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Accounting Units in DNA
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Chargaff’s first parity rule (%A = %T and %G = %C) is explained by the Watson—Crick
model for duplex DNA in which complementary base pairs form individual accounting units.
Chargaff’s second parity rule is that the first rule also applies to single strands of DNA. The
limits of accounting units in single strands were examined by moving windows of various sizes
along sequences and counting the relative proportions of A and T (the W bases), and of C
and G (the S bases). Shuffled sequences account, on average, over shorter regions than the
corresponding natural sequence. For an E. coli segment, S base accounting is, on average,
contained within a region of 10 kb, whereas W base accounting requires regions in excess of
100 kb. Accounting requires the entire genome (190 kb) in the case of Vaccinia virus, which
has an overall ““Chargaff difference” of only 0.086% (i.e. only one in 1162 bases does not
have a potential pairing partner in the same strand). Among the chromosomes of
Saccharomyces cerevisiae, the total Chargaff differences for the W bases and for the S bases
are usually correlated. In general, Chargaff differences for a natural sequence and its shuffled
counterpart diverge maximally when 1 kb sequence windows are employed. This should be
the optimum window size for examining correlations between Chargaff differences and
sequence features which have arisen through natural selection. We propose that Chargaff’s
second parity rule reflects the evolution of genome-wide stem—loop potential as part of short-
and long-range accounting processes which work together to sustain the integrity of various

levels of information in DNA.

1. Introduction

When the base composition of natural duplex
DNA is determined it is found that the quantities
of A and T are equal and the quantities of C and
G are equal. This is Chargaff’s famous first
parity rule (Chargaff, 1951). If a long DNA
duplex is cut into two and the base composition
of each part determined, the rule is found to hold
precisely for the two parts, as for the duplex of
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origin. This division of the duplex can be
continued down to individual bases (pairing with
their complementary bases on the opposite
strand of the duplex). Again Chargaff’s parity
rule is obeyed precisely (Watson & Crick, 1953).
Disregarding  nearest-neighbour  influences
(Turner, 1996), single base pairs can be regarded
as fundamental ‘“‘accounting units”. The sum-
mation of these individual accounting units
results in the precise A=T and C=G
equivalences of duplex DNA sequences. That the
equivalences have arisen, and are maintained,
because they are of adaptive value to an

© 1998 Academic Press
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organism, is not in doubt (Bernstein & Bernstein,
1991).

Chargaff’s second parity rule is that, to a close
approximation, the first rule equivalences also
apply to individual single-strands taken from
natural duplex DNA molecules. The possible
existence of a second rule became evident in the
1960s (Karkas et al., 1968; Chargaff, 1979).
Three decades later recognition is increasing
(Prabhu, 1993; Forsdyke, 1995c¢), but stochastic,
rather than adaptive, explanations are empha-
sized (Lobry, 1995; Sueoka, 1995). This may be
mistaken. The equal proportions of males and
females in most large populations may appear as
merely the result of the chance flipping of the
sexual coin. However, the ratio is fixed by
powerful selective forces which militate against
disparities (Darwin, 1871; Fisher, 1958). Equal
proportions can be an evolutionarily stable
strategy (Smith, 1989).

The second rule is particularly apparent when
long sequences are examined. For example, the
base composition of the “top” strand of
chromosome III of Saccharomyces cerevisiae
(Oliver et al., 1992), is 98 212 (A), 95572 (T),
62 125 (C), and 59 432 (G). A and T differ by
only 2640 bases, and C and G differ by only 2693
bases. Only 1.4% of the W bases (A and T, which
pair weakly) are not accounted for by a potential
pairing partner. Only 2.2% of the S bases (C and
G, which pair strongly) are not accounted for by
a potential pairing partner. It appears that there
has been some sort of accounting so that the
overall “Chargaff difference” for the chromo-
some is only 1.7%. Is this a function of the whole
chromosome (i.e. is the whole chromosome one
single accounting unit), or are there smaller
accounting units which, when summed, generate
this value?

