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INTRODUCTION 

The lethal effect of ultraviolet light, k 254 m/z, on Esckerichia toll, Strepto- 
myces griseus, and other microorganisms can be largely prevented if following 
ultraviolet irradiation the cells are exposed to visible and near-ultraviolet light 
in the vicinity of 400 m~ (Kelner, 1949 a, 1949 b, 1950). Such light-induced re- 
covery (or pkotoreactivation, pkotore~ersal, or pkotorecwoery) has been confirmed 
in diverse forms, including: several bacteriophages attacking E. coli (Dulbecco, 
1949, 1950); Paramecium aurella (Kimball and Gaither, 1950; Kimball, 1950); 
Amblystoma larvae (Blum and Mathews, 1950); and gametes of the sea urchins 
Arbacia punctulata (Marshak, 1949; Blum, Loos, and Robinson, 1950) and 
Strongylocentrotus purpuratus (Wells and Giese, 1950). In the sea urchin mate- 
rial it is the delay in cleavage of the zygote induced by UV 1 irradiation of sperm 
or egg which is reversed by visible light. 

Wells and Giese (1950) showed that cleavage delay in Strongylocentrotus due 
to irradiation with ~ 2450 A was less readily photoreactivated than that due to 
), 2537, 2654, 2804, 3025, and 3130 A. 

In addition to its prevention of injury or death, phenomena which are at 
least in part physiological, visible light also prevents the genetic or mutagenic 
action of UV in E. coli (Keiner, 1949 b; Novick and Szilard, 1949; Newcombe, 
1950), Paramecium aurelia (Kimball and Gaither, 1950; Kimball, 1950), Neu- 
rospora crassa (Goodgal, 1950), and PenidUium ckrysogenura (Roegner, 1950). 

Since photoreactivation works on many UV effects, it may ultimately clarify 
the interrelationships between the primary UV-induced change, or changes, in 
the cell, and the complex genetic and physiological effects resulting therefrom. 
And since photoreactivation is demonstrable in so many diverse organisms, it 
is probably a general cellular phenomenon. 

* This work was supported in part by a grant from the Permanent Science Fund, 
American Academy of Arts and Sciences. 

Special Public Health Service Research Fellow of the National Cancer Institute. 
I Ultraviolet will be abbreviated to UV throughout most of this paper. 
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The cycle of inactivation or mutagenesis by  UV, followed by  reactivation 
with visible light, must  involve at  least two or more chromophores. The first, 
whose absorption of short-wave UV precipitates the series of events resulting 
in injury or mutat ion is thought  to be, in many  cases, nucleoprotein. (For a 
recent comprehensive review of theories of UV actions, see Giese, 1950.) I n  
this paper we shall a t tempt  to characterize by  means of action spectra the sec- 
ond chromophore, whose absorption of reactivating light either directly or 
indirectly prevents the killing of the cell resulting from the UV-induced alter- 
ation in nucleic acids. 

Methods 

Cultures.--Action spectra were determined for (1) Streptomyces griseus, American 
Type Culture Collection No. 3326, a n  organism used in a previous study (Kelner, 
1949 a), and used here because it had been found to be especially sensitive to photo- 
reactivation, and (2) Esckerickia coli B/r, also studied previously (Kelner, 1949 b), as 
a representative bacterium. 

The UV source for inactivation of microorganisms was a 15 watt low pressure Hg 
lamp emitting chiefly radiation at 254 mg. The light source for photoreactivation was 
a medium pressure Hg lamp (G.E. H-5). The essentially monochromatic lines, 365, 
405, 436, and 546 mtt of the Hg spectrum were isolated by means of Coming and 
Wratten glass or gelatin falter combinations as suggested by Wald (1945). For photo- 
reactivation at other wave lengths, a 1000 watt tungsten lamp (G.E. projection bulb) 
was used, and narrow spectral bands approximately 15 mtt wide (at half maximum 
transmission) were isolated by means of interference ffters. A Florence flask 14 cm. 
in diameter, filled with distilled water was interposed in the light path to falter out 
infrared rays, and to concentrate the light to an area of about 1.5 by 2.5 cm. When 
tungsten was the source, additional falters of 10 em. water and 2 cm. of 0.05 ~ aqueous 
CuCI~ were placed between the light source and the interference falters to remove 
more effectively infrared radiation, and to protect the delicate filters from overheating. 

The relative energy of light incident on the microorganisms undergoing photore- 
activation was measured with a barrier layer photocell (Weston photronic) whose 
relative spectral sensitivity had been calibrated with a thermopile at the National 
Bureau of Standards. The spectral sensitivity was independently checked with a 
thermopile in our own laboratory. The intensity of the radiation was measured in 
arbitrary units of microamperes of photocell response, corrected for the spectral 
sensitivity of the photocell. 

The laboratory was illuminated with yellow light only, as described previously 
(Kelner, 1949 b), to avoid uncontrolled photoreactivation during handling of cultures. 

