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SUMMARY 

E. coli B derivatives differ- in ability to repair DNA damages 
produced by Eaviolet radiation showed corresponding response5 to photo 
effects sustained in LSD-sensitized organisms. !Cbe excision-repair system 
(her) was a most significant determinant for allowing recovery of both treat- 
ed bacteria and Tl bacteriophage. Caffeine, a known inhibitor of the her 
system impaired this recovery. 

Although these findings suggest an association of LSD with DNA 
in viva, the relatively high dose of LSD employed failed to produce detecta- -- 
ble DNA damage in the absence of radiant energy* 

Previous experiments in this laboratory have indicated that lysergic 

acid diethylamide (LSD) caused a dose-dependent decrease in the growth rate 

of g. coli B/r and slightly enhanced the lethality of ultraviolet light 

to irradiated organism5 (1). These effects of LSD on bacteria were almost 

completely reversible and, if binding to deoxyribonucleic acid (DNA) played 

a causative role, at best a weak association with this macromolecule would 

be indicated. In fact, precisely such an association of LSD with DRA has 

recently been observed in vitro (2). -- 

In order to shed more light on the status of this presumptive association 

in viva, we decided to study the photodynamic effects of ultraviolet rsdia- -- 

tion. Other investigators had shown that a number of dyes can sensitize bac- 

teria and phsges to inactivation by visible light (j&+,5). !Che photodynamic 
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effects, which were primarily due to lesions sustained in DNA, were subject 

to dark repair by two enzyme systems which are knuwn to operate on damage 

produced by ultraviolet irradiation at 253.7 mp(i.e,, her and ret systems). 

Most photosensitizing dyes can complex with DNA in rather specific ways 

(e.g. intercalation) (6) and me believed to produce DNA damage by trans- 

mitting absorbed light energy to the neighboring macromolecule, perhaps via 

resonance transfer (7). 

!Che present paper illustrates that LSD can sensitize certf3ln 

bacteria and Tl bacteriophage to the action of radiant energy emitted at the 

appropriate wavelength. DNA damage appears to be implicated since the 

lethal photodynamic effects greatly depend on the inherent repair capability 

(ies) of the strains employed. 

MA!l!ERIALs ANDMl3!PHODS 

Bacterial strains employed in this study were: lj. coli B 

derivatives* B/r (fil', exr+, her+) and Bs-1 (fil+ , exr-, her') described by 

Dr. Ruth Kill (8); 26x (fil-, exr', her'), Bs-2/r-5 (fil', exr', her+), Bs-1-A22 

(fil+, exr-, her'), and 2% (fil', exr+, her') described by Dr. Evelyn Witkin 

(9); and E_. coli Kl2 derivatives ABl15'7 (her*) and AB 1886 (her') obtained -- 

through the courtesy of Dr. P. Howard-Flanders of Yale University Medical 

School. !I3 bacteriophage was a laboratory strain originally obtained from 

Dr. R. M. Herrlott of the Johns Hopkins University. LSD maleate, obtained 

from Edgewood Arsenal, was recrystallized from methanol and characterized by 

its ultravIoLet ana infrared spectra. 

Bacteria were grown overnight to a limit in 0.8$ nutrient broth 

(Dlfco) tith 0.5s NaCl in a reciprocating incubator shaker at 37%. Following 

a 25-fold dilution into fresh nutrient broth containing 1 mg ISD msleate per 

_I_- - - . -c -  -  - I  

*e "fil+" characteristic is related to the tendency of cells to form filaments 
when DNA synthesis is inhibited; the "exr+" characteristic Is related to a 
factor responsible for achieving repair of breaks in the Dl?A chronwsame caused 
by x-rays and other agents; the "her+" characteristic Is related to the ability 
of the cell to excise and repair U.V. Induced thymine dimers, aa8 to host-cell- 
reactivate U.V. inactivated phages. 
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ml, they were incubated for an additional several hours until the turbidity 

of the sltmly growing cells had increased s-fold. ISD is not lethal to bac- 

teria, since when diluted they readily resume the normal growth rate and fully 

retain colony forming ability (1). For the irradiation experiments, bacteria 

were next diluted 20-fold into 0.9 NaCl containing 1 mg LSD maleate per ml; 

