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Abstract—The K-ratio between diadducts (D) and monoadducts (M) induced by 8-methoxypsoralen (8-MOP)
in the DNA packed in the head of bacteriophage λ and in the DNA of pBR322 plasmid under UV irradiation
(λ ≥ 320 nm) was measured. The probabilities of UVR excision repair of 8-MOP monoadducts (P) and of
SOS repair of 8-MOP diadducts and monoadducts (S and Sm) were determined. P was measured using an
angular derivative of angelicin. It was demonstrated that P = 0.86. S and Smwere determined using bacterio-
phage λ11 treated with 8-MOP + UV (λ ≥ 320 nm) or 8-MOP + UV (λ ≥ 380 nm) and inoculated either onto
bacteria pre-irradiated with short-wave UV light (λ = 254 nm) or onto bacteria with constitutive synthesis of
the SOS regulon genes, as well as onto bacteria containing the pKM101 plasmid. In bacteriophage λ11, the
level of W-reactivation (α) and the frequency of W-mutagenesis of clear mutations (m) were determined. It
was demonstrated that 8-MOP diadducts (“crosslinks”) were repaired by the bacterial SOS system with the
probability S = 0.28–0.29, and 8-MOP monoadducts were repaired by the bacterial SOS system with the
probability Sm = 0.41 only with the participation of the MucA’2B enzyme, the genes for which were located
in the conjugative plasmid pKM101.
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INTRODUCTION
Photosensitization of the bacteria and bacterio-

phages with 8-methoxypsoralen (8-MOP) plus UV
(λ ≥ 320 nm) causes the formation of two types of
DNA photoproducts, i.e., monoadducts (one 8-MOP
molecule is covalently linked to a pyrimidine base)
and diadductsor interstrand “crosslinks” (one 8-MOP
molecule is covalently linked to two pyrimidine bases
from complementary strands) [1–4].

In the analysis of the 8-MOP effect on DNA, the
value of K, which characterizes the ratio between
monoadducts and diadducts (M = K × D, where M is
the number of monoadducts and D is the number of
diadducts), is of critical importance. The K value
depends on a number of factors. First, K depends on
the UV wavelength used for illumination of 8-MOP
solution. For example, when UV with wavelength lon-

ger than 380 nm is used, 8-MOP monoadducts are
formed in DNA almost exclusively, since the second-
ary reaction that crosslinks a monoadduct with the
complementary strand requires a much shorter UV
wavelength (320–350 nm) [5]. Second, K depends on
the DNA state. For example, DNA packed in the bac-
teriophage head is characterized by a lower K value
compared to free DNA [6].

It is also necessary to take into account the possi-
bility of repair of monoadducts and diadducts in the
bacterial cell. Since 8-MOP monoadducts and diad-
ducts block replication carried out by DNA poly-
merase III, it is reasonable to suppose that, in the case
of inoculation of non-UV-irradiated E. coli ΔuvrΔrecA
with 8-MOP treated plasmids and phage, each DNA
monoadduct and diadduct is lethal because of the
absence of excision repair (UVR) and post-replica-
tion repair (RecA) systems in these bacteria. In
E. coli uvr+recA+, 8-MOP monoadducts are repaired† Deceased.
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by the enzymes of the UVR excision repair pathway
with the same efficiency P (P is the probability of exci-
sion repair of monoadducts and cyclobutane pyrimi-
dine dimers) as cyclobutane pyrimidine dimers [7].
However, 8-MOP monoadducts in the phage and
plasmid DNA cannot be repaired by the post-replica-
tion recombination repair system (RecA). This is
caused by the need for a second copy of the homolo-
gous genome (which is intact at this locus) to be pres-
ent in the cell, since usually phages and plasmids infect
the cell in one copy (the multiplicity of infection used
in the experiment is much lower than one).

