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Abstract: Reactive oxygen species that attack DNA are continuously generated in living cells. Both the
guanosine (G) mole fraction and its distribution should affect the stability of genomes and their parts to
oxidation. At a lesser G content, genomes should be more oxidation resistant or “ennobled”. Oxidant
scavenging by G’s in nonessential parts of introns and intergenic domains should decrease G oxidation in
the essential exons. To determine whether genomes are indeed ennobled and whether oxidant-scavenging
domains exist in genomes, the relative rates of guanosine oxidation in average exons, introns, and intergenic
domains were estimated. Comparison among genomes indicated that average exons are ennobled in the
genomes of Caenorhabditis (worm), Arabidopsis (plant), Saccharomyces (yeast), Schizosaccharomyces
(yeast), and Plasmodium (malaria parasite), and that average introns and intergenic domains are ennobled
in these genomes and in the genome of Drosophila (fly). The exon oxidation rates estimated for these
genomes were less than the rate for the hypothetical “standard” genome, with a 0.25 mole fraction of
uniformly distributed G. For Plasmodium the rate was half of that estimated for the standard genome.
Average exons were not ennobled in the human or fly genomes; their G distributions were comparable to
that in the standard genome. Instead, their exons were situated between introns and intergenic domains
that could protect them by oxidant scavenging, the G’s of their introns and intergenic domains outnumbering
those of their exons 50-fold in humans and 4-fold in flies. The G distribution in the Encephalitozoon (parasite)
genome was not protective relative to that of the standard genome.

Introduction that actively protect the genome and despite the passive

Although the oxidation potentials of the bases A, T, G, and protectipn afforded by. membranes and chromatin and by DNA's
C are comparable to those of the noble metals Pt, Au, arief Pd, high oxidation poter'1tllal. ] .
~10* bases of the genome in each human cell are oxidized The strongest oxidizers react with massive release of free
daily34 At steady state, the human genome has betweén 10 €nergy and oxidize bases indiscriminately, but some strong
and 1G oxidative lesions, including base and sugar lesions, oxidizers attack guanine bases selectively. G selectivity has been
strand breaks, and protein cross-lifk&bout 5% of oxidative ~ Shown in vitro with genomic sequenéés'* and in vivo with
lesiond or ~10 in 10 based® are 8-oxo-7,8-dihydro’2 metal-H,0, oxidant$> 17 and with mitochondrid® Some
deoxyguanosine, a mutagenic lesfihat is a common product ~ Strong oxidizers (benzoyloxyl radicals, sensitized photooxidizers,
of guanosine oxidatioH: The several mechanisms for its repair {C.) are selective for G's |anG and GGG sequences, while
in mammalian cells strongly suggest that it presents a genuine®thers (metal-catalyzed 8,, 1O, etc.) are not!* GG and
threat to genomic integrity. These lesions occur and persist GGG Selggtolvﬂy has been shown in vitro with geno%?—r_fé“ and
despite the enzymes, antioxidants, and multiple repair systemsSynthetié®2°sequences, with nucleosome core parti¢temnd
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with isolated nuclef? but it has not been shown in vivo and

would vary among the various oxidants in cells whose concen-

trations would vary among organisms.

encode ‘sinks’ for damage, and that other segments could serve
as buffers as a result of local sequence-dependent or protein-
dependent structural deformations to protect critical regions.”

The impact of guanosine oxidation should depend on the Giese3” Kawanishi#* Thorp{ Heller?® and their co-workers

genomic distribution of G’s. Lower G percentages should lower

have considered both sacrificial G anodes and scavenger G’s,

the guanosine oxidation rate in genomes and genomic domainsand Kanvah and Schustérhave shown that disulfides on

such as protein-coding exons, making them more n&h&s

in the nonessential portions of introns and intergenic domains

molecules intercalated in DNA can serve as sacrificial anodes.
In this study, the G distributions were analyzed in eight

(IGDs) should scavenge selective oxidants, reducing their eukaryotic genomestHomo sapiengHsa human) Drosophila

concentrations and decreasing their attack on G’s in exons.

melanogaste(Dme fruit fly), Caenorhabditis elegan&Cel,

Genomic G should be a significant scavenger of selective nematode worm)Arabidopsis thaliangAth, flowering plant),

oxidants in the nucleus. Individual G’'s are unlikely to be

Saccharomyces cersiae (Sce budding yeast)Schizosaccha-

overwhelmed by oxidants, because their oxidation frequency romyces pombéSpq fission yeast)Plasmodium falciparum