The accounting is between A and T, and
between C and G, not between A and C (the M
bases), or between T and G (the K bases). Thus,
an accounting process by which Chargaff
differences in single strands of DNA are kept
small might involve Watson—Crick base-pairing
as in the case of duplex DNA. It is known that
supercoiled duplex DNA can extrude stem—loops
(Murchie et al., 1992), and that there has been an
evolutionary pressure on base order favouring
the development of extensive stem—loop poten-

tial in genomes (Forsdyke, 1995a—d; 1996a, b;
1998). This may derive from the role of “‘kissing”
interactions between complementary loops in the
homology search preceding meiotic recombina-
tion (Crick, 1971; Kleckner & Weiner 1993;
Rocco & Nicolas, 1996). Since efficient recombi-
nation would be evolutionarily advantageous
(Bernstein & Bernstein, 1991), mutations which
improve the ability of DNA to act as a
recombination substrate (i.e. mutations favour-
ing the evolution of genome-wide stem-loop
potential), would have been accepted. By virtue
of the stems in stem—loop structures, there would
then be a tendency for there to be equal
proportions of A and T, and of C and G, in
single strands of DNA.

Thus, base pairing in stems provides one
possible level of accounting, which would be
localized to the region of stem—loop extrusion. It
seems unlikely that this relatively short-range
process could alone explain the precision of
single-strand accounting. Base pairing between
complementary loops (Tomizawa, 1984; Eguchi
et al., 1991), which might occur very efficiently
between cis-oriented sequences within one
chromosome (Jinks-Robertson et al., 1993), and
might operate over long genomic distances
(Engels et al., 1994; Henikoff, 1997), might
provide another level of accounting. Chargaff’s
second rule might apply to long genomic
segments because of the summation of under-
lying primary accounting processes involving
both stems (short-range accounting) and loops
(long-range accounting).

These processes might operate over distinct
domains (“‘accounting subdomains’) of the
segments. If one counted bases in a sequence
window which happened to correspond to a
subdomain, then Chargaff differences should
approach a minimum. If one then moved the
window so that it was centered at the intersection
of two subdomains, the Chargaff differences
should approach a maximum. Thus, one should
be able to determine the limits of accounting
subdomains by moving a window along se-
quences and counting the bases in each window.

Smithies ez al. (1981) have provided evidence
for accounting domains as so defined. These
studies were recently extended by Lobry (1995,
1996a, b). However, the choice of window size
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was arbitrary. We here present studies in which
window sizes have been varied. We are
concerned with the precision of Chargaff’s
second rule, contributed to both by adaptive and
by stochastic factors, and the length of DNA
needed to achieve that precision. To seek
evidence for an adaptive role for accounting, we
compare windows in natural sequences with
windows in the corresponding shuffled se-
quences. This reveals the window size likely to be
optimum for seeking correlations between the
deviations from Chargaff’s second rule (assessed
as Chargaff differences), and features of se-
quences which have arisen through natural
selection (e.g. open reading frames).

In the following paper we report that the
determined optimum window size actually is
optimum for demonstrating such correlations;
indeed, deviations from Chargaff’s second rule
correlate with transcription direction (Bell &
Forsdyke, 1999). Our results are consistent with
the hypothesis that Chargaff’s second parity rule
results from evolutionary pressure on nucleic
acid sequences promoting the development of
genome-wide stem-loop potential as part of
short- and long-range accounting processes
which work together to sustain the integrity of
various levels of information in DNA (Forsdyke,
1981, 1996b).

2. Accounting in E. coli

Among the first long sequences obtained as
part of the E. coli genome project were two
contiguous sequences spanning the 0-4.1 min
region of the single E. coli chromosome. These
were GenBank sequences ECO110K (0-2.4 min;
Yura et al., 1992), and ECO82K (2.4-4.1 min;
Fujita et al., 1994), which were combined to
generate a segment which we refer to as
ECO193K. Chargaff differences, calculated as
described previously (Forsdyke, 1998), were
determined for windows both in the natural
sequence, and in a reference sequence with the
same base composition generated by randomiz-
ing base order in the natural sequence using
the GCG program SHUFFLE (Gribskov &
Devereux, 1991).

In shuffled sequences the balance between the
quantities of two pairing bases would be

expected to resemble that resulting from the
tossing of a biased coin for which heads (A or C)
would be slightly favoured/disfavoured over tails
(T or G), respectively, depending on their
relative proportions in the total segment. The
base composition of the arbitrarily designated
“top” strand of ECO193K is 45 886 (A), 46 938
(T), 48 343 (C), and 52476 (G). A is slightly
disfavoured over T (by 1052 bases), and C is
disfavoured over G (by 4133 bases). Only 1.13%
of the W bases, and 4.10% of the S bases, are not
accounted for by a potential pairing partner.
Differences should approach these limiting
values after many tosses.

