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S U M M A R Y  

Trans ien t  absorpt ion  spec t ra  genera ted  by  the act ion on aqueous solutions of 
r ibonuclease of OH radicals  in the  p H  range 3.5-7.3 and of h y d r a t e d  electrons in the  
p H  range 6.o-7.6 have been inves t iga ted  by  the technique of pulse radiolysis  kinet ic  
spectroscopy.  Using Ioo-ns pulses with both reagents  a sequence of spectra l  changes 
occurs. Using sweep rates  of I f ls/cm or higher a series of spec t ra  were ob ta ined  over  
a t ime range from about  IO#S af ter  pulsing up to several seconds later .  The first 
spec t rum observed is t ha t  due to addi t ion  of the  radical  to r ibonuclease.  The subse- 
quent  t rans format ions  are first order  and  p resumably  correspond to in t ramolecula r  
react ions  in which radical  sites nfigrate within the protein.  Spect ra l  d a t a  impl ica te  
a romat ic  and  sul fur-conta ining amino acid residues as sites of t rans ien t  radical  inter-  
mediates .  A t t a c k  of OH also appears  to involve abs t rac t ion  of hydrogen from 
sa tu ra t ed  carbon a toms  of  the pept ide  link. 

Both  the  occurrence of consecutive react ions and the sites of t rans ient  radicals  
resemble  behavior  observed when H a toms  react  with ribonucleasehe. There are, 
however,  significant differences character is t ic  of OH and e ~,q a t tack .  

Values of klr ibonuclease -~- OH] and the ra tes  of the  first order  in t ramolecu la r  
changes are repor ted.  The impl ica t ions  of in t ramolecula r  free radical  migrat ion in 
prote in  for enzyme chemis t rv  are discussed. 

I N T R O D U C T I O N  

Tile first paper  of this  series I presented  evidence ob ta ined  by  the technique 
of pulse radiolysis  kinetic  spec t roscopy which ind ica ted  t ha t  the act ion of radio-  
ly t ica l ly  genera ted  H a toms  ini t ia tes  short  in t ramolecula r  chain react ions in the  
r ibonuclease molecule. Sulfur  and  a romat ic  radicals  appea r  to be involved in the  
chains. This paper  repor ts  the  app l ica t ion  of the  same methodology  to the  react ion 
of rad io ly t ica l ly  genera ted  OH radicals  and  h y d r a t e d  electrons wi th  r ibonuclease 
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and provides evidence of the generality of consecutive radical reactions within the 
protein molecule. 

EXPERIMENTAL 

Apparatus, methods and materials have been described previously. In the 
present work the various transient spectra were measured at times appropriate to 
their rates of appearance and decay. When the desired reactant was hydroxyl radical, 
solutions were swept for at least I h with Matheson N20 which was first passed 
through alkaline aqueous pyrogallol to remove oxygen. When the desired reactant 
was the hydrated electron o.I or 0.2 M tert-butanol was used to remove hydroxyl 
radicals. Deaeration was accomplished by sweeping with argon for at least I h shortly 
before pulsing the solution. 

Dose per pulse was monitored by determining the absorbance at 578 nm due 
to the hydrated electrons produced by pulsing lO .2 M aqueous propanol at pH lO.5 
(e57s--I.O6"IO4 M-l"cm-1, G(e-aq)=  2. 7, G ( O H ) =  2.6, G ( H ) =  0.55). The dose 
per Ioo-ns pulse during the period of these experiments fell in the range 3o6-512 rad. 
Transient spectra presented in this paper are normalized to a dose per pulse of 500 rad. 
A typical set of doses delivered by pulses of different duration and the corresponding 
instantaneous concentrations of OH radical produced in N20-saturated solution and 
of hydrated electrons produced in o.I M tert-butanol solution are: 

5ons :  33orad,  1 . 8 ' I o - 6 M  OH, o . 9 2 ' I o - e M e - a q  
l o o n s :  473rad,  2 . 6 . I o - e M O H ,  1 .35" lo-6Me-aq  
2oo ns: 7o3 rad, 3.9. io-6 M OH, 2.oo. io-6 M e-aq 
3oons :  917rad,  5.1 '1o - 6 M O H ,  2 .6o ' Io  - " M e - a q  
500 ns: 13o4 rad, 7.2- lO .6 M OH, 3.7 o - l o  -e M e-aq 

Total dose to any solution was limited to about one incident radical per ribonuclease 
molecule although it was established that  signals remained unchanged up to several 
times as large a dose. 

