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Summary 

Chemical modification of  horseradish peroxidase (donor:hydrogen-peroxide 
oxidoreductase,  EC 1.11.1.7) ( isoenzyme C) by anhydrides of  mono- and 
dicarboxylic acids and picryl sulfonic acid has been performed. The effect  of 
the modification on the catalytic activity, absorption and circular dichroism 
spectra of  peroxidase has been studied. Rate constants of irreversible thermo- 
inactivation (kin) for the native and modified peroxidase at 56--80°C have been 
measured. The effective values of  the thermodynamic activation parameters of  
thermoinactivation, AH ~ and AS ¢, have been also determined. A relationship 
between the number  of  modified e-amino groups of  lysine residues and the 
nature of  the modifier on the one hand, and the conformation and thermo- 
stability of  the enzyme on the other, is discussed. It has been shown that  it is 
the degree of  modification, rather than the nature of the modifier, that  pro- 
duces the major effect  on the macromolecular  conformation and the thermo- 
stability of  the enzyme after modification. The conclusion is drawn that the 
thermostabil i ty of the modified enzyme increases due to the decrease of the 
conformational  mobil i ty in the protein moiety  around the heme. 

Introduction 

Chemical modification of  the functional groups of enzymes is widely used as 
a tool  for studying the structure and topography of  the active centres of  
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enzymes, localization of  individual amino acid residues in a protein globule 
[1--4] and their participation in the maintenance of the native conformation of  
a macromolecule [5].  Chemical modification of  the functional groups in a 
protein is necessary for the covalent binding of  an enzyme to a support.  A 
number of studies have shown that it is chemical modification that  is responsi- 
ble for the alteration of  properties of the enzyme covalently bound to a soluble 
or an insoluble support  [6,7]. e-Amino groups of lysine residues are often used 
for immobilization of enzymes .[8,9]. Therefore the interest in the effect of 
chemical modification of these groups on the properties, structure and thermo- 
stability of soluble enzymes is quite justified. It has been shown [10] that the 
rate constant of thermoinactivation of an enzyme is a function of the number  
of modified e-amino groups; however, no systematic s tudy of  the effect  of the 
number  of modified e-amino groups and the nature of the residue introduced 
by modification on the structure, the catalytic properties and thermostabili ty 
of  the enzyme has been carried out.  This was in fact the purpose of  the present 
investigation in which horseradish peroxidase (donor:hydrogen-peroxide oxido- 
reductase EC 1.11.1.7) was used as a model enzyme. The peroxidase (iso- 
enzyme C) contains six residues of  lysine, the terminal a-amino group being 
blocked [11]. The enzyme was modified by anhidrides of  monocarboxyl ic  
acids (acetic, propionic, butyric,  valeric, enanthic) and by anhydrides of 
dicarboxylic acids (succinic and maleic) and by picryl sulfonic acid. For the 
native and modified peroxidase, the catalytic activity, ultraviolet and CD 
spectra, and temperature dependences of thermoinactivation constants were 
determined. 

Experimental 

Materials 
Horseradish peroxidase (isoenzyme C by the Shannon classification [12]),  

was isolated from a commercial preparation of  Reanal, in a homogeneous state 
R Z  = A4o3/A~78 = 3.3, as described in Ref. 13. In a number of  experiments a 
peroxidase of Sigma, type VI, was used. For both preparations ultraviolet and 
CD spectra, the catalytic activity, the content  of  lysine residues and the 
temperature dependences of thermoinactivation constants were practically 
identical. The commercial carboxylic acid anhydrides (acetic, propionic, 
butyric,  valeric, enanthic, maleic) were distilled twice in vacuum before use. 
The sodium dodecyl  sulfate (Reanal) was crystallized twice from alcohol. 
o-Dianisidine was sublimed twice in vacuum. Picryl sulfonic acid was purchased 
from Sigma. All other chemicals used were of  analytical grade. The water was 
distilled trice. 