A typical experiment with E. coli may be summarized as follows: E. coli B/r  was 
grown in tubes of continuously aerated UV transparent medium, M-9,* at 37°C. After 

2 M-9 (Anderson's ammonium medium) was made up in two solutions autoclaved 
separately. Solution 1 contained 1.0 gm. NI-LC1, 0.5 gm. NaC1, 0.2 gm. MgSOc 7I-I~O, 
3.0 gin. KHff'O,, 6.0 gin. Na~H-PO4, distilled water, 900 ml. Solution 2 was a 4 per 
cent glucose solution. After autodaving, 9 parts of solution 1 were added to 1 part 
solution 2. 
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20 to 24 hours of growth the cultures contained an average of 8 X 109 viable cells. 
As soon as the culture was removed from the incubator, the concentration of cells 
was reduced to about 2 X 106 per ml. by dilution with saline at 5°C. This diluted sus- 
pension was irradiated with UV as described previously (Kelner, 1949 a, 1949 b), 
using a dose of UV sufficient to reduce the number of viable cells to 1-3 X 10 -4 of 
the non-irradiated control. The irradiated suspension was then further diluted 1:4 
with cold saline, and stored in the dark at  5°C. until it was photoreactivated, but 
not for more than 4 hours. Such suspensions (before photoreactivation) contained 
about 1.0 × 102 viable, and 5.0 × 105 total (viable plus inactivated) cells per ml., 
were barely turbid, and absorbed only negligible amounts of reactivating light. Occa- 
sionally, in special experiments, suspensions containing more cells per milliliter were 
used. 

For photoreactivation, 1.7 ml. of the UV-irradiated, diluted suspension was placed 
in a quartz or pyrex absorption cell, 1 X 1 X 4.5 cm. in dimension. The lower 3 cm. 
of the cell was suspended within 0.5 cm. of one glass wall of a 37°C. bath containing 
fresh distilled water, allowed to remain in the dark for 1.5 minutes to reach the tem- 
perature of the bath, then illuminated with the most intense portion of the condensed 
beam of reactivating light for periods ranging, in most experiments, from 6 seconds to 
50 minutes. 

As control, a portion of the suspension which was to be photoreactivated was kept 
in the dark at  37°C. during the period of photoreactivation of the  experimental sus- 
pension. But after it had been found that  no appreciable increase in survival rate 
occurred at  37°C. in the dark, the control suspension was stored in the dark at 5°C. 

For determination of reactivating light energy incident on the cells, the water was 
drained from the bath, and the absorption cell replaced by the photocell. 

The number of viable cells in suspensions was assayed by smearing 0.1 mh of the 
suspension, after suitable dilution when necessary, on the surface of nutrient agar, pH 
6.8-7.0, to which 1:2,500,000 gentian violet had been added to inhibit air-borne 
contaminants. The test for viability was the formation of a macroscopicatly visible 
colony by the cell after 24 hours of incubation at 37°C. in the dark. 

Experiments with S. griseus were in general similar to those with E. coli. Aspara- 
gine-glucose agar slants 6 inoculated with S. griseus and incubated 1 to 2 weeks at  
28°C., then stored in the ice box up to 3 months before use, served as the source of 
spores. For an individual experiment, spores from a slant were washed off the agar 
into 10 mh of chilled saline; the resultant suspension was filtered 3 times through 
sterile absorbent cotton, then made up to a final volume of 10 ml. with saline. Such 
a preparation (from a slant in a test tube 13 by 1.5 cm. in dimensions) usually con- 
tained about 2.3 X 10 6 viable spores per ml., making it equivalent in titer to the first 
dilution of the E. coli suspension. 

The S. griseu~ suspension was irradiated with UV without further dilution, using 
a dose sufficient to reduce the titer of viable cells to 1-3.X 10 -4 of the non-irradiated 
control. Since actinomycetes are in general somewhat more resistant to the lethal 
action of UV than bacteria (Kelner, 1948) an irradiation period of about 49 seconds, 
20 cm. distant from the lamp, was necessary, as compared to about 33 seconds for the 

6 10.0 gin. glucose, 0.5 gin. asparagine, 0.5 gin. K~-IPO,, 15.0 gm. agar, and 1,000 
ml. distilled water. 
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E. coli B/r cultures. Immediately after UV irradiation, the suspension was diluted 1:4 
with chilled saIine, resulting in a barely turbid preparation containing about 1.0 X 102 
viable, and 5.0 × 105 total, cells per ml. The technique for photoreactivation was ' 
identical to that for E. coli, except that cells were assayed for viability on nutrient 
agar, without gentian violet, and incubated in the dark at 28°C. or 3 days before 
inspecting colonies. Controls showed no appreciable reactivation upon storage at 
50C. or 37°C. in the dark for periods up to 2 hours. 

EXPERIM~ENTAL 

I t  was shown previously (Kelner, 1949 a, 1949 b; Novick and Szilard, 1949) 
that  the degree of photoreactivation was proportional to the dose of reactivat- 
ing light, up to a maximum value, after which additional illumination had no 
further effect. For determination of action spectra exact knowledge of the re- 
lationship between reactivating light dose and photoreactivation was neces- 
sary, especially for low doses of reactivating light and small degrees of photo- 
reactivation. 

The meaning of terms used to indicate survival ratio, and magnitude of 
photoreactivation, may be clarified by the following formulae: 

If N m total number of viable cells per milliliter of non-irradiated suspension; D 
--- number of survivors in UV-irradiated suspension kept in the dark; and L = number 
of survivors in UV-irradiated suspension treated with reactivated light, then: 

D 
--- fraction of cells surviving in the dark, or dark survival ratio; 

L 
~, = fraction of cells surviving in the photoreactivated suspension, or light survival 

ratio; 
L - D  

- fraction of inactivated cells recovering due to photoreactivation, or degree 
N - D  

of pkotareactiva~ian. (This is not the fraction of photoreactivablv cells recovering; as can 
be seen from Fig. 1, the number of the latter is less than the total number of inacti- 
vated cells.) 