This is shown in Fig. 1 where average absolute
Chargaff differences are plotted against the size
of sequence windows. With windows of only
200 nt, high differences would be expected since
there would be great statistical fluctuations when
base ‘“‘coins” are ‘“‘tossed” no more than 200
times. Average absolute differences for both the
W bases and the S bases are high when windows
are 200 nt. Values for the natural sequence
exceed those of the shuffled natural sequence,
implying evolutionary pressures on base order
favouring the generation and maintenance of
Chargaff differences.

With increasing window size average Chargaff
differences for both natural and shuffled
sequences decrease in an exponential fashion to
approach the value for the entire segment
(horizontal dotted lines). Much of the decline in
Chargaft difference values is achieved with
windows in the 1-2 kb range, implying effective
local accounting, largely due to statistical
factors. Windows of about 3 kb are required for
average S base Chargaff differences for the
shuffled sequence to approach the theoretical
limit. However, windows of about 20 kb are
required for average S base Chargaff differences
for the natural sequence to approach the limit
[Fig. 1(b)]. For the W bases, the natural
sequence does not reach the limit even with
windows extending to 100 kb. The correspond-
ing shuffled sequence reaches the limit with
average windows of about 10 kb [Fig. 1(a)].
These results imply that S and W bases are,
to some extent, accounted separately, and
that while S base accounting is, on average,
contained within a region of 10kb, W
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F1G. 1. Variation of average Chargaff difference values with size of windows in sequence ECO193K (193 643 nt), which
was assembled by uniting GenBank segment ECO110K (111 402 nt) with overlapping downstream GenBank segment
ECO82K (82 727 nt). Windows of varying size were moved along the sequence in steps of 100 nucleotides, and base
compositions were determined in each window. Absolute Chargaff differences were calculated for Fig. 1(a) as AW/W and
expressed as a percentage. AW is the absolute value of the difference between the number of W bases (AW = |A — T}),
and W is the sum of the W bases (W = A + T). Absolute Chargaff differences were calculated for Fig. 1(b) as AS/S and
expressed as a percentage. AS is the absolute value of the difference between the number of S bases (AS = |C — GJ), and
S is the sum of the S bases (S = C + G). Average Chargaff differences for each window size are plotted either as large grey
symbols (natural sequence), or as large black symbols (shuffled sequence). Small open diamonds refer to the ratio of these
values (the average Chargaff difference for the natural sequence divided by the average Chargaff difference for the shuffled
sequence). Small filled diamonds refer to the difference between these values determined by subtraction. The horizontal
dotted lines indicate Chargaff differences for the entire sequence (i.e. the largest possible window, of which there is only
one copy). Thus, the total number of windows of a given size varies with sequence length. In a 100 kb sequence there will
be 999 windows of 0.2 kb, and one window of 100 kb.

base accounting, on average, requires regions in
excess of 100 kb.

Values for the natural and shuffled sequences
were compared either as a ratio (open dia-
monds), or by subtraction (filled diamonds). The
size of the window at which Chargaff differences
for natural and shuffled sequences diverge
maximally depends on the method used. In the
case of the W bases the maximum divergence by
ratio occurs with 4 kb windows, but the
maximum divergence by subtraction is with
1.1 kb windows. In the case of the S bases the
divergence by the ratio method is high with 1 kb
windows, but reaches a maximum with 1.5 kb
windows. By the difference method, the diver-

gence reaches a maximum level at 0.6 kb which
is sustained to 1.2 kb.

Thus, the natural sequence has been con-
strained from responding passively to statistical
fluctuations (mutations), and for E. coli the
window size at which this is maximally evident
is about 1 kb. In the following paper we report
that use of this window size is important when
correlating Chargaff difference values with other
features of the natural sequence (Bell &
Forsdyke, 1999). Remarkably, the window size is
close to the size of domains of preferred
recombinational pairing sequences centred on
orientation-dependent Chi sequences (0.8 kb;
Tracy et al., 1997); the orientation of a Chi
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sequence correlates with that of the transcrip-
tional domain in which it is located (Bell et al.,
1998).