Methods 
The concentration o f  hemin in the native or modified peroxidase was deter- 

mined by the pyridine hemochromogen method [14].  
Catalytic activity o f  the peroxidase was assayed at 20°C by measuring the 

initial rate of oxidation of o-dianisidine by H202 using the two substrates in 
sa turat ing concentrations [15,16].  To 2.3 ml of 0.01 M sodium phosphate 
buffer (0.1 M KNO3, pH 7.0) there were added 0.07 ml 5.7 mM o-dianisidine in 
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96% ethanol, 0.07 ml 21 mM hydrogen peroxide and 0.05 ml of the 0.1--1.5 
nM enzyme solution. The increase in the absorbance at 460 nm after intensive 
stirring of the mixture (e460 = 30 000 M-'  • cm -1 for the product  of  the oxida- 
tion [16] ) was recorded by a B2-25 Beckman spectrophotometer .  A quanti ty 
of  o-dianisidine (pmol) oxidised per s by the quanti ty of  the native or modified 
enzyme which contained 1 pmol  of hemin was assumed to be a measure of  the 
enzyme activity. The enzyme activity of  the peroxidase at elevated tempera- 
tures was assayed as shown above. Before the last component  (H20:)  was added 
the reaction mixture had been incubated in a thermostatically controlled 
spectrophotometr ic  cuvette. 

Determination of the number of  free e-amino groups of lysine residues in the 
native and modified peroxidase was carried out  by titrating the enzyme by 
picryl sulfonic acid as suggested for cy tochrome C [17] and described in detail 
in [18].  

Modification of  the enzyme by picryl sulfonic acid. 1.5 mg of the enzyme 
were dissolved in 0.2 ml of  1% picryl sulfonic acid in 2% NaHCO3, pH 8.0 and 
incubated for 2 h at 0°C (or at 40°C). After that  the solution was passed 
through a 1 X 30 cm column packed with Sephadex G-25 (Pharmacia, Sweden) 
in 0.05 M NaC1. It was found that  picryl sulfonic acid at 0°C modified three 
e-amino groups, and at 40°C all the six e-amino groups in a molecule of  the 
peroxidase. 

Modification of  the peroxidase by anhydrides of  carboxylic acids was carried 
out  as described in [19].  To 3 ml of 50 pM peroxidase in 0.01 M sodium phos- 
phate buffer (0,1 M KNO3, pH 8.0) at 0°C 90 pmol  anhydride were added for 
1 h in small portions with energetic stirring. The pH was maintained at 8.0 by 
addition of  5 M NaOH. This enzyme solution was dialyzed against water for 
24 h at 4°C and lyophilized. The degree of  modification was evaluated by titra- 
tion of free e-amino groups by picryl sulfonic acid [18].  It was shown that at a 
50--100-fold excess of  the anhydrides with respect to the number  of  e-amino 
groups of  peroxidase, four e-amino groups of  peroxidase were modified by all 
anhydrides studied. With enanthic anhydride we accomplished modification of  
two and three e-amino groups using a two- or five-fold excess of the anhydride. 

Using the alkaline hydroxylamine reaction [20] we found that all anhydrides 
studied modify  a great number  of  OH groups of peroxidase. The cleavage of  
these esters was accomplished with hydroxylamine at pH 12 for 2 min at 25°C 
in order to obtain a derivative limited to amino substi tution only [20]. 
Identi ty of  ultraviolet and CD spectra, activity and thermostabil i ty of  these 
derivatives and peroxidase modified by anhydrides has been observed. It proves 
that  acylation of  OH-groups of  peroxidase does not  notably affect the studied 
properties of the enzyme. So none of  the preparations described below was 
treated by  hydroxylamine.  

Absorption and circular dichroism spectra of  the native and modified 
peroxidase were recorded using the enzyme solutions in 0.05 M NaC1. The 
absorption spectra were recorded by a B2-25 Beckman spectrophotometer .  CD 
spectra were recorded by a Dichrograph Mark-III, JOBIN-IVON. 

