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SUMMARY 

Dry irradiated lysozyme (mucopeptide N-acetylmuramylhydrolase, EC 3.2. I. 17) 
and its fractions have been subjected to kinetic studies. The aggregation of heavily 
damaged products is delayed by substrates, indicating a possible involvement of the 
active site in the aggregation process. The activation energy, Ea,aop, for y-irradiated 
lysozyme, and the apparent affinity constant (Ka,apv) for irradiated lysozyme and 
its salt-soluble fraction, F-II,  are the same as the observed with native enzyme. 
However, the maximum velocity (V) decreases with irradiation. Heavily damaged 
fraction, F-I, or salt-insoluble products are almost inactive. Difference spectra oI 
lysozyme-glycol chitin complex show similar characteristics for native, irradiated 
lysozyme and its F-II  fraction. However, F-I fraction spectra present abnormal 
characteristics, indicating alterations in or around a tryptophan moiety. It is pro- 
posed that unstable damaged enzyme molecules suffer further modifications during 
fractionation resulting in enzyme inactivation. 

INTRODUCTION 

Irradiated enzymes have different enzymatic properties than native enzymes, 
a reduction in specific activity being noted most frequently. The inactivation by 
radiation of ribonuclease has been studied by several groups. Haskill and Hunt 1 have 
shown that the Michaelis constant (Kin) does not change on irradiation of the native 
enzyme whereas the maximum velocity (V) is lowered. Similar results have been 
observed by Riesz and White 2 for irradiated dry ribonuclease, and by Smith and 
Adelstein '~ for ribonuclease irradiated in aqueous solution. MeO has reported that 
the Km and V of chymotrypsin irradiated in solution with X-rays are different from 
the native enzyme and change with the dose administered. Shore et al. 5 working with 
trypsin have shown that in irradiated dry trypsin the esterase and protease activities 
are lost at different rates. 

" Present address: Laboratory of Biochemistry, National Cancer Institute, National Insti- 
tutes of Health, ~Bethesda, Md. 2oo14, U.S.A. 
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Since the structure 6 and enzymatic mechanism of lysozyme (mucopeptide N- 
acetylmuramylhydrolase, EC 3.2.1.17) 7 have recently been elucidated and several 
components have been isolated and characterizedS," from y-irradiated lysozyme, it is 
of interest to study its enzymatic properties. In the following report the effects of 
y-radiation on the kinetic properties of lysozyme are examined and related to 
radiation damage. 

MAT E R IA L S  AND METHODS 

Enzyme and substrates 
Egg white lysozyme (3 × crystallized) from Sigma Chemical Co. was purified 

by chromatography TM. Lysozyme (6 x crystallized) from Seikagaku Fine Biochemi- 
cals was used without further purification. Microeocus lysodeikticus (ATCC 4968) 
spray-dried cells, were obtained from Miles Laboratories. Glycol chitin was syn- 
thesized from purified chitin by the method of Senju and Okimasu n and fractionated 
following the procedure of Hayashi et al. TM. 

Irradiation of solid lysozyme and its fractionation were carried out as previ- 
ously described °. 

Enzyme assays 
The enzyme activities were assayed using M.  lysodeikticus as a substrate 

following the method described by Shinitzky et al. 13. The course of lysis was followed 
recording the changes in absorbance of a cell suspension at 645 nm. Temperature 
effects on the enzyme activity were studied with a Gilford 2000 spectrophotometer 
equipped with thermospacers, and the temperature was measured with a thermo- 
couple attached to the cuvette. The apparent activation energies (Ea,app.) for the 
enzymatic activities of native lysozyme and y-irradiated lysozyme were calculated 
from the rate constants for cell lysis at different temperatures. The measurements 
were made within a short period of time, i.e. 9 ° s. The apparent affinity constants 
(Ka,app.) of the different samples of enzyme for M. lysodeikticus were measured 
following the method of Locquet et al. 14 using o.oi M sodium phosphate-o.o 4 M 
NaC1, pH 6.2, as buffer 15. The measurements were carried out at 25 °C in a Cary I6K 
spectrophotometer. Enzyme solutions were prepared in distilled water. 