L 
= relative increase in survival due to photoreactivation. 

From data for E. coli (Kelner, 1949 b), the degree of photoreactivation (for 
L - - D  

near-maximum reactivating light doses) N _ D '  decreases with increasing UV 

L 
dose, but  the ratio ~ increases. In order to obtain a sensitive measure of a slight 

L 
degree of photoreactivation it was desirable to h a v e ~  as large as possible. 

L 
Therefore the effect of UV dose on ~ when small amounts or reactivating 

energy were used was studied. The results are shown in Table I. 
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L 
In  S. griseus, the r a t i o ~  increased with UV dose without  reaching a maxi- 

L 
mum in our experiments, but  in E. coli, a maximum in ~ was reached at an UV 

dose of 35 to 47 seconds, corresponding to a dark survival rate of about  1.0 X 
L 

10-L After this point, increasing UV dose resulted in a fall in ~ ,  perhaps due to 

secondary effects of the UV radiation on the cell. I t  should be noted that  in 
these experiments minimum doses of reactivating light were used. 

TABLE I 

Effect of Ultraviolet Dose on Rdative lncrease in Survival ( L) ,  tl/hen Small Araounts 

of Reactivating Light Were Used 

Ultraviolet No. of survivors in No. of survivors in (L) 
Organism dose the dark (D) the light (L) 

E. toll* 

S. griseus~ 

$¢~:. 

16 
25 
25 
30 
35 
47 

22 
44 
55 

6.0 X 106 
5.7 X 106 
4.1 X 105 
1.8 X lO t 
5.5 X 10 s 

27 

3.2 X 105 
9.5 × 102 

8.0 X 106 
1.6 )< 106 
1 .2  X 106 
1 .0  X 10 ~ 
3.9 X 10 < 

70 

7.1  X 105 
4.7 × l0 t 

65 7 .6X 103 

"1.33 
2.81 
2.94 
5.54 
7.10 
2.6 

2.2 
49.4 

117.0 

* Photoreactivated with k 365 m~, for 5.4 minutes. 
;~ Photoreactivated with ~ 436 m~, for 2.6 minutes. 

Further  experiments with E. cdi  showed that  UV doses giving a dark sur- 
L 

vival ratio of 1 to 4 X 10 --4 gave a conveniently high ~ ,  and in order to make 

the S. griseus experiments comparable to the E. coli experiments, both organ- 
isms were irradiated with a dose of UV giving dark survival ratios as close to 
1 to 4 X 10 --4 as feasible. 

Effect of Reactivating Light Dose; Intensity Constant, Time Varied.--A sus- 
pension of S. griseus was irradiated with UV for 48 seconds, giving a dark 
survival rate of 2.7 )< 10-4; then illuminated with the Hg line 436 m#, at  a 
constant intensity of 115 pz., for periods of from 6 seconds to 83 minutes. In  (L--D) 
Fig. l, curve A, the log of the fraction of inactivated cells recovering ~ - ~  

is plotted against the log of reactivating light energy. 
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FIG. 1. Log of degree of photoreactivation plotted against the log of relative energy 
of reactivating light. Curve A, UV-irradiated S. griseus (dark survival rate, 2.7 X 
10 -4) reactivated with Hg line 436 m/z. Curve B, UV-irradiated E. toll (dark survival 
rate, 8.7 X 10 -~) reactivated with narrow spectral hand centered at 405 m/z. Curve 
C, UV-irradiated E. coli (dark survival rate, 4.4 X 10 -s) reactivated with narrowspec- 
tral band centered at 399 m~. Curves B and C irradiated from tungsten source. The 
relative energies at different wave lengths to produce the same degree of photoreacti- 
rat ion are not of intrinsic significance in this graph, for in calibrating the light sources 
for each experiment the photocell intercepted different areas of the reactivating light 
beam. In curve C, the circle with arrow indicates that  the degree of photoreactivation 
was less than 1.1 × 10-4. 
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In Fig. 1, curve B, is also shown a similarly plotted curve for photoreactiva- 
tion of an E. coli suspension which had been irradiated with UV for 34 seconds 
(dark survival, 8.7 X 10-5), then reactivated with a narrow spectral band 
centered at 405 m#, for periods of from 17.5 seconds to 29 minutes. 

All the curves are straight fines throughout their middle portions. There is 
an inflection at very low reactivating fight doses (perhaps comparable to the 
"lag" reported by Novick and Szilard, 1949); and an inflection at the top, as 
the saturation point is reached. In the curve for S. griseus (Fig. 1, curve A) 
there is a slow drop in degree of photoreactivation after the maximum has been 
reached. With E. coli the drop is more pronounced (Fig. 1, curve C). The 
differences in slopes of the curves, and perhaps the sensitivity to excess reacti- 
vating light may be correlated to UV dose, but these points were not investi- 
gated fur~er .  

Effect of Variation in Intensity of Reactivating Light; Total Dose Kept Con- 
stant.--UV-irradiated S. griseus spores were reactivated with the Hg line 436 
mE, at two intensities--l.62 pa. for 74.9 minutes, and 115 ga. for 1.05 minutes. 
The same total energy reached the ceils in both cases With this 71-fold range 
of intensity, the same degree of photoreactivation was attained. 

UV-irradiated E. coli cells were reactivated with the Hg fine 365 m#, at two 
intensities--137 pa. for 5.38 minutes (total dose 735 ~a. minutes), and at 14 
taa. for 52 minutes (total dose 730 t~a. minutes), or a less than tenfold range in 
intensity. The degree of photoreactivation, after correcting for the slightly 
different total dose, was less at the lower intensity; it was calculated that 30 
per cent more energy was required at the lower intensity to obtain the same 
degree of photoreactivation as at the higher one. 

