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T 2 bacteriophage sensitization has been studied using two furocoumarins capable of linking co
valently to DNA to the same extent but producing different damages, psoralen and 4,5'-dimethylangelicin. Psoralen is a well-known linear furocoumarin capable of inducing in DNA both monoadducts and cross-links; 4,5'-dimethylangelicin is a new angular compound known as a pure mo
nofunctional reagent. In the sensitization of T2 mature virions both drugs proved very active, yield
ing survival curves practically superimposable; on the contrary, in the experiments with the T2 veg
etative form, i. e. its DNA inside the host, 4,5'-dimethylangelicin resulted much less effective, re
sembling the picture observed in the inactivation of the host bacteria. This result did not appear
related to an enhancement of DNA repair by a Weigle effect. The different killing activity of 4,5'dimethylangelicin can be explained supposing that this drug is capable of inducing cross-links in
T 2 DNA inside the virus core, in which it exists in a very folded form, but not in the same DNA af
ter injection into the host bacteria.

Furocoum arins are a group o f photosensitizing
drugs which by irradiation with long wave ultravio
let light photoreact with pyrimidine bases o f DNA
forming covalent linkages between the drug and the
m acromolecule. Furocoum arins, having a linear mo
lecular structure, are bifunctional reagents, inducing
two different kinds o f photoproducts: monoadducts,
arising from the reaction between one base mole
cule, and diadducts from two base molecules and one
furocoumarin molecule, giving inter-strand cross
links [1]. Furocoum arins, having an angular molecu
lar structure, are monofunctional reagents with DNA
forming, for geometrical reasons, only monoadducts
[2]. The biological consequences and the repair mech
anisms o f these two different damages have been
widely studied [3 - 7], Cross-links show a high killing
effect in both bacterial [8] and mammalian cell [9]
systems; skin-photosensitization also appears clearly
related to cross-links [10]. On the other hand, mono
adducts show a lower killing capacity [5] but seem
responsible for two other furocoumarin effects, the
mutagenic activity [ 1 1 ], and the ability o f inducing
lambda prophage [ 12 ],
Furocoum arin photosensitization has also been
widely studied on bacterial [13] and mammalian [14]
viruses; except in the case o f some RNA containing
viruses [15], a high inactivation capacity has been
observed. Little is known at present about the effect
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on viruses of monofunctional furocoumarins, because
generally linear compounds have been used.
In this paper we report on some experiments per
formed with two furocoumarins having different
properties, psoralen and 4,5/-dimethylangelicin. Pso
ralen is a well-known linear furocoumarin, a very ac
tive bifunctional reagent [1]; 4,5'-dimethylangelicin
is a recently studied angular furocoumarin, able to
link covalently to DNA to the same extent as psora
len both in vitro and in vivo, behaving as a pure m o
nofunctional reactive [16]. Therefore, carrying out
parallel experiments using these two drugs, it is pos
sible to obtain samples o f cells or viruses having the
same number o f furocoumarin moieties linked to
DNA with or without cross-links.
In such a manner we have studied some aspects o f
T 2 bacteriophage sensitization.

Materials and Methods
Psoralen was extracted from the leaves o f Ficus carica [17]; 4,5'-dimethylangelicin was prepared by
chemical synthesis which will be described else
where. E. coli B ^ , a wild-type strain, was grown in
Brain-heart infusion (Difco Laboratories, Michigan,
USA ) and collected in log phase by rapid filtration
on Millipore dishes H A W P 02500; 0.45jj.m . Its colony-forming ability was determined on agar plates
prepared with the same medium. T 2 bacteriophage
was grown in E. coli B 48 cultures using Brain-heart
infusion; virus titers were determined by the agar
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two-layer method [18] using the same medium and
the same host as indicator bacteria.
F o r the sensitization experiments, suspensions
(5 ml aliquots) o f bacteria (1 0 8 cells/m l) or o f bacte
riophages (1 0 10 p articles/m l), prepared in physiolog
ical saline solution containing 4 [xg/ml o f the stud
ied furocoumarin, were poured into Petri dishes
(5 cm in diameter), cooled on ice, and irradiated by
a Philips HPW 125 lamp, provided with a Philips fil
ter and emitting at alm ost 365 nm ; the irradiation in
tensity incident on the whole sample was 2.02 X 1016
quanta/sec.
In the experiments with the vegetative form o f T 2
phage, the Benzer method [19] with few modifica
tions was used; E. coli cells were starved by incubat
ing an hour in 0.1 m phosphate buffer, pH 7, contain
ing 0.1 m NaCl and 10_ 4 m M g S 0 4 . Bacteria were
infected with T 2 phages at a multiplicity o f 0.5, incu
bated further for 10 min in buffer, collected and wash
ed with the same medium to remove the unadsorb
ed virus particles. In these conditions only phage
adsorption and injection o f its D N A into the host oc
cur, but no virus growth or expression [20]; this fact
is very important because virus growth produces mod
ifications in the sensitivity o f the T 2 vegetative form,
as tested with short-wave ultraviolet light or X rays
[20]. The infected bacteria were then irradiated and
the number of the infective centers was determined
by plating them on agar dishes prepared as above
for the virus particle counting.

Results
Sensitization o f E. coli

Fig. 1. E. coli B 48 inactivation by psoralen ( • ) and 4,5'-dimethylangelicin (O ) photosensitization. Bacteria were irra
diated in the presence of 4 txg/ml of the drug and their co
lony-forming ability was assayed.

Fig. 2, T 2 phage is dramatically inactivated by furo
coumarin photosensitization; in this case, however,
the survival curves thus obtained are practically superimposable. This experiment was carried out sever
al times and no significant difference in the killing
effect of the two drugs was ever observed.