The spectroscopic characteristics of the enzyme-substrate complex between 
lysozyme and glycol chitin have been studied following the method of Hayashi et al. TM. 
The difference spectra in the ultraviolet region (27o-32o nm) were recorded in a 
Cary I6K spectrophotometer within 15-17 min after the substrate was added to the 
enzyme solution. Incubation and recording of the spectra were done at 25 °C. 

RESULTS 

Inactivation of lysozyme 
Crystalline lysozyme when irradiated in vacuo with 137Cs y-rays was inactivated 

exponentially and the sensitive molecular weights le calculated from the D37 dose 
were dependent on the pH of the enzyme assay (Table I). The degree of enzyme 
inactivation depended also on the treatment previous to assay. Irradiated sample, 
dissolved in water presented less inactivation than those samples dissolved in sall 
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VARIATION OF THE "SENSITIVE MOLECULAR WEIGHTS" AS A FUNCTION OF p H  OF ASSAY FOR 
~d-IRRADIATED LYSOZYME 

A s s a y s  w e r e  m a d e  o n  t h e  w a t e r - s o l u b l e  f r a c t i o n  u s i n g  M. lysodeihticus cel ls  a s  s u b s t r a t e  in  o . I 2  M 
p h o s p h a t e - o . o 6  M c i t r a t e - o . o  5 M NaC1 bu f f e r .  

pH Da7 (3/Irad)* ]VI  × . to - 3 . *  

3.0  40 .5  I7 .8  
4 .0  46 .o  I5 .6  
5 .o  3I .O 23 .2  
6 .0  46 .0  IN.6 
7.o 41 .5  17.3 
8 .o  39 .5  I8 .2  

• D3T = d o s e  n e e d e d  t o  i n a c t i v a t e  6 3 %  o f  t h e  o r i g i n a l  e n z y m e  a c t i v i t y .  
• * M × i o  a = m a s s  o f  t h e  . . t a r g e t  u n i t "  e x p r e s s e d  in  t e r m s  o f  s e n s i t i v e  m o l e c u l a r  w e i g h t ;  

o . 7 2 .  l o  12 
11// - -  (ref. I6) .  

D.~v 

1 . 0 0  

0.60  

0 .40  

35 

30 

25  

m 
20 

I I I I I 
4 . 0  4 .5  5.0 5.5 6.0 

p H  

toc 
55 45 35 25 15 

I I & I I 

0.20  

.c_ O. lO 
E 

.IT 

00~ 

0.04 

0 0 2  

378 D . J .  M A R C I A N I ,  B. M. T O L B E R ' f  

I S  O . O I  I I I I I I 
3,0 3. I 3.2 3 .3  3 .4  3.5 

I / T  x l O  3 

Fig .  I .  E f f e c t  o f  p r e t r e a t m e n t  o n  t h e  e n z y m a t i c  a c t i v i t i e s  a t  d i f f e r e n t  p H  v a l u e s  o f  y - i r r a d i a t e d  
l y s o z y m e  (45.8 M r a d ) .  E n z y m a t i c  a c t i v i t i e s  o f  s a m p l e s  d i s s o l v e d  in  w a t e r  (O),  a n d  d i s s o l v e d  in 
b u f f e r  (m). T h e  a c t i v i t i e s  w e r e  a s s a y e d  u s i n g  M. lysodeikticus as  s u b s t r a t e  i n  o .12  M p h o s p h a t e -  
o .o6  M c i t r i c  a c i d - o . o  5 M NaC1 b u f f e r s .  

F ig .  2. A r r h e n i u s  p l o t  f o r  l y s i s  o f  M. lysodeikticus b y  n a t i v e  l y s o z y m e  (O) a n d  l y s o z y m e  i r r a d i a t e d  
w i t h  i o  M r a d  (11), 2o  M r a d  (&) a n d  3 ° M r a d  ((2)) o f  T - r a y s .  F o r  d e t a i l s ,  see t e x t .  
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T A B L E  I [  

APPARENT ACTIVATION ENERGIES FOR LYTIC ACTIVITY OF ~-IRRADIATED LYSOZYME 
T h e  Ea.app, w e r e  c a l c u l a t e d  f r o m  t h e  s l o p e  o f  t h e  l ine  o b t a i n e d  o n  p l o t t i n g  t h e  log  o f  t h e  a p p a r e n t  
r a t e  c o n s t a n t  f o r  l y s i s  (k) a g a i n s t  I/T 18. T h e  l y t i c  a c t i v i t y  m e a s u r e m e n t s  u s e d  w e r e  b e t w e e n  25 °C 
a n d  5 ° °C. E n z y m e  c o n c e n t r a t i o n  6 . 6 / ~ g / m l ,  M. lysodeikticus ce l l s :  0. 3 m g / m l  in  o. 12 M N a 2 H P O  4-  
0 . 0 6  M c i t r i c  a c i d - o . o  5 M NaC1 b u f f e r .  