Whether this departure from the reciprocity law was due wholly or in part 
to the slow loss in recoverability of UV-irradiated E. coli cells during prolonged 
incubation in saline at 37°C. in the dark (Kelner, 1949 b) was not investigated. 
As a precaution all photoreactivations of E. coli cultures for the action spectra 
were carried out in less than 50 minutes, and those for S. griseus in less than 75 
minutes. 

After consideration of these preliminary experiments, the following method 
was adopted for determination of photoreactivation action spectra. For each 
wave length was determined first the doses falling in the straight line portion 
of the photoreactivation curve obtained when the log of the degree of photo- 

/ D 
 o  tiv t*on p otteO of  e  t*wt*o  onor  (Fig.a ). 

Results of photoreactivation of a cell suspension at a series of wave lengths, 
when plotted in this manner, gave a series of parallel straight fines (Fig. 2). 

Every individual suspension of cells was photoreactivated with a standard 
control wave length, with which the activity of the unknown wave length was 
compared. This control cancelled out variations due to differences in UV doses, 
etc. From the graphs of the data, the relative energy at different wave lengths, 
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compared to the control wave length, required to induce the same degree of 
photoreactivation was easily ascertained. With the Hg lamp as source, the 
control wave length was 405 or 436 mp for experiments with S. griseus, or 365 
or 405 m/z, with E. coll. With tungsten as the source, a 15 m/z wide (at half- 
maximum transmission) spectral band centered at  399 m/z was used as control 

o, 

365m 

'~ I I I I I I l I 
L8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 

LOG RELATIVE REAGTIVATING ENERGY--~AMPERE MINUTES 

FIG. 2. A typical experiment showing the relative activity of Hg lines, 436, 405 
and 365 rap in reactivating an UV-irradiated suspension of S. griseus (dark surviva 
ratio, 1.8 X 10-4). Relative energies required to produce photoreactivation of 4 X 10 -3 
of the inactivated cells shown by intercepts of the horizontal dotted line. 

in early experiments, and after the proper interference filter became available, 
a band centered at 405 mp was used. 

When, occasionally, plots of various wave lengths in an individual experi- 
ment gave non-parallel lines, such data were not used. Such deviations from 
parallelism were rare except in early experiments, in which they occurred in 
about 10 per cent of the experiments, and were probably due to technical error, 
or to use of the non-straight-line portions of the photoreactivation--reactivat- 
ing light-dose curves. 

To determine at different wave lengths the relative absorption coefficients 
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of the chromophore absorbing reactivating light, use was made of the following 
relationship, adapted from Warburg (1949). (See also, Melnick, 1941; Blum, 
1950.) 

~t Gt#, 
Bt ilgtXt 

where ~ is the absorption coefficient at X, and i the intensity of reactivating 
light, and t the length of the reactivation period necessary to produce a given 
degree of photoreactivation. 

In this equation the relative number of quanta necessary to produce the 
same degree of photoreactivation at two wave lengths are compared. The en- 
ergy incident on the cells equals i X t, assuming the reciprocity law to hold for 
the experiments described in this paper. (The effect on the action spectra due 
to the slight departure of experiments with E. coli from this law will be treated 
in the Discussion.) 

For a typical protocol, the experiment graphed in Fig. 2 may be taken. 
The energies required to cause 4 X 10 -s of the inactivated cells of an UV- 

irradiated culture of S. griseus to recover can be seen from the curves to be: 
for 365 m/z, 1142/za. minutes; 405 m/z, 302/za. minutes; and 436 m/z, 148 p,a. 
minutes. 

~,06 1142 365 
f l~  302 X ~ 3.42 

Bm 1142 365 
~,~ 148 × ~ 6.s0 

Action Spectra.--The action spectra for photoreactivation of E. coli B/r  and 
S. griseus ATCC 3326 are shown in Table I I  and Fig. 3. 

In order to make the difference between the two spectra clearer, the activity 
at 365 m# for both organisms, has been assigned a value of one. This wave 
length is a logical common point for in both species about the same amount of 
energy at 365 m/z is required to produce the same degree of photoreactivation. 

We see first that the two spectra are unequivocally distinct from each other. 
E. coli has a non-pronounced peak near 375 m#. From this peak the activity 
drops with increasing wave length. There is little activity at wave lengths above 
450 m/z. On the other hand, the peak for photoactivity in the S. griseus spec- 
trum lies at or near 436 m/z. This peak is quite sharp. Activity is still demon- 
strable at 494 m/z. 

S. griseus was far more sensitive to photoreactivation than E. coll. Only 
about one-fifth as much energy is required to reactivate S. griseus (at its peak 
of 436 m/z) as is required for E. toll, at its peak of 375 m/z. 

