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Cerenkov ultraviolet radiation (}37Cs y-rays)
and direct excitation ('*’Cs y-rays and 50 kVp X-rays)
produce photoreactivable damage in Escherichia coli

STEPHEN H. MOSS+ and KENDRIC C. SMITH

Department of Radiology, Stanford University School of Medicine,
Stanford, California 94305, U.S.A.

(Recerved 12 December 1979, accepted 18 March'1980)

The mechanism of formation of photoreactivable damage in deoxyribonucleic
acid (DNA) by ionizing radiation in a dark repair deficient strain of Escherichia
coli (uvr A recA) has been investigated. By altering the ratio of damage produced
directly (by ionization) to that formed indirectly (by Cerenkov ultraviolet (U.V.)
radiation) by '*7Cs y-rays, it has been demonstrated that the major portion of the
photoreactivable damage is produced by Cerenkov U.V. radiation. The amount
of photoreactivable damage produced by 50 kVp X-rays, which cannot generate
Cerenkov radiation, is similar to that component of photoreactivable damage
produced by '37Cs y-rays that is not attributed to Cerenkov radiation. It is
suggested that the second mechanism of formation of photoreactivable damage in
DNA by ionizing radiation is the direct excitation of DNA. The possible role of
Cerenkov U.V. radiation in ionizing radiation mutagenesis is discussed.

1. Introduction

Photoreactivation, an enZymatic DNA repair process formerly thought to act
only after ultraviolet (U.V.) irradiation, was observed by Myasnik and Morozov
(1977) after inactivation of dark repair deficient strains of Escherichia coli with
tonizing radiation. The proportion of damage susceptible to photoreactivation has
been shown to be independent of the presence of oxygen during irradiation
(Redpath and Tortorello 1977, Vinicombe, Moss and Davies 1978). The enzymatic
nature of photoreactivation after ionizing irradiation has been demonstrated by
Wang and Smith (1978) using a phr mutant of E. coli. These authors also correlated
the yield of y-ray-induced pyrimidine dimers (the substrate for the photoreactivat-
ing enzyme), as measured by chromatography, with the production of photo-
reactivable damage, as measured by biologichl recovery.

Two aspects of the phenomena of photoreactivation of ionizing radiation-
induced damage, which at present have not been satisfactorily explained, are the
variable amount of photoreactivable damage that has been observed for the different
energies of radiation, and the mechanism of formation of this damage. The existing
data are summarized in table 1 in terms of photoreactivable sectors (PRS), where
PRS is defined as (k;,,-&,,,)/ki,r, and k;,, and k,,, are the inactivation constants from the
survival curves after irradiation, without and with maximum photoreactivation,
respectively. Where & values have not been given in the literature they have been
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Radiation E. coli strain PRS Reference
SOkVp X-rays AB2480 uvrA recA 0-07+ Wang and Smith (1978)
100kVp X-rays AB2480 uvrA recA ‘little or none’ Redpath and
B,_, uvrB exrA ‘little or none’ Zabilansky (1979)
300kVp X-rays AB2480 uvrA recA 0-05-0-10% Redpath and
B, uvrB exrA 0071 Zabilansky (1979)
660 keV 137Cs y-rays  AB2480 wvrAd recA 0-238 Wang and Smith (1978)
12MeV ®°Co y-rays B, , uvrB exr4 0-33§ Myasnik and
WP2 hcr exr 0-32§ Morozov (1977)
1-22MeV ®°Co y-rays  AB2480 uvrA recA 0‘37” Vinicombe, Moss
' and Davies (1978)
6 MVp X-rays AB2480 uvrA recA 0-24-0-261 Redpath and
B._, uvrB exr A 0-19-0-22% Zabilansky (1979)
25 MeV electrons AB2480 uvrA recA 0-28%§ Redpath and
Tortorello (1977)
32 MeV electrons AB2480 uvrA recA 0-42t Moss and Davies (1979)

+ Calculated from unpublished data referred to in the reference;
1 estimated from a single point on a composite graph.

§ Estimated from full survival curves.

H Published value.

Table 1. Values from the literature for the photoreactivable sector (PRS; see text for definition) of
damage after inactivation of strains of E. coli by ionizing radiation of various energies.

estimated from the published graphical data. It can be seen that there is a general
trend for larger values of PRS after exposure to higher energy radiations, especially
when different radiations have been used by the same workers using standardized
conditions.