Dose Ea.app, (cal/mole) 
(Mrad) 

pH 4.62 5.54 6.5I 

o 7300  9 3 6 0  I I  55 ° 
IO 729  ° 9 3 4  ° I I  49  ° 
20  729  ° 9 2 8 o  I I  39o  
3 ° 7 3 8 0  9 4 0 0  I I  6 5 0  

solutions (Fig. I). Samples dissolved in water showed at pH 5.oo their maximum 
radiation sensitivity (Table I) and also a minimum in solubility as reported by Mak- 
simov et al. 17. 

Kinetic studies 
Due to the complexity of M. lysodeikticus lysis the kinetic parameters reported 

here cannot be interpreted in a mechanistic sense ; therefore, they are being expressed 
as apparent values. 

The apparent activation energies (Ea,app.) for irradiated lysozyme were calcu- 
lated from Arrhenius plots for the lysis of M. lysodeikticus (Fig. 2). No significant 
differences between the Ea,app. values for native and irradiated enzyme (Table II) 
could be observed. Native lysozyme, whole irradiated lysozyme (26 Mrad) and its 
salt-soluble fraction, F-II, had the same apparent affinity constant (Ka,app.), 159 
mg.1-1 of M. lysodeikticus dry cells (Fig. 3). However, the maximum velocity (V) 
was lower in the irradiated samples (Table III). It was not possible to evaluate the 
Ka,app. and V of the salt-soluble fraction from irradiated lysozyme, F-I, due to 
floculation of the damaged enzyme in the presence of bacteria cells. 

T A B L E  I I I  

ENZYMATIC CHARACTERISTICS FOR NATIVE LYSOZYME: IRRADIATED LYSOZYME AND F - I I  FROm 
IRRADIATED LYSOZYME (DOSE = 26  M r a d )  

Enzyme M. lysodeikticus* Glycol chitin* % Enzymic activity 
(lysis) 

V % Enzymic zIA29~.s nm % Enzymic 
(mg/l per s) activity activity % Enzymic activity 

(diff. spect.) 

N a t i v e  
l y s o z y m e  2 .oo  i o o . o  i lOO i o o . o  i . o o o  

i r r a d i a t e d  
l y s o z y m e  1.39 69.  5 814  74 .o  0 . 9 4 0  

F - I I  
f r a c t i o n  i .72 86 .o  93 ° 84. 5 i . o i 8  

* S u s p e n s i o n  o f  M. lysodeikticus in  o . o i  M s o d i u m  p h o s p h a t e - o . o  4 M NaC1 b u f f e r ,  p H  6.2 
i o n i c  s t r e n g t h  = 0 .05 .  

* G l y c o l  c h i t i n  o . 2 %  in  o . t  M s o d i u m  a c e t a t e  b u f f e r ,  p H  4.0 .  
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Fig. 3. Reciprocal velocity (I/V) versus reciprocal substrate concentration (I/IS]) plots for native 
(A), irradiated lysozyme (O), and its salt-soluble fraction F-II (O). Radiation dose: 26 Mrad'. 
the assays were carried as described in the text using M. lysodeikticus as substrate. 

Fig. 4. Difference spec t r a  of  t he  e n z y m e  s u b s t r a t e  c o m p l e x e s  of  glycol  ch i t in  w i t h  n a t i v e  ( . . . .  ), 
i r r ad ia t ed  l y s o z y m e  ( - - - - - ) ,  sa l t - so luble  f rac t ion  F - I I  ( . . . . . .  ), sa l t - inso luble  f rac t ion  compo-  
nen t s ,  F - I B  (-.-.-.-.-) a n d  F - I A  ( - ). The  buffer  so lu t ion  was  o . i  M s o d i u m  ace ta te ,  p H  4.o: 
a n d  final c o n c e n t r a t i o n  of  e n z y m e  was  o . r % .  C o n c e n t r a t i o n  of  glycol  chi t in,  0 .2%.  