3. Accounting in Herpes simplex
and Vaccinia Viruses

Having examined 193 kilobases, a mere 5% of
the 4.2 megabase circular chromosome constitut-
ing the entire E. coli genome (Fig. 1), we next
looked at two linear viral genomes where the size
of the maximum possible accounting unit would
be presumed to be no greater than the size of the
entire genome. The 152kb Herpes simplex
genome (C + G = 68.3% of total bases) has
overall Chargaff difference values of 1.01% for
the S bases, and 0.39% for the W bases
(McGeoch et al., 1988). The 192 kb Vaccinia
virus genome (C + G = 33.4%) has overall
values of 0.03% for the S bases and 0.11% for
the W bases (Goebel et al., 1990). For this virus
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only one in 3202 of the S bases does not have a
potential pairing partner in the same strand.
Figure 2 shows the effect of varying window
sizes on Chargaff differences for the Herpes
simplex virus genome. Accounting for the S
bases extends to average windows of around
100 kb where values for the natural and for the
shuffled sequence converge. Chargaff differences
for the W bases in the natural and shuffled
sequences coincide when average windows are
30 kb, even though values for the shuffled
sequence do not approach the value for the
whole genome until average window sizes are
around 70 kb. Thus, in the S base-rich Herpes
simplex genome, on average, accounting appears
to be complete within a distance less than that of
the entire genome. Furthermore, S bases
“require” more accounting “room’ than the W
bases. Using the ratio method, average Chargaff
difference values for the natural and shuflled
sequences diverge maximally with 1 kb windows
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F1G. 2. Variation of average Chargaff difference with size of windows in Herpes simplex virus (152 260 nt; GenBank locus

HEI1CG). Details are as in Fig. 1.
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[W bases; Fig. 2(a)], and 2 kb windows [S bases;
Fig. 2(b)], with some subsequent peaks at higher
window sizes. Using the subtraction method, the
divergence is maximum at the smallest window
used (0.1 kb), decreasing progressively there-
after, with some suggestion of a shoulder at 1 kb
in the case of the S bases.

The entire W base-rich Vaccinia virus genome
appears to be one large accounting unit (Fig. 3).
Average Chargaff differences for both the S and
the W bases do not attain the values of the entire
chromosome until the ultimate window (the size
of the whole chromosome) is reached. W and S
bases have equal “‘requirements” for accounting
“room”. In both cases, divergences between
Chargaft difference values for natural and
shuffled sequences by the subtraction method
reach a maximum with windows of about 1 kb.
This maximum divergence is sustained to 10 kb
windows and then progressively declines at
higher windows sizes. By the ratio method,
divergences increase progressively, and maxima
are attained only at high window sizes.

4. Accounting in Saccharomyces cerevisiae

We next examined a linear genome segment
with a defined natural limit, chromosome III of
Saccharomyces cerevisiae (315 kb), which is
enriched for the W bases (C+ G = 38.6%;
Oliver et al., 1992). Accounting by the S bases
extends to average windows of around 80 kb
[Fig. 4(b)], whereas the W bases have not reached
the accounting limit with average window sizes
of 100 kb [Fig. 4(a)]. Thus, in this W base-rich
genome, the W bases “‘require” more accounting
“room” than the S bases. Divergences between
the natural and shuffled sequences reach maxima
with 2 kilobase windows (ratio method), but the
values for 1 kb windows are quite close to the
maximum values. Divergences by the subtraction
method are maximal at 0.3 kb (W bases), and
0.4 kb (S bases).

Table 1 shows the base composition of the
entire 16-chromosome set of Saccharomyces
cerevisiae, together with Chargaff differences. It
is noted that chromosome III (the third-smallest
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F1G. 3. Variation of average Chargaff difference with size of windows in Vaccinia virus (191 737 nt; GenBank locus

VACCG). Details are as in Fig. 1.
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F1G. 4. Variation of average Chargaff difference with size of windows in chromosome III of Saccharomyces cerevisiae

(315 341 nt). Details are as in Fig. 1.

chromosome, containing mating type loci), is
exceptional in the relatively large size of its
Chargaff difference values. The other chromo-
somes have much lower values, with chromo-
some XVI (the fifth largest) having the lowest
value for the S bases (0.040%); only one in every
2500 of the S bases does not have a potential
pairing partner. The same chromosome has the
third lowest Chargaff difference for the W bases
(0.120%), implying highly effective intra-
chromosomal accounting for both the S and W
bases. Examination of the Chargaff differences of
other chromosomes indicates no simple relation-
ship to chromosome length.

