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S U M M A R Y  

The action spectra for loss of ability to form the inducible enzymes fl-galactosidase 
and tryptophanase by Escherichia coli, and also for colony formation, resemble the 
absorption spectra of nucleic acids. A minimum size of the sensitive unit for enzyme 
formation of 3oo,ooo molecular weight units is computed. This suggests that  the 
sensitive unit is either high molecular weight RNA or DNA and not soluble RNA. 
On the basis of previously reported quantum yields, the size of the target is estimated 
to be somewhat larger than the minimum, perhaps of mass 7oo,ooo. This result is 
in fair agreement with present estimates of the size of a functional gene or of the 
RNA of a ribonucleoprotein particle. These data do not permit a choice between 
RNA and DNA as target materials. 

Abbrev ia t i ons :  R N A ,  r ibonucleic acid;  D N A ,  deoxyr ibonucle ic  acid. 
* P r e s e n t  address :  NCI ,  N I H ,  B e t h e s d a  i4,  Md. (U.S.A.). 
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INTRODUCTION 

An action spectrum is the representation of the relative efficiency of radiation of 
different wave lengths in bringing about an effect in an irradiated system 1, 3. These 
action spectra are displayed as a plot of the reciprocal of the amount of light required 
to produce a given effect as a function of wave length. Close similarity of the action 
spectrum and the absorption spectrum of some component of the system is taken 
as evidence that  the initial effect of the light is on this component 3. 

In the present communication the effect of u.v. light on the formation of bacterial 
enzymes is considered. An effect on such a phenotypic property, virtually instan- 
taneous and measurable immediately after irradiation, would seem susceptible of 
more ready interpretation than the commonly investigated effect on viability which 
represents a complex of many independently affected processes. Action spectra for 
enzyme formation have been reported for the galactozymase of yeast ~ and the lysine 
decarboxylase of Bacillus cadaveris 5. In each case, the action spectrum was reported 
to resemble the absorption spectrum of nucleic acid; the results provided support 
for the often stated contention that nucleic acids are involved in enzyme synthesis. 

The present communication extends the data to include two other enzyme 
forming systems, those of ~-galactosidase and tryptophanase of Escherichia coli. The 
former enzyme is of particular interest because of the extensive investigations carried 
out on the mechanism of its induction s . Both enzymes can be induced in readily 
determined amounts in a fraction of an hour. In the present experiments, the range 
of wave lengths used was extended to below 240 m~ where the difference between 
the absorption spectra of protein and nucleic acid are most evident. The data also 
permit a calculation of the size of the photosensitive unit. 

MATERIALS AND METHODS 

The organisms used, a radiation resistant strain of E. coli, B/r, or E. coli KI2 were 
grown aerobically by swirling at 37 ° in a synthetic medium, M63, containing per liter 
2 g glycerol and the following salts: 13.6 g KH~POI, 2.0 g (NH4)~.SO 4, 0.2 g MgSO4" 
7H20, 0.5 mg FeSO~.TH20. The pH was adjusted to 7.0 with KOH. The bacteria 
were harvested in the exponential phase of growth, and were irradiated with an 
apparatus (made available by Dr. C. A. KNIGHT) having as its principal components 
all AH6 General Electric lamp operating at 50o V and a Bausch and Lomb diffraction 
grating to obtain the action spectrum. Details of the technique have been described 
elsewhere ~. The samples were vigorously stirred during the irradiation period of from 
2.5 to 30 min. The actinometry s necessary to measure light intensities was performed 
immediately following the irradiation of each sample and under the same conditions. 

In the preliminary experiments a u.v. sterilizing lamp (15 W Sylvania Germicidal- 
A) with principal output at 2537/~ was used and intensity was determined by a 
u.v.-sensitive photoelectric meter. 

