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Based on original measurements of the frequencies
of guanine (G) damage in DNA by ultraviolet (UV)
laser light with a wavelength of v=! = 193 nm, we found
that these frequencies depended on the local nucle-
otide environment of G. This is the first study to dem-
onstrate the reliability of forecasting the frequency of
UV damage of G by the sequence of a known DNA on
the basis of this sequence using an independent con-
trol.

UV lasers are used in cancer therapy [1], cosmetics
[2], bioluminescence [3], microsurgery [4], footprint-
ing, and many other fields of biology. In numerous
experiments it was established that the laser-induced
UV radiation can damage DNA molecules [5—7]. The
most common result of UV-induced DNA damage at
wavelengths v=! < 290 nm is the formation of 7,8-
dihydroxy-8-oxoguanine, 2,2-diamino-oxazolone,
and other oxidation products of the guanine cation
(G1), resulting in DNA strand breaks [5—7] or nucle-
otide substitutions [8]. Such damage is fundamentally
different from the DNA damage caused by other
agents (e.g., ultrasound [9]). These most frequent UV-
induced guanine damages are generally associated
with the sufficiency of Av energy of absorbed photon
(histhe Planck’s constant) for the electron (e”) release
from DNA to form a “hole” (DNA") [5—7], whose
migration along the DNA strand often ends by the
appearance of G* due to the lower ionization thresh-
old of G compared to A, T, and C [7] and an immedi-
ate attack of this G* by free radical anions. It was
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shown that the frequency of UV-induced guanine
damages in DNA sequences can vary widely, indicat-
ing its dependence on the DNA nucleotide context
around guanine residues [5—7]. However, this depen-
dence still remains obscure. The question about a sys-
tematic approach to in silico analysis of the character-
istics of the DNA nucleotide context that affect the
frequency of guanine UV damage has not yet been
raised.

This is the first study to perform a systematic in sil-
ico analysis of the contextual DNA features under UV
laser irradiation. The features of local environment of
G that significantly affect the frequency of UV-
induced damage of G include (1) consensus, (2) the
position-weight matrix, (3) tetranucleotides YNVW
(15-letter code of the ITUPAC-IUB nomenclature)
located in the 5' direction from G [10], and (4) contex-
tual features of DNA reflecting the frequency of its
contacts with the histone-like proteins [11]. Based on
these four characteristics, which were first revealed by
us, we constructed a linearly additive estimate of the
frequency of UV-induced damage of guanine on its
local environment in DNA and for the first time
showed that the predictions of this estimate signifi-
cantly agreed with the measurements of an indepen-
dent control experiment [6].

We analyzed the experimental data [12] on the fre-
quency of damage f; of 43 guanine residues in a
DNA region 316 bp long (positions 146 to 461 in the
Escherichia coli pGEM?7 (f+) plasmid under irradia-
tion with 193-nm ultraviolet laser beam (table: 1 <n <43

in the descending order of f; values from 1.59 to 0.00
logarithmic units, In). A set of DNA sequences
Sg, =1"1p...50 =G, ...
each G, and a length of 21 bp each, was created
(table).

At first, we built the simplest of the common con-
textual DNA characteristics—the consensus of UV

damage of guanine. To do this, all 43 sequences S
were grouped into six groups. In the control set S, ,
a representative of each of the six groups with the f;

s ...sjp}, with a center in
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Frequencies of damage f, of 43 guanine residues (G,,) at positions (146—461) in the E. coli pPGEM7 (f+) plasmid by
193-nm ultraviolet laser beam [12], DNA characteristics found on their basis, and predictions made using Eq. (6)