Sensitization o fT 2 vegetative form
, T2 host

The sensitivity o f E. coli B ^ cells, used as T 2 host,
was assayed; bacteria were irradiated for different
times in the presence o f 4,5'-dimethylangelicin or of
psoralen, and the colony-forming ability was deter
mined. As shown in Fig. 1, the results are very close
to those already obtained with other E. coli strains
[16]; the surviving fraction was affected by both
drugs, but even though the damage afforded to
DNA was of the same extent the survival curves re
sulted very different. The well-known lethal effect of
psoralen cross-links is clearly evident.

E.
coli cells, starved in buffer, were infected with
T 2 virions in the presence o f salts to allow adsorption
and DNA injection; after this, the furocoumarin was
added and the infected cells were irradiated for dif
ferent times. The number o f infective centers was
then determined; these results too, are reported in
Fig. 2. While psoralen appears as effective on T 2 veg
etative form, i. e. its D N A inside the host cell, as on
the mature virion, 4,5'-dimethylangelicin shown
clearly a lower activity, giving practically the same
picture observed with bacteria.
T2 inactivation after plating on sensitized hosts

Sensitization o f mature T2 virions
Samples of T 2 phages were irradiated for different
times in the presence o f the drugs and the plaqueforming units per ml were scored. As shown in

Because in the above experiments phage DNA
was irradiated together with its host, an induction of
DNA repair by a Weigle effect [21] might be possi
ble. To check this assumption, samples o f T 2 virions
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Fig. 2. T 2 inactivation by psoralen ( • ) and 4,5'-dimethylangelicin (O ) photosensitization. Experiments with mature
vinons (solid lines): T2 phages were irradiated in the pre
sence of 4 jjig/ml of the drug and the plaque-forming units
were scored on plates prepared using E. coli B^ as indicator
bacteria.
Experiments with the phage vegetative form (dotted lines):
host bacteria E. coli B^ were starved in buffer and then in
fected with T2 phages at a MOI of 0.5 in the presence of
salts to allow only adsorption and DNA injection. Bacteria
were then washed and submitted to furocoumarin sensitiza
tion as above. The number of infective centers was then
scored by plating the so treated bacteria on plates pre
pared as above.

sensitized by 4,5'-dim ethylangelicin were plated on
dishes prepared using indicator bacteria irradiated
with the same u. v. dose in the presence o f the same
drug; as a control, a parallel experiment with un
treated bacteria was carried out. As shown in Fig. 3,
no significant difference in T 2 surviving was observed.

Discussion
In producing the biological effects o f furocouma
rin sensitization D N A repair plays a very important
role; monoadducts are very easily removed by errorfree excision repair, while cross-links are repaired by
different pathways, by genetic recombination [4] or
by an error-prone SOS repair [7]. In fact, even in
wild-type bacteria, unless only a small number of
cross-links is repaired, an inactive DNA is produced,
yielding cell death [5].

irrad iation tim e (m in )

Fig. 3. T 2 inactivation by 4,5'-dimethylangelicin photosen
sitization after plating on sensitized hosts. T 2 virions were
irradiated in the presence of 4-fig/ml of 4,5'-dimethylangelicin and then plated on dishes prepared with E. coli B48
cells previously sensitized by this drug, using the same con
centration and the same UV radiation dose (■*>). As a con
trol the same samples of irradiated phages were plated on
dishes prepared with untreated indicator bacteria (A ).

The results obtained with E. coli
are in good
agreement with these findings; on the contrary, in
the inactivation o f the T 2 m ature virions the survival
curves obtained with psoralen and 4,5'-dim ethylangelicin have resulted superimposable, monoadducts
and cross-links appearing strangely to have the same
lethality. To explain this result, we have carried out
some experiments with the vegetative form o f T 2
phage, i. e. its D N A inside the host. Bacteria were in
fected with T 2 phage in experimental conditions
which allow D N A injection into the host, but not vi
rus growth or its expression [20]; therefore, the irra
diation of thus infected bacteria permits the sensiti
zation of the T 2 D N A within the host cell. W hen the
bacteria so treated are plated on dishes prepared
with full medium, phage growth starts and the num
ber o f infective centers, i. e. the phage surviving frac
tion, can be determined. In these experiments psora
len appeared o f the same activity as that on mature
virions, while 4,5/-dimethylangelicin resulted less ef
fective, resembling the picture observed with the
host bacteria.
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This result might be due to an induction o f DNA
repair in the irradiated bacteria that might remove
4,5'-dimethylangelicin monoadducts more efficently
than that o f psoralen cross-links. As is known, when
phages irradiated by short-wave u. v. light are plated
on dishes prepared with host bacteria previously ir
radiated with small doses o f the same light, an in
crease o f the phage surviving fraction and o f its mu
tation frequency is observed [21]. This effect, known
as the Weigle reactivation, is related to an induction
of an error-prone D N A repair.
W e have performed analogous experiments in
which both indicator bacteria and T 2 phage were
sensitized by 4,5'-dimethylangelicin. In this experi
mental condition we did not observe an increase o f
the survival o f the sensitized T 2 phage.
All these results can be explained assuming a dif
ferent behaviour o f phage DNA in the 4,5'-dim ethylangelicin sensitization inside the virus core and in
side the host bacterium. In fact, in the tailed bacterio
phages, DNA is packed in a very folded form [22],
different from the extended one showed in dilute so
lution or inside bacterial cells. Like linear furocou
marins, 4,5'-dim ethylangelicin forms a com plex with
DNA in the dark by intercalation between two base
pairs [16]. This preliminary intercalation and the furocoumarin angular structure hinder the possibility
of the cross-link formation. However, 4,5'-dim ethylangelicin might photoreact with T 2 DN A in differ-
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