Redpath and Zabilansky (1979), using the free-radical scavenger dithiothreitol,
have presented data for 6 MVp photons, which suggest that photoreactivable
damage may be produced via an excited state mechanism rather than via a free-
radical mechanism. Two possible mechanisms by which ionizing radiation may
produce excited species and thus produce pyrimidine dimers in DNA are by direct
excitation (Smith 1976) or by Cerenkov radiation. The latter is electromagnetic
radiation, including U.V. radiation, which is produced when a charged particle
passes through any medium in which the phase velocity of light is less than the
particle velocity. Cerenkov radiation is typically observed as the blue light emitted
by radiation sources stored under water. Mathematical descriptions arising from
classical physics and quantum mechanics, summarized by Jelly (1958), show that the
relative and total energies of the wavelengths of light produced depend on the
refractive index of the medium, the energy of the charged particles and their path
length. One factor arising from the mathematical descripfion is that Cerenkov U.V.
radiation cannot be produced by radiations of energy less than 236 keV in aqueous
solutions having a refractive index for U.V. radiation of ~ 1-4 (see Appendix). Itis of
interest in this respect that Redpath and Zabilansky (1979) observed ‘little or no’
photoreactivation after exposure of E. coli to 100kVp X-rays, but Wang and Smith
(1978) did observe a small amount of photoreactivation after exposure to 50kVp X-
rays.



Cerenkov U.V. radiation damage in E. coli 325

The goal of this work was to elucidate the method of formation of photo-
reactivable damage in E. col7 by ionizing radiation. The experimental approach was
to use conditions that vary the yield of Cerenkov radiation initially produced and/or
subsequently absorbed by the bacteria, and then to observe what effect this has on
the photoreactivable sector of the cellular damage induced.

2. Materials and methods
2.1. Bacterial strains and culture condition

SR18 is the E. coli K-12 derivative AB2480 uvr A6 recA13 obtained from R. P.
Boyce. SR362 is a derivative of E. coli K-12 (KH21) into which the uvrA6, uvrB,
recA56 and phr mutations have been transferred (Wang and Smith 1978). Stationary
phase cultures were grown in a shaking water bath in 50 ml flasks containing 20 ml of
nutrient broth (Difco) with yeast extract (Difco) added at 0-75 per cent. Innoculation
was always with 0-2ml of an overnight culture containing approximately 2 x 108
colony forming units (CFU) per ml, and cells were always harvested after 24 hours.
This procedure was adhered to in order to minimize variation in sensitivity and
photoreactivability, as previously demonstrated (Tyrrell, Moss and Davies 1972a,
b). Cells were routinely harvested on membrane filters (Milipore Corp., HA,
0-45 um pore size), and resuspended in 0-067 M NaKPO, buffer, pH 70, at a
concentration of 107 CFUml ™ !. In those experiments using higher cell concen-
trations, harvesting and washing was done by centrifugation.

2.2. Irradiation conditions

Irradiations were performed on cell suspensions in equilibrium with the
atmosphere without additional gassing, as it has been shown previously that the
strains used, when grown as described, exhibit no enhancement of inactivation in the
presence of oxygen (Vinicombe, Moss and Davies 1978).

X-irradiation was performed using a twin-tube 50 kVp X-ray unit (Loevinger
and Huisman 1965). The X-ray tubes were operated at 48 and 50 mA in the vertical
position, the top 50 mA tube with 0-3 mm Al added filtration, and the bottom tube
blocked by 3-2mm lead. A 4ml volume of the cell suspension was irradiated in a
60mm diameter black Bakelite dish. The dose-rate was determined by ferrous
sulphate dosimetry, using a G value of 14-6 (Geisselsoder and Karzmark 1969), and a
correction factor for the mass absorption coefficient of a biological sample as
compared with the dosimeter solution (L.oevinger and Huisman 1965). The dose-
rate thus determined was 3-64 krad min~!.

