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The fundamental  rate law for the inactivation of an enzyme E by ultraviolet light 1 
for a one-hit process, is 

_ E o in (Eo /E)  K ~  E o 
- - -  ( I )  

labs t labs 

I t  follows that  to inactivate a given fraction of enzyme the reciprocity law should be 
obeyed; i .e . ,  I l t  1 - -  I~t~  for a given initial active enzyme concentration, Eo. Here 
is the effective quantum yield for inactivation and 11, I s and t v t~ are intensities and 
times respectively. With ordinary laboratory intensities the one-hit process is obeyed, 
perhaps primarily because of the low quantum incidence compared to the number  of 
absorbing molecules in solution. The relatively low intensities utilized do not permit 
a molecule to absorb two or more quanta  before undergoing reactions. I t  seemed worth- 
while to test the reciprocity relationship with a protein having several chromophores 
per molecule, at much higher intensities than customarily used. 

I t  is theoretically possible for a pepsin molecule to absorb several quanta  nearly 
"simultaneously" prior to the inactivation step, providing sufficiently high intensities 
of ultraviolet light are employed. Recently apparatus which produces very high in- 
tensities, of the order of lO 21 quanta/flash, has been described by  PORTER 2. We have 
used a scaled down version of this type of equipment to achieve moderately high in- 
tensities. In particular, PORTER'S equipment delivered single flashes in the neighborhood 
of IOO to 500 ~ F  capacity whereas ours were of the order of 20 / ,F  capacity. 

With a Hanovia  Sc-2537 mercury resonance lamp, illuminated with single bursts 
o f  ca. 0. 5 milli-second duration, the intensity of actinometric radiation measured by 
a uranyl oxalate actinometer solution was around 2-lO -7 einsteins per burst  per ml 
solution. Since our pepsin solution contained ca. 5" IO-S moles per ml, it may  be seen 
that  the incidence of quanta  reaching the solution per burst  was comparable to the 
number  of molecules of pepsin per ml. I t  was found that  the pseudo first order rate law, 
equation (I), was obeyed even at these high intensities. 

* Present  address:  D e p a r t m e n t  of Soils, Univers i ty  of California, Berkeley. This work was  
financed in pa r t  by  the U.S. Atomic Energy  Commission, cont rac t  No. AT-(3o-I)-95 o. 
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EXPERIMENTAL 

Irradiation equipment/or high intensity 

The lamp used was a specially built, s t ra ight  Hanov ia  Sc-2537 mercury  resonance lamp with  
tungs ten  lead wires b rough t  out  t h rough  graded electrode seals. I t  contained the usual argon and 
mercury  at  low pressures.  The distance between electrodes was  ca. 13. 5 cm and the  diameter  was 
ca 9.5 ram. O.D. The lamps  were quickly discolored and had to be cleaned and refilled by  the manu-  
facturer  after  a few hundred  burs ts .  

The energy source for the  lamp was made up from banks  of condensers wi th  a power  supply, 
Fig. I. The banks  contained IO Sprague Vi tamin Q condensers  ra ted at  2 . o . I s / x F ,  8000 volts. 
Ten condensers were connected in parallel and the equivalent  capaci tance of such a bank  was  3 #F.  
The uni t  consisted of seven banks  wi th  a total  capaci ty  of 21 #Farads .  The connecting leads were 

by  1/1 e inch copper strips. Two half-wave mercury-vapor  rectifiers, RCA 866/866-A supplied DC 
to the condensers. The circuit was  a single-phase full-wave rectifier. The fi lament t ransformer  was  
a Stancor  P 6133 (2.5 volt  center tap,  5 ampere,  insulated for 7500 volts). The main voltage was  
supplied th rough  a powers ta t  (o- I iO volts  AC) to a t r ans fo rmer  (ioo volts  to 4000 volts  step up). 
To prevent  p remature  firing of the lamp a special hand-opera ted  spark-gap type  switch was installed. 
This enabled the operator  to fire the  lamp at  the  desired voltage and at  the desired rate.  