Frequency DNA parameters important for UV damage of G,
Local environment of G,, f.,In, Prediction
h in DNA, sequence, Sg exp. data |matcheswith| similarity- | tetranucle- | B-DNA helix, | by Eq. (6)
" [12] consensus PWMg, |otide YNVW| Py ;.o
1 cagaacattt Gataccaaacc 1.59 2 —2.02 1.40 14.41 1.44
2 ttaaaccct gGgaaccgcaag 1.57 0 —-1.95 2.06 12.45 1.61
3 tttaaaccct Gggaaccgcaa 1.55 2 -2.76 1.55 13.48 1.28
4 cgcaaggtt gGgcaaat aaag 1.53 2 =2.69 1.20 13.48 1.21
5 cccettectt Ggtat ggaaaa 1.43 1 —-2.95 1.16 14.15 1.27
6 agaacact aaGagct cagatc 1.43 1 —2.74 0.51 12.63 1.07
7 ggcaaat aaaGgctaatcata 1.39 4 —2.78 0.93 13.96 1.04
8 cttgttttaaGaacagtttgt 1.38 2 —3.45 1.13 14.48 1.13
9 ataagttttt Gcagaataatg 1.33 3 —2.88 0.30 14.90 1.01
10 accaact cagGaaaccacttg 1.29 0 —-2.59 1.06 13.26 1.33
11 aaccaact caGgaaaccactt 1.28 2 —2.56 0.73 13.81 1.16
12 gct cagat caGaacatttgat 1.19 3 =3.21 1.42 12.69 1.05
13 ccgcaaggtt Gggcaaat aaa 1.15 3 —-3.37 1.02 14.16 1.03
14 ttatattatgGtttacataag 1.13 4 —2.87 1.34 10.16 0.87
15 aagaacat agGaaaat agaac 1.12 1 —-2.35 0.10 11.71 0.99
16 agtttttgcaGaataatgttc 1.10 3 —3.85 0.32 14.70 0.82
17 ggaaccgcaaGgttgggcaaa 1.10 0 —2.78 0.24 10.69 0.95
18 cct gggaaccGceaaggttggg 1.02 5 —4.34 0.10 9.60 0.22
19 agaacagttt Gtaaccataaa 0.95 3 —2.89 0.50 14.16 1.00
20 gcagaat aat Gttctat cagt 0.93 4 —3.48 1.23 11.83 0.84
21 tccagecact Geeecttectt 0.86 3 —3.52 1.32 11.40 0.89
22 cataccataaGtttttgcaga 0.85 2 -3.01 0.39 11.58 0.86
23 tcacatcctt Gttttaagaac 0.85 2 —3.08 1.16 12.90 1.10
24 aacact aagaGct cagat cag 0.82 5 —3.41 0.91 11.85 0.72
25 taaaccct ggGaaccgcaagg 0.81 2 —2.87 1.29 11.56 1.08
26 gacttggat aGatt ccaaaag 0.80 3 —3.25 0.60 11.85 0.81
27 tat cagt ccaGcecact geece 0.78 3 —3.98 0.52 12.16 0.68
28 cataagactt Ggatagattcc 0.77 3 =3.12 0.20 14.15 0.90
29 gaaaccactt Gtctcacatcc 0.73 6 —3.89 0.44 13.14 0.54
30 gcaaat aaagGcet aat cat aa 0.72 4 —-3.25 1.26 12.31 0.92
31 caaaaaat caGcactctttta 0.71 4 —2.91 1.20 13.64 1.06
32 atttacataaGacttggatag 0.71 3 -3.19 0.40 11.21 0.74
33 tttaagaacaGtttgtaacca 0.69 4 —3.63 1.02 14.15 0.91
34 taagagct caGat cagaacat 0.67 0 —2.62 0.32 12.29 1.10
35 gatt ccaaaaGaacat aggaa 0.67 4 —3.48 0.63 14.78 0.90
36 ataagacttgGatagattcca 0.64 4 —3.31 0.30 13.26 0.76
37 gcaaggttggGceaaat aaagg 0.51 2 -3.25 0.20 11.83 0.79
38 tgttctatcaGtccagecact 0.51 6 -3.52 1.01 11.36 0.62
39 gtttacataaGceatttacata 0.50 3 —2.86 0.40 10.45 0.75
40 tttatattat Ggtttacataa 0.43 4 -3.19 1.13 9.79 0.74
41 taggaaaat aGaacact aaga 0.41 3 —2.81 0.30 13.21 0.92
42 gaaccgcaagGttgggcaaat 0.37 4 —3.81 0.29 10.69 0.50
43 aaagaacat aGgaaaat agaa 0.00 4 —2.82 0.10 11.71 0.71
Linear correlation coefficient training | —0.41 (0.05) | 0.35(0.05) | 0.45(0.05) 0.44 (0.05) 0.67
(significance), r(a) control |—=0.91(0.05)| 0.86 (0.05) | 0.48 (0.05) 0.44 (0.05) (1076