Diadducts (“crosslinks”) in the DNA of phages
and plasmids are 100% lethal in the case of inoculation
of non-UV-irradiated E. coli ΔuvrΔrecA and E. coli
Δuvr strains, because they block replication and are
not repaired. The crosslink repair requires excision of
the linker arm on one of the complementary strands,
which is carried out by the UVR excision repair
enzymes, and then filling of the formed “gap.” 8-MOP
diadducts in the DNA of phages and plasmids are also
100% lethal in the case of inoculation of non-irradi-
ated uvr+recA+ bacteria, i.e., in the case of the
absence of active SOS repair system in the cell,
because despite the excision of linker arm by UVR
enzymes, the system of post-replication RecA-recom-
bination repair is unable to fill the gap owing to the
absence of a second copy of the phage or plasmid
genome in the cell. These findings were experimen-
tally confirmed in [8]. In the DNA of phage λ inocu-
lated onto non-irradiated E. coli uvr+recA+, the for-
mation of one diadduct in DNA corresponded to
approximately one lethal hit, while 8-MOP monoad-
ducts were repaired with high efficiency by the UVR
enzymes.

UV irradiation of the bacteria induces the SOS
response system of DNA repair, the regulation of
which is determined by two proteins, the LexA repres-
sor protein and RecA protein [9, 10]. In E. coli, the
SOS regulon contains the umuC and umuD genes [11],
encoding the subunits of PolV (UmuD’2C), which is
able to bypass the replication block caused by the
lethal DNA defect, preferentially incorporating a non-
complementary nucleotide opposite the damaged one
[12–14]. As a result of the process, which was named
“translesion synthesis,” the survival rate of bacteria is
increased and mutations are induced [15]. It was
demonstrated that, in addition to PolV polymerase, an
important role in this process is played by the activated
RecA* protein (an asterisk denotes the activated state
of the protein) [16, 17]. The RecA activation occurs as
a result of binding to single-stranded DNA, which is
formed in considerable amounts in UV-irradiated
bacteria during replication and its blockage by lethal
defects. The SOS repair proteins are capable of repair-
ing and causing mutations not only in the bacterial
chromosome but also in plasmids and DNA of bacte-
riophages. They are especially effective in temperate
bacteriophages (for example, phage λ), are less effec-
RUSSI
tive in conditionally lethal bacteriophages (for exam-
ple, phages T1, T3, T7 [18]), and are unable to repair
lytic bacteriophages, such as T2 and T4, which kill the
cell and inhibit the main intracellular processes almost
at the moment of adsorption [19]. In honor of the dis-
coverer of the effect, J. Weigle (1953), the phenome-
non of the increase in survival rate and the frequency
of mutations in phages and plasmids inoculated onto
bacteria with pre-induced SOS system is called
W-reactivation and W-mutagenesis [9].

In the present study, the K-ratio between diadducts
(D) and monoadducts (M) in the DNA packed in the
head of bacteriophage λ and in plasmid DNA was
measured. The probabilities of excision repair of
monoadducts (P) and of SOS repair of 8-MOS diad-
ducts and monoadducts (S and Sm) (according to [20])
were determined. The measurement of P was carried
out using an angular derivative of angelic in, which
owing to its structure is capable of forming monoad-
ducts and is not capable of forming diadducts [20]. S
and Sm were determined using bacteriophage λ11
treated with 8-MOS + UV (λ ≥ 320 nm) or 8-MOP +
UV (λ ≥ 380 nm) and inoculated ontobacteria pre-
irradiated with shortwave UV light (λ = 254 nm) or
onto bacteria with constitutive synthesis of the SOS-
regulon genes, as well as onto bacteria containing the
pKM101 plasmid.

MATERIALS AND METHODS

Bacterial Strains, Bacteriophages, and Plasmids

The Escherichia coli K12 strains: AB1157 F--- thr-1
leu-6 proA2 his-4 thi-1 argE3 lacY1 galK2 ara14 xyl-5
mtl-1 tsx-33 rpsL31 supE44; AB1886 uvrA6; AB2480
uvrA6 recA13; other markers are as in AB1157 (the strains
were obtained from Prof. P. Howard-Flanders, USA);
Escherichia coli DM1187 recA441 lexA51 sfiA11 arg+;
other markers are as in AB1157 (the strains were
obtained from Prof. V.A. Lantsov, St. Petersburg State
University). The TK603 strains arg+ilvuvrA6; other
markers as in AB1157; GW514 = TK603 (pKM101
mucAB+) were obtained from Prof. G.C. Walker (USA).