RESULTS 

Reaction of OH radicals 
Pulses of OH radicals were obtained by  employing solutions saturated with 

N20 which converts hydrated electrons to OH radicals via the reaction: 
e-aq + N20 + HzO--+ OH + N 2 + O H -  

The rate constant, k[e-aq + N20 ], is 5.6. lO 9 M -1" s -1 (see ref. 3) and the concentra- 
tion in solutions saturated with N20 at I arm pressure is 2.3" IO -z M. The conse- 
quent pseudo first order rate constant for consumption of electrons, 1.3. lO8 s-X, was 
more than one hundred times greater than the pseudo first order specific rate of con- 
sumption of electrons by the highest concentration of ribonuclease employed in this 
work. Under these conditions the ratio of OH radicals to H atoms is about lO: i. 

Kinetic data  were obtained from oscilloscope traces as described previously1, 2. 
Values of k[ribonuclease + OH 1 were calculated at numerous wavelengths from 
signals produced by  doses of about 3OO-lOOO rad applied to 0. 7. IO-5-I.8 • lO -5 M 
ribonuclease. No significant variation of k[ribonuclease + OH] with dose per pulse 
or concentration was observed and first order plots of the data of individual traces 
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Fig. i .  Primary,  secondary  and tertiary transient  spectra from reaction of 1.8. IO -5 M ribonu- 
clease with OH at p H  3.5. ioo-ns  pulses [approx. 5oo rad]. 

were linear. The resulting values of kEribonuclease + OH] in units of IO TM M-I"s ] 
are: pH 3.5, 3.6 i 0.5; pH 5.6, 1.9 ± o.3; autogenous pH about 7, 2.4 ~ o.6. Thus, 
the specific rate of  reaction of OH with ribonuclease is somewhat higher than that 
of H, 1.5"Io1° M 1.s-1. 

Sequential transformations of transient spectra could be resolved into four 
main stages. Corresponding primary (p), secondary (s), tertiary (t) and quaternary 
(q) transient spectra are displayed in Figs 1- 3 while difference spectra, s-p, t -s  and 
q-t  are shown in Figs 4 to 6, respectively. Stable spectra observed under anaerobic 
conditions are displayed in Fig. 7. These were initially determined 5-Io  rain after 
irradiation and remained substantially unchanged for many hours thereafter. The 
dependence of first order rate constants determined directly from oscilloscope traces, 
i.e. kip -+ sJ, k[s --> t], and kEt --> q~, on wavelength and pH is summarized in Tables 
I -III  while their dependence on dose per pulse and on concentration of ribonuclease 
is summarized in Tables IV-VI.  

From Table I it is apparent that at each pH kip ~ sj increases with wave- 
length, the largest variation occurring at autogenous pH. The p --> s spectral trans- 
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Fig. 2. Primary,  secondary,  tertiary,  and quaternary  transient  spectra from reaction of 1.8- I o -5 M 
ribonuclease with OH at p H  5.5. Ioo-ns pulses [approx. 50o rad]. 

formation thus corresponds to at least two independent chemical transformations. 
Most noteworthy (see Figs I and 2) is the large increase in absorption around 400 nm 
at autogenous pH which, because of its greater rate, cannot be due to a chemical 
transformation consequent upon the reaction(s) leading to decreased absorption at 
shorter wavelength. The large pH dependence of k i p - +  s] around 400 nm may 
indicate that the spectral transformation observed at this wavelength at autogenous 
pH is due to a chemical transformation different from that occurring at lower pH. 

The data of Table II show that k[s--~ t] is essentially independent of wave- 
length at both pH 3.5 and autogenous pH. These spectral transformations may 
therefore be due to single chemical reactions. It should be noted that the magnitude 
of k[s --> t] at pH 3-5 is similar to that of kit --~ q] at pH 5.5 and 7.3. Limited data 
(see Table V) indicate that the magnitude of k[s -+ t] at pH 5-5 is about one quarter 
of its value at autogenous pH. Spectral transformation at pH 3.5 comparable in rate 
to kEs --> t] at pH 5.5 or 7.3 could not be detected. 

The data of Table III show that kit --~ q] is almost independent of wavelength 
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Fig.  3- Primary, secondary, tertiary and quaternary transient spectra from reaction of  [ .8 .  t o  -s M 
ribonuclease with OH at p H  7.3. Ioo -ns  pulses [approx. 5oo rad]. 

over a range which, l ike the wavelength  range of  Table II ,  was l imited by the emission 
properties of the deuterium lamp. The possibil ity exists  here also that at each pH the 
spectral change is due to a single reaction. The magnitude of  kEt ~ q] at autogenous 
pH is about three t imes greater than at pH 5.5, a difference similar to that for 
k Es --> tl. 