Note: 43 guanine residues (G,,) are shown in bold, control is underlined, the last column shows the prediction for controls.
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Fig. 1. Graphical representation of the position-weight matrix m & of nucleotides & at positions in the local environment of UV

damaged guanine residues atj = 0. Forj € {—10, =9, —8, 10}, ;=

otides here. Numbers above—position in the vicinity of G.

value closest to its mean intra-group estimate (Table 1:
no. 4, 12, 19, 28, 35, 42) was chosen. The remaining 37

sequences S formed the training set Sy, -

On the basis of the training set Si,c, , the fre-
quency fy;, weighted with allowance of the measured

J, frequencies of UV damage of G, (the conventional
Boltzmann’s population), was estimated for each
nucleotide & € {A, T, G, C} at each position j from

—10to 10:
3 sE=5
S¢ € {Siaing }
fé/ = . - s

S 5

SGH € {slmm(;”}

oY)

where (& = s/) = 1 for a match of s with a given & and
0 in the case of a mismatch, & # s7.

On the basis of f;; values, found using Eq. (1), for
each & we estimated the mean frequency and its stan-
dard error f; = o, for the S, sample in general.
Using the Student’s 7 test, the most significantly fre-
quent nucleotide was found for each position/, and the
consensus of the environment of UV damages in gua-
nine was constructed on this basis. However, the num-
ber of matches Sg with this consensus and the f; fre-
quencies correlated with each other neither in the
training nor in the control sets (data not shown). In
view of this, the consensus of the most significantly
rare nucleotides in the vicinity of UV damages of G,
was constructed, which took the form ttaaagcHtcg-
actgc (H is the code “not guanine” and “—" is any
nucleotide in the [UPAC-IUB nomenclature [10]). In
the control sample S, , the number of matches to

this consensus was significantly correlated with the f;
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0 was set due to the lack of significantly frequent or rare nucle-

frequencies (Table 1: r = —0.91, a < 0.05). Thus, the
better the local environment of G,, coincides with the
ttaaagcHtcg-actgc consensus, the lower the frequency
of UV damaged guanine residues.

Then, the next (in terms of complexity) character-
istic of the nucleotide context of DNA sites—the
position-weight matrix w;; in the vicinity of UV dam-
aged G,—was determined:

fé/'

= fi’ ll’l( )) ,

max;(f;;) + max;(f;;) “maxg(f;) max;(f;; )
where max(f;)) is the weight w;; of nucleotide £ at each
position j in the G, environment normalized to the
maximum frequency of this nucleotide, added to the
conventional Shannon’s information content for-
mula. The graphical representation of ; is shown in
Fig. 1. At positionsj € {—10, —9, —8, 10}, it was found
that g; = 0, which means the absence of significantly
frequent or significantly rare nucleotides at these posi-
tions.

The table shows the values of similarity of the con-
trol sequences S € {S on 6, | With the weight matrix c;,
calculated using the formula

10
PWM(S; ) = z (os;j.
j=-10

They are significantly correlated with f; in the
control (r=0.86, a < 0.05) (see the table). Therefore,
the more the local environment of guanine residues
satisfies the weight matrix shown in Fig. 1, the higher
the frequency of damage of these guanine residues.

Next, using the ACTIVITY software, which was
developed by us earlier [13], we analyzed 43 Sg
sequences to identify the contextual DNA character-
istics that, firstly, significantly affect the frequencies
Jg, of UV-induced guanine damages and, secondly,

3)
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Welght function, F(j)
1.0 e sy ey

J, position relative
UV damaged guanine

Fig. 2. Examples of seven of the 360 weight functions
F(j) vs positions; relative to UV damaged guanine residues
atj = 0. F(j) functions (Eq. (4)) determine the effect of tet-
ranucleotides Z on f—the frequency of UV damage at
localization Z at positionj on the basis of the heuristic rule
“the higher F(j), the greater the effect of Z at position j in
sequence SG on the frequency fG of UV damaged G,,.”
The bold line shows the weight function F(j), found by the
ACTIVITY program [13] as a result of analysis of the train-
ing set data for the tetranucleotide YNWV.