Bacteriophage λ11 (λv2v3) was obtained from
R. Devoret (France). The pBR322 plasmid.

Bacterial Growth Media and Conditions

LB medium: 1% tryptone, 0.5% yeast extract, 0.5%
NaCl; 0.7 and 1.8% LB agar were used as top and bot-
tom agar for Petri dishes. The bacteria were grown in
LB or LB plus 100 μg/mL ampicillin with constant
shaking until middle exponential phase at 30°С. The
transformation of bacterial cells treated with Ca2+ ions
was carried out according to [21].
AN JOURNAL OF GENETICS  Vol. 57  No. 7  2021
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Fig. 1. The kinetic curves of inactivaition for the pBR322
plasmid treated with angelicin + UV (λ ≥ 320 nm) during
transformation of E. coli K12. (1) AB1157 uvr+recA+;
(2) AB2480 uvrA6 recA13. On the x axis, the time of plas-
mid DNA irradiation (min); on the y axis, the plasmid sur-
vival rate, N/N0. 
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Buffers and Reagents

Tris buffer: 0.05 M Tris-HCl, 0.01 M NaCl, pH 7.5;
TM buffer: 0.05 M Tris-HCl, 0.01 M NaCl, 0.001 M
MgSO4, pH 7. 8.8-Methoxypsoralen (8-MOP) was
purchased from Sigma. Angelicin was obtained from
Prof. G. Rodighiero (Italy).

Irradiation of Bacteria, Bacteriophage, and Plasmids

DNA solution in Tris buffer and phage suspension
in TM buffer containing 40 μg/mL 8-MOP or 200 μg/mL
angelicin were irradiated at 4°С in Pyrex cuvettes. An
SVD-120A high-pressure mercury lamp with a UFS-6
light filter served as a light source of λ ≥ 320 nm. An
SVD-120A lamp with a ZhS-4 light filter was used as a
light source of λ ≥ 380 nm. The distance between the
lamp and the specimen was 20 cm. The bacterial sus-
pension in TM buffer was irradiated with shortwave
UV light (254 nm), the source of which was a BUV-15
low-pressure mercury lamp. The dose of UV light was
measured with a UVD-4 dosimeter with a magnesium
photocell.

W-Reactivation and W-Mutagenesis

Bacteria in the exponential phase were washed
twice with TM buffer, concentrated five times in the
same buffer, and irradiated at 20°С with a BUV-15
lamp (254 nm) with different doses. Bacteriophage λ
adsorption on unirradiated and UV-irradiated cells
was performed for 15 min in TM buffer at 37°C. Inocu-
lation of phage–bacterium complex was carried out
using the double-layer agar technique with the addi-
tion of the AB2480 indicator culture. Clear mutants
were scored using bacteriophage λ11, which is capable
of forming two one-step mutations, clear and vir. The
spontaneous background of clear mutations for differ-
ent phage preparations was 8 × 10–4–1 × 10–3. In bac-
teriophage treated with 8-MOP + UV (λ ≥ 320 nm),
the frequency of clear mutations among survivors was
determined. The level of W-mutagenesis was deter-
mined as the ratio of the mutation frequency upon
inoculation of UV-irradiated (254 nm) cells with bac-
teriophage to the mutation frequency upon inocula-
tion of unirradiated cells. The multiplicity of infection
did not exceed 0.01.

To measure W-reactivation in the pBR322 plas-
mid, cells were treated with Ca2+ ions and then irradi-
ated with different UV doses (254 nm). The level of
W-reactivation (α) for phage and plasmid was deter-
mined according to the formula α = NnnNii/NinNni,
where Nnn is the titer of unirradiated phage and plas-
mid on unirradiated bacteria, Nii is the titer of irradi-
ated phage and plasmid on irradiated bacteria, Nin is
the titer of irradiated phage and plasmid on unirradi-
ated bacteria, and Nni is the titer of unirradiated phage
and plasmid on irradiated bacteria.
RUSSIAN JOURNAL OF GENETICS  Vol. 57  No. 7  
RESULTS
Inoculation of Unirradiated Bacteria

with Phages and Plasmids
In the present study, P (the probability of UVR exci-

sion repair) was measured using an angular derivative of
angelicin, which, owing to its structure, is capable of
forming only monoadducts and is not capable of form-
ing diadducts. The curves of inactivation kinetics for the
pBR322 plasmid treated with angelicin + UV (λ ≥
320 nm) during transformation of unirradiated E. coli
AB1157uvr+recA+ and AB2480ΔuvrΔrecA strains were
obtained (Fig. 1), which were described by the follow-
ing formulas:

N/N0 = e–M, for strain AB2480, since each
monoadduct is lethal;

N/N0 = e–(1 – P)M, for strain AB1157, since only
each unrepaired monoadduct is lethal.