Thermoinactivation of the native and modified peroxidase was carried out  as 
described in Ref. 13. A 0.1 pM solution of the enzyme (pH 7.0, 0.01 M sodium 
phosphate buffer,  0.1 M KNO3) was incubated at a controlled temperature.  
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0.05 ml aliquots were taken at certain time intervals and put  into 10 ml buffer 
solution at 20°C to provide fast cooling. The residual catalytic activity was 
determined in the fashion described above. It was found that the kinetics of 
thermoinactivation do not  depend on the starting concentration of the native 
or modified peroxidase (0.05--1 pM). This means that  the observed inactivation 
of  the enzyme is a monomolecular  process. The catalytic activity of  the 
enzyme versus the duration o f  the incubation at a given temperature is 
represented graphically by a straight line up to a 50% degree of inactivation 
(semilogarithmic scale) (Fig. 1). The first-order constant,  kin  ' w a s  measured 
from the initial part of  the inactivation slope at a given temperature.  

Results and Discussion 

Accessibility of the e-amino groups of lysine residues in the peroxidase to 
modifiers 

At 100-fold excess of  the modifiers with respect to amount  of e-amino 
groups of  the enzyme anhydrides of  mono- and dicarboxylic acids modify four 
e-amino groups in the peroxidase for 1 h at 0°C (pH 8.0). The number  of  modi- 
fied e-amino groups does not  depend on the length of a hydrocarbon residue in 
the anhydride molecule (in a series of  acetic~enanthic anhydrides) or on 
whether the given agent is an anhydride of a mono- or dicarboxylic acid. At 
0°C for 2 h picryl sulfonic acid modifies only three amino groups. At 40°C 
under the same conditions it modifies all the six amino groups of  the 
peroxidase. As it has been shown in [21] at 22°C, pH 9.5 picryl sulfonic acid 
modified four amino groups of  peroxidase. Anhydrides of mono- and 
dicarboxylic acids are highly reactive compounds  and in the conditions used 
complete  acylation of  e-amino groups proceeds [19]. Picryl sulfonic acid is an 
agent of moderate activity with respect to amino groups [ 1 ]. However, with its 
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Fig. 1. Kinet ic  curves  of t h e r m o i n a c t i v a t i o n  for  the na t ive  and  mod i f i ed  pe rox idase  in s e m i l o g a r i t h m i c  
coord ina tes .  Condi t ions  of  t h e r m o i n a c t i v a t i o n :  60°C,  p H  7.0 (0.01 M s o d i u m  p h o s p h a t e  buf fe r ,  0.1 M 
K N O 3 ) ,  0.1 #M perox idase .  Cond i t ions  of  ac t iv i ty  assay:  0.01 M s o d i u m  p h o s p h a t e  buf fe r ,  0.1 M K N O 3 ,  
pH 7.0,  20UC, 0 .16  m M  o-dianisidine,  0.6 m M  h y d r o g e n  perox ide ,  0 .1 - -1 .0  nM perox idase ;  1, na t ive  
e n z y m e ;  2, e n z y m e  mod i f i ed  by  acet ic  a n h y d r i d e  (A) and then  t r e a t ed  by  h y d r o x y l a m i n e  to  cleave 
O-acyl  esters (A). 

Fig. 2. T e m p e r a t u r e  d e p e n d e n c e  of  the  ca ta ly t ic  ac t iv i ty  of  t h e  na t ive  an d  m o d i f i e d  perox idase .  Condi-  
t ions  are the  same as in Fig. 1. 1, na t ive  perox idase ;  2, perox idase  where  four  a m i n o  groups  have  b e e n  
m o d i f i e d  by  enan th ic  a n h y d r i d e .  
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concentrat ion and incubation time used, the reaction of the amino groups with 
picryl sulfonic acid is always complete  [21].  The fact that picryl sulfonic acid 
and anhydrides at 0°C modify  various numbers of  amino groups may be 
explained rather by different accessibility of amino groups than by different 
activity of  the modifiers. On the other  hand, various accessibility of  the 
e-amino groups to the picryl sulfonic acid at 0, 22 and 40°C may be the result 
of  a 'loosening' of the macromolecule when the temperature is elevated. 

Catalytic properties of the modified peroxidase 
The modified peroxidase regardless the degree of modification and the 

nature of  the modifier maintains its complete  catalytic activity at pH 7.0, 
20 ° C. This fact supports the idea that  the modification studied does no t  effect  
on the active centre of the enzyme. 