meet the requirements for the application of regres-
sion analysis to data. All possible tetranucleotides Z =
7,2,2574 (in the 15-letter code of the TUPAC-IUB
CBN nomenclature [10]: z e {A, T, G,C,W=A+T,
R=A+G, M=A+C,K=T+G,Y=T+C,S=
G+C,B=T+G+C,V=A+G+C, H=A+T+
C,D=A+T+G,N=A+T+ G + C} were consid-
ered as contextual characteristics. In total, we consid-
ered 15* = 50 625 tetranucleotides (i.e., an exhaustive
search was performed). In the ACTIVITY software
[13], the contribution of oligonucleotide Z to the gua-

nine damage frequency f; was set by the formula

7
ZF(SG”) = Z 8(5;1 = 11)8(57+1 =1,)
= @)

X 8(S;‘1+2 = 23)5(5;1+3 = 24) F()).

Here, 0 < F{(j) < 1 is the weight function, which has the
following meaning: the higher the F{(j), the greater the
contribution of Z at position F(j) to the frequency f
of UV-induced guanine damages. For each of the 15*
tetranucleotides Z = z,z,z,z,, 360 weight functions F
(atotal of 360 x 15*~ 107 variants ZF) were considered
(Fig. 2). The necessity of consideration of ten million
of contextual characteristics Z,was determined by the
absence of any information on the effect of oligonu-
cleotides on the frequency of UV damage of guanine
residues.

A set of 43 sequences S was divided into two sub-
sets: even and odd sequences formed the training and
control subsets, respectively (table). In the training
subset, the ACTIVITY software [13] tested each Zy
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characteristic with respect to five types of correlations
and six requirements of the regression analysis. As a
result, the program calculated the U value (Zg f),
which reflected, firstly, the significance of the Z,con-

tribution to the f; frequency of UV-induced guanine
damages and, secondly, the applicability of the regres-
sion analysis to {Z; f } data. Of the 107 considered
characteristics of Z, we selected the one that had the
greatest positive value U(Zy; f). The ACTIVITY soft-
ware [13] was set up so that the Bonferroni correction
for multiple tests gave the estimate p < 10~2° of the
probability of accidental appearance for random
causes of the final positive value U(Zg; f), calculated by
this program.

The largest value U(Z; f) = 0.25 was found for the
tetranucleotide YNVW, characterized by the weight
function F (shown with a bold line in Fig. 2). This fea-
ture decreased from F'= 1 at the 5' end of the sequence
to the minimum F'= 0.1 at its center. The YNVW,val-
ues calculated using formula (4) are summarized in the
table. They are significantly correlated with the f5
values in the control (r = 0.48, o < 0.05). Thus, the
larger the number of tetranucleotides YNVW in the 5'
direction from the guanine residue, the higher the fre-
quency of guanine damages by UV radiation. Addi-
tionally, the tetranucleotide YNVW fits the regression
analysis better than any other tetranucleotide, which
allowed it to be used it at the final stage of the study
when constructing the regression equation (Eq. (6)) to
predict the frequency of UV damages of guanine resi-
dues in random DNA sequences.

Finally, we used the ACTIVITY software [13] to
analyzed the contribution of 38 physicochemical and
conformational properties of the B-DNA helix to the
frequency of UV damages of guanine residues. For
each of these properties, which were taken from the data-
base [14], the mean value in all possible regions [a; b] of
analyzed DNAs was estimated by equation

Pk[a;b](SGn) = zpk( J+1) (5)

j =a
where —10 < a < b <10 and P(EQ) is the value of k-th
property of the dinucleotide £C step of B-DNA helix,
1 <k<38[14]. Intotal, 38 x (20x 19)/2 = 7220 variants
of Py, were analyzed. Because of the lack of any
information on the effect of conformational and phys-
icochemical properties of B-DNA helix on the fre-
quency of UV damages of guanine residues, it was nec-
essary to test each of the 7220 P, , variants.

The analysis of the training subset of even DNA
sequences from the table showed U(Py_7.,; f) = 0.15;
i.e., the greatest contribution to the guanine damage
frequency is made by the physicochemical property
“the frequency of dinucleotide contact with a histone-
like protein” [11] in the range [—7, 2] relative to gua-
nine. The P, (§C) values used to calculate this property
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fGn, In, UV damage frequency of G, experiment [12]
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f(SGn), In, UV damage frequency of G,

prediction (Eq. (6))

Fig. 3. Correlations of the predlctlon (Eq. (6)) of the fre-
quencies fSG of UV damage of G,, in the region [146, 461]
of the Escherichia coli pGEM7 (f+) plasmid by 193-nm
UV laser beam with the fG values measured in the experi-
ment [12], which were analyzed in this work. The dashed line
line shows 5% confidence limits (STATISTICA package).