fi-galactosidase was induced with 5" lO-4 M isopropyl-fi-D-galactoside and assayed 
by  the o-nitrophenyl-~-galactoside procedure 9. Tryptophanase was induced with 
3.1o -3 M tryptophan and determined by indole production, as measured with 
Ehrlich's reagent 1°. Viability of the bacteria was measured by plating on broth-agar, 
using suitable precautions to avoid photoreactivation. 
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Fig. i ,  Kinet ics  of inac t iva t ion  of e n z y m e  for- 
ma t ion .  The  bacter ia ,  E. coli KI2 ,  were grown 
a n d  induced  a t  37 ° for t r y p t o p h a n a s e  or a t  
24 ° for f l-galactosidase.  I n  e i ther  case, a por t ion  
of the  cu l ture  was  i r radia ted  a t  an  i n t ens i t y  
of 27 ergs /mm2/sec  u.v.  l ight  (2537 2k) a t  t h e  
t imes  and  for the  du ra t i ons  indica ted  on t h e  
Figure .  I r r ad ia t ion  was pe r fo rmed  in t h e  
g rowth  m e d i u m .  Al iquots  for enzyme  a s say  
were t a k e n  before i r radiat ion,  and  f rom bo th  
i r rad ia ted  and  un i r r ad ia t ed  samples  af ter  ir- 
radia t ions .  The  d a t a  are p lo t ted  as e n z y m e  
ac t iv i ty  (m/z-moles of indole or  o -n i t rophenol  
p r o d u c e d / m i n / m l  of culture)  aga ins t  t ime  of 

~ sampl ing .  

Fig. 2. E n z y m e  inac t iva t ion  as a func t ion  of 
dose. E. coli KI2  were grown and  t h e n  i r ra-  
d ia ted  wi th  27 ergs /mm2/sec  u.v.  l ight  (2537 A) 
as descr ibed u n d e r  METHODS. The  ra te  of en-  
z y m e  fo rma t ion  in t he  first 4 ° m id  af ter  in-  

duc t ion  is p lo t ted  aga ins t  u.v.  dose. 

Fig. 3, Act ion  spectra .  Reciprocals  of t he  doses 
requi red  to reduce  v iabi l i ty  to 5 %, fl-galacto- 
s idase fo rma t ion  to 2o %, or t r y p t o p h a n a s e  
fo rma t ion  to  i o % of the i r  un i r r ad ia t ed -con t ro l  
rates,  d iv ided  b y  t he  comparab le  va lues  ob- 
t a ined  a t  2650 A, are  p lo t t ed  as  a f unc t i on  
of wave  length .  For  compar i son ,  an  ac t ion  
s p e c t r u m  for l inac t iva t ion  of aldolase and  a n  
absorp t ion  s p e c t r u m  for nucleic acid are  shown.  
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RESULTS 

F o r m a t i o n  of t r y p t o p h a n a s e  or  f l -galactosidase was a r res ted  a lmost  a t  once following 
i r r ad ia t ion  (Fig. I) .  This  resul t  suggests  t h a t  u.v. l ight  has  a r a the r  direct  effect on 
enzyme format ion,  and  t h a t  there  has  not  been much  o p p o r t u n i t y  for repai r  processes 
and  secondary  effects of i r rad ia t ion  to  confuse the  in te rpre ta t ion .  No evidence for 
reac t iva t ion ,  b y  visible l ight  or nut r ients ,  of enzyme forming ab i l i ty  has  been found 
under  the  presen t  condit ions.  Other  exper iments  showed t h a t  the  rec iproc i ty  law 1 
appl ied,  since the  same effect was observed if the  to ta l  dose was kep t  cons tan t  a l though 
appl ied  over  different  lengths  of t ime (Table I). I r r ad i a t i on  of E.  coli with  different 
doses of u.v. l ight  resu l ted  in a nonl inear  decline of ab i l i t y  to form the  enzymes  as 
shown in Fig.  2. I n t e r p r e t a t i o n  of these curves in t e rms  of me tabo l i sm and  mul t i -  
p l ic i ty  of t a rge t s  will be reserved for a l a te r  paper .  

TABLE I 

EFFECT ON fl-GALACTOSIDASE FORMATION OF CONSTANT U.V. DOSE GIVEN OV~R VARIABLE TIMES 

E. coli B/r suspended in medium lacking a carbon source at o ° were irradiated for the times 
and at the intensities shown. Intensity was varied by altering the lamp-to-sample distance. 
The samples were then induced at 37 ° with 5" IO-~ M IPTG, after addition of glycerol. Rates of 
fl-galactosidase formation in the 4 ° min following irradiation are shown in the last column as 

% of control. 