Spectrophotometric study of the lysozyme-glycol chitin complex 
The difference spectrum for the enzyme-substrate complex corresponding tc 

native lysozyme presented the pattern described by Hayashi et al? 2, with maxima 
located at 276, 284 and 292. 5 nm (Fig. 4)- Whole irradiated lysozyme and the F-II 
enzyme-substrate complexes showed the same spectroscopic characteristics that were 
observed with the native enzyme complex. The difference absorbance (AA) at 292. 5 
nm has been shown to be proportional to the enzymatic activity 1~. In Table I I I  the 
zJA~92.5 nm and the relative enzyme activities with respect to native lysozyme are 
shown. The difference spectra for the complexes corresponding to the F-I components 
presented patterns different from that corresponding to native lysozyme (Fig. 4). 

D I S C U S S I O N  

The results presented here indicate that the substrates of lysozyme have some 
protective effect on the y-irradiated enzyme when exposed, in the absence of oxygen 
to buffered solutions of polibasic acids. The binding of substrate to the active site oJ 
radiation-damaged lysozyme must shield some groups that are necessary for the 
initiation of interactions leading toward irreversible aggregation. The groups involved 
in the aggregation of irradiated lysozyme TM seem to be similar to those involved in 
the reversible dimerization of lysozyme e°, which can be prevented by substrates 21, 
indicating the role of the active site as an association center. Enzyme molecules 
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p r e s e n t i n g  disulf ide d a m a g e "  are  more  p rone  to  agg rega t i on ,  p e r h a p s  due  to  the 

p resence  o f  n e w  h y d r o p h o b i c  a reas  on t h e i r  surfaces.  

The  fac t  t h a t  t he  v a l u e s  o f  Ea,app. a n d  Ks,app.  are  no t  d i f fe ren t  for  n a t i v e  

i r r a d i a t e d  l y s o z y m e ,  a n d  F - I I ,  t o g e t h e r  w i t h  t he  s imi la r i t i e s  of  t he  spec t r a  for the i l  

E .  S complexes ,  i m p l y  l i t t le  a l t e r a t i o n s  in t he  a c t i v e  s i te  and  i ts  su r round ings .  The 

g o o d  co r r e l a t i on  b e t w e e n  the  ac t iv i t i e s  d e t e r m i n e d  f rom V m e a s u r e m e n t s  and 

AA295 nm (Table  I I I ) ,  i nd ica t e  t he  absence  in i r r a d i a t e d  l y s o z y m e  a n d  F - I I  o f  non- 

p r o d u c t i v e  complexesZ2, 23 t h a t  can  b i n d  s u b s t r a t e  w i t h o u t  h y d r o l y z i n g  it. 

The  a b n o r m a l  spec t roscop ic  cha rac te r i s t i c s  o f  t he  E .  S c o m p l e x e s  for F - I  com- 

p o n e n t s  a re  i n d i c a t i v e  of  p e r t u r b a t i o n s  in c h r o m o p h o r e s  o t h e r  t h a n  t r y p t o p h a n ,  like 

p r o d u c t s  f rom t r y p t o p h a n  radiolys is .  Di f fe ren t  f rom whole  i r r a d i a t e d  l y sozyme ,  F-I  

re leases  free a m m o n i a  u n d e r  m i l d  a lka l ine  cond i t ions  9 a n d  also p re sen t s  des t ruc t ion  

o f  t he  indole  c h r o m o p h o r e  o f  t r y p t o p h a n  24. These  cha rac te r i s t i c s  a n d  the  low e n z y m -  

a t ic  a c t i v i t i e s  for  t he  F - I  c o m p o n e n t s  po in t  to  t he  f r a c t i o n a t i o n  s tep  as t he  source 

of  f u r t h e r  modi f ica t ions .  

These  p o s t - i r r a d i a t i o n  modi f i ca t ions  w o u l d  l ead  to  t he  f o r m a t i o n  of  rad ia t ion-  

d a m a g e d  species w i th  t he i r  p rope r t i e s  d e p e n d i n g  on the  f r a c t i o n a t i o n  p rocedure  and 

no t  e x c l u s i v e l y  on the  i r r a d i a t i o n  process.  
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