From the obtained slope ratio of the inactivation
curves, σΑΒ1157/σΑΒ2480 = 0.14, we obtain M(1 – P)/M =
(1 – P) = 0.14, and the probability of monoadduct exci-
sion repair P = 0.86.

To measure the value of K (M = KD), the kinetic
curves of 8-MOP + UV (λ ≥ 320 nm) inactivation of
pBR322 plasmid and bacteriophage λ were deter-
mined upon their inoculation onto unirradiated
AB2480 and AB1157 bacteria (Fig. 2):

N/N0 = e–D(1 + K), for strain AB2480, since each
monoadduct and diadduct is lethal;

N/N0 = e–D[1+K(1 – P)], for strain AB1157, because
each diadduct is lethal, and monoadduct is lethal with
the probability (1 – P). From the obtained slope ratio
equal to σAB2480/σΑΒ1157 = 1.7 for the bacteriophage
and 3.3 for the plasmid and taking into account the
2021
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Fig. 2. The kinetic curves of inactivaition for bacteriophage
λ (a) and pBR322 plasmid (b) treated with 8-MOP + UV
(λ ≥ 320 nm) upon inoculation or transformation of E. coli
K12 strains: (1) AB1157 uvr+recA+; (2) AB2480 uvrA6
recA13. On the y axis, the survival rate, N/N0; on the x axis,
the preparation exposure time (min).
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previously obtained value of P = 0.86, the values of K are
determined: σAB2480/σΑΒ1157 = (1 + K)/[1 + (1 – P)K].
K = 0.92 for bacteriophage λ; i.e., on average, one
monoadduct is formed per one diadduct; and K = 4.3
for plasmid DNA; i.e., on average, about 4.5 monoad-
ducts are formed per diadduct.

Inoculation of Phages and Plasmids onto UV-Irradiated 
AB1157 and AB1886 Bacteria, 

as well as onto Unirradiated DM1187 Bacteria

First, for the AB1157 and AB1886 uvrA6 bacteria,
optimum doses of UV irradiation (254 nm) at which
the SOS repair system is maximally induced in cells
were determined. Figures 3 and 4 show data on the
RUSSI
increase in the survival of phage λ1l (hereinafter
denoted as λ) (Fig. 3) and pBR322 plasmid (Fig. 4)
irradiated with either shortwave UV light (254 nm),
inducing cyclobutane pyrimidine dimers as the main
replication-blocking lethal DNA defects, or UV light
with λ ≥ 320 nm in the presence of 8-MOP. In bacte-
riophage λ1l, the frequency of “clear” mutations was
also determined. The UV dose for irradiation of phage
and plasmid preparations was chosen so that the level
of object inactivation upon inoculation onto unirradi-
ated bacteria was approximately 10–3. The AB1157 and
AB1886 uvrA6 bacteria were irradiated with different
doses of shortwave UV light (254 nm). The level of
W-reactivation α for phages and plasmids was deter-
mined according to the formula α = NnnNii/NinNni
(see Materials and Methods).

As can be seen from Figs. 3 and 4, the survival of
the phage and plasmids increases, and at the same
time, in phage λ1l, the frequency of “clear” mutations
increases because of the activity of the SOS repair sys-
tem in bacteria pre-irradiated with different UV doses
(254 nm). In the case of UV-irradiated (254 nm)
phage (Fig. 3a) and plasmid (Fig. 4) containing
cyclobutane pyrimidine dimers in DNA, the maxi-
mum values   of α and mutation frequency m are
achieved at a UV dose of about 30 J/m2 to bacteria for
strain AB1157 and about 6 J/m2 for strain AB1886
uvrA6. A similar result was obtained for 8-MOP + UV
(λ ≥ 320 nm) inactivated phage λ1l and plasmid, but
only using AB1157 bacteria as a host, since in the case
where AB1886 uvrA6 bacteria were used, SOS repair and
induction of “clear” mutations in phage λ1l and SOS
repair in the plasmid were not observed (Figs. 3b, 4).