The region 500 to 700 m/z was inactive for both species. This region was 
tested in several ways. First, the UV-irradiated cells were tested with the 
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monochromatic line 546 m/z. Then there were tested a series of narrow spectral 
bands transmitted by interference filters (Table I I) ,  using the 1000 wat t  tung- 
sten source. No  significant reactivation was detected with the maximum doses 
of light feasible. As a final check on the inactivity of this region, and in order 
to illuminate cells with the greatest possible light intensity, the radiation from 
the tungsten lamp was passed through the water filters as described previously, 

TABLE II  
Action Spectra for Photoreactivatlon of E. coli and S. grlseus 

E. coli 8. grlsel~s 
Wave length ~ 

365* 
375 
379 
394 
399 
405* 
407 
424 
436* 
451 
476 
494 
524 
546* 
562 
595 
615 
626 
64O 
670 
695 

1.0 
1.74 
1.49 
1.07 
1.12 
0.93 

0.41 
0.112 
0.O98 
0.042 

<0.03 
<0.03 
<0.03 
<0.O3 
<0.03 
<0.03 
<0.03 
<0.03 
<0.03 
<0.03 

1.0 
2.36 
2.43 
3.19 
3.86 
4.55 
4.49 
5.23 
7.75 
4.50 

0.74 
<0.O3 
<0.O3 
<0.03 
<0.03 
<0.03 
<0.03 
<0.03 
<0.03 
<0.03 

* Monochromatic lines from the Hg lamp. Other wave lengths listed (without asterisk) 
represent peaks in narrow spectral bands transmitted by interference filters, from a tungsten 
source. 

and then through filters which transmitted 85 per cent of the visible radiation 
above a sharp short wave cut-off wave length. I t  was thought  that  if any wave 
length in the region above 500 m# was active, such experiments would disclose 
the fact. But  neither E. coli nor S. griseus showed detectable photoreactivation 
at  wave lengths above 500 mg  (Table I I I ) .  

No  value for relative absorption coefficients can of course be given for wave 
lengths which in our experiments were totally inactive. From the consideration 
of the maximum energies of these wave lengths used, however, it can be calcu- 
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FIG. 3. Action spectra for photoreactivation of S. griseus and E. coli. Relative 
photoact ivi ty is plotted against wave length. Act ivi ty  at  365 m~ is arbitrarily assigned 
a value of one. Crosses represent reactivation by monochromatic Hg lines; dots, or 
circles, reactivation by narrow spectral bands from tungsten source. Dot ted  lines in- 
dicate the region where illumination of suspension with the maximum dose of visible 
light possible in our apparatus caused no detectable photoreactivation; i t  was calcu- 
lated that  photoact ivi ty in this region was less than 3 per cent that  at  365 m/~. 

TABLE I I I  

Illumination of Ultraviolet Irradiated Cells with Broad Spectral Regions from Tungsten Source 

Light filter* 

Coming No. 3385 . . . . . . . . .  

Wratten No. 12 . . . . . . . . . . .  
Coming No. 3484 . . . . . . . . .  

" " 3480 . . . . . . . . .  
" " 2412 . . . . . . . . .  

Spectral region 
transmitted 

470 to >700 
500 to >700 
520 to >700 
550 to >700 
600 to >700 

Photoreactivation of 

E. coll S. griseus 

+ 

--, no detectable reactivation after 30 minutes of illumination as described in the test; 
-[-, marked reactivation; 4-, trace, or questionable reactivation. 

* Included in the optical train were the water and CuCI~ filters described in the text. 

845 
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lated that the relative absorption coefficients for wave lengths 500 to 700 m~ 
are below 2 or 3 per cent of the absorption coefficients at  363 m~, in either 
species. 

Detail in the action spectrum in the region 500 to 700 m#, if present, would 
have been of inestimable value in identifying the chromophores absorbing re- 
activating light. Whether still higher intensities of light than those used would 
have disclosed such detail is not known. In the case of E. coli, the departure 
from the reciprocity law at low intensities may make it difficult to detect very 
inactive wave lengths. 

The region 470 to 510 m~ was of some interest, for here the distinction be- 
tween S. griseus and E. coli was very marked (Table III). With Coming filter 
No. 3385, transmitting above 470 m~ only, little if any reactivation of UV- 
irradiated E. coli was observed after 30 minutes of illumination as described 
previously, but S. griseus showed marked reactivation. 

DISCUSSION 

The differences in action spectra for S. griseu~ and E. coli are of such magni- 
tude that it is almost certain the chromophores absorbing reactivating light 
are different in the two species. However, some factors which can influence 
action spectra should be considered here, to see whether they have affected 
our data. 

1. Presence of a strongly absorbing non-active pigment in the cell might 
have partially prevented certain wave lengths from reaching the chromophore 
active in photoreactivation. Such masking pigments, even if present, are im- 
portant only when the fraction of incident light absorbed by the cell, or sus- 
pension, is high, as with large cells or dense suspensions (Loofbourow, 1948). 
Since, in our experiments, the suspensions were very dilute, and the cells had 
a diameter of no more than 1 micron, an error due to masking pigments can be 
discounted. 

2. I t  might be possible that some wave lengths were both toxic and reacti- 
vating at the same time, resulting in a fictitiously low activity. However in our 
experiments treatment of cells which had not been irradiated with UV, with 
doses and wave lengths of light comparable to those used in reactivation, dis- 
closed no such toxicity. We may of course suppose that UV-irradiated cells 
are more sensitive to a putatively destructive action of near-ultraviolet and 
visible light than normal cells, a possibility difficult to rule out. There is no 
evidence however that this complication existed in our experiments with E. 
coli and S. griseus. 4 

4 It may exist however in other species; e.g., experiments in progress with reacti- 
vation of Bacillus subtilis show that non-UV-irradiated spores or vegetative cells were 
injured by high intensity near-UV and visible light, a phenomenon which can account 
for the failure to photoreactivate this organism, as found in earlier experiments. 
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3. In certain regions of the spectrum the chromophore may absorb strongly, 
but the quantum size may be too small to cause a photochemical reaction (Loof- 
bourow, 1948). Such photochemical thresholds are uncommon, but if present 
in our experiments might explain the lack of photoreactivation at longer wave 
lengths. Supposing the chromophores absorbing reactivating light in E. coli 
and S. griseus to be identical, however, one would expect the quantal threshold 
to lie at the same wave length in both organisms, a supposition contradicted 
by the action spectra. Hence, on this basis alone, it is unlikely that the chro- 
mophores in the two species are the same. 