Tl bacteriophages, stored In nutrient broth at 2 x do viable particles/ml, 

were diluted SO-fold into Hsrm's absorption medium (10) containing 1 mg LSD 

maleate per ml and allowed to stand at room temperature for 1 hour prior to 

irradiation. In our experience, Tl particles eze more stable in Harm's 

absorption medium than in saline solutions, and their photodynamic sensitiza- 

tion by ISD is greatly enhanced at the lower ionic strength. Viable bacteria 

and phages were measured in appropriately diluted aliquots by Harm18 method 

(5) which was modified as follows: The plating agar used for cell titers 

consisted of 1.5% Bacto agar; the diluting agar for phage titers consisted of 

0.759 Bacto agar; All agars were supplemented with 0.896 nutrient broth 

(Difco) and 0.5% NaCl. Theplating and diluting agarswere kept liquid at 

45Oc until used. After hardening, assay plates were inverted and incubated 

at 37% for 24 hours (phage assays) or 2-3 days (cell assays). Except for 

the highest inactivations, each value reported in this paper represents the 

calculated average from several experinments comprising at least 100 or more 

plaques or colonies. In experimsnti3 utilizing caffeine, plating snd diluting 

agars were supplemented with 1.5 mg of caffeine m6nohydrate per ml (Merck 

and Co.). All manipulations subsequent to irradiation were carried out in 

subdued light. 

Irradiation was carried out by exposing 3-ml samples in small petri 

dishes to a ~anovia type #30,6oo lamp at a distance of 16 cm from a 2 mm 

filter disk (Corning #O-54). This filter, which blocks transmission below 

3OOmp was introducedbetweenthebroad spectrumultravioletemitting source 

end the sample to prevent the lethal germicidal light from zimpinging on the 

organisma. However, the filter allowed more than l/3 of the light Quanta 
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absorbable by LSD to be tranemltted. The relationships between the germicidal 

action spectrum, the ISD absorption spectrum and the filter characteristics 

are shown in Fig. 1. 
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Fig. 1. Relationships between germicidal activity, light absorption by I&D 
and light transmission through filter in the ultraviolet region. 
ciaal action spectrum according to Buttolph (16). 

(@) Bacter- 

by LSD maleate in .1!5M NaCl (.5Opg/ml). 
(0) Absorption of light 

(a !Cransmission of light through 
Corning glass filter (N-54) as measured in a Beckman DK2 Spectrophotometer. 

RESULTS AND DISCUSSION 

The Wge differences in the sensitivities of E. coli B derivatives 

to U.V. light (253.7 mp) are due to nnxtati~ns at 3 loci in the bacterial 

c~omosome. Each of these loci is responsible for a portion of the 500-fold 

difference between the most resistant strain, B/r (fil', exr+, her+) and 

the mst sensitive strain, Bs-1 (fit, exr', her-) (9). These same loci 
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also appear to be responsible for determining the response of cells exposed 

to other DNA&unaging agents (e.g ., alkylating agent-induced crosslinks (ll-L4), 

photodynamic damage of acridine-sensitized DNA (5), etc). The common denoml- 

nator for achieving the recovery of ceL3.s and phage is the ability to repair 
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EXPOSURE TO FILTERED U.V. LIGHT [MINUTES) 

Fig.2. Survival of E. coli B derivatives as a function exposure to non- 
germlcidd ultraviolet light in the presence of 1 n&l ISD maleate: 
(O)Bs-1, (0)Bs-l-~2, t&QdL2, t&2% (dB/r, b)BB-dr-5. The (x) 
represents survival of strain Bs-1 in the absence of LSD. The bracket on 
the ordinate indicates the range of actual survival values for the various 
strainswhen exposed to LSD alone. All points in the figure are calculated 
values which are based on lOO$ survLva1 at zero minutes of U.V. The arrows 
shaw the survival obtaIned when photcdynamically treated Bs-2/r-5 are plated 
in the presence of 1.5 mg caffeine/ml. 
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many different types of potentially lethal DNA defects. 

If the photodynamic action of U.V. light on LSD-sensitized Organisms 

were also to produce DNA damage subject to asrk repair, different responses 

of the various E. coli B derivatives might be expected. This expectation 

was indeed fulfilled~ Figure 2 shows the survival of 6 strains of varying 

U.V. sensititities after exposure to non-germicidal ultraviolet light (i.e., 

above 300 rnp) in the presence of LSD. !l!he results indicate that her' strains 

are highly sensitive to doses which have little or no effect on her" strains. 