Dose IntensiSy Irradia2ion time Enzyme fornut2ion, 
Expt. ergs/ram s evgs/mraS[sec (min) % remaining 

I 127o 11.2 1.9 12 
I 127o 4.4 4 .8 I4 
I 127o 1. 4 15.o i i  
I 211o 11.2 3.1 o.6 
I 211o 4-4 8.oo 0.8 
I 211o 1. 4 25.o o.6 

II  700 75 o.16 64 
II  700 23 0.50 72 
II  700 12.5 o.93 67 
II  12oo 75 0.27 32 
II  12oo 23 o.83 22 
II  12oo 12. 5 1.57 29 

To obta in  the  ac t ion  spectra ,  a l iquots  of the  bac te r ia l  suspension were i r r ad ia t ed  
for two different t imes  a t  each of six wave  lengths  and  the  ab i l i ty  of the  bac te r i a  
to  produce  enzymes  or form colonies were compared  with  corresponding abi l i t ies  of 
un i r r ad i a t ed  samples  (Table II). Whereas  the  ab i l i ty  to form fl-galactosidase was well 
r e t a ined  af te r  s torage  a t  o °, t h a t  for t r y p t o p h a n a s e  was lost  in par t .  These d a t a  were 
p lo t t ed  as  in Fig.  2 to  pe rmi t  es t imat ion  of the  quant i t ies  of l ight  requi red  to  produce  
a given per  cent  inac t iva t ion  and  the reciprocal  of these doses were p lo t t ed  agains t  
the  corresponding wave  length  (Fig. 3). The absorp t ion  spec t ra  for nucleic acid  11 and  
for inac t iva t ion  of the  enzyme aldolase TM (normalized to  u n i t y  at  2654 A) are also 
shown in the  Figure .  The  d a t a  for all three  proper t ies  are s imilar  to the  curve for 
nucleic acid  absorp t ion ,  and  are not  l ike t ha t  for pro te in  inac t iva t ion .  
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TABLE II  

INACTIVATIONS BY U.V. LIGHT 

The experiment was performed as described under M~.THODS. The bacteria were washed and re- 
suspended at  o ° in medium lacking glycerol prior to irradiation. Aliquots were irradiated for 
the  times indicated at  approx. 12 °, and then were stored at  o ° until  the  irradiations were finished. 
Inductions and assays were then performed on various samples to which glycerol was added. 

Values at  2967/~ from a separate experiment. 

Wav~en£th O.D.  Photons/mr/rain Irradiatio~ Per cen~ survival 

× ~:o -~ (rain) Viable bacteria fl-ge~actosidase Tryptophanase 

- -  - -  - -  O (IOO) (IOO) ( I O O )  

2350 O.167 O.81 15 43 62 27 
2350 O.167 O.81 3O 15 24 9"3 
2399 O'148 1.19 IO 24 53 21 
2399 O.148 1.19 2O 2. 3 20 8.2 
2537 O.163 1.48 IO (5) 17 7 "1 
2537 O.163 1.48 2O ~ O.I 0. 5 2.2 
2654 O'163 4"O3 2.5 3.6 25 5"5 
2654 O.163 4.O3 5 0.2 4.8 3.8 
2803 O"131 3"94 2'5 5'7 33 12 
28O3 O"131 3"94 5 I .O 15 7"7 
2894 O.104 4-10 5 8.2 33 14 
2894 O.lO4 4.1o IO 0. 4 2.8 2.2 
2967 o.131 8.45 6 26 97 57 
2967 o.131 8.45 Io 4 49 34 

DISCUSSION 

That an action spectrum should have the same shape as the absorption spectrum of 
the light-sensitive material can be seen from the following argument. I t  is assumed 
that  a standard biological effect is produced by the same number of altered molecules, 
irrespective of the wave length of irradiation 1. If I 0 is the intensity of incident 
irradiation, t is the duration of irradiation, and D is the total O.D. of the sample, 
the amount of light absorbed is Iot (I--Io-D). The fraction of this light absorbed by 
the sensitive substance is AID, where A is the O.D. of the sensitive substance. The 
amount of light absorbed by the latter times the quantum yield (¢, equal to in- 
activating events per quantum absorbed) equals the number, N, of damaged 
molecules: 

N : ¢ A l o t  ( I - IO-D) /D.  