The data of Table IV provide evidence as to the kinetic  order of the spectral 
transformation p -+ s. No significant dependence on either dose per pulse or concen- 
tration of ribonuclease is apparent at pH 3.5. Thus p -~  s appears to be truly first 
order at this pH. At pH 5.5 also, k~p ~ s] does not vary significantly with dose per 
pulse. The preponderance of data indicate that at autogenous pH kEp -~  s] is also 
independent of dose per pulse. 

The data of Table V provide evidence of the kinetic order of the spectral 
transformation s ~ t. At all values of pH there is no significant variation of kEs -+ t~ 
with dose per pulse. Dependence of kEs -+ t] on concentration of ribonuclease was 
examined only at autogenous pH, where no significant variation is apparent. Thus, 
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T A B L E  I 

DEPENDENCE OF kEp-~s l  FROM REACTION OF O H  RADICALS UPON WAVELENGTH AND plY, i o o - n s  
PULSES, 1.8 • lO -5 M RIBONUCLEASE 

I n d i c a t e d  u n c e r t a i n t i e s  a r e  m e a n  d e v i a t i o n s  o f  r e p l i c a t e  m e a s u r e m e n t s .  

,~ ( ~ )  h[p ,-s] (so~ s-U 

pH 3.5" pH 5.5** pH 7.3"** 

320  0 .83  I . I i O .  4 0 .86  
33 ° 0 .60  1.o-]2o. 3 
335  0 .80  3 . 5 ~ o . 9  
34 ° 0 . 6 6  I.O-]~o.2 
345  1 . o ± o . 2  1.2 ~ o . 3  4 .8  
35 ° I . I  1.2 

355 9 .3  
360  I . I  1. 3 
385  1. 7 18 
390  1.3 2 . 6 ~  o.2 
395  1.5 21 
4 0 0  1.4 3 . 2 i o . 6  23 
405  1.8 20  
415  1.9 27 
420  3.2 
43 ° 3.4 27 

* 5" 1° -4  M H C 1 0  4. 
** B u f f e r e d  w i t h  i o  -a  M K H 2 P O  4. 

*** A u t o g e n o u s  p H .  

T A B L E  I I  

DEPENDENCE OF k [ s - ~ t ]  FROM REACTION 'OF O H  RADICALS UPON WAVELENGTH AND p H ,  IOO-nS 
PULSES, 1 .8 .  IO -5 M RIBONUCLEASE 

See  T a b l e  V f o r  d a t a  a t  p H  5.5- 

(nm) k[s--+t] (s -1) 

pH 3.5" pH 7.3"* 

235  5.1 
245  o .17  6. 3 
255  o .17  6.1 
265  o .2o  5.5 
275  o .15  5 .8  
285 0 .23  6.1 
295  0 .24  6 .4  
305  o .15  6.1 
315 4.5 
325  4.2 
335  4.1 
345  o .13  5 .7  
355 5.2 
365  5 .5  
375  6 .5  
385  o. 15 7 .0  
395  6 .7  

* 5" lO-4 M HC104 .  
** A u t o g e n o u s  p H .  

Biochim. Biophys. Acta, 2 7 6  (1972) I 2 4 - I 4 Z  
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T A B L E  1 l 1 

DEPENDENCE Ol ~" h [ t - - q ]  10"ROM REACTION OF ()}1 RADICALS UPON WAVELI~;NGTH AND p]-l, l o o - n s  
PULSES, 1.8. io  -8 ]~i RIBONUCLEASE 

~, ( .m)  k{t- ~q] (S- U 

pH 5.5" pH 7.3"* 

2:35 o.15 
245 o . I 8  0.42 
255 o.23 
265 o.15 0 .46  
275 o.17 0.65 
285 o. t 9 o.3 6 
295 o.18 o.51 
305 o.16 o.38 
.3t5 o-39 
325 o. I2  0.40 
3 3 5  ° ' 31  
345 {).18 0.32 
355 o.14 0.44 
375 o.I.5 
385 o. t 7 0.60 
395 o. I6  0 .49 

* B u f f e r e d  w i t h  IO -a M K H z P O  4. 
** A u t o g e n o u s  p H .  
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Fig.  4. T r a n s i e n t  d i f f e rence  s p e c t r a  f r o m  r e a c t i o n  of  1.8. lO .5 M r i b o n u c l e a s e  w i t h  O H  a t  p H  3.5 
i o o - n s  pu lses  [ a p p r o x .  5oo r a d ] .  
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T A B L E  IV 

D E P E N D E N C E  O F  k[p-+s] F R O M  R E A C T I O N  OF OH R A D I C A L S  U P O N  D O S E  P E R  P U L S E  A N D  C O N C E N -  

T R A T I O N  O F  R I B O N U C L E A S E  

Rat io  of dose per  pulse  for 50-, ioo-  and  3oo-ns pulses  a b o u t  i :1.7:3. 5. I n d i c a t e d  unce r t a in t i e s  
are mean  dev ia t ions  of rep l ica te  measurements .  