(years per exon) is much lower than their repair frequency
(minutes to days per lesio?).The concentration of G in the
nucleus is comparable to that of antioxidantss0 mM genomic

G in humans and~2 mM in Arabidopsis(plantf® vs ~1 to
~10 mM glutathione in mammalian cytopladmand plant
chloroplastg’ However, freely diffusing antioxidants are more
reactive than genomic guanosi#¥&? which is buried in the
double helix and shielded by histone proteins in nucleo-
someg30 Global scavenging by nonexon G's should reduce
oxidant concentrations and the global rate of exon oxidation.
In addition, local scavengers, e.g., G’s in proximal introns and/

(Pfa, malaria parasite), an&ncephalitozoon cunicul(Ecu,
intracellular parasite). The relative rates of guanosine oxidation
in average exons, introns, and IGDs were estimated. Comparison
among genomes indicated ennoblement in the average exons
of Cel, Ath, Sce Spq andPfa, and in the average introns and
IGDs of these genomes and thenegenome. Ennoblement was
not found in the average exons, introns, or IGDs of the human
genome or in the average exonddshe Human andmeexons
were situated in the oxidant-scavenging environment of large
introns and IGDs whose G’s outnumbered those in exons 50-
fold in Hsaand 4-fold inDme The G distribution in théscu

or IGDs, could scavenge a hole or an oxidant near an exon andgenome did not appear protective relative to that in the standard

its splice sites.
Scavenging could be particularly effective when sacrificially
oxidizable G’s are near exons, because in vitro experiments hav

shown that oxidant-injected holes selectively react with remote

GG and GG@1223%34 pecause duplex DNA supports hole
(electron vacancy) transport across—8M0 base pairg& 4!

Bartor?24%43 and co-workers have investigated this chemistry
for more than a decade, and wrote the following: “However,

one could consider that segments throughout the genome may
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Computational Methods

Determination of G Distributions from Genome Data. Genome
sequences from GenBafikor Hsa (February 2002 releas&)#° Dme
(October 2000 Cel (December 20013 Ath (January 2002)? Sce
(March 2002§2 Spo (March 2002)* Ecu (March 2002)° and Pfa
chromosome$ 2 (November 1998§ and 3 (April 1999 were
analyzed. The gene annotations were manipulated to merge overlapping
or duplicated exons (protein-coding sequences or CDS).

Each G was identified as part of an exon, intron, or IGD if it was in
a CDS, between exons, or between genes, respectively. The numbers
of exons ranged from-10° in Ecuto ~1( in Hsa If an intron or IGD
nucleotide was:6 bp and<105 bp from the boundaries of its segment,
it was further identified as part of a flank. Flanks were defined 460
bp long segments at the ends of introns or IGDs, i.e., flanking exons.
The five nucleotides at the ends of introns and IGDs were omitted
from flanks, because they are involved in exon/intron splicing. Weighted
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Table 1. Estimated Relative Rates? of G Oxidation in the Average
Exons, Introns, IGDs and Weighted Average Flanks of Eight
Eukaryotic Genomes® and the Standard® Genome, Expressed as
Percentages of the Rate in the Corresponding Domain of the
Standard Genome, E.g., (Hsa Exons)/(Std Exons)

Hsa Dme Cel Ath Sce Spo Ecu Pfa Std

Calculated with All G’s Oxidized Equally (Eq 1)
Exons 102 105 84 87 80 79 95 51 100
Introns 91 73 58 65 67 58 d 26 100
IGD 88 76 65 65 67 62 88 28 100
Flanks 92 67 50 60 63 54 71 26 100