Fig. 2 shows ~he temperature dependences of  the catalytic activity of  the 
native and enanthic anhydride-modified peroxidase. For the peroxidase modi- 
fied by different anhydrides, the temperature dependences curve is similar to 
the one shown in Fig. 2 curve 2. The native enzyme has the highest catalytic 
activity around 50°C, whereas the modified enzyme displays a maximum 
activity at 55--65°C. The catalytic activity of the modified enzyme rapidly 
decreases above 65 ° C, contrary to the behaviour of the native enzyme. These 
changes in the temperature dependence of  the catalytic activity may be the 
result of the modification-induced changes in the physicochemical properties of  
the enzyme [23].  

The changes in the structure of the modified peroxidase revealed from the 
absorption, fluorescence and circular dichroism spectra 

Absorption and CD spectra for the native peroxidase and that modified by 
acetic, butyric,  valeric, enanthic and succinic anhydrides and picryl sulfonic 
acid have been measured. It is found that the spectra of peroxidase modified by 
the various anhydrides of monocarboxyl ic  acids closely resemble one another 
(within the experimental error limits). Therefore Figs. 3 and 4 show the spectra 
for only one of the preparations of peroxidase modified by a monocarboxyl ic  
acid anhydride (butyric anhydride).  There is little difference between absorp- 
t ion spectra of  the native peroxidase and those of  the enzyme modified by  the 
various anhydrides (Figs. 3 and 4). Small differences in the region of  260--280 
nm and 360w390 nm and in the visible region are more pronounced for the 
succinylated peroxidase. Picryl sulfonic acid modification naturally induces 
great changes in the absorption spectra as a result of  the presence of trinitro- 
phenyl chromophores  in the modified enzyme. 

The CD spectrum of the native peroxidase is similar to that described in 
Ref. 24. For native and modified enzyme, CD spectra are substantially differ- 
ent. The peroxidase with three and four modified amino groups shows the 
pronounced increase in the intensity of  the heme band at 549 nm, and decrease 
in the intensity in the 260--300 nm region compared to the native enzyme. For 
peroxidase with six modified e-amino groups the decrease in the intensity at 
549 nm compared to the native enzyme is observed. For the picryl sulfonic 
acid-modified peroxidase the changes in CD spectra in the 260--400 nm region 
are the result of  the tr initrophenyl chromophores  being placed into assym- 
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Fig. 3. A b s o r p t i o n  (a) and  c i rcular  d ich ro i sm (b) spec t ra  of  the  na t ive  and  m o d i f i e d  peroxidase .  Condi-  
t ions:  e n z y m e  so lu t ion  in 0 .05  M NaCl, 20°C.  1, na t ive  peroxidase ,  ( ); pe rox idase  mod i f i ed :  2, by  
bu ty r i c  a n h y d r i d e  ( . . . . .  --) ;  3, b y  succinic a n h y d r i d e  ( . . . . . .  ); 4, 5, t h ree  ( . . . . . .  ) an d  six a m i n o  
groups  ( . . . . .  ) are m o d i f i e d  by  p iery l  sulfonic  acid. 

Fig. 4. A b s o r p t i o n  (a) and  cizcular d ich ro i sm (b) spec t ra  of  the  na t ive  an d  m o d i f i e d  peroxidase .  Condi-  
t ions  and d e n o t a t i o n  of curves  as in Fig. 3. 

metrical environment after binding to the protein. In the 260--350 nm region 
there is proportionali ty between the intensity and the number of trinitro- 
phenyl groups binding to the enzyme, but in the 360--400 nm region this 
proportionality does not  appear. Different conformation of the heme environ- 
ment  in these two preparations may produce this change. The increased 
intensity of  the heme bands in CD spectra implies that  the conformational mobil- 
ity has decreased and the protein around the heme has become more rigid. This 
is observed on chemical modification of three or four amino groups in the 
peroxidase. On the other hand, modification of six amino groups by picryl 
sulfonic acid decreases rigidity of the protein around the heme. This is a result 
of  conformational changes which 'loosen' the protein around the heme. 