In the case of inoculation of pre-UV-irradiated
(254 nm) bacteria with phages and plasmids treated
with different doses of 8-MOP + UV (λ ≥ 320 nm),
SOS repair of monoadducts and diadducts in DNA
should be taken into consideration. In this series of
experiments, we used only strain AB1157 and did not
use the mutant strain AB1886 uvrA6, since 8-MOP
diadducts are not repaired because of the absence of
the UVR enzymes that excise linker arm, while 8-MOP
monoadducts (but not angelicin monoadducts) are not
repaired by the bacterial SOS system, because the PolV
enzyme is unable to bypass the replication block caused
by 8-MOP molecule intercalated into DNA [22].

Figure 5a shows the curves of 8-MOP + UV (λ ≥
320 nm) inactivation kinetics of phage λ upon inocu-
lation onto AB1157 bacteria not irradiated and UV-
irradiated (254 nm) with the optimum dose (30 J/m2).
The dependences of N/N0 on the amount of diad-
ducts D formed in DNA are as follows:

N/N0 = e–D[1+K(1 – P)], bacteria are not irradiated
(each diadduct is lethal and monoadducts not repaired
by the UVR enzymes are lethal (see formulas above)).

N/N0 = e–D[(1 – S)+K(1 – P)], bacteria are UV-irradi-
ated (254 nm) with the optimum dose of 30 J/m2. This
AN JOURNAL OF GENETICS  Vol. 57  No. 7  2021
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Fig. 3. W-reactivation and W-mutagenesis of bacteriophage λ11 irradiated with UV (254 nm) (a) and treated with 8-MOP + UV
(λ ≥ 320 nm) (b) upon infection of the E. coli K12 strains AB1157 uvr+recA+ (1, 2) and AB1886 uvrA6 (3, 4). Bacteria were irra-
diated with different doses of UV light (254 nm). (1 and 3) The curves of W-reactivation; (2 and 4) the curves of W-mutagenesis.
On the x axis, UV doses (254 nm) on bacteria, in J/m2. On the y axis, α-level of W-reactivation and m, the frequency of clear
mutations among the survivors. The UV (254 nm) dose on phage upon inoculation on to AB1157 was 140 J/m2; the phage survival
on unirradiated AB1157 bacteria was 1.2 × 10–3. The UV (254 nm) dose on phage upon inoculation on to AB1886 was 20 J/m2;
phage survival on unirradiated AB1886 bacteria was 1.1 × 10–3. The exposure time of phage with 8-MOP + UV (λ ≥ 320 nm)
upon inoculation onto AB1157 was 55 min; the phage survival on unirradiated culture was 1.7 × 10–3 and on AB1886 was 45 min;
the phage survival on unirradiated AB1886 bacteria was 1.4 × 10–3. The frequency of phage clear mutations on unirradiated
AB1886 and AB1157 bacteria was 1.0 × 10–3. 
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variant takes into account that diadducts are repaired
by the SOS enzymes with probability S, and monoad-
ducts are repaired by the UVR excision repair enzymes
with probability P, but are not repaired by the PolV
enzyme of the bacterial SOS system (according to [22]).

The slope ratio of σ–/σ+inactivation curves for
unirradiated and irradiated bacteria is 1.42 (Fig. 5a).
Then,
D[(1 – S) + K(1 – P)]/D[1 + K(1 – P)] = [(1 – S)
+ K(1 – P)]/[1 + K(1 – P)] = 1/1.42, or
S = [1 + K(1 – P)] (1 – 1/1.42) = (1 + 0.9 × 0.14)
× (1 – 1/1.42) = 1.026 × 0.42/1.42 = 0.29.