Calculated with G’s in GG and GGG Oxidized More Readily (Eq 3)
Exons 108 103 75 81 74 71 94 44 100
Introns 99 66 49 54 57 45 d 20 100
IGD 93 70 58 56 59 51 91 23 100
Flanks 102 62 42 50 54 44 73 21 100

aThese rates were normalized by the numbers of bases, so they do no

indicate the relative amounts of oxidation in the domahidsa Homo
sapiens(human); Dme Drosophila melanogaste(fruit fly); Cel Cae-
norhabditis elegangnematode worm)Ath, Arabidopsis thaliandflowering
plant); Sce Saccharomyces cerisiae (bakers yeast)Spq Schizosaccha-
romyces pombgudding yeast)Ecy, Encephalitozoon cuniculintracellular
parasite)Pfa, Plasmodium falciparunimalaria parasite)std standard.All
domains of the standard genome had 25% and G’s allocated per
probability (see the Supporting Informatiod)Ecu introns were omitted
because there were fewer than 100.

average flanks were the averages of intron flanks weighted with the

Table 2. Estimated? Relative Amounts of G Oxidation or Damage
to Exons, Introns, IGDs, and Weighted Average Flanks of Eight
Eukaryotic Genomes, Expressed as Percentages of the Damage
to the Entire Genome, E.g., (Hsa Exons)/(Hsa)

Hsa Dme Cel Ath Sce Spo Ecu Pfa

Exons 2 22 31 35 76 61 87 63
Introns 48 13 23 14 <1 3 2

IGDs 50 64 46 51 24 37 13 35
Flanks 2 7 17 17 8 8 11 5

a Calculated with all G’s oxidized equally (eq 1). Calculations with G’s
in GG and GGG oxidized more readily (eq 3) gave very similar results
(Table S3).

the fraction of the genome in that domain gave a value proportional to
the amount of G oxidation (eq 2). Evaluating this equation using the
data in Tables S1 and S2 and dividing the values by the sum of values
in the corresponding genome gave the relative damage to guanosine in
exons, introns, and IGDs, expressed as percentages of the damage to
the entire genome (Table 2).

To assess the effects of putative differences in guanosine oxidation
rates depending on neighbors, eq 1 was refined into eq 3 by expanding
[YG] to [G] + [GG] + [GG] + [GGG] and multiplying their mean
mole percentages by conservative estimates of their relative oxidation
rates (see the Supporting Information). Evaluating this equation gave
the results in Tables 1 and S3.

mean number of introns per gene and IGD flank weighted with one. Results and Discussion

When an intron or (rarely) IGD was112 bp long, its flanks were
identified as the domaigz6 bp from both of its ends.

Because G’s in GG and GGG sequences are more easily oxidized

in vitro, G's were subtyped &, GG—GG or GGG, whereG was the
lone G in HGH; GG was the left or 5G in GGH, GG was the right

Table 1 lists the calculated relative rates of G oxidation in
average exons, introns, IGDs, and flanks of the eight eukaryotic
genomes, expressed as percentages of the rates in the standard
genome. These numbers are indicative, but not quantitative,

or 3-G in HGG, GGG was the central G in GGG, H was any base but Pecause of the approximations in their estimation. Jftemole

G, > G was total G, an€5G—GG wasGG or GG. (A bold G refers to

percentage averaged 25 1% in Hsa, Dme and Ecu exons,

these subtypes, whereas a plain G refers to guanosine generally.) For<22% in Cel, Ath, Sce Spq andPfa exons, and<20% in the

each segment, theG, G, GG—GG, or GGG mole percentages in the

introns and IGDs of all of the model genomes exddga (Table

segment overall and in its flanks were calculated. Each segment wasS1 in the Supporting Information). Hence, the calculated relative
weighted equally, regardless of length, to calculate mean mole rates were lower in all average domainsQsl, Ath, Sce Spq
percentages. These segment-weighted averages described average exons,d pfa and in average introns and IGDs Bfethan in the

introns, and IGDs, not average nucleotides. The mean mole percentage%orresponding domains of the standard genome. Characterizing

of each nucleotide type vs distance from ther35 segment boundaries

were plotted.
Estimation of G Oxidation Rates.Approximating DNA as a simple

domains with higher and lower G oxidation rates as “hotter”
and “colder”,Hsa was hotter than other eukaryotic genomes,

material in aqueous solution and neglecting the differences in its and its exons Wgrg hotter than its Ot_her domains. Adding GG
environment in different organisms, a domain’s total G oxidation rate and GGG selectivity to the calculations maHea and Ecu

was set proportionall) to its total G concentration (eq 1). In this ~ €xons, introns, and IGDs aridime exons hotter and all other
equation, the concentration in the nucleus was replaced by the moledomains colder.