The pH-dependence of the fluorescence intensity is an important  physico- 
chemical characteristic of proteins. The higher fluorescence intensity of the 
t ryptophan residue in the peroxidase at pH <3.0 is a result of  acid denaturation 
of the enzyme [25]. As pH-dependence of the fluorescence shows (Fig. 5), for 
the peroxidase with four e-amino groups modified by enanthic anhydride, 
denaturation starts at more acid pH (pH <2.0).  This is an indication of the 
difference in the conformations of the native and enanthic anhydride modified 
peroxidases. 
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Fig.  5.  pH-< tependence  o f  f l u o r e s c e n c e  i n t e n s i t y  f o r  t he  na t i ve  (1)  a n d  m o d i f i e d  b y  e n a n t h i c  a n h y d r i d e  
(2)  p e r o x i d a s e .  C o n d i t i o n s :  0 . 5  # M  o f  p e r o x i d a s e  in  5 m M  N a 2 H P O  4, 2 0 ° C ,  t i t r a t e d  b y  1 M HCL Exc i t a -  
t i o n  b y  2 9 0  n m  l igh t .  F l u o r e s c e n c e  w a s  m e a s u r e d  a t  3 4 0  n m .  

Temperature dependence o f  the rate constants o f  irreversible thermoinactiva- 
tion for the native and modified peroxidase 

The rate constants of irreversible thermoinactivation for the native and 
modified peroxidase (kin) were measured in the 56 to 80°C temperature range. 
From the log kin vs. inverse temperature, I/T, curves (F!g, 6), effective values of 
the thermodynamic activation parameters, ~ and ~S ~, were derived 
(Table I). The Arrhenius plots for the native and modified peroxidase intersect 
at 75 -+ 3°C (isokinetic temperature). For the majority of the preparations of 
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Fig.  6 .  T e m p e r a t u r e  d e p e n d e n c e  o f  t he  f i r s t - o r d e r  r a t e  c o n s t a n t  o f  m o n o m o l e c u l a r  t h e r m o i n a c t i v a t i o n  
( log k in )  f o r  t h e  na t i ve  a n d  m o d i f i e d  p e r o x i d a s e .  C o n d i t i o n s  a re  t h e  s a m e  as  in  Fig .  1. A .  1,  na t i ve  
p e r o x i d a s e ;  2 - - 5 ,  p e r o x i d a s e  m o d i f i e d  b y  a c e t i c  (2) ,  p r o p i o n i c  (3) ,  b u t y r i c  (4) ,  va le r ic  (5)  a n h y d r i d e s .  
B. 1 ,  n a t i v e  p e r o x i d a s e ;  2 ,  3 ,  P e r o x i d a s e  m o d i f i e d  b y  s u c c i n i c  (2)  a n d  ma le i c  (3)  a n h y d r i d e s .  C. 1,  n a t i v e  
p e r o x i d a s e ;  2 ,  3 ,  p e r o x i d a s e  w h i c h  has  t h r e e  (2)  a n d  s ix  (3)  a m i n o  g r o u p s  m o d i f i e d  b y  p i e r y l  s u l f o n i c  
a c i d .  D.  1 ,  na t i ve  p e r o x i d a s e ;  2 .  3 ,  4 ,  p e r o x i d a s e  w h i c h  has  t w o  (2) ,  t h r e e  (3)  a n d  f o u r  (4)  a m i n o  g r o u p s  
m o d i f i e d  b y  e n a n t h i c  a n h y d r i d e .  
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T A B L E  I 

T H E R M O D Y N A M I C  A C T I V A T I O N  P A R A M E T E R S  O F  I R R E V E R S I B L E  T H E R M O I N A C T I V A T I O N  

O F  T H E  N A T I V E  A N D  M O D I F I E D  P E R O X I D A S E  I N  T H E  56  ° T O  8 0 ° C  T E M P E R A T U R E  R A N G E  

Condit ions  of  inactivation: 0 . 0 1  M sod ium phosphate  buffer,  0 .1  M K N O 3 ,  p H  7 .0 ,  0 . 1  p M  enzyme .  
Condit ions  of  act ivity assay: 0 . 0 1  M sod ium phosphate  buffer,  0 .1  M K N O 3 ,  p H  7 .0 ,  2 0 ° C ,  0 . 1 6  m M  

o-dianisidine,  0 . 6  m M  hydrogen  perox ide ,  0 . 1 - - 1 . 0  n M  peroxidase .  