As  t h e  O.D.  a p p r o a c h e s  zero,  ( I - I o - D ) / D  a p p r o a c h e s  u n i t y ,  a n d  for  a c o n s t a n t  a m o u n t  

of b io log i ca l  d a m a g e  t h e  r e c i p r o c a l  of t h e  dose  ( Io t )  b e c o m e s  p r o p o r t i o n a l  to  t h e  

0 . D .  of t h e  s e n s i t i v e  m a t e r i a l  (A). I f  ¢ is a s s u m e d  c o n s t a n t  a t  a l l  w a v e  l e n g t h s ,  t h i s  

r e c i p r o c a l  of t h e  dose  for  t h e  g i v e n  ef fec t  s h o u l d  b e  p r o p o r t i o n a l  t o  A a t  al l  w a v e  

l e n g t h s .  F o r  c o m p a r i s o n  of a c t i o n  s p e c t r a  w i t h  a b s o r p t i o n  s p e c t r a ,  one  also h a s  t o  

m a k e  t h e  a s s u m p t i o n  t h a t  t h e  l i g h t  a b s o r p t i o n  b y  t h e  s e n s i t i v e  m a t e r i a l  i n  t h e  cell  

is p r o p o r t i o n a l  a t  a l l  w a v e  l e n g t h s  t o  i t s  e x t i n c t i o n  coeff ic ient  in  t h e  f ree  s t a t e .  

F o r  a v a l i d  c o m p a r i s o n  t o  b e  m a d e  b e t w e e n  a c t i o n  s p e c t r a  a n d  a b s o r p t i o n  

s p e c t r a ,  v a r i o u s  e x p e r i m e n t a l  r e q u i r e m e n t s  m u s t  b e  ful f i l led  1. T h e s e  i n c l u d e  low O.D.  

of t h e  s u s p e n s i o n  a n d  a d h e r e n c e  to  t h e  r e c i p r o c i t y  law.  Also  i t  w o u l d  s e e m  d e s i r a b l e  

to  e x t e n d  t h e  m e a s u r e m e n t s  o v e r  a w a v e  l e n g t h  r a n g e  t h a t  d i s t i n g u i s h e s  b e t w e e n  
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alternative spectra, corresponding to inactivations of nucleic acids or proteins or 
required for free radical formation and to use methods of measurement of the bio- 
logical phenomena that  are little subject to complications of secondary effects of the 
irradiation. Since these precautions were taken into account, the present results are 
in agreement with earlier results in stating that  microbial viability 1 and enzyme 
forming ability ~, 5 are inactivated by  u.v. light as a result of damage to nucleic acid. 

If  it is assumed from the action spectrum that  the u.v. sensitive unit is nucleic 
acid, the data permit  an estimation of its size. In the region of Fig. 2, at about IO ~o 
survival, where log of enzyme forming ability is decreasing approximately linearly 
with dose, an average of one effective hit per unit decreases the rate of enzyme 
formation by  I/e. At the maximum effective wave length, 2654 A, 1.2. IO 15 photons 
were absorbed per ml to bring about such a reduction of B-galactosidase formation 
(Table II). (A correction of 25 ~o for light scatter was made in computing the amount  
of light absorbed. The correction was estimated by comparing the O.D. of intact 
and sonically disrupted bacteria.) This amounts to 8.1o 6 photons absorbed per 
bacterium for enzyme inactivation to I/e (compared to 5.Io6/bacterium, earlier 
reported for a lethal effect~a). If  the sensitive unit must absorb (I/$) photons on the 
average for every inactivating hit, then (1/$)/1.2. IO ~5 equals the ratio of the photons 
absorbed by  each sensitive unit to those absorbed by  the total material in I ml. 
The ratio of light absorbance of sensitive material and nucleic acid are assumed to 
be proportional to their relative masses, a reaspnable assumption since nucleic acid 
absorbs virtually all the light at this wave length. Then the sensitive unit must have 
a mass of ( i /$) / i .2 . IO ~ of that  of the nucleic acid in one ml. There are approx. 
5 . I o  -6 g of nucleic acid/ml, as determined n from the O.D. of o.12. Therefore the 
size of the sensitive unit equals 2500 (I/$) molecular weight units. 

Although (I/$) is not known for this system, a minimum value can be estimated. 
Uracil and cytosine nucleotides are altered by  u.v. light with a (I/$) of about 50, 
much more efficiently than are purine nucleotides or thymidine~4; similar values are 
reported for alteration of pyrimidines in nucleic acids x~. If, as estimated from base 
ratios, about 40 ~o of the light is absorbed by the sensitive pyrimidines in RNA, 
or 25 ~o in DNA, 12o photons would be absorbed by the nucleic acid per chemical 
alteration of the RNA, or 200 for DNA. Then assuming (I/$) = 12o or 200, the 
sensitive unit would have a mass of 3oo,ooo or 500,000, respectively. I f  the former 
is taken as a minimum estimate, it appears that  the unit is not a low molecular 
weight RNA such as soluble RNA. The reasonable possibilities for the identity of 
the sensitive material  are ribonucleoprotein RNA or DNA. 