Therefore, the probability of 8-MOP diadduct
repair by the SOS enzymes and the simultaneous for-
mation of a mutation in the DNA of bacteriophage λ
RUSSIAN JOURNAL OF GENETICS  Vol. 57  No. 7  
is 0.29, and, hence, the probability of the lethal effect of
8-MOP diadduct on bacteriophage λ is 1 – 0.29 = 0.71.

In the next series of experiments, the mutant E. coli
strain DM1187 recA441 sfiA11 lexA51arg+ was used for
the phage λ inoculation; the rest of the markers were
as in AB1157. This strain is characterized by constitu-
tive synthesis of all SOS proteins (the lexA51 muta-
tion) [23], and the RecA protein (RecA441) is acti-
vated at elevated temperatures (42°С) in the presence
of adenine (100 μg/mL) in the medium [24]. The
sfiA11 mutation provides the strain viability under the
constitutive synthesis of the SOS regulon. First, the
induction level of the SOS system was tested. For this
purpose, the DM1187 and AB1157 cells (control strain
with closed SOS system) were transformed with the
pColD plasmid and comparative intensities of cell
2021



800 KOTOVA et al.

Fig. 4. W-reactivation of the pBR322 plasmid irradiated with UV (254 nm) and treated with 8-MOP + UV (λ ≥ 320 nm) upon
infection of E. coli K12 strains AB1157 uvr+recA+ and AB1886 uvrA6. The UV doses (254 nm) of plasmid irradiation were 50 J/m2

(AB1886) and 210 J/m2 (AB1157); the survival on unirradiated cells was 1.5 × 10–3and 1.3 × 10–3, respectively. The plasmid expo-
sure times to UV (λ ≥ 320 nm) + MOP were; 50 min (AB1886 uvrA6) and 90 min (AB1157); the plasmid survival rates on unirra-
diated bacteria were 1.2 × 10–3 (AB1886) and 1.4 × 10–3 (AB1157). Bacteria were irradiated with different doses of UV (254 nm).
On the x axis, the doses of UV (254 nm) on bacteriain J/m2; on the y axis, α-level of W-reactivation.
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luminescence were determined. Strain DM1187 is
characterized by the luminescence intensity approxi-
mately 100 times higher than that of strain AB1157,
which points to the openness of the SOS system in
strain DM1187.

Figure 5b shows the curves of 8-MOP + UV (λ ≥
320 nm) inactivation kinetics of phage λ upon inocu-
lation onto strains AB1157 and DM1187 without pre-
liminary UV (254 nm) irradiation. Petri dishes with
DM1187 cells containing adenine (100 μg/mL) in the
top layer were incubated at 42°С. The dependences of
N/N0 on the amount of diadducts D formed in DNA
are as follows:

N/N0 = e–D[1 + K(1 – P)], AB1157 bacteria (each diad-
duct is lethal, and monoadducts not repaired by the
UVR enzymes are lethal);

N/N0 = e–D[(1 – S) + K(1 – P)], DM1187 bacteria
(monoadducts not repaired by UVR enzymes are
lethal, as well as diadducts not repaired by the SOS
system).

The kinetic curve slope ratio is σAB1157/σDM1187 =
1.38. Then, S = 1.026 × 0.38/1.38 = 0.28. Conse-
quently, S = 0.28, which almost coincides with the
result for pre-UV-irradiated (254 nm) AB1157 bacte-
ria (Fig. 5a).

Comparison of the kinetic curve slopes of 8-MOP +
UV (λ ≥ 320 nm) inactivation of phage λ obtained by
sowing of phage-infected DM1187 bacteria on Petri
dishes at 30°С (without adenine) and at 42°С (+ade-
nine) makes it possible to assess the contribution of
activated RecA* to the process of SOS repair of 8-MOP
RUSSI
diadducts. As can be seen from Fig. 5b, the ratio of
these slopes, equal to σ30/σ42, is almost the same as the
slope ratio of σΑΒ1157/σ42 = 1.38. Therefore, it can be
suggested that the activated RecA* protein is critical
for the SOS repair of 8-MOP diadducts.

W-Reactivation of 8-MOP Monoadducts 
with the Help of MucA’2B Polymerase

In the next series of experiments, the E. coli TK603
uvrA6 and GW514 uvrA6 strains containing the
pKM101mucAB+ plasmid were used for phage λ inoc-
ulation [25, 26].