Sample  A H  ¢ A S ¢ t Stabil izat ion 
(kca l /mol )  (cal/deg. i sokinet ,  relative to 

per  m o l )  ( ° C )  native 
e n z y m e  at 
56°C 

Native peroxidase  31 + 1 14  ± 3 - -  1 .0  * 

Peroxidase modi f i ed  b y  anhydrides  E - ( C O R )  x ,  
where  R : 
- C H  3 64  + 1 1 1 0  + 6 8 0  32  

- C 2 H 5  71 -+ 4 1 3 3  ± 6 74  23  

- C 3 H  7 79  ± 1 1 5 8  ± 4 69  2 0  
- C 4 H  9 73  ± 5 1 3 6  ± 6 75  4 5  

- C 6 H 1 3  6 5  + 2 1 1 4  ± 5 76  18  
- C 2 H 4 C O O H  87  ± 1 1 7 8  + 5 73  90  
- C H - - - - C H - C O O H  6 8  ± 1 1 2 3  ± 6 7 5  26  

Peroxidase m o d i f i e d b y  enanthic  anhydride  
E - ( N H C O C 6 H 1 3 ) m ,  
where  m = 2 25  ± 3 1 ± 6 6 4  0 . 8  

3 5 0  ± 5 71  ± 6 75  7 

4 6 5  ± 2  1 1 4  ± 5 76  1 8  

Peroxidase modi f i ed  b y  picryl  sulfonic  acid 
E - [ N H C 6 H 2 ( N O 2 ) 3  ]rn 
w h e r e t o  = 3  4 5 ±  2 57  ± 4  75  3 

6 3 3  ± 2 24  ± 3 41 0 .7  

* k i n  of  the native peroxidase  at 56°C is ( 5 . 5  + 0 . 3 )  • 10  -3  m i n  -1 .  

the modified enzyme,  the thermostability at the temperature below the 
isokinetic was much greater than that of  the native enzyme due to the higher 
value of  activation enthalpy, AH ~. The lower the temperature, the greater the 
effect o f  stabilization for the modified enzyme. For example, the thermostabil- 
ity of  the modified peroxidase at 56°C is 20--90-fold greater than that of  the 
native one (Table I). This is an example of  the so-called 'low-temperature' sta- 
bilization of  enzymes. It should be noted that immobilization of  enzymes 
usually decreases AH ¢ of  thermoinactivation compared to the native enzymes 
[26--29] .  In this case a higher thermostability is obtained at the temperatures 
which are higher than the isokinetic ('high-temperature' stabilization). 

The activation entropy, AS ~, of thermoinactivation changes in the same 
direction as A/-/¢ (Table I). An experimental compensation relationship [30, 
31] between AH -¢ and AS ~ for thermoinactivation of  the native and modified 
peroxidase (Fig. 7) demonstrates that, depending on the degree of  modification 
and the nature of  the modifier, AH ¢ and z ~  ¢ can vary significantly, whereas 
the variation range of  activation free energy, AG ~, is only 2--3 kcal/mol 
(Table I). We shall discuss below the effect of  modification on AH ¢ and AS ¢ of  
thermoinactivation, instead of comparing rate constants of  inactivation at one 
temperature, as is usually the case. The rate constant of  thermoinactivation, 
kin  , depends on temperature and, therefore, the effect of  stabilization, i.e., the 
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Fig.  7.  E x p e r i m e n t a l  c o m p e n s a t i o n  r e l a t i o n s h i p  b e t w e e n  A H  :# a n d  AS ¢ f o r  t h e  p r o c e s s  o f  i r revers ib le  
t h e r m o i n a c t i v a t i o n  o f  t h e  na t ive  a n d  m o d i f i e d  p e r o x i d a s e .  In  b r a c k e t s ,  t h e  n u m b e r  o f  t h e  r e s i d u e s  i n t r o -  
d u c e d  i n t o  the  m o l e c u l e  of  t he  e n z y m e  d u r i n g  m o d i f i c a t i o n .  A b b r e v i a t i o n s :  H R P ,  p e r o x i d a s e ;  T N B S ,  
p i c r y l  s u l f o n i c  ac id .  

kin ratio for the native and modified enzyme, is a function of temperature. At 
the same time, the thermodynamic inactivation parameters, AH ¢ and AS s can 
be regarded over a sufficiently narrow temperature interval, as being tempera- 
ture-independent,  and these values are, in our opinion, a more objective 
criterion for characterization of the effect of chemical modification on the 
thermostabili ty of the enzyme. It should be emphasized that  at temperature 
lower than the isokinetic one, the thermostabil i ty of the modified, compared 
to the native, enzyme will be the higher, the higher is the respective A/-/¢ value. 