~, ( r i m )  ]{[p--->-s 2 ( I 0  3 S -1)  

Pulse length : 
5 ° n s  i o o  n s  3 0 0  n s  

p H  3.5", o.76" Io-5 M ribonuclease 
320 1.2 1. 4 
345 1.3 1.22t2o.1 

p H  3.5", 1.8. ro -5 M ribonuclease * 
295 0.9 1.2-t-o.2 
320 1.3 0.8 1.44-o.o 5 
345 i .o  1.o4-o.2 1.2 
39 ° i .7 1.3 i .o 

p H  5.5"*, LB.  zo -5 M ribonuclease 
295 2.4 2-7 
325 1.4~ o. 3 1. 4 1.2 
345 i . i  1.24-o. 3 1.2 
390 2.64-0.2 4.3 

p H  6.3 ~**, o.37.2o 5 M ribonuclease 
325 1.74-o. 3 1.9 
400 82 99 

p H  6. 7.**, 0.73. lO -5 M ribonuclease 
325 3 .3±1 -4  4 .0 
400 90 - -27  95 4-4 118 

p H  7.3"**, 1.8. Io -5 M ribonuclease 
325 1-64-o.3 3.3 
400 64 58 

• 4 "  1°-4 or 5"IO-* M HC104. 
• * I O  - 3  M KH2PO 4. 

• ** Autogenous  pH.  

at autogenous pH and possibly at pH 3.5 and 5-5 as well, the s -+ t spectral changes 
appear to be truly first order. 

The limited data of Table VI show that  kit ~ q] does not vary significantly 
with dose per pulse or, at autogenous pH, with concentration of ribonuclease. Thus, 
at autogenous pH and possibly at pH 5.5 as well, the t ~ q spectral transformation 
appears to be truly first order. 

Reaction of hydrated electrons 
Hydroxyl  radicals were scavenged by large excesses of tert-butanol (see ref. 4 

for an example of the use of tert-butanol to scavenge OH radicals and for references to 
the background of this method). KH2PO 4 buffer was used at a concentration low 
enough to make conversion of hydrated electrons to H atoms negligible. Under these 
conditions the ratio of electrons to H atoms is about 5 :I- 

The value of kIribonuclease + e-aq! at autogenous pH, 7.1 i 0.5, calculated 

Biochim. Biophys. Acta, 276 (1972) 124-142 
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T A B L E  V 

DEPENDENCE OF h [ s ~ t ]  FROM REACTION OF O1-[ RADICALS UPON DOSE PER PULSE AND CONCEN- 
TRATION OF RIBONUCLEASE 

R a t i o  o f  d o s e  p e r  p u l s e  f o r  5 o-,  i o o -  a n d  3 o o - n s  p u l s e s  a b o u t  i : 1 . 7 :3 .  5. I n d i c a t e d  u n c e r t a i n t i e s  
a r e  m e a n  d e v i a t i o n s  o f  r e p l i c a t e  m e a s u r e m e n t s .  

(urn)  k{s  , t]  (s -1) 

pu l se  length : 
.50 ns  i o o  ns  300 ns  

p H  3.5", 1 .8 .  i o  -2 ;~f r ibonuelease 
315 0 .23  o . t 6  
390  o .15  0 .30  

p H  5.5"*,  z .8 .  ro ~ M ribonuelease 
250  1.2 1.6 
295 1.4 1.8 

p H  6.3"**, o.37" , o  -5 M ribonuclease 
295 6 .0  6.5 
355 3-7 3-7 
4 ° 0  4 .9  5.5 

p H  7.3"**, L 8 .  , o  -5 M r ibonuclease  
295 6.8 6. 4 6 . 3 ± o . 1  
355  4 . 9 : ~ o . 3  5 .2 5.7 
4 0 0  6.5 6 .9  6 .9  

* 5 '  lO-4 M H C I O  4. 
** B u f f e r e d  w i t h  IO a M K H 2 P O  4. 

*** A u t o g e n o u s  p H .  

T A B L E  V I  

D E P E N D E N C E  OF k [ t ~ q ]  F R O M  R E A C T I O N  OF O H  R A D I C A L S  U P O N  D O S E  P E R  P U L S E  A N D  C O N C E N -  

T R A T I O N  OF R I B O N U C L E A S E  

R a t i o  o f  d o s e  p e r  p u l s e  f o r  5 o-,  IOO- a n d  3 o o - n s  p u l s e s  a b o u t  1 : 1 . 7 : 3 .  5. 