!J!he involvement of her-related repair is suggested by the observation that 

the survival of a photoQnamica1l.y treated hcrf strain was decreased when 

caffeine, an inhibitor of the her system, was included in the plating medium 

(indicated by arrows in Figure 2). 

The exr- and fil+ characteristics appear to play a lesser role in 

conferring sensitivity, although an exact assessment of their effect has not 

been made. Preliminary experiments indicate that an her' E. s Q deriva- 

tive (~~1886) was also more sensitive to this photodynamic inactivation than 

was the repair capable (her') parent strain (AB 1157). The K12 her' strain, 

for reasons not presently known, required considerably higher doses for inac- 

tivation than did the her- E. coli B derivatives. No assessment of the in- 

fluence of the recombination system (ret) on sensitivity has been made. 

Control experiments showed no inactivation of any of the strains employed by 

filtered ultraviolet light alone (i.e., in the absence of LSD) or by LSD alone 

(i.e., without irradiation). 

The above experiments strongly implicate DNA as the sensitive tsrget 

in the photodynamic inactivation of LSD-sensitized bacteria. Ihe following 

data extend this notion to bacteriophage !Tl. Results illustrated in Fig. 3 

show that irradiation of LSD-sensitized extracellular virus caused a dose- 

dependent loss of viability. It should be noted that survival was considerably 

higher when exposed phages were plated on repair capable hosts (i.e., B/r) 

than on repair deficient hosts (i.e., Bs-1). The findingthatthe repair 
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I  I  I  1 

15 30 45 60 
EXPOSURE TO FILTERED U.V. LIGHT WINUTES) 

Fig. 3. Survival of phage !Tl as a function of extracellular exposure to 
non-germicidal ultraviolet light in the presence of 1 mg/ml LSD maleate, 
plated on B/r (0) or Bs-1 @). Controls (open synibols) were treated similarly 
as experimentals, but in the absence of LSD. 

inhibitor caffeine abolished this difference in survival (Table 1) suggested 

that a considerable fraction of the photodynamic lesions in DNA had been re- 

paired by the her system. The small loss of titer observed in controls 

irradiated in the absence of LSD (Fig. 3) was not due to any apparent DNA 

damage (equivalent decreases were observed with hcrf and her- hosts) and 

was not related to irradiation dose (similar small losses of titer were 
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TABI. 1. EFFECT OF CllFFEzNE ON SURVIVALOFPHO!t0DYMAMICALLYINACTIVATED 

Tl BACTEBIOPHAGE 

Exposure to fil- Survival of !tlphage plated on: 
tered U.V. light B/r 2 Es-1 26xA2 

(minutes) -Caf +Caf -g-g-- -caf -a?3 =t!isiTx 

0 1.0 1.0 1.0* l.ojt 1.0 1.0 1.0 1.0 

2.8x10'3 3x10'~ 9.5x10-4 3x10 
-6* 

3x10-6% 3x1c+$10-6 3x10-6* 

me titer of unirradiated phage on this strain was only approximately 50$ that 
obtained with other strains. Caffeine did not affect this unexplained loss. 
mese values are approximations since they are calculated from plates containing 
only a few plaques0 

Extracellulsx phage was exposed for 0 and 45 minutes to filtered U.V. light in 
the presence of 1 mg/ml LSD maleate and aliquots were plated on the indicated 
hosts in the presence or absence of 1.5 mg/ml caffeine. 

obtained on allowing phsges to stand at room temperature in the suspension 

medium). 

Although no mechanism is specified at present to account for the 

photodynamic damage to ISD-sensitized DNA, the high susceptibility of bacteria 

to this action suggests an intimate association of LSD with genetic material 

in viva. Recent experiments in our laboratory have demonstrated similar -- 

photodynamic effects to be quite effective in killing a cultured mammalian 

cell line (HeLa). It is not known if and/Dr how photodynamically induced DNA 

damage related to the reported production of cbromosomal aberrations (15-19) 

and the teratogenic (20-23) and mutagenic (24) effects of LSD. 
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