The effect of the degree of modification on thermostability of modified 
peroxidase 

The effect of the number of modified amino groups (m) on the thermostabil- 
i ty of peroxidase has been studied with (i) peroxidase modified by enanthic 
anhydride (with m = 2, 3 and 4), and (ii) peroxidase modified with picryl 
sulfonic acid (m = 3 and 6). We failed to carry out modification of all the six 
amino groups (from 1 to 6) by the same modifier, which, of course, makes our 
conclusions somewhat incomplete. Nevertheless, as shown by the results in 
Table I and Figs. 6C and 6D, the number of  modified amino groups produces 
the main effect on the AH ¢ and ~ of thermoinactivation. For peroxidase 
modified by enanthic anhydride, with rn = 2 the AH ¢ and AS s values were some- 
what lower than those of the native enzyme. As m increases from 2 to 4, an 
almost proportional increase in both AH ¢ and AS s is observed. For peroxidase 
modified by picryl sulfonic acid with m = 3, the values of AH ~ and AS s are 
similar to those for peroxidase modified by enanthic anhydride also with m = 3 
{Fig. 8). Modification of the six amino groups of peroxidase by picryl sulfonic 
acid (m = 6) decreases AH ¢ and AS s compared to the case with m = 3. Thus 
with m = 3, regardless of the nature of the modifier, AH ~ is 45--46 kcal/mol 
and AS s equals 57--71 kcal/degree per mol. As seen from Table I, for all the 
anhydrides studied, with m = 4, A/-/¢ lies between 64 and 87 kcal/mol, and 
AS s between 110 and 178 kcal/degree per mol. For various m values, the 
ranges AH ¢ and AS ~ do not  overlap, although the nature of residue R bound to 
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Fig. 8. The  e f fec t  o f  t he  n u m b e r  of  mod i f i ed  a m i n o  groups  in the  pe rox idase  on  the  va lue  o f  ac t iva t ion  
e n t h a l p y ,  A H  ¢ ,  for  i rreversible t h e r m o i n a c t i v a t i o n  of  the e n z y m e .  Circles ind ica te  da ta  for  the pe rox idase  
mod i f i ed  by  enan th ic  a n h y d r i d e ,  t r iangles for  t he  perox idase  m o d i f i e d  by  picryl  sul fonic  acid.  

Fig. 9. Ef fec t ive  values  of  t h e r m o d y n a m i c  ac t iva t ion  p a r a m e t e r s ,  AH ¢ an d  AS ee, for  i r reversible  t h e r m o -  
inac t iva t ion  of  the  na t ive  pe rox idase  a nd  t h a t  mod i f i ed  b y  a n h y d r i d e s  of  ca rboxy l i c  acids in re la t ion  to  
the  length  (n) of  a h y d r o c a r b o n  res idue R i n t r o d u c e d  into  the e n z y m e  via mod i f i ca t ion .  1, ~ H  ¢ change ;  
2, A S ~  change .  

the enzyme considerably changes. This allows the suggestion to be made that it 
is the degree of  modification that mostly affects the thermostabil i ty of  the 
enzyme. The same conclusion was made by the authors who studied the 
thermostabili ty of  a-chymotrypsin in relation to the number of  amino groups 
modified by acrolein [ 10].  