- - ( I  

@ 
Fig. I. Power  supply  for ul traviolet  lamp.  See Text.  

The bank  of condensers at  a potent ial  of 4,000 volts  was discharged th rough  the lamp. PORTER 
reports  t h a t  the m a x i m u m  ou t pu t  of the lamp is reached very  rapidly under  similar conditions. 
This is followed by fairly cons tan t  emission, the  durat ion of which is propor t ional  to the capacity,  
and finally an exponential  decay. By means  of an ultraviolet  sensitive pho to tube  and an oscilloscope- 
camera  a r rangement  it was  found t h a t  the durat ion of burs t s  (flashes) of our  equ ipment  was ca. 
0. 5 refill-seconds. 

Irradiation procedure with high intensity 
For  irradiation of the enzyme a plastic t rough,  i cm wide, 8.2 cm long and 1.5 cm deep and 

separated into two equal sections 4 cm in length by  means  of a part i t ion,  was,placed directly under  
the lamp about  0.5 cm away. I n  one side of the  cell 4 ml of crystalline pepsin solution was  placed. 
In  the  other  side 4 ml of u rany l  oxalate solution 3 (0.75 g uranyl  oxalate and 1.26 g oxalic acid per  
litre) was  placed for a s imul taneous measurement  of the dosage of ul traviolet  light (as einsteins 
per  ml per  number  of burs t s  used). The q u a n t u m  efficiency of the  act inometer  is r a the r  independent  
of wave-length between 4,35 ° and 2,54 ° A. The dosage per  bu r s t  was  governed by  the  age of the 
tube and by  the number  of condensers used. I t  varied f rom 1.86-io -~ to 2.7o. lO -7 einsteins per  
burs t  per  ml. The condensers were allowed a fixed t ime to recharge between bursts ,  usually from 
io to 20 seconds. The solution was  stirred after  every ten burs ts .  

The concentrat ion of the crystalline pepsin irradiated was  ca. 3.9 mg per  ml of o.i M sodium 
acetate buffer, pFI 5.0. 

The t empera tu re  rise during the irradiation was  of the order of 3 or 4 ° C. The final t empera tu re  
was never above 25 ° C. Enzyme  act ivi ty  measurements  were performed as previously described 4. 
The results of three sets of observat ions are plot ted in Fig. 2. Beside the points  are recorded the 
number  of burs t s  required to give the degree of inactivation found. 

* Pepsin from Plaut Research Laboratories 4. 
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RESULTS AND DISCUSSION 

From Fig. 2 it will be seen that  a plot of the logarithms of the per cents of remaining 
activities versus dosage in einsteins per ml is a straight line. This indicates that  the 
reciprocity law holds even at the high intensities used. In one pair of runs, two series 
of 4 ° bursts of unequal intensities gave points falling on or near the same line. 
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Fig .  2. A c t i v i t y  of p e p s i n  a s  a f u n c t i o n  of e n e r g y  a b s o r b e d .  

Since an Sc-2537 lamp was employed, most of the intensity of emission was doubt- 
less at 2537 A. Under conditions of fifty times the capacity used here, PORTER found 
appreciable intensity at the 2652 A mercury line. The apphcability of an equation of 
the form of equation (I) is, however, also usually observed with polychromatic light. 
Writing equation (I) in differential form, for monochromatic light, we have 

-d  E/dt ~ K~E (2) 

and for polychromatic light 

-d  E/dt ~ K~tE + K~2E + K~sE + . . . . .  (3) 
~ K E  

If equation (3) holds it means that  any changes in adsorption at some wave length 
~1, due to irradiation at ~2, ~3, etc., does not appreciably alter the rate of inactivation 
by light of wave length ~1 during irradiation. A theoretical calculation with optical 
density data of P E A R S O N  4, for the inactivation of pepsin at normal intensity of 2537 A 
light, performed as described elsewhere 1, indicates that up to 46% inactivation, K~65a 
would be changed only by about 12 %. Actually equation (3) is obeyed experimentally 
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w i t h  b o t h  m o n o c h r o m a t i c  (2537 A) a n d  p o l y c h r o m a t i c  u l t r a v i o l e t  l ight ,  w i t h  peps in  a t  
o r d i n a r y  l a b o r a t o r y  in t ens i t i e s  a, as wel l  as w i t h  t he  h igh  in tens i t i e s  u sed  here .  