Gamma-irradiation was performed using an 8000 Ci '37Cs source (J. L. Shepard
and Associates), emitting a y-photopeak with an energy of 660 keV. The irradiation
vessel was either a quartz tube or, in one experiment a glass tube, of internal diameter
3-:25mm and external diameter 410 mm. Separate 0:-8 ml cell suspensions were
irradiated for each dose with the irradiation vessel held in position (a) in figure 1.
This arrangement permitted irradiation with or without a large volume (800 ml) of
distilled water in the surrounding glass beaker (b). Dosimetry was with the ferrous
sulphate method described above, using a G value of 156 (Shalek and Smith 1969)
with no mass absorption correction. The dose-rate was determined to be
1-54krad min~ ! with the surrounding 800 ml of water, and 1-68 krad min~ ! without
it.

In specified experiments the cells were irradiated in the presence of varying
concentrations of DNA. A stock solution of DNA was prepared by dissolving calf
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Figure 1. Diagrammatic representation of the irradiation vessel and chamber used for '*7Cs
y-ray irradiation; (a) quartz or glass vessel containing bacterial suspension, (b) glass
beaker containing, when specified, 800 ml distilled water; and (¢) the '37Cs source.

thymus DNA (Worthington Biochemical Corp., N.J.) in 0-067 M NaKPO, buffer,
pH 7-:0, ata concentration of 0-5 per cent, and the required dilutions were prepared at
the same pH.

2.3. Survival curves

For survival measurements, controls and irradiated cells were diluted in
0-067 M NaKPO, buffer, pH 7-0, and plated on nutrient agar containing 075 per
cent added yeast extract. The plates were incubated for 48 hours at 37°C to allow
colony formation. Inactivation constants (k) and v-axis intercepts (#) were estimated
by least squares regression fitting of the equation: S/S, =n exp ( —kd), where S/S is
the surviving fraction, and (d) is the dose.

2.4. Photoreactivation

Suspensions for photoreactivation were placed in 1cm? spectrophotometer
cuvettes. Between irradiation and photoreactivation a minimum period of 10 min
was allowed to permit complexation of photoreactivating enzyme with DNA lesions.
Photoreactivating light was administered to the suspensions in the cuvettes held at
room temperature (25 2°C). Illumination was supplied from a 500 W tungsten
lamp (General Electric GE-DAK) in a slide projector (Argus 500 Model V). The
light was filtered with a purple glass filter (Ealing 26-3384) that transmitted light of
wavelengths between 350 and 425 nm. The time used for photoreactivation was
15min, and the dose-rate was determined with a calibrated thermopile to be
100 Wm ™ 2. These conditions have previously been shown to achieve maximum
photoreactivation of the strain SR18 (unpublished results).

Irradiated samples were collected under red light, and all other manipulations
were perfdrmed under fluorescent yellow light.
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3. Results and discussion
3.1. The effect of increasing Cerenkov radiation

The initial experiments were designed to differentiate between direct inactiv-
ation by the ionizing radiation, and any inactivation that might be due to Cerenkov
U.V. radiation produced by passage of the ionizing radiation through the aqueous
medium. The bacterial strain chosen for this and subsequent experiments was E. coli
K-12 (AB2480) uvr A vec A (SR18), which is sensitive to ionizing and U.V. radiation
and, of importance for these experiments, is deficient in its ability to repair U.V.
radiation-produced pyrimidine dimers, except by photoreactivation. A suspension
of SR18, at 107 CFUml ™!, was irradiated with 137Cs y-rays in a tube in position (a),
as shown in figure 1. The viability was assessed after a range of doses, each with and
without maximum photoreactivation. The conditions were varied by using either a
glass or a quartz tube, and then by irradiating with or without 800 ml of distilled
water in the surrounding beaker (). Four representative survival curves are shown
in figures 2(a) and 2 (), and the inactivation constants before (ki) and after
maximum photoreactivation (k) areincluded in table 2. Itcan be seen in figure 2 (a),
using a quartz tube, that the surrounding water results in increased inactivation, and
also in an increase in the PRS of damage from 029 to 0-42. When a glass tube, which
does not transmit significantly below 300 nm, was used instead of quartz, the
surrounding water did not increase the inactivation or the PRS (0-28 versus 0-23). It
is inferred from these results that the increase in inactivation and PRS observed in
figure 2(a) with water in the surrounding volume is due to U.V. radiation
produced as Cerenkov radiation in the surrounding water.
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Figure 2. Survival of SR18 uvrA4 recA after 137Cs y-irradiation, (a) in quartz vessel, () in
glass vessel, with (A, A) and without (@, O) 800 ml of water in the surrounding vessel.
The open symbols represent survival after maximum photoreactivation.