The use of a value of 12o for (I/$) is questionable in these experiments because 
there is no certainty that  every photochemical event which modified a pyrimidine 
nucleotide in vitro must  cause loss of activity of a sensitive unit in nucleic acid. An 
estimate of (I/$) for biological effects places the value somewhat higher. For in- 
activation of infectivity of RNA of tobacco mosaic virus, as determined by the same 
techniques used in this s tudy ~, (I/$) was equal to 280, and higher values have been 
reported (see ref. 7). Also, an estimate of (I/$) for transformation of optochin re- 
sistance by  transforming principle gave virtually the same value x6. By use of this 
figure, the sensitive unit for enzyme formation would have a mass of 700,00o. The 
mass of the sensitive unit is reasonably similar to estimates of the size of DNA 
in a functional gene16,1~ or to the RNA in a ribonucleoprotein particle 18. The data  
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d o  n o t  p e r m i t  dec i s ion  w h e t h e r  i t  is m o r e  l ike ly  D N A  or  R N A  t h a t  is t h e  s e n s i t i v e  

s u b s t a n c e .  

ACKNOWLEDGEMENTS 

T h i s  i n v e s t i g a t i o n  w a s  a i d e d  b y  A t o m i c  E n e r g y  C o m m i s s i o n  p r o j e c t  f u n d s  a n d  a 

r e s e a r c h  G r a n t  E - 6 3 4  f r o m  T h e  N a t i o n a l  I n s t i t u t e  of A l l e r g y  a n d  I n f e c t i o u s  Diseases ,  

N a t i o n a l  I n s t i t u t e s  of H e a l t h ,  U.S .  P u b l i c  H e a l t h  Serv ice .  O n e  of u s  (M. R.)  is a 

U.S.  P u b l i c  H e a l t h  Se rv i ce  P r e d o c t o r a l  Fe l low.  

REFERENCES 

1 j .  R. LOOFBOUROW, Growth Symposium, 12 (1948) 75. 
2 R. SETLOW, Advances in Biol. Med. Physics, 5 (1957) 37. 
8 A. C. GIESE, Physiol. Revs., 3 ° (195 o) 431. 
~ P. A. SWENSON, Proc. Natl. Acad. Sci. U.S., 36 (195 o) 699. 
5 ]3. RAJEWSK¥, H. ~BOCKER AND H. PAULY, Arch. Biochem. Biophys., 82 (1959) 229. 
5 M. R. POLLOCK, in P. D. BOYER, H. LARDY AND K. MYRB~.CK, The Enzymes, Vol. I, Academic 

Press, New York, 1959, p. 619. 
7 Cr. W. RUSHIZKY, C. A. KNIGHT AND A. D. McLAREN, Virology, (196o) in the press. 
8 C. G. HATCHARD AND C-. A. PARKER, Proc. Roy. Soc. (London) A., 235 (1956) 518. 
9 A. B. PARDEE, F. JACOB AND J. MONOD, ]. Molecular Biol., i (1959) I65. 

10 L. H.  FRANK AND R. D. DE MOSS, Arch. Biochem. Biophys., 67 (1957) 387 • 
11 O. H.  BEAVEN, E. R. HOLIDAY AND ]~. A. JOHNSON, in E. CHARGAFF AND J. ~ .  DAVIDSON, 

The Nucleic Acids, ¥ol.  I, Academic Press, New York, 1955, p. 483 . 
12 R. SETLOW AND B. DOYLE, BiocMm. Biophys. Acta, 24 (1954) 27. 
18 R. W. C~. WYCKOFF, J. Gen. Physiol., 15 (1932) 351. 
It R. L. SINSHEIMER, Radiation Research, I (1954) 505; Radiation Research, 6 (1957) 121. 
15 D. SHZIGAR AND K. L. WmRZCHOWSKI, Biochim. Biophys. Acta, 23 (1957) 657; J. Polymer Sci., 

.31 (1958) 269. 
15 L. S. LERMAN AND L. J. TOLMACH, Biochim. Biophys. Acta, 33 (1959) 371. 
17 S. IBENZER, Proc. Natl. Acad. Sci. U.S., 41 (1955) 344. 
18 A. TlSSI~RES, J. D. WATSON, D. SCHLESSINGER AND ]~. R. HOLLINGWORTH, J. Molecular" Biol., 

I (1959) 221. 

Biochim. Biophys. Acta, 45 (196°) 7o-76 