T h e  q u a n t u m  y ie ld  for  t h e  i n a c t i v a t i o n  of  peps in  4 does  n o t  v a r y  b y  m o r e  t h a n  

a f ac to r  of ca. 3 in t he  w a v e  l e n g t h  reg ion  of 2537 A to  g r e a t e r  t h a n  2719 A. I t  is n e a r l y  
zero  a t  2930 A. W a v e  l eng ths  longer  t h a n  3000 A are  a b s o r b e d  to  on ly  a smal l  or  

negl ig ib le  e x t e n t .  W e  can  m a k e  a r o u g h  c a l c u l a t i o n  of t h e  a v e r a g e  q u a n t u m  y ie ld  for  

t h e  h igh  i n t e n s i t y  e x p e r i m e n t  as follows. W i t h  a m o l e c u l a r  w e i g h t  of 35,500 for peps in  
t h e  c o n c e n t r a t i o n  of  peps in  used  was  5 . o " I o  -s moles  pe r  ml .  F r o m  Fig.  2, a t  a dose  

of IO- lO  -6 e ins te ins  pe r  m l  t h e  r e m a i n i n g  a c t i v i t y  was  7 1 % .  S u b s t i t u t i o n  in to  e q u a t i o n  

(I) g ives  an  " a v e r a g e "  q u a n t u m  y ie ld  of 

i o o  
5" lO-8" 2.3" log - -  

71 = i .  9.  lO -3 
IO. lO -6. 0. 9 

for  a l i gh t  a b s o r p t i o n  t a k e n  as 9 ° % a t  2537 A. 
Th is  a v e r a g e  q u a n t u m  y ie ld  is v i r t u a l l y  i d e n t i c a l  w i t h  t h a t  f o u n d  a t  n o r m a l  

in tens i t i es ,  n a m e l y  2.1.  lO -8 a t  p H  5.04. T h e  in tens i t i e s*  used  here  were  a b o u t  lO 5 t imes  
t h a t  u sed  p r e v i o u s l y  4. 
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SUMMARY 

A test of the reciprocity law for the inactivation of pepsin was performed and found to hold 
with intensities in the neighborhood of IOO,OOO times those customarily employed. An apparatus 
for obtaining such intensities is described. 

Rt~SUMI~ 

Les auteurs ont trouvd que l ' inactivation de la pepsine par la lumi~re ultraviolette suit la loi 
de r~ciprocit6 m~me lorsque des intensit6s environ ioo,ooo iois plus ~lev6es que d'habitude sout 
employees. Ils d~crivent un appareil permettant  d'atteindre de telles intensit~s. 

ZUSAMMENFASSUNG 

Die Verfasser haben festgestellt, dass die Pepsin-Inaktivierung dutch ultraviolettes Lieht den 
sogenannten "reciprocity law" folgt, und zwar auch bei Intensit~Lten, welche ca. ioo,ooo real h6her 
Hegen als gew6hnlich. Ein Apparat, mit dessen Hilfe solche IntensitXten erreicht werden k6nnen, 
wird besehrieben. 
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* The percent absorption of the pepsin solution was measured in a Beckman D U Quartz 
spectrophotometer. If  experiments are ever carried out at intensities greater than that  required to 
excite nearly all the molecules in a solution simultaneously, BEER'S law would expectedly break down. 

The calculation of an "average" quantum yield assumes that  the quantum efficiency of the 
uranyl oxalate actinometer is independent of intensity. 