3.2. The effect of including U.V.-absorbing material in solution in the bacterial
suspension

A second series of experiments was designed to see if the sector of photo-

reactivable damage observed without any contribution from the surrounding water

is also due to Cerenkov U.V. radiation; in this case generated within the bacterial

suspension inside the small tube (a in figure 1). T'he approach adopted was to include
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Figure 3. Survival of SR18 uvrA recA after 137Cs y-irradiation in the presence of various
concentrations of DNA in solution; (@) 0-0%, DNA, (b) 0-00475%,, (¢) 0:0475%,, and (d)
0-475%,. The closed symbols (@) are without photo-reactivation, and the open symbols
(O) after maximum photoreactivation.

Experimental conditions ki ky, PRS

Effect of increased Cerenkov
radiation—"3" Cs ¥-rays

Quartz tube (1) 1-19 0-85 0-29
Quartz tube and surrounding water 1-55 0-89 0-42
Glass tube 1-09 0-78 0-28
(5lass tube and surrounding water 1-08 0-83 0-23

Effect of including DN A in
solution—"3"Cs y-rays

No DNA (1) 1-19 0-85 0-29
0-00475°%, DNA 1-08 0-88 0-19
0-0475% DNA 095 0-81 0-15
0-475°, DNA 0-81 071 0-12

Effect of increasing cell
concentration—""Cs y-ravs

1x107CFUml ™' (}) 1-19 0-85 0-29
2x 108 CFUml™!? 103 074 028
2x10°CFUm1™! 0-89 075 015
2x 10" CFUml ™! 0-83 070 0-15
Photoreactivation after 50 kVp X-rays
Control 1-07 0-97 0-09
0-00475%, DNA 1-06 094 011
0-475% DNA 1-04 091 012
SR362phr 096 0-94 0-00

+ A suspension of 1 x 107 CFUml ™!, in a quartz tube, with no added DNA is the control
condition and the values given are the average of five determinations,

Table 2. The inactivation constants for E. coli SR18 uvrA recA inactivated by ionizing
radiation under various experimental conditions without (k;,) and with (k,,) maximum
photoreactivation.
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varying concentrations of calf thymus DNA in solution in the bacterial suspension.
The choice of DNA was made as a material that will absorb the wavelengths of most
interest, and also as a material that will remain outside the cell and be unlikely to
influence inactivation by the ionizing component of the y-rays. The final concen-
trations of DNA in the irradiated bacterial suspensions were 0-00475, 0-0475 and
(475 per cent and had optical densities at 254 nm (Iem) of 096, 96 and 96,
respectively. T'he survival curves for 107 CFUml ! suspensions of strain SR18 in
the absence and in the presence of DNA, and irradiated with '37Cs y-rays are shown
in figure 3. The inactivation constants for these curves together with values for PRS
are included in table 2. It can be seen that the PRS cannot be reduced below 0-12 even
by a one hundred-fold increase in 254 nm absorption by the suspending medium.
This is taken as evidence that when a 107 CFUml ™! suspension of strain SR18 is
irradiated under our control conditions (table 2), approximately 70 per cent of the
photoreactivable damage observed is due to Cerenkov U.V. radiation generated in
the suspension, the remaining 30 per cent is produced within the cells by a different
process.