( n m )  k [ t~ -q ]  (s -1) 

Dose per  pu lse  : 
5 ° ns  I o o n s  300 ns  

p H  5.5", 1.8" lO ~ M r ibonuclease  
250  0 .23  o .15  
295 o . I9_]_o.3"* o .18  0 .20  

p H  6.3"**, o.37" IO -s 3/I r ibonuclease 
295 o.41 
325  0 .53  0 .54  
355  0 .28  0 .27  
4 0 0  o.41 

p H  7.3"**, z .8 .  lO -5 M ribonuclease 
295 0 .62  0 .51 0 .42  
355  0 .44  0 .39  
400  0 .49  0 .53  

* B u f f e r e d  w i t h  i o  -a  M K H , P O 4 .  
** M e a n  d e v i a t i o n .  

**" A u t o g e n o u s  p H .  

B i o e h i m .  B i o p h y s .  Ac ta ,  276  (1972) 1 2 4 - 1 4 2  
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I o o - n s  p u l s e s  [ a p p r o x .  5 0 0  r a d ] .  

from measurements  at numerous wavelengths  from signals produced by IOO- or 2oo- 
ns pulses applied in the presence of tert-butanol to 1.5. lO-5-3.5 . Io  -5 M ribonuclease 
was found to be I.O. lO TM ± o.15" lO TM M -x' s -1. Exper iments  involving application of  
ioo-ns  pulses to a 2.95. i o  5 M solution at autogenous pH, 7.6, containing 1.5. i o  5 M 
02 provided a pseudo first order rate of consumption of hydrated electrons, 6. 9. i o  ~ ± 
o . I ' IO  5 s -1, from which, taking k[O~ + e-aq] = 1.88"1o TM M - l ' s  -1 (ref. 3), k[ribonu- 
clease + e-aq] was calculated to be 1.O.lO 1° M - l . s  -1 in good agreement with the 
preceding results. The value of k[ribonuclease + e-aq] found in this work is in good 
agreement with  that reported by Braams 5 for pH 6.8, 1. 3.  lO lo M -1. s -1. Exper iments  
involv ing application of Ioo-ns pulses to 1. 5. IO -5 M ribonuclease at autogenous 
pH, 7.4, in the absence of tert-butanol so that OH radicals were not  scavenged gave 
k[ribonuclease + e%q] = o .9 .1o  TM ± o .12 .1o  10 M - l . s  1. At pH 5.9 in the presence 
of  lO -3 M KH~P04 k[ribonuclease + e-aq] was found to be 1.7. lOl° -1- 0.2. lO TM M -1" 
s -1. This can be compared to 2.9" lO l° M -x' s -1 obtained by Braams at pH 5-5. 

As was the case with  transient spectra produced by reaction of OH, four 
sequential  stages were resolved. The primary, secondary,  tertiary and quaternary 
spectra observed at autogenous pH and in the presence of IO -a M KH2PO 4 are pre- 
sented in Figs 8 and 9, respectively,  and the difference spectra derived from them 
in Figs IO and I I .  Fig. 12 displays stable spectra of irradiated solutions observed 
under anaerobic conditions.  
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From d a t a  resul t ing from appl ica t ion  of Ioo-ns  pulses to 3.o" lO -5 M r ibonu-  
clease at  p H  7.6 k ip  --~ s] was found to be 1.3" lO 2 ± o . i .  lO 2 s 1 at  35o-360 nm. In 
the  presence of 1. 5 • lO -5 M 02 the in tens i ty  of  the  p r ima ry  spec t rum in the  330-400 nm 
region produced  from the above  solut ion by  Ioo-ns  pulses was d iminished to less 
than  one half  t ha t  observed in the  absence of  02, as expec ted  from the compet i t ion  
of 02 with  r ibonuclease for electrons,  and  the ra te  of decay  of the  p r ima ry  spec t rum 
was increased about  Io-fold a round  350 nm, p re sumab ly  because of scavenging by  
O2 of radicals  formed b y  a t t a c h m e n t  of electrons to the  enzyme.  D a t a  ob ta ined  from 
appl ica t ion  of  Ioo-ns  pulses to 1.8. lO -5 M r ibonuclease buffered to p H  6.o by  Io '~ M 
KH2PO 4 showed no significant var ia t ion  of k ip  ~ s] over  the  wavelength  range 
335 47 ° n m  (12 different wavelengths)  and  gave an average value of 3.0" lO 2 ± 0.5 '  
lO s s 1. The value ofk[s  -~  t] a t  autogenous p H  was found to be 2.5 ± 0.3 s a t  295 nm 
and 3.5 ± 0.3 s -1 at  380 nm, bo th  independen t  of dose per  pulse (50- and 3oo-ns 
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Fig. IO. Transient  difference spectra from reaction of 3.0" Io -~ M ribonuclease with e-aq at p i l  7.6. 
ioo-ns pulses [approx. 500 rad!. 