4. In experiments with E. coli, reactivating light at low intensity was some- 
what less active than at high intensity. This departure from the reciprocity 
law, amounting to about a 30 per cent decrease in photoactivity with a tenfold 
decrease in intensity, would tend to make wave lengths of intrinsically low effi- 
ciency for photoreactivation apparently less active than they actually are, 
unless used at intensities high enough to cause rapid reactivation. However, 
unless the departure from the reciprocity law in E. coli varies with each wave 
length, the general shape of the curve should not be influenced, especially in 
the region 365 to 450 m/~. 

The magnitude of the departure from the reciprocity law in E. coli is hardly 
enough to cause the difference in action spectra between E. coli and S. griseus. 

From all these considerations it is reasonable to assume that the chromo- 
phores absorbing reactivating light in E. coli and in S. griseus are different 
substances. 

No choice can be made from the action spectra as to whether these substances 
are compounds present in normal, non-UV-irradiated cells, or are compounds 
arising only as the result of irradiation of the primary absorber of UV. If the 
latter be the case it must be supposed that the mechanism of UV action is basi- 
cally different in E. coli and S. griseus, for otherwise the action spectra would 
be similar. Also it is quite unlikely that the mechanism of UV action in both 
species consists of the generation by UV of a poison, such as a peroxide, which 
is the same in both organisms, and that this poison absorbs reactivating light 
and is destroyed thereby. Again, the action spectra would be similar. 

While there is no evidence that UV acts differently in E. coli and in S. gri- 
seus (e.g., that UV is absorbed by nucleic acids in one, and by something else 
in the other), and the general reaction of actinomycetes to UV is quite similar 
to that of bacteria (Kelner, 1948), it would be quite instructive to know whether 
the action spectra for lethality and mutagenesis are the same in both organisms. 

S. griseus appears to be an organism par excellence for photoreactivation 
studies. Not only is it very sensitive to light reactivation, but the chromophore 
absorbing reactivating light is far more clearly characterized than is that of E. 
coll. The latter exhibited at least two traits not shown by S. griseus. One was 
that after the point of maximum photoreactivation had been reached, the 
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reactivating light began to have a strong toxic action (Fig. 1). The other was 
L 

that  with small amounts of reactivating light, the ratio ~ ,  instead of increasing 

steadily with UV dose as in S. griseus, reached a maximum and then fell 
(Table I). 

Both these phenomena may be due to secondary effects of UV or of reactivating 
light on E. coll. That reactivation in E. coli might be complicated by such secondary 
effects is indicated by reports that certain strains of E. coli show slight reactivation in 
the dark, when stored after UV irradiation at about 44°C. (Anderson, 1949; Stein and 
Meitzner, 1950). Such heat reactivation was found by Anderson to occur with E. coli 
B, but not with E. celi B/r, whereas both showed abundant photoreactivation. 5 

Another case of dark reactivation, apparently thus far also restricted to certain 
strains of E. coil, is what may be called "catalase, or iron salt reactivation" of E. coli 
K-12 (Monod, Torriani, and Jolit, 1949). Here the dark survival of UV-irradiated 
cells, as measured by assay on a synthetic medium, was greater if catalase or iron 
salts was added to the medium. Light caused additional, but slight, further reactiva- 
tion. Latarjet (1950) confirmed the observation of Monod and his coworkers, but 
found that catalase reactivation occurred with E. coli K-12, but not with E. coli B, 
and very little with E. toll B/r. Furthermore, catalase reactivation occurred most regu- 
larly if in addition to the catalase a little light was present, although it did occur oc- 
casionally in complete darkness. In intense light, however, abundant reactivation 
occurred in K-12, even if no catalase was added to the medium. 

The finding of Monod is extremely important for it possibly relates reactivation to 
the enzyme catalase. However it is too soon to know the relationship of catalase re- 
activation to photoreactivation. 

We have confirmed the abundant photoreactivation of K-12 in intense visible 
light, but have no conclusive data on catalase reactivation of this species. 

Nature of the Chrornophores Absorbing Reactivating Light.--The location and 
sharpness of the peak in the S. griseus spectrum suggest the Soret band char- 
acteristic of porphyrin compounds. The porphyrin nature of the chromophore 
is thus strongly indicated. 

The E. coli spectrum is less characteristic. The peak at 375 m/~ is rather low 
for a Sorer band. Not  too much significance should be attached to the band 
at 375 m/z, for its height is very small compared to the peak in the S. griseus 
spectrum. Much more important  is the general shape of the curve, which 
shows maximum photoactivi ty in the near-ultraviolet in the vicinity of 365 m# 
with steadily decreasing activity for longer wave lengths. 

While the E. coli chromophore cannot be identified, certain possibilities can 
be excluded. Thus the absence of a band in the region near 450 m/z excludes 

E. coli B/r, the strain used byus, is a mutant of/~. coU B. B/ris  more resistant to 
the toxic action of both UV and x-rays than its parent strain, B (Witkin, 1947). The 
restriction of heat reactivation to B may be tied up with this somewhat greater sensi- 
tivity to UV. 
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riboflavin or its derivatives, as well as the common plant carotenoids (unless 
low quantum size in this spectral region masks an absorption band). 