3.3. Photoreactivation after 50 kVp X-rays

Cerenkov U.V. radiation cannot be generated in aqueous solutions of refractive
index close to that of water by radiation having energies less than approximately
236 keV (see Appendix). However, photoreactivation has been observed after 50 kVp
X-rays (Wang and Smith 1978). In order to determine that this observation was not
an artifact caused by radiation-induced luminescence of the plastic irradiation
vessel, the experiment of Wang and Smith (1978) was repeated using an opaque
black plastic vessel. The survival curves with and without photoreactivation are
shown in figure 4 (a). Corresponding data for the phr strain SR362 are shown in
figure 4 (d). It can be seen from the inactivation constants and PRS values included in
table 2 that photoreactivation is observed after 50 kVp X-rays, and that it is due, by
inference from the negative result with the phr strain, to the activity of the
photoreactivating enzyme. It is of interest that the sector observed, 0-09, was very
similar to the residual PRS observed when the effect of Cerenkov radiation was
minimized during 37Cs y-irradiation (table 2). For confirmation that the photo-
reactivation observed after 50 kVp X-rays was not due to U.V. radiation generated in
the aqueous medium, DNA was included in the solution at concentrations of 0-00475
and 0475 per cent, which were shown to minimize the contribution of Cerenkov
radiation in the experiments with '3’Cs y-rays (figure 3). The survival curves are
shown in figures 4 (b) and 4 (¢). The inactivation constants and PRS values included
in table 2 show no reduction in PRS from the value obtained in the absence of DNA.

3.4. The effect of cell concentration on the photoreactivable sector

Responses of cell populations to ionizing radiation are often investigated at
concentrations higher than that used (10" CFUml™!) in the preceding experiments.
Consideration of the nature of the photoreactivable component of ionizing radiation
damage described in this paper suggests that the cell concentration should influence
the contribution of Cerenkov U.V. radiation to cell inactivation.

Suspensions of strain SR18 in the quartz tube at position (a) (figure 1) without
surrounding water in (b) were irradiated with 137Cs y-rays using cell concentrations
of 107, 2% 10%, 2x 10° and 2 x 101° CFUml~!. The survival curves are shown in
figure 5. From the inactivation constants and PRS values in table 2,itcan be seen that
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Figure 4. Survival of SR18 uvrA recA after 50 kVp X-irradiation in the presence of various
concentrations of DNA in solution (@) 0-0%, DNA, (b) 0-00475%, DNA, and (¢) 0-475%,
DNA. Survival of SR362 uwr A uvy B rec A phr after 50 kVp X-irradiation (d). The closed
symbols (@) are without photoreactivation, and open symbols (O) after maximum

photoreactivation.
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Figure 5. 'The survival of SR18 uwvr4 recA after 137Cs y-irradiation assessed using initial
cell concentrations of: (a) 1x107ml™ Y, (4) 2x108mi™!, (¢) 2x10°ml™}, and (d)
2% 10 ml™!. The closed symbols (@) are without photoreactivation, and the open
symbols (Q) are after maximum photoreactivation.

increasing the cell concentration from 107 to 2 x 108 CFU m1~! did not significantly
affect the results obtained, but an increase to 2x 10 CFUmIl™! decreased the
sensitivity without photoreactivation, and decreased the PRS value obtained. A
further increase to 2 x 101 CFUml ™! did not result in any further decrease in
sensitivity or PRS value. This result may be interpreted by considering two factors,
the optical density of the cell suspension to the inactivating wavelength of U.V.
radiation (254 nm as a first approximation), and the total number of cells present in
the suspension. The optical densities at 254 nm (1 cm) of the cell suspensions used
(107, 2 x 108, 2x 10° and 2 x 10'° CFUml ™ !) were 0:17, 3-4, 34 and 340, respectively.
If these values are adjusted for the path length of the Cerenkov U.V. radiation within
the quartz irradiation tube (approximately 1-3mm), then the effective optical
densities of the four suspensions used are 0-22, 0-44, 44 and 44, respectively,



Cerenkov U.V. radiation damage in E. coli 331

corresponding to values for per cent transmission of 95, 36,4 x 1073 and 1 x 1074,
respectively. At a cell concentration where a significant proportion of the light is
transmitted out of the suspension, the cells will receive approximately the same dose
of U.V. radiation independent of the number of cells present. However, in the two
cases when effectively all the U.V. radiation was absorbed (i.e., percent T=4 x 1073
and 1x 107%°) the inactivation was limited by the ratio of the number of photons
available (a constant) to the number of cells present. This is in agreement with the
observation that an increase in concentration from 107 to 2 x 108 CFUml ™! did not
significantly affect the survival curves obtained, but that an increase to 2
x 10° CFUml ! resulted in a higher survival in the dark, and a lower PRS value,
i.e., a reduction in the effect of the Cerenkov U.V. radiation. The observation that a
further increase in cell concentration to 2 x 10!° CFUmI1 ™! did not eliminate the
PRS is further evidence that this small residual sector of photoreactivable damage
(PRS ~0-1) is not formed by Cerenkov radiation.