Among the chromosomes, absolute Chargaff
differences for the W and S bases are usually
positively correlated [P = 0.002; Fig. 5(a)], as are

the signed Chargaff differences [P = 0.034;
Fig. 5(b)]. Since Chargaff differences are
expressed as percentages, they should be

independent of chromosome size. However,
absolute Chargaff differences for the S bases
decrease with increasing chromosome size
(Fig. 6; P =0.041). If low Chargaff differences
are regarded as the accounting goal, then the
small chromosomes would appear to be deviant.

5. Error-correction in DNA

Chargaff’s first parity rule for duplex DNA
remains valid because evolutionary forces so
dictate. Should the base T in the complementary
strand opposite an A residue mutate to a C, then
the rule is sustained either because the mispairing
is corrected before the duplex can divide, or
because the C pairs with a G after the division.
For a short period of time the rule is violated,
but correction is rapid. The pressures for the
evolution of this highly efficient “accounting”
(error-correcting) process are well understood in
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terms of DNA structure and function (Watson &
Crick, 1953). Organisms which “‘forget”
Chargaff’s first rule, are heavily penalized in the
course of evolution (Bernstein & Bernstein,
1991).

Much less well understood are the evolution-
ary pressures on organisms not to ‘“‘forget”
Chargaff’s second parity rule. Since the base
symmetries are the same as in the first rule, it is
appropriate to consider the second rule in similar
terms as a possible manifestation of processes
which have evolved to sustain the integrity of
various levels of information in DNA (Forsdyke
1981, 1996b). Application of classical infor-
mation theory to DNA sequences has indicated
the major roles of base composition-dependent
and base order-dependent information com-
ponents, the latter operating primarily at the
dinucleotide level (Gatlin, 1972; Sibbald et al.,
1989). Most information-theoretic approaches
treat DNA sequences as linear strings, without
considering the possible information component
arising from long range interactions (Sibbald et
al., 1989). A need to consider such interactions

is apparent in models postulating error-
correcting information in DNA (Forsdyke, 1981;
Liebovitch et al., 1996).

As set out in the Introduction, we do not
dismiss single-strand accounting as merely a
stochastic phenomenon, but seek an explanation
in terms of recent advances in our understanding
of the chemistry and biology of stem-loop
potential in DNA (Murchie et al., 1992;
Forsdyke, 1995a-d, 1996a,b, 1998). The ac-
counting is apparent, not only at the level of
single bases as considered here, but also at the
levels of the 16 dinucleotides, and of the
64 trinucleotides, and even at higher oligo-
nucleotide levels (Prabhu, 1993). Dinucleo-
tide frequencies appear more fundamental
than frequencies of higher oligonucleotides
(Nussinov, 1981), consistent with dinucleotide
nearest-neighbour stacking interactions being of
critical importance for secondary structure
(Turner, 1996). In all species examined the
frequencies of particular dinucleotides (e.g. AC)
closely approximate those of their complements
(e.g. GT). This applies both to a natural

TABLE 1
Base composition and Chargaff differences of the chromosomes of Saccharomyces
cerevisae*
Chromosome # A C G T (C-G)/S (%)  (A-T)/W (%)
1 69 832 44 642 45762 69 973 —1.239 —0.101
2 249 646 157 412 154 380 251 699 0.972 —0.409
3 98 212 62 125 59432 95572 2.215 1.362
4 476 768 289 351 291 363 474 492 —0.346 0.239
5 176 532 109 828 112314 178 197 —1.119 —0.469
6 82928 52201 52435 82 584 —0.224 0.208
7 338 319 207 764 207 449 337403 0.076 0.136
8 174 022 109 094 107 486 172 036 0.742 0.574
9 134 340 85461 85 661 134 423 —0.117 —0.031
10 231099 142 213 143 801 228 330 —0.555 0.603
11 206 057 127713 126 003 206 675 0.674 —0.150
12 330 586 207 777 207 064 332 744 0.172 —0.325
13 286 296 176 735 176 433 284 966 0.086 0.233
14 241 562 151 651 151 388 239729 0.087 0.381
15 339 395 209 021 207 417 335449 0.385 0.585
16 293 947 180 364 180 507 293 243 —0.040 0.120