(Eq. (5)) were taken from the database [14]. They were
experimentally determined earlier as a result of analy-
sis of 177 experimentally established DNA sites 145 bp
long that were in contact with the core particle of hen
nucleosome [11] and, therefore, were taken as a basis
for estimating the frequency of contacts with histones
for each of the 16 possible dinucleotides [11].

The values calculated using Eq. (5) are summarized
in the table. They are significantly correlated with the
frequency of guanine damage in the control (r = 0.44
(a < 0.05)). Thus, the more readily the local environ-
ment of guanines comes in contact with the histone-
like proteins, the higher the UV radiation-induced
damage of these guanines under experimental condi-
tions in vitro [12]. In addition, this contextual charac-
teristic meets the requirements of the regression anal-
ysis, which allows it to be used in the regression equa-
tion (Eq. (6)) to predict the frequency of UV damages
of guanine residues in random DNA sequences.

It should be noted that FE. coli contains histone-like
proteins HU [15], which are evolutionary homologous
of hen histones from the experiment described in [11]
and which pack the bacterial DNA in nucleosome-like
structures [15]. E. coli strains defective for HU pro-
teins are characterized by an abnormally high sensitiv-
ity of DNA to UV radiation [15]. This allowed us to
make a conjecture that a mechanism for protecting the
DNA regions that are most easily damaged by UV
radiation could be selected in the course of evolution
of the bacterial genomes by the binding of these
regions to histone-like proteins.

Thus, as a result of analysis performed in this study;
we, firstly, have identified four contextual DNA fea-
tures that are important for estimating the frequencies
of UV damages of guanine residues and, secondly,
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f*G, In, frequency of UV-induced DNA breaks at G,
experiment [6]
0.8 *
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f(Sg), In, frequency of UV-induced DNA breaks at G,
prediction (Eq. (6))

Fig. 4. Correlation between the frequenmesf#G of DNA
breaks at guanine residues induced by 193-nm "UV laser
beam in the DNA region 100 bp long in the mouse gene
MIP-1a (macrophage inflammatory protein la, Gen-
Bank AC = X12531: 201—-300) and the in silico prediction
(Eq. (6)) of the frequenmesfSG of UV damages in gua-
nine residues [6]. The dashed line shows 5% confidence
limits (STATISTICA package).

found that these characteristics are not correlated with
one another. For this reason, they were used without
optimization to construct a linearly additive formula
to estimate the frequency of UV damages of guanine
residues:

f(S6,) = 0.69 = 0.07 Negyo (S ) +0.19PMW(S; )
+0.22YNWV (S ) +0.07 Pys;_7. 1(Sg, )

where N,,S¢ is the number of matches of S with
the consensus ttaaagcHtcg-actgc in the local environ-

ment of UV damaged G,,.

The frequencies of UV damages of guanine resi-
dues for 43 S5 sequences, calculated according to
Eq. (6), were significantly correlated with the experi-
mental data (table, Fig. 3). In addition, using Eq. (6),
we predicted the frequencies of UV damages of gua-
nine residues in an independent experiment [6] (Fig. 4).

In this experiment, fG# frequencies of UV-induced
DNA breaks at guanine residues in the mouse gene
MIP-1a under irradiation with 193-nm laser beam
were measured in vitro. As can be seen from Fig. 4, the
results of our prediction was significantly correlated
with the experimental data (r = 0.82, o < 0.01).

To conclude, it should be noted that all the four
identified contextual features of the local environment
of guanine residues make partial linearly additive con-
tributions to the frequencies of UV damage of these
guanine residues with indistinguishably equal mini-
mum levels of significance o < 0.05, whereas their
total contribution (Eq. (6)) has a 1000-fold higher
level of significance (o < 10~°). This finding points out
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to the high complexity of the multistage cooperative
molecular mechanism of UV radiation-induced dam-
age of guanine residues in DNA molecules.
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