The E. coli spectrum resembles the action spectrum for photoreactivation of 
the bacterial virus attacking E. coli B (Dulbecco, 1950), the chief difference 
being that in the virus the peak was near 365 m/z, while in E. coli it was near 
375 m#. Unfortunately it is difficult to know whether this difference is signifi- 
cant, since in the spectrum for phage reactivation there were no points between 
365 and 405 In#, and the height of the peak with coli was small. It  is of interest 
that the chromophore involved in reactivation of the virus is apparently similar 
to that involved in reactivation of its host. 

Since the S. griseus spectrum is so characteristic it may be profitable to con- 
sider the possible origin and nature of its chromophore. 

1. It is possible that the S. griseus chromophore is not a porphyrin, but some 
colored product (probably yellow) with strong absorption around 436 m#, 
which arises as the direct result of the UV irradiation of nucleoprotein. It is 
known that UV irradiation of proteins causes increased absorption in the visi- 
ble (Giese, 1950). However a generally increased absorption in the visible 
rather than the appearance of a narrow absorption band is usually reported. 
In view of the sharpness of the band in the S. griseus spectrum it is unlikely 
that the chromophore is a reaction product of irradiated nucleoprotein, although 
this possibility cannot yet be dismissed. 

2. Since porphyrins are well known fight-sensitizing substances it is possible 
that in S. griseus a porphyrin acts photodynamicaUy to destroy some UV- 
generated poison. Johnson, Flagler, and Blum (1950) for E. coli, and Dulbecco 
(1950) for bacteriophage found photoreactivation to occur anaerobically, ex- 
cluding photodynamic photoreactivation in these organisms. Experiments on 
possible anaerobic photoreactivation of S. griseus are in progress in this Lab- 
oratory. 

3. In view of the reports of Monod and his coworkers (1949) and of Latarjet 
(1950) the possibility that the S. griseus chromophore is the porphyrin enzyme, 
catalase, might be considered. Light sensitivity of normal catalase, or the 
activation of catalase by fight, is however quite unknown. 

4. If one looks for a light-sensitive porphyrin compound likely to be present 
in many types of cells, and which might be involved in a photoreactivation, 
one might consider the respiratory porphyrin enzyme, cytochrome oxidase. 
From Warburg and Negelein's work (1929) it is well known that this enzyme 
is inhibited by CO, and that this CO-enzyme complex is light-sensitive. (See 
also Warburg, 1949; Melnick, 1941.) Both the peaks of the action spectra of 
the reversal by light of the CO inhibition of cytochrome oxidase, and of photo- 
reactivation of S. griseus (an obligate aerobe) lie at, or near, 436 m#; this is a 
remarkable coincidence. Both spectra have the sharp, tall peak characteristic 
of the Soret band. Warburg and Negelein's spectrum also showed a small peak 
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near 578 m#. The absence of photoreactivation in the region 500 to 700 m# is 
not necessarily conclusive contrary evidence for the relationship of the two 
types of light actions, since, as previously pointed out, several factors may 
operate to reduce photoactivity in this spectral region. 

The photoreactivation action spectrum of E. ¢oli (a facultative anaerobe) 
resembles the action spectrum for the light-induced reversal of another CO- 
inhibited enzyme, the iron-containing enzyme active in fermentation of glu- 
cose by the anaerobe, Clostridium butyricum (Kempner and Kubowitz, 1933). 
The resemblance is less close than in the case of S. griseus and cytochrome oxi- 
dase, for the peak in E. coli lies near 375 m#, as compared to a peak at 365 (or 
possibly at a shorter wave length) in Kempner and Kubowitz's study. The 
general shape of the two spectra are however quite similar. 

The significance of these resemblances is unclear. Any possible implication 
of CO in UV action is dubious. However, it might be well to look for porphyrin 
or other enzymes which might be present in the nuclei of cells. Such enzymes 
might be intimately associated with nucleic acids and be concerned in nuclear 
metabolism. If such enzymes showed light sensitivity, they may be the chromo- 
phores involved in the photoreversal of UV-induced lethality and mutation. 

SUMMARy 

Action spectra for photoreactivation (light-induced recovery from ultraviolet 
radiation injury) of Esckerichia coli B/r and Streptomyces griseus ATCC 3326 
were determined. The spectral region explored was 365 to 700 m#. 

The action spectrum for S. griseus differed from that for E. coli, indicating 
that the chromophores absorbing reactivating energy in the two species were 
not the same. Reactivation of S. griseus occurred in the region 365 m# (the 
shortest wave length studied) to about 500 m#, with the most effective wave 
length lying near 436 m#. This single sharp peak in the spectrum at 436 m/z 
suggested the Soret band typical of porphyrins. Reactivation of E. coli occurred 
in the region 365 to about 470 m#, with the most active wave length lying near 
375 m#. The single, non-pronounced peak near 375 was probably not due to a 
Soret band, and the identification of the substance absorbing reactivating light 
in E. coli is uncertain. 

In neither species was the region 500 to 700 m# active. 
The implications of these action spectra and their differences are discussed. 

I wish to express my warm thanks to Professor K. V. Thimann, my sponsor during 
the tenure of my Fellowship, for many stimulating and helpful discussions I had with 
him during this investigation, and to Professor W. J. Crozier and Professor G. Wald 
for generous permission to borrow optical equipment from their laboratories, and for 
their continued interest in my research. 