pulses) and  concent ra t ion  of r ibonuclease (o.76.1o 5 and 1.8-1o -5 M ribonuclease).  
Expe r imen t s  involving the same var ia t ion  of dose per  pulse and  concent ra t ion  of 
enzyme at  autogenous pH gave ki t  --~ q] equal  to 0.38 ± 0.06 s -1 at  295 nm and  
o.39 z / o , o 6  s 1 at  380 nm. Ra te  cons tan ts  were not  eva lua ted  for the spect ra l  t rans-  
format ion  s --~ t in phospha te  buffer. As can be seen from Fig. i i  the s -~ t t rans-  
format ion  was observed over  a par t  of  the  accessible spect ra l  region. F rom d a t a  ob- 
ta ined  b y  app ly ing  ioo-ns  pulses to 1.8. lO -5 M ribonuclease,  the  value of ki t  ~ ql 
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in io -a M KH2PO 4 at pH 6.o was found to be o.48 ± o.o5 s -1 independent of wave- 
length from 235 to 395 nm (15 wavelengths). 

Reaction of sum of aqueous radicals 
Fig. 13 represents the transient spectra obtained by pulsing 1.8. IO -~ M aqueous 

ribonuclease at autogenous pH in solutions which were deaerated but which con- 
tained neither N20 nor tert-butanol. The resulting spectra are therefore superpositions 
of those resulting from the action of H atoms, hydroxyl radicals and hydrated 
electrons in proportion to their radiolytic yields, i.e.o.55:2.6:2.7, assuming that  
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the  p--~ s, s- .~ t and  t - +  q t rans i t ions  are in t ramolecular .  This follows from the 
fact  t ha t  under  the  condi t ions of the exper iment  only Qne aqueous rad io ly t ic  radical  
adds  to a given enzyme molecule. 

DISCUSSION 

Kinetics 
Reaction of OH radicals. We assume here tha t  all the  observed spectra l  t rans-  

format ions  which are first order  in the sense tha t  thei r  first order  specific ra tes  are 
independen t  of  ini t ia l  concent ra t ion  of OH radicals  and  concent ra t ion  of  r ibonu-  
clease are due to in t ramolecu la r  t ransformat ions .  This assumpt ion  is suppor t ed  by  
the demons t r a t ion  of such behavior  for a large number  of the  t ransformat ions .  
However ,  the  k inet ic  d a t a  do not  exclude the poss ibi l i ty  t ha t  any  of the  chemical  
t r ans format ions  associated with  the  spectra l  t rans format ions  m a y  involve water  or 
buffer components .  The observed first order  behavior  requires t ha t  any  such react ion 
with  species responsible for the  p r i m a r y  and secondary  spec t ra  does not  produce 
react ive  f ragments  discrete from the prote in  which react  a t  la ter  stages. 

There is no reasonable  a l t e rna t ive  to concluding t ha t  the chemical  t rans-  
format ions  associated with  the p -~ s spect ra l  t rans format ions  are react ions  of radicals  
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produced by the initial action of OH. The present data do not determine whether 
the s ~ t and t ~ q spectral transformations are due to second and third consecutive 
steps or to parallel reactions with different rate constants. Chemical evidence6, 7 
shows that the action of OH radicals, like that of H atoms, results in significant 
modification of only tyrosine, cystine and methionine units, but with an efficiency 
smaller than that of H atoms. This fact is suggestive of the following sequence: 
radical sites are produced initially almost at random on accessible surface sites of the 
protein by OH radicals, which are more reactive and less selective than H atoms a. 
Some of the radicals are eventually transmitted to the loci leading to the specific 
series of events damaging sulfur and aromatic amino acids. This transfer is less 
likely for the OH radical adducts than for H. Conversely OH radicals lead to greater 
damage at surface sites. This is supported by product studies which have shown6, 7 
that inactivation of ribonuclease by OH radicals is associated with extensive dimeri- 
zation of the protein. Dimerization is practically absent upon H atom attack. Forma- 
tion of dimers must be a process second order in radicals. I t  is too slow to be obser- 
vable on the time scales available to us. 