*Data from the Saccharomyces cerevisiae sequence compilation at the Martinsreid Institute for Protein
Sequencing, as of August 1996. All members of some repeat sequences have not be sequenced, but at least
1-2 copies have been included in the final sequences. Estimates of the missing sequences are: 100 copies
of rDNA repeat, each 9137 nt (Chromosome XII), four copies of Y’ elements, each 6700 nt (telomeric
regions of chromosome IV and XII), 10 copies of the CUP1 repeat, each 1998 nt (chromosome VIII), two
copies of the ENA2 repeat, each 3885 nt (chromosome IV), and 750 nt of telomeric sequence of

chromosome VI.
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F1G. 5. Relationship between Chargaff differences for the
W bases, and for the S bases, for the 16 individual
chromosomes of Saccharomyces cerevisiae. (a) Absolute
Chargaft differences. The least-squares regression line
(——-) has a correlation coefficient (r) of 0.72, and a slope
of 0.39, which is significantly different from zero
(P =0.002); (b) signed Chargaff differences (using an
alphabetical order convention; A-T, C-G). The least-
squares regression line has a correlation coefficient (r) of
0.53, and a slope of 0.30, which is significantly different
from zero (P = 0.034).

sequence, and its shuffled counterpart, implying
a minimal role of base order (Forsdyke, 1995¢).
Shuffled natural sequences retain equal pro-
portions of complementary oligonucleotides, but
an artificial sequence might be constructed with
a low T content, so that AC > GT. Thus,
evolutionary forces have acted on base compo-
sition to sustain Chargaff’s second rule.
Absolute Chargaff difference values decrease
with increasing window size, especially in

the case of shuffled versions (Figs 1-4).
The corresponding natural sequences sustain
Chargaff differences at high window sizes,
indicating selective evolutionary pressure on
base order in this respect. Nevertheless, small
Chargaft difference values are achieved at high
window sizes. This may not just be a relaxation
of selective pressure to allow the operation of
stochastic factors. Long-range accounting may
itself be the result of selective pressures. In the
following paper we suggest that stems alone are
not sufficient to explain the observed accounting
(Bell & Forsdyke, 1999). There should be
accounting not only between bases in stems, but
also between bases in complementary loops. The
latter might be widely separated. Thus, we
determined here the range over which single-
strand accounting might operate, long-range
interactions being presumed to depend largely on
loop—loop interactions.

With minimal assumptions about underlying
mechanism, we have shown that the accounting
range may extend to many kilobases, and
may vary depending on the particular Watson—
Crick base-pair studied, and on the organism
(Figs 1-4). At the “macroscopic” scale of the
present work, some correlation between W base
and S base accounting is evident (Fig. 5).
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F1G. 6. Relationship between absolute Chargaff differ-
ences and chromosome length for the 16 chromosomes of
Saccharomyces cerevisiae. Open circles refer to the W bases,
and filled squares refer to the S bases. Dashed lines are the
least squares regressions. Only the slope for the absolute
Chargaff differences for the S bases is significantly different
from zero (r = 0.20; P = 0.041).
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A prima facie case for the existence of
long-range intra- and inter-chromosomal sensing
(and, where necessary, correction), of sequence
information is made here in numerical terms.
The case can also be made from numerous
reports of long range homology recognition
phenomena whose adaptive value appears
related to error-correction at the level of genes or
gene products (Engels ez al., 1994; McKee, 1996;
Henikoff, 1997). These include enumeration of
repeats with subsequent inactivation by mu-
tation (Singer & Selker, 1995), or by methylation
(Shemer et al., 1996), and interphase, mitotic and
meiotic recombination (Bernstein & Bernstein,
1991; Jinks-Robertson et al., 1993). The
following paper explores the relationship
between short and long-range accounting pro-
cesses at the level of individual genes (Bell &
Forsdyke, 1999).
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