The bacteriophage preparation was either irradi-
ated with UV light (254 nm) or treated with 8-MOP +
UV (λ ≥ 380 nm), and the phage DNA thus contained
either cyclobutane pyrimidine dimers or mainly 8-MOP
monoadducts [5]. Figure 6 shows the kinetic curves of
8-MOP + UV (λ ≥ 380 nm) inactivation (a) and UV
inactivation (254 nm) (b) of phage λ upon inoculation
onto GW514 bacteria not irradiated and pre-UV-irra-
diated (254 nm) with the optimum dose (6 J/m2). The
dependences of N/N0 on the amount of monoadducts
M formed in the phage DNA (Fig. 6a) are as follows:

N/N0 = e–М, bacteria are not irradiated (each
monoadduct is lethal);

N/N0 = , bacteria are UV-irradiated (254 nm)
at the optimum dose of 6 J/m2. In this variant, it is
taken into account that monoadducts are repaired by
the MucA’2B enzyme with the probability of Sm, but
are not repaired by the PolV (UmuD’2С) enzyme of

m–М(1– )e S
AN JOURNAL OF GENETICS  Vol. 57  No. 7  2021
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Fig. 5. The kinetic curves of inactivaition for bacteriophage
λ treated with 8-MOP + UV(λ ≥ 320 nm) upon inocula-
tion onto (a) unirradiated and UV-irradiated (254 nm)
(with optimum dose of 30 J/m2) AB1157 uvr+recA+ bac-
teria and (b) unirradiated AB1157 uvr+recA+ bacteria (1)
and unirradiated DM1187 recA441 lexA51 sfiA11 arg+ bac-
teria. Sowing of the bacteriophage-infected DM1187 bac-
teria on Petri dishes at 30°С (without adenine) (3) and at
42°С (+adenine) (2). On the y axis, the survival rate N/N0;
on the x axis, phage exposure time (min).
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Fig. 6. The kinetic curves of inactivaition for bacteriophage
λ treated with 8-MOP + UV(λ ≥ 380 nm) (a) and irradi-
ated with UV (254 nm) (b) upon inoculation onto unirra-
diated and UV-irradiated (254 nm) (with optimum dose of
6 J/m2) GW514 and TK603 uvrA6 bacteria. (а): (1) inocula-
tion onto unirradiated GW514 bacteria; (2) inoculation onto
UV-irradiated (254 nm) GW514 bacteria with the dose of
6 J/m2. (b): (1) inoculation onto unirradiated TK603 uvrA6
bacteria; (2) inoculation onto UV-irradiated (254 nm)
TK603 uvrA6 bacteria with the dose of 6 J/m2; (3) inocu-
lation onto unirradiated GW514 bacteria; (4) inoculation
onto GW514 bacteria irradiated with the dose of 6 J/m2.
On the y axis, the survival rate, N/N0; on the x axis, the
exposure time of the phage preparation (min) (a) and the
UV dose (254 nm), J/m2 (b).
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the bacterial SOS system (upon inoculation of
8-MOP + UV (λ ≥ 380 nm) treated phage onto E. coli
strain TK603 uvrA6, the effects of W-reactivation and
W-mutagenesis are absent). In addition, in the case
where unirradiated GW514 bacteria are inoculated
with bacteriophage containing 8-MOP monoadducts
in the DNA, the so-called P-reactivation phenome-
non is not observed. In other words, phage survival
rates on GW514 and TK603 are equal. The slope ratio of
the inactivation curves σ−/ σ+ for unirradiated and UV-
irradiated (254 nm) GW514 bacteria is 1.7 (Fig. 6a).
Then, (1 – Sm) = 1/1.7, and, therefore, the probability
of SOS repair of 8-MOP monoadduct with the partic-
RUSSIAN JOURNAL OF GENETICS  Vol. 57  No. 7  
ipation of the MucA’2B polymerase Sm = 1 – 1/1.7 =
0.41, and, hence, the probability of the lethal effect of
monoadduct is 1 – 0.41 =0.59.