I t  is interesting to compare the kinetics of interconversion of spectra produced 
by initial reaction with OH with corresponding data for H atom reaction. Over the 
pH range, kEp -+ sl is generally greater with OH than with H, the difference being 
largest around neutrality where it amounts to a factor of io - ioo  depending on 
wavelength. The more random nature of the initial reaction of OH is reflected in the 
much greater variation of kip --~ s] with wavelength. Two sequential spectral trans- 
formations were observed in the H atom reaction, a sequence of three after reaction 
with OH, except at pH 3.5 where only two were observed. At pH about 7 kE s -~ t] 
from reaction with OH is 2-1o times faster than k!s -~ t] from reaction with H. In 
this case, the specific rate of the transformation originating in reaction with OH is 
independent of wavelength, while k[s ~ t] from the H atom reaction varies sharply 
with wavelength. The transformation t -~ q, which was not observed in the H atom 
reaction, is about one tenth as fast at pH 5.5 and 7.3 as the change s --~ t. As has 
already been noted, the magnitude of kEs --~ t] from the reaction of OH at pH 3.5 is 
similar to those of kit -+ q] at pH 5.5 and 7.3 and is about one fourth as large as 
k[s ~ t]from H atoms at pH 3.5. 

Chemical interpretations of some of these changes are suggested in the discus- 
sion of the spectra. 

Reaction of hydrated electrons. All of the relatively limited number of kinetic 
measurements were consistent with first order transformations of spectra. It  seems 
probable that these transformations are also due to intramolecular chemical changes. 

The magnitude of kip -~ s] from the electron reaction at pH 6.o differs from 
kip ~ s] from the H atom reaction near this pH by a factor of less than two and, 
like it, varies little with wavelength, suggesting some similarity in chemical trans- 
formations. The values of kit --~ q] from the electron reaction at pH 6.o and 7.6 are very 
similar to k[s --~ t] from the H atom reaction at pH 3.5 but do not display the wave- 
length dependence which characterizes the latter at pH 6.6. The data seem to suggest 
that at some sites proton transfers can interconvert products of addition of H atoms 
and hydrated electrons. It  is interesting in this connection that k[s ~ t] from the 
reaction of hydrated electrons at pH 7.6 is essentially identical with the (high) long 
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wavelength value of k~s --~ tl from the reaction of H atoms at pH 6.6, a relationship 
which is consistent with spectral similarities. 

Spectra 
Reaction of OH radicals. Primary spectra, recorded about IO/is after pulsing, 

are similar at pH 3.5, 5.5 and 7.3- The principal features are well defined intense 
maxima at approx. 250 and 300 nm, broader somewhat less intense absorption 
centering around 330 nm, the suggestion of a weaker maximum around 40o nm with 
a tail gradually diminishing towards longer wavelength. The observed primary 
spectrum is the summation of spectra due to a number of different radical sites (each 
located in a different molecule of ribonuclease). Assignments of absorption bands is 
largely speculative. 

An acceptable assignment for the peak at about 250 nm is to radicals of the 
type -CONHC(R)CO-. It  has recently been shownS, 9 that radicals of the type 
RCONHCR'R" formed by attack of OH on N-alkyl amides have spectra charac- 
terized by maxima around 245 nm, emax about 7000 M q . c m  -1 and at 35o-4oo nm, 
emax about 2oooM-l-cm -1. The spectra of radicals of the type RR 'CCONR"R'"  
are characterized by single maxima at 350-.500 nm with emax approx. IOOO. Radicals 
of the type -CONHC(R)CO- are related to both the latter types. Hydrogen abstrac- 
tion by OH from the saturated carbon atoms of the peptide links is to be expected in 
view of their large number and of their fairly high individual reactivity. A specific 
rate of the order of several times lO 8 M -1. s -1 is to be expected 8,9 for one such struc- 
tural grouping. If  the 25o-nm peak is due to -CONHC(R)CO- radicals and emax of 
these radicals is similar to emax of RCONHCR'R" radicals then abstraction of H 
atoms from the saturated carbon of the peptide link accounts for about 2O~o of the 
total action of OH radicals. (Radicals produced by the action of OH on simple pep- 
tides in acidic solution have similar spectra. It  has been suggested that the absorbing 
species in these cases is -CONHCRCO2H. See ref. Io.) 

The maximum at 300 nm is at the same wavelength as the prominent feature 
of the primary spectrum produced by the action of H atoms on ribonuclease which is, 
in the latter case, more intense in the secondary spectrum. In spite of tile identity 
of~.max in the two cases, less than lO% of the primary absorption at 3o0 nm recorded 
in Figs 1-3 can be due to action of H atom. The position of the maximum is con- 
sistent with its being due to radicals formed by attachment of OH to aromatic or 
heterocyclic rings. Two possibilities are phenylalanine and histidine units 11. If  an 
extinction coefficient of the order of 5000 M -1. cm -1 is assumed for such radicals then 
it would appear that about 25% of incident OH adds to such sites. 