percentage in the genome, to which it was proportional. Evaluating  Figure 1 shows the following tendency: when the exon
this equation using the mean mole percentages in Table S1 in theoxidation rate was higher (hotter), the exon fraction of genomic
Supporting Information and dividing the rates in the eight actual pNA was smaller, andyice versa when the exon oxidation
genomes by the rate in the corresponding domain of the “standard” .50 \was lower, the fraction of DNA in exons was larger. This

genome gave the relative rates of G oxidation in average exons, |ntrons,waS true for six genomes, but not fecuandSce Thus, when
and IGDs (Table 1). The standard genome was a hypothetical construct

in which A, T, C, and G were equimolar and randomly distributed. It exons were hotter, they resided in a larger pool of oxidant

facilitated comparison among eukaryotic genomes, but was not itself a Scavenging introns and intergenic domains. When thgy were
basis for valuation. colder, the scavenger pool was smaller, and less benefit would

have accrued of such a pool. This tendency was stronger with
GG and GGG selectivity in the calculations.
Table 2 shows the calculated relative amounts of G oxidation
or ‘damage’ to the exons, introns, IGDs, and flanks of the eight
genomes, expressed as percentages of the damage to the entire
genome. The ratios of the total number of G’s in introns and
The relative rates in Table 1 do not indicate the relative amounts of |GDS to their total number in exons were 56titsa 1.9-3.5
G oxidation or “damage” in average exons, introns, or IGDs of the iN Dme Cel, andAth, and 0.2-0.6 in Sce Spq Ecu, andPfa
genomes, because the rates were normalized by the numbers of basefables S1 and S2). Hence, about 50 times more G damage
in the domains. Evaluating eq 1 and weighting the resulting rate by was predicted irHsa introns and IGDs than irHsa exons,

>G oxidation rate] [ZG] Q)

domainZG oxidation amount]
(ZG oxidation rate)x (domain/genome) (2)

G oxidation rate] [G] + [GG] + 3[GG] + 5[GGG] (3)
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100 ¢ introns enhance splicing, particularly of small exons and

introns9%0Nevertheless, given a conductive path, G’s in flanks
=80 could act as sacrificial anodes, drawing holes out of neighboring
50 exons2361However, charge transport can be obstructed by DNA
sequences and structur8g?-%2so the putative conduction path
needs to be evaluated in each case.
=20 The finding that genomic G distributions were consistent with
reducing G oxidation rates in protein-coding exons by ennoble-
ment or by oxidant scavenging is qualitative not quantitative

and should not be overgeneralized. The rate estimates only
indicated directions and ordering, because G oxidation rates

&0

60 -

40

20 - 240

Genome Percentage

Relative G Oxidation Rate

o
Hsa Dme Ceal Ath Sce  Spo Ecw Pra
Caleulated with all G's oxidized equally {Equation 1)

100 -
80 [

IGD

60 differ between laboratory and living systems, and oxidant
concentrations differ between organisms. G minimization effects
probably were much greater and much less in some segments
than they were on average, because individual segments varied
Hsa Dme Cel Ath Sce Spo Ecu Pfa widely from the averages. The percentage standard deviations
Calculated with G's in GG and GGG oxidized more readily (Equation 3) of mole fractions, which indicated variation not imprecision,
Figure 1. Fractions of the eight eukaryotic genomes in “hot or cold” exons, Wwere ~30% to ~300%. This study assessed the affect of G
introns, or intergenic domains. The estimated relative rates of guanosine |eyvels, not the evolution of these levels. G levels can be related

oxidation (Table 1) in average exons, introns, and IGDs are indicated by . : - 163
the colors of the bars. The percentages of the genomes that are exonstO selection and mutational pressures unrelated to oxiceién.

40 |

Genome Percentage

20

Exon | Intron

0

introns, and IGDs are represented by the bar heights. in this study, essential domains were restricted to exons, not
because they were the only essential domains, but because they

eee |- Coding were the only ones that were extensively annotated in the
M““—-—":..-—.é\“'——»-———--"‘x P il SHANA genomes. Assessing the importance of guanosine-based protec-

. \ tion against oxidation relative to that of other defenses was

et o it _‘_/-"_;_“_“M__ Tg:nr;):;le beyopq thg scope of this study. Different organisms can and do

e { specialize in different defenses.
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