The kinetic curves of UV inactivation (254 nm) of
a phage whose DNA contains lethal cyclobutane
pyrimidine dimers are somewhat different (Fig. 6b).
2021
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In this case, the phenomenon of “P-reactivation”
takes place. Namely, the survival rate of UV-irradiated
(254 nm) phage on non-UV-irradiated (254 nm)
GW514 bacteria containing the pKM101 mucAB+
plasmid exceeds the survival rate of this phage on unir-
radiated TK603 uvrA6 bacteria. Therefore, MucA’2B
polymerase is able to bypass the replication block
caused by cyclobutane pyrimidine dimers (as well as
angelicin monoadducts (data not shown)), even if
there is no SOS induction in the cell, but it is not able
to bypass the replication block caused by 8-MOP
monoadducts without additional participation of the
enzymes of the bacterial SOS system. Pre-UV-irradi-
ation (254 nm) of GW514 bacteria only considerably
enhances W-reactivation of UV-irradiated (254 nm)
phage, in particular, owing to the increase in expres-
sion of the mucA and mucB genes [27]. Because of this,
Fig. 6b shows four kinetic curves of UV-irradiated
(254 nm) phage inactivation: on strain GW514 not
irradiated and pre-irradiated with UV light (254 nm)
at a dose of 6 J/m2 and also on strain TK603 uvrA6 not
irradiated and pre-irradiated with the optimumUV
(254 nm) dose of 6 J/m2.

DISCUSSION

The data of the presented study indicate that, to
assess the relative contributions of 8-MOP monoad-
ducts and diadducts as lethal and mutagenic defects in
the DNA of bacteriophages and plasmids, it is neces-
sary to take into account, first, the inability of the bac-
terial SOS system, which includes PolV polymerase,
to bypass the replication block caused by 8-MOP
monoadducts and, second, the inability of the plasmid
MucA’2B polymerase to bypass the replication block
caused by 8-MOP monoadducts (the lack of “P-reac-
tivation”) without additional assistance from the cel-
lular SOS system.

It should be noted that, in the study [28], in which
it was first demonstrated that 8-MOP diadducts
(“crosslinks”) determined the formation of mutations
in bacteriophage λ during SOS repair, there was some
misperception of the putative role of 8-MOP monoad-
ducts in SOS mutagenesis. In [28], it was demon-
strated that angelicin, which can form exclusively
monoadducts, highly efficiently induced SOS muta-
genesis in the case where the phage was inoculated
onto pre-UV-irradiated bacteria. On the basis of these
findings, it was suggested that 8-MOP monoadducts
were also able to induce SOS mutagenesis in bacterio-
phages. However, as was demonstrated in the present
study, 8-MOP monoadducts induced SOS mutagene-
sis only upon the use of plasmid (pKM101) MucA’2B
polymerase, but not bacterial PolV polymerase
(UmuD’2C).

The data presented in this study on different abili-
ties of MucA’2B and UmuD’2C polymerases to bypass
the replication blocks formed by “weak intercalator”
angelicin or “strong intercalator” 8-MOP monoad-
RUSSI
duct represent an interesting, but not the only, exam-
ple of the influence of the degree of overlap between
the aromatic rings of f lat intercalators and nitrogenous
bases in DNA on the SOS pathway of the mutation
formation in bacteria. In particular, it was demon-
strated that N-2-acetylaminofluorenecarcinogen, the
f lat molecule of which is intercalated into the DNA
double helix, upon SOS repair induced the formation
of frame shift mutations in the 5'-GGCGCC
sequence of bacterial chromosome, the frequency of
which did not depend on UmuD’2C polymerase, but
increasedconsiderably in the presence of MucA’2B
polymerase [29].

The question of the relative contribution of
monoadducts and diadducts to the lethal and muta-
genic effects of 8-MOP + UV (λ ≥ 320 nm) on bacte-
rial cells remains unresolved. In this case, the task is
complicated because of the presence of a second
genome in the bacterial cell and the efficient process
of post-replication recombination repair, which
depends on a considerable group of genes (RecA,
RecBC, RecE, etc.). In particular, it can be suggested
that PolV polymerase, with the participation of the
proteins of the recombination repair system, is to
some extent able to bypass the replication block
caused by 8-MOP monoadducts.
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