The similarity of the absorption band centering around 33o nm to absorption 
produced by the action of OH on tyrosine has been pointed out n. It  is to be expected 
that -CONHC(R)CO- radicals would contribute to absorption in this region as well as 
to absorption at higher wavelengths. 

It  has already been noted (see Table I) that kip ~ sl is strongly pH-dependent. 
The rate differences are paralleled by spectral differences. At pH 3-5 and 5.5 (see 
Figs 4 and 5) the s -- p difference spectrum is characterized by a well defined nega- 
tive peak at 34o nm and a smaller positive peak around 4oo nm. Both these difference 
peaks, as well as the corresponding magnitude of kip -+ s], i.e. about IO a s -1, are 
similar to spectral changes which have been ascribed 12 to the conversion of the 

Biochim. Biophys. Acta, 276 (1972) I24-I42 



RADICAL PROCESSES IN RIBONUCLEASE. II 141 

adduct of OH radical to tyrosine into a phenoxy radical. Ill contrast, the most pro- 
minent feature of the p --  s difference spectrum at pH 7.3 is an intense positive peak 
with 2m~ about 400 nm. The negative difference peak around 34 ° n m  is not observed 
at this pH but the shape of the 4oo-nm positive peak suggests that  this may be due 
to the overlap of these difference peaks of opposite sign. A possible interpretation of 
the intense positive difference peak at 40o nm is that  it is due to transfer of reducing 
equivalents from initially formed radicals to S-S links to give intensely absorbing 
-S S-  (ref. I3). The absence of a strong positive difference peak around 400 nm at 

H 
I 

acid pH may be due to the weaker absorption at this wavelength of the - S - S -  radi- 
cal. Alternatively, it may be due to decay of the disulfide radical which, due to acid 
catalysis 14, is so rapid that  it was not observed under the conditions of these ex- 
periments. 

The t --  s and q - -  t difference spectra are more diffuse. Negative difference 
peaks in the vicinity of 250 and 300 nm are their most prominent features. I t  is note- 
worthy that  at pH 7.3 the relatively large magnitude of kEs -+ t] (see Table II) is 
associated with much larger negative difference peaks than are observed at acidic pH. 
Possibly deprotonation is associated with the more rapid decay of the radicals 
responsible for these peaks. 

The principal feature of the stable spectra presented in Fig. 7 is pH-dependent 
diffuse positive absorption extending from 230 to 37 ° nm. The contrast with the 
stable negative absorption produced by the action of H atoms 1,2 is striking. A possible 
source of some of the permanent absorption originating in at tack by OH radicals 
is the resultant formation of quinonoid structures 1~. 

Reaction of  electrons. The primary spectrum produced by electron addition at 
pH 7.6 resembles that  which has been reported by Adams et al. n at wavelengths 
above about 33 ° n m  but lacks the relatively intense absorption around 300 nm 
reported by these workers. The most prominent features of this spectrum can 
reasonably be assigned to - S - S -  radicals 13. The weaker, more diffuse spectrum ob- 
tained at pH 6.0 is similar in both intensity and form to the pr imary spectrum pro- 
duced by the action of H atoms on ribonuclease at pH 6.6. Possibly the difference 
between primary electron adduct spectra at pH 6.0 and 7.6 reflects a difference in 
the state of protonation of the electron adduct to disulfide and/or the chemical decay 
of this adduct 14. Only decay of absorption is apparent in the difference spectra ob- 
tained at pH 6.0 and 7.6. A large part  of this decay occurs at the t -+ q stage and the 
pH dependence of the q - -  t difference spectra is consistent with the dependence of 
the primary spectra on pH. 

The stable spectrum obtained at pH 6. 9 is very weak. Its  main feature is weak 
negative absorption at the short wavelength end which resembles a feature of the 
stable spectrum obtained by addition of H atoms. This negative absorption is more 
pronounced at pH 5.8. I t  was suggested~, 2 in connection with the H adduct stable 
spectrum that  this negative absorption may be associated with modification of sulfur 
containing moieties• 
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CONCLUSIONS 

The kinetic data support the occurrence of consecutive intramolecular processes 
consequent upon addition of both OH radicals and hydrated electrons. The previous 
findingi, 2 of such intramolecular reactions originating in the action of H atoms on 
ribonuclease is thus generalized. Spectral data indicate the involvement of aromatic 
and sulfnr-containing amino acid residues in the reactions of OH radicals with ribonu- 
clease--a result similar to that obtained with H atoms and supported by an investi- 
gation 63 of the products of this reaction. The similarities of the reaction of OH radicals 
and H atoms are considerable and are due at least in part to the ability of some ot 
the radicals formed by the initial action of OH to serve as intramolecular reducing 
agents. Electron adduct spectra indicate action on disulfide links. 
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