4. Conclusions

Evidence is presented that approximately 70 per cent of photoreactivable damage
observed when the uvr Arec A strain of E. coli (SR18) was irradiated with '37Csy-rays
was due to Cerenkov U.V. radiation, and that the remaining 30 per cent was induced
by a different mechanism. A small amount of photoreactivable damage was seen after
irradiation with 50 kVp X-rays, which cannot generate Cerenkov radiation under the
conditions used. It is suggested that this damage, and that portion of photo-
reactivable damage after '*’Cs y-irradiation that is not due to Cerenkov radiation is
formed by the same mechanism, perhaps by direct excitation of the DNA (Smith
1976).

Published results, summarized in table 1, where significantly larger PRS values
have been observed with °°Co y-rays or 32 MeV electrons than with 37Cs y-rays, are
in agreement with the conclusion that Cerenkov U.V. radiation is responsible for the
production of photoreactivable damage. It can be seen from figure 6 in the Appendix
that increasing the energy of the ionizing radiation results in an increased production
of Cerenkov radiation. This increase is correlated in figure 6 with the increased PRS
values observed. For the purpose of this correlation the residual PRS of 01, which is
not attributed to Cerenkov radiation, has been assumed to be constant and removed
from the values of PRS.

The formation of lesions induced by U.V. radiation during ionizing irradiation
may have important consequences. Relative to their respective lethal efficiencies,
U.V. radiation is much more efficient than ionizing radiation in producing
mutations. The possibility should be considered that a portion of observed mutation
induction by ionizing radiation may be due to the very small but relatively much
more efficient U.V. radiation-type damage. This possibility is under investigation.

Appendix

When a charged particle, having a velocity (V) approaching the velocity of light
in vacuum (c), passes into a medium in which the phase velocity of light is less than
the velocity of the particle, then electromagnetic radiation is emitted. This radiation
is called after P. A. Cerenkov who provided the first explanation of its origin.
Cerenkov’s original papers published between 1934 and 1938 together with related
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Figure 6. 'T’he continuous curve represents the relative amount of Cerenkov radiation
(between wavelengths of 250 and 270 nm) produced by ionizing radiations of different
kinetic energies passing through water. (The refractive index at 20°C for this band of
wavelengths is ~1-37.) The symbols (Q) are experimental data for the amount of
photoreactivable damage induced by 50kVp X-rays and 137Cs y-rays (this paper), °°Co
y-rays (Vinicombe, Moss and Davies 1978), and 32 MeV electrons (Moss and Davies
1979), corrected for the contribution by direct excitation. The scale for PRS has been
chosen so that the corrected value after 32 MeV electron irradiation corresponds with
the plateau level of Cerenkov radiation. Other existing data, summarized in table 1, have
not been included in this graph due to the lack of information about the conditions of
irradiation, which might affect the production of Cerenkov radiation, and also about the
optimization of conditions for photoreactivation.

and subsequent work have been reviewed by Jelley (1958). Briefly, the explanation
for this phenomenon is that upon entering the medium the velocity of the particle is
unaltered, except by subsequent ionization and radiative losses, but the electric field
associated with the particle’s charge and the magnetic field associated with the
motion of this charge are propagated with a phase velocity of only ¢/n, where # is the
refractive index of the medium. Expressing the velocity of the particle I as fic, where
B=velocity of particle/velocity of light in vacuum, then the resultant elec-
tromagnetic radiation is cancelled by destructive interference in all directions if fic
<c/n, i.e., if pn<1. If, however, fn>1 then there will be one direction in which
constructive interference takes place, and electromagnetic radiation can be emitted.
Hence, for a medium of given refractive index there is a minimum value for ff for the
emission of Cerenkov radiation. The value of 8 for a charged particle is related to its
kinetic energy and its rest mass by the relationship.

mgc?
mOCZ + T (1)
N
solving for f8
BZ\/[(mofz+ T)* —(moc®)’] @)

moc?+ T
where mg = rest mass of an electron
c=speed of light in vacuum

mgc? will have a value of 511keV