~LL~ERT m~LNER 851 

BIBLIOGRAPHY 

Anderson, E. H., 1949, Reactivation of ultraviolet-irradiated bacteria. Am. J. Bot., 
36, 807 (abstract). 

Blum, H. F., 1950, Action spectra and absorption spectra, in Biophysical Research 
Methods, (F. M. Uber, editor), New York, Interscience Publishers, Inc. 

Blum, H. F., Loos, G. M., and Robinson, J. C., 1950, The accelerating action of illu- 
mination in recovery of Arbada eggs from exposure to ultraviolet radiation, J. 
Gen. Pkysiol., M, 167. 

Blum, H. F., and Mathews, M. M., 1950, Photorecovery after ultraviolet radiation 
in amphibian larvae, Biol. Bull., 99, 330 (abstract). 

Dulbecco, R., 1949, Reactivation of ultraviolet-inactivated bacteriophage by visible 
light, Nature, 163, 949. 

Dulbeceo, R., 1950, Experiments on photoreactivation of bacteriophages inactivated 
with ultraviolet radiation, Y. Bact., 59, 329. 

Giese, A. C., 1950, Action of ultraviolet radiation on protoplasm, Pkysiol. Rev., 30, 431. 
Goodgal, S. H., 1950, The effect of photoreactivafion on the frequency of ultraviolet 

induced morphological mutations in the microconidial strain of Neurospora 
crassa, Rec. Genetics Soc. America, No. 19, 101 (abstract). 

Johnson, F. H., Flagler, E. A., and Blum, H. F., 1950, Relation of oxygen to photo- 
reactivation of bacteria after ultraviolet radiation, Proc. Soc. Exp. Biol. and Med., 
74, 32. 

Kelner, A., 1948, Mutation in Streptomycesfla~,eolus induced by x-rays and ultraviolet 
light, J. Bact., 56, 457. 

Kelner, A., 1949 a, Effect of visible light on the recovery of Streptomyces griseus conidia 
from ultraviolet irradiation injury, Proc. Nat. Acad. Sc., 3fi, 73. 

Kelner, A., 1949 b, Photoreactivation of ultraviolet-irradiated Escherickia coli with 
special reference to the dose-reduction principle and ~o ultraviolet induced mu- 
tation, Y. Bact., 58, 511. 

Kelner, A., 1950, Light-induced recovery of microorganisms from ultraviolet radiation 
injury, with special reference to Escherickia Coli, Bull. New York Acad. Med., 26, 
189. 

Kempner, W., and Kubowitz, F., 1933, Wirkung des Lichtes auf die Kohlenoxyghem- 
mung der Butters~iureg~/rung, Biockem. Z., 265, 245. 

Kimball, R. F., 1950, The relation between induced mutation and retardation of cell 
division brought about by ultraviolet irradiation of Paramecium aurelia, Rec. 
Genetics Soc. America, No. 19, 107. (abstract). 

Kimball, R. F., and Gaither, N. T., 1950, Photorecovery of the effects of ultraviolet 
radiation on Paramecium aurelia, Genetics, 35, 118 (abstract). 

Latarjet, R., 1950, personal communication. 
Loofbourow, J. R., 1948, Effects of ultraviolet radiation on cells, Growtk Syrup., 12, 

75. 
Marshak, A., 1949, Recovery from ultraviolet-induced delay in cleavage of Arbacia 

eggs by irradiation with visible light, Biol. Bull., 97, 315. 
Melnick, J. L., 1941, The photochemical absorption spectra of the Pasteur enzyme and 

the respiratory ferment in yeast, Y. Biol. Ckem., 141, 269. 



8 ~  ACTION SPECTRA FOR PHOTOREACTIVATIOI~ 

Monod, J., Torriani, A-M., and Jolit, M., 1949, Sur la r~activation de bact~ries 
sterilis~es par le rayonnement UV, Compt. rod. Acad. sc., 2"29, 557. 

Newcombe, H. B., 1950, Photoreversal of the mutagenic effect of ultraviolet light in 
E. toll, Rec. Genetics Soc. America, No. 19, 116. (abstract). 

Novick, A., and Szilard, L., 1949, Experiments on light-reactivation of ultraviolet- 
inactivated bacteria, Proc. Nat. Acad. Sc., 36, 591. 

Roegner, F. R., 1950, Photoreactivation of ultraviolet-irradiated spores of Penicillium 
chrysogenum NRRL-1951, Univ. Wisconsin Antibiotic Rep., No. 13, 19. 

Stein, W., and Meitzner, I., 1950, Reaktivierung ,con UV-inaktiviertem Bacterium 
coli durch W~.rme, Natum~isscnschaften, 7, 167. 

Wald, G., 1945, The spectral sensitivity of the human eye. I. A spectral adaptometer, 
J. Opt. Soc. America, 36, 187. 

Warburg, O., 1949, Heavy Metal Prosthetic Groups and Enzyme Action, Oxford, 
Clarendon Press. 

Warburg, O., and Negelein, E., 1929, tiber das Absorptionsspectrum des Atmungs- 
ferments, Biochon. Z., 9.14, 64. 

Wells, P. H., and Giese, A. C., 1950, Photoreactivation of ultraviolet light injury in 
gametes of the sea urchin, Strongyloc~ntrotus purpurat~, Biol. Bull., 99, 163. 

Witkin, M., 1947, Genetics of resistance to radiation in Esd~ffichia toll, Genetics, 82, 
221. 


