assist
intrastrand and interstrand (recombination)
repair processes (Forsdyke, 1996). The need for
a complementary base would have allowed
detection of base mutations, which would have
been manifest through base mispairing (Bern-
stein & Bernstein, 1991). Intrastrand accounting
would have involved pairing interactions be-
tween bases in the complementary stems and
loops of stem-loop structures. Kleckner has
suggested (Kleckner & Weiner, 1993; Kleckner,
1997) that pairing interactions between bases in
complementary loops could also be important
for initiation of interstrand pairing in meiosis
(which would facilitate recombination repair), a
process which might remain localized without
the exchange of distant markers (Bowring &
Catcheside, 1996).

This primitive system would have persisted in
the subsequent early “DNA world”. Loops
would have had the same complementarity
requirements as stems and, since loop-loop
interactions would have tended to be over a
longer range, sequence modifications which
might have accelerated the sequence search
process would have been selected for. Thus a
region with C-rich loops might initially have
contacted a region with G-rich loops through
pairing (“’kissing”’) between incorrect Cs and Gs.
Having established contact, realignment of
strands would have allowed exploration of the
possibility of a better alignment, or rejection of
the interaction (Eguchi et al., 1991). A tendency
to polarize towards becoming either C-rich or
G-rich (for example), to accelerate the initial
“kissing”, would have been selected for. This
hypothesis would predict the evolution of a
genome consisting of a mosaic of accounting
regions with distinctive complementary loops.

For example, regions with loops rich in A and C
with A > C [e.g. fet in Fig. 1(a)], might be
accounted for elsewhere in the genome by
regions with loops rich in T and G with T > G
[e.g. ant in Fig. 1(a)]. How one arm of a
cruciform with its stem—loops, while seeking a
pairing partner elsewhere, might evade its
complementary arm extruded from the other
strand, is a biochemical problem we cannot
usefully discuss at this time.

At some stage the early “‘replicators” began to
“build”  themselves  “‘survival machines”
(Dawkins, 1989). Protein-encoding capacity
would have been imposed on genomes already
highly adapted for stem—loop formation. Deter-
mined by some initial restrictive base or sequence
requirement for the direction of transcription
(such as the need for R-rich loops in a/l mRNAs;
see above), the preexisting mosaic would have
determined in which directions the first protein-
encoding genes were transcribed (Fig. 2). Thus,
the direction of transcription would have been
determined by the mosaic, and not the converse.
Cross-over regions (from Y-richness to R-rich-
ness, and vice versa) would have defined the
limits of the initial transcription units.

A linkage between transcription and recombi-
nation has been suggested many times (Cook,
1997; Nicolas, 1998). Support for this arises from
recent studies of the ‘‘cross-over hotspot
instigator” (Chi) sequence in E. coli. The domain
of the eight base Chi sequence has been found to
extend to approximately 0.8 kb (Tracy et al.,
1997), which closely corresponds to the window
size which we find optimum (Bell & Forsdyke,
1999). Furthermore, Chi sequences in the top
strand are usually in rightward transcribing
ORFs, whereas Chi sequences in the bottom
strand are in leftward-transcribing ORFs (Bell et
al., 1998).

We have here indicated the size of “micro”
accounting units operating at the level of
individual genes or gene groups. These would
work within the context of long range “macro”
accounting units proposed in the preceding
paper (Bell & Forsdyke, 1999) to decrease
deviations from Chargaff’s second rule. Co-
operation between short-range and long-range
accounting processes might be mechanistically
quite complex (Forsdyke, 1981). We note that
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the limits of short-range accounting units, defined
as the regions where Chargaff differences reach
maxima, tend to correspond to the middle of
genes (Figs 1 and 2). The middle of short-range
accounting units corresponds to the end of genes.
On the other hand, long-range kissing”
interactions can be presumed to begin in the
middle of the curves which demarcate genes or
gene groups, and to terminate at the cross-over
regions associated with the ends of genes or gene
groups. Thus, long-range accounting units
correspond to transcriptional units. Short-range
and long-range accounting units would appear to
overlap.

11. Mutation with Strand Bias?

Using arbitrary window sizes, Lobry
(19964, b) noted that Chargaff differences can be
used to identify origins of replication in
Mycoplasma genitalium, and in some other
bacteria. Chargaff differences for C-G are
positive (C > G) to the “left” of replication
origins, and negative (G > C) to the “right” of
replication origins. Lobry suggested a muta-
tional bias resulting from mutation differences
between the leading and lagging strands at the
replication fork. Strand biases in mutations
might also reflect differences in repair processes,
which appear to affect differentially the tran-
scribed (template) strands and the non-
transcribed  (mRNA-synonymous)  strands
(Hanawalt, 1991). Thus, an alternative expla-
nation, consistent with the mutational bias
viewpoint, would be that genes close to the
replication origin are transcribed to the left to the
“left” of the replication origin, and transcribed to
the right to the “right” of the replication origin.
This is indeed found in Mycoplasma genitalium
(Fraser et al., 1995), as in SV40 virus (Smithies
et al., 1981). However, the neutralist view that
mutational biases play a major role in genetic
phenomena (Ohta, 1996), is controversial
(Bernardi, 1993; Bernardi et al., 1993; Forsdyke,
1996, 1999). We have suggested here that
selective forces have been dominant. While
appealing to the parsimoniously inclined, a
purely stochastic explanation for Chargaff’s
second parity rule (Lobry, 1995) seems unlikely.
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