The effect of  the chemical nature of a modifier on the thermostability of modi- 
fied peroxidase 

For peroxidase with four modified amino groups, the effect of the structure 
and charge of  residue R on the thermostabi l i ty  of modified enzyme was 
studied. Modification of  four amino groups, charged positively in neutral solu- 
tions by anhydrides of  monocarboxyl ic  acids changes the net charge of  the 
molecule, its conformation (see above) and thermostabil i ty {Table I and 
Fig. 6). The thermostabili ty of the enzyme was studied at pH 7.0, where the 
globule of peroxidase is charged positively (pI = 8.8 for the isoenzyme C [12] ), 
and the decrease in the positive net  charge can indeed stabilize the macro- 
molecule. It should be noted,  however, that  within the pH 5--9 range the 
thermostabil i ty of  the enzyme is pH-independent [13].  We have also 
ascertained that  the thermostabil i ty of peroxidase modified by propionic, 
butyric and succinic anhydrides remains constant  within the pH 5--9 range. 
There are grounds for believing, therefore, that  in this case the change in the 
conformation and thermostabil i ty of  the enzyme is associated not  only, or not  
so much, with the decrease in the positive net  charge but  also or rather, with 
the decrease in the local charge in the region of the macromolecule  that  is 
essential for stabilization of  the native structure of the enzyme. At the same 
time, the acylation of non-charged OH-groups does no t  affect the conformation 
and thermostabil i ty of  peroxidase, as has been shown above. Thus, the change 
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of conformation and thermostabil i ty of  the modified enzyme may be achieved 
mainly by modification of the charged functional groups of protein. 

The structure of radical R is of  secondary importance for the thermostabil i ty 
of  the modified enzyme (Table I, Fig. 6A). It was of interest, nevertheless, to 
estimate the contr ibution of  the hydrophobic i ty  of  residue R into the altered 
thermostabil i ty of  acylated peroxidase. To this end, a series of acylated 
peroxidases, E-(COR)x was studied, where R was varied from -CH3 to -C6H~3. 
We compared only the members  of  this series, rather than the native and modi- 
fied enzyme, and analyzed changes in A/-/¢ and AS ~ in relation to the number  
of  carbon atoms (n) in residue R. Each member  of the series differs from the 
preceding one by one methylene group. An increase in the number  of carbon 
atoms (n) in residue R from 1 to 3 makes AH ¢ and AS ~ greater. Further 
increase in n makes AH ¢ and AS ¢ lower by the same value (Fig. 9). The 
opt imum length of residue R for the acylated peroxidase, as is seen from Fig. 9, 
is three. The increase of thermostabil i ty of  proteins in the course of  their non- 
covalent interaction with hydrocarbons was observed for several proteins [32] 
since hydrophobic  interactions play the main role in the stabilization of  the 
tertiary structure of  proteins [33].  If the hydrocarbon residue is of  the same 
length, a negatively charged group to be introduced into the enzyme signifi- 
cantly increases AH ~. The peroxidases modified by butyric and succinic 
anhydrides have AH ~ values that  differ by about  10 kcal/mol. Lower values of  
AH ¢ for the peroxidase modified by maleic anhydride could be explained by 
unfavorable interactions between the protein and a maleic acid residue which 
has a rigid double bond. Therefore, not  only the length of  residue R (its hydro- 
phobici ty)  but  also the charge on R affect  AH ¢ of  thermoinactivation of  the 
modified peroxidase. 

Relationship between the modification-induced structure changes and thermo- 
stability of  the enzyme 

A study of CD spectra (Fig. 3 and 4) shows that  the peroxidase with four 
modified amino groups has a restricted conformational  mobil i ty of  the protein in 
the vicinity of the heme. At the same time, thermostabil i ty of  the modified 
enzyme was significantly increased (at temperatures below the isokinetic). 
Modification of  all the six amino groups of  the enzyme reduces the rigidity of  
the protein in the vicinity of  the heme and the thermostabil i ty of  the enzyme 
(Fig. 6C). This means that  there is a distinct correlation between the conforma- 
tion changes and the change of  the thermostabil i ty of  the enzyme after modifi- 
cation of  its functional groups. It must  be noted that the AH ¢ and AS ~ values 
of  thermoinactivation happen to be more sensitive to the degree of  modifica- 

t i o n  and the nature of  the modifier than do CD spectra. Although the ~ and 
AS ~ values are effective, an analysis of  their variations is a very powerful  tool 
for studying the conformation-funct ion relationship of  marcomolecules,  as well 
as the effect  of  chemical modification on the conformation and thermostabil i ty 
